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Near term o i l  savings, so la r  ( inexhaust ib le )  energy app l ica t ions  and 
dispersed energy systems are the pr imary  a c t i v i t i e s  being emphasized by 
t h e  Department o f  Energy i n  t h e i r  energy-saving and energy s u b s t i t u t i o n  
missions. Thermal s torage i s  an important f a c t o r  i n  the  success o f  these 
miss i  ons by c o r r e c t i n g  t h e  supply/use mismatch t h a t  occurs i n  most energy 
d e l i v e r y  systems. A t t r a c t i v e  app l ica t ions  inc lude so la r  and conventional 
space heat i  ng/cool i  ng, i n d u s t r i  a1 process/waste heat recovery, and 1 oad 
s h i f  t i  ng f o r  coal, nuclear, and so la r  thermal e l e c t r i c a l  power generat i  on. 

W i th in  WE, r e s p o n s i b i l i t y  f o r  t h e  development o f  r e l i a b l e ,  e f f i c i e n t ,  and 
low  cost  thermal storage technologies has been delegated t o  the  D i v i s i o n  
o f  Energy Storage Systems. Implementati on o f  t h e  Thermal Energy Storage 
Program under the  d i r e c t i o n  o f  John Gahimer has been assigned t o  lead 
1 abora tor i  es c o n s i s t i n g  o f  n a t i  onal 1 aborator ies and other government 
agencies. I n  addi t ion,  w i t h  DOE'S emphasis on decen t ra l i za t i on  o f  program 
management funct ions,  a lead center r o l e  has been created. These 
management r o l e s  and the  respect ive  subprogram elements f o r  FY 79/80 are 
as fo l lows:  

Program D e f i n i t i o n  and Assessment (Lewis Research Center) 

An essen t ia l  f u n c t i o n  r e l a t e d  t o  management o f  t h e  o v e r a l l  thermal energy 
storage program i s  t h a t  o f  program d e f i n i t i o n  and assessment. The major 
emphasis i s  t h e  implementation o f  a program l e v e l  assessment o f  thermal 
energy storage technology t h r u s t s  f o r  t he  near and f a r  term t o  assure an 
o v e r a l l  coherent energy storage program. 

I n d u s t r i a l  Storage App l ica t ions  (Lewis Research Center) 

The major tasks i n  t h i s  program element are the  implementation o f  a 
technology demonstrati on f o r  the  food processing indust ry ,  t he  development 
and technology demonstrati on f o r  selected near-term, i n - p l  ant app l i ca t i ons  
and the  development and techno1 ogy demonstrati on f o r  advanced i ndus t r i  a1 
app 1 i c a t i  ons. 

Sol ar Thermal Power Storage Appl i c a t i  ons (Sandi a Laboratory L i  vermore) - 

This  element i s  f o r  a comprehensive advanced thermal energy storage 
technology and development program f o r  FY 80-85 cover ing a l l  so la r  thermal 
l a rge  and small power systems appl icat ions.  Major emphasis w i l l  be g iven 
t o  advanced thermal s torage f o r  molten s a l t ,  c e n t r a l  rece ive r  systems and 
t h e  organic sens ib le  heat d i s t r i b u t e d  rece iver  systems t o  support 
app l i ca t i on  areas such as Barstow and Shenandoah. 
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B u i l d i n g  Heating and Cooling Appl ications (Oak Ridge Nati onal Laboratory) 

Primary emphasis is on the "customer side of the meter" storage 
app 1 i cati  ons to  provi de f o r  u t  i 1 i t y  1 oad management. Development and 
demonstration of improved and advanced thermal storage subsystems for  
space conditioning i n  solar applications are included i n  the overall 
program goals. 

Research and Techno1 ogy Development (Lewis Research Center 
and Solar Energy Research Ins t i tu t e )  

This element provides for  an advanced technology base which will lead to  
improved thermal energy storage concepts and designs fo r  existing base1 i ne 
storage systems. Generic, h i g h  r isk technologies will be evaluated and 
appropriate technology development undertaken. A SERI i nterf ace wi 11 be 
maintained to  coordinate and select  those technologies which offer a 
significant advancement. 

Seasonal Thermal Storage Appl ications (Pacif ic  Northwest Laboratory) 

The objective of t h i s  project area is to  stimulate in te res t  in the 
f e a s i b i l i t y  of u t i l iz ing  aquifers for seasonal thermal energy storage. 
Several diverse projects will be operated to  demonstrate the technical, 
economic environmental, and inst i tut ional  f e a s i b i l i t y  of aquifer storage 
systems. 

Previous reviews of the Thermal Energy Storage Program have been reported 
as Contractors Information Exchange Meetings I ,  11, and 111. The format 
fo r  th i s  fourth annual meeting was changed to  re f lec t  a year of t ransi t ion 
and overall program pl anni ng for  thermal storage; hence, the Thermal 
Energy Storage Program Review Meeting. Contained within th is  document are 
the respective project area overvi ews and sel  ected presentati ons on 
specific technical and/or economic areas of concern. To provide a 
complete compendium of a l l  of the on-going contracted ac t iv i t ies ,  brief 
sumnary reports were sol ic i ted from each contractor and incorporated as 
part  of th i s  document. 

The Lewis Research Center of the NASA organized the meeting and assembled 
t h i s  documentation. Project overviews and contractor reports contained 
herein were prepared by the responsible individuals/organizations. No 
technical editing or evaluation has been perf ormed by NASA or DOE. 

A. W. Nice, Chairman 
Thermal Energy Storage Program 

Review Meet i ng 
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There are major incent ives f o r  developing e f f i c i e n t  and economical 
energy storage systems. Economic benef i ts  by means o f  energy storage 
r e s u l t  through improved u t i  1 i zat ion o f  cap i ta l  in tens ive energy conver- 
s ion and de l i ve ry  systems, and through the e f f i c i e n t  u t i l i z a t i o n  o f  
i n te rm i t t en t  energy sources where a v a i l a b i l i t y  does not  always coincide 
w i t h  the demand o f  energy. ' Energy storage can contr ibute t o  conserva- 
t i o n  of c r i t i c a l  fue l  reserves as wel l  as providing environmental 
benefits. T h e m 1  energy storage warrants pa r t i cu la r  a t ten t ion  i n  our 
economy since so much o f  the energy i s  produced, transferred, and 
u t i l i z e d  as heat. 

The DOE D iv is ion  o f  Energy Storage Systems (DOE/STOR) i s  respons- 
i b l e  fo r  formulating and managing research and development i n  energy 
storage technology. Major r espons ib i l i t y  f o r  p ro jec t  management i n  
selected areas has been sh i f t ed  t o  the DOE nat ional  laborator ies  and 
bther  government agencies. 

Headquarters and Field Management Structure for 
Thormrl and Machrnial Energy Storage Program 
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OBJECTIVE AND STRUCTURE 

The general ob jec t ive  o f  the Thermal Energy Storage Program i s  t o  
develop the technology f o r  cos t  and performance ef fect ive thermal energy 
storage systems f o r  end-use app l i ca t i on  sectors. The technologies i n -  
c lude a1 1 sensible and l a t e n t  heat storage. Technologies fo r  selected 
appl icat ions w i l l  be developed t o  the po in t  o f  acceptance by the p r i v a t e  
sector o r  f o r  systems in teg ra t i on  and f i e l d  t e s t i n g  by a DOE end-use 
Div is ion.  The Program's a c t i v i t i e s  w i l l  be accomplished p r i n c i p a l l y  
through contracts w i t h i n  the p r i va te  sector t o  provide e a r l y  and e f f e c t -  
i v e  t rans fe r  of technology. Government funds i n  support of t h i s  Program 
w i l l  be provided by WE. 

A c t i v i t i e s  are coordinated w i t h  complementary pro jec ts  and tasks 
being pursued by DOE end-use Div is ions and nat ional  laborator ies,  the 
Solar Energy Research I n s t i t u t e  (SERI) , the E l e c t r i c  Power Research 
I n s t i t u t e  (EPRI), the Tennessee Val l e y  Author i ty  (TVA) , the Naval 
Research Laboratory (NRL), and the Bat te l le ,  P a c i f i c  Northwest Labora- 
t o r y  (PNL). 

The lead center and lead laboratory s t ruc ture  o f  the Thermal Energy 
Storage Program i s shown be1 ow. 
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ESTABLISH SOURCE EVALUATION BOARD I 
REDEFINITION TO T H E R A L  ENERGY i 

I 
STORAGE WITH COMPRESSED A1 R 1 
ENERGY STORP.GE SYSTEMS 

I 1 
I 

REIMBURSABLE ( S  MILLIONS) ; 0 , 7 5 0  j - 0 - 
I. 

Planned a c t i v i t y  
terminated July 79 
based on results o f  
u t i l i t y  TES study 
completed under 
RTOP 776-71-43 

1 i 
IN-HOUSE IANYEARS (EQUIVALENT) ! 2 1 1.8 1 I 1 I 

RTOP 776-74-12 

THERMAL ENERGY STORAGE P R O J U  

OVERVIEW: UT]  L l  TY THERMAL STORGE 

STATUS 

o APPLICATION OF TES TO A U T I L I T Y  POWER PLAYT WAS DETERMINED Tfl BE NOT 

ECONOMICALLY VIABLE AS A RESULT OF A GE STUDY "COIJCEPTUAL DESIG?! OF 

THERMAL ENERGY STORAGE SYSTEMS FOR NEAR-TERM UT 1 L l TY APPL I CAT I OYS" 

PERFORMED UNDER RTOP 776-71-43 

o BY AGREEMENT WITH DOE/EES RID DDE/STOR THE ACTIV ITY I S  BEING REOEFINED 

TO SUPPORT THERMAL ENERGY STORAGE FOR COMPRESSED AIR ENERGY STORAGE 

SYSTEMS 

RTOP 776-74-1 2 



THFRMAL ENERGY STORAGE PROJECT 
U T I l  I T Y  THERMAI STORAGE 

FY 8 0  PLANS 

OBJECTIVE: PROVIDE M P E R l  MENTAL EVALUATIONS OF THERMAL ENERGY STORAGE 
SYSTEMS FOR APPLICATION TO COMPRESSED A I R  ENERGY STORAGE AND 

OTHER EYD-USE SYSTEM APPLl  CATIONS 

APPROACH: - o PROVIDE A TES FLOW TEST F A C I L I T Y  AND rnMPLETE THE EVALUATlOFl 
OF ONE PEBBLE BED TES C'INCEPT APPLICARLE TO COMPRESSED A IR  

ENERGY STORAGE 

o FLOW TEST F A C I L I T Y  DESIGN TO INCLUDE CAPABILITY FOR TESTING 

SOLAR AND INDUSTRIAL TES CONCEPTS 

FUND I NG: o IN-HOUSE & CONTRACT 90" 

COMMITMFNT: PREPARE !=Y 8 0  AOP FOR DOE/NASA APPROVAL 

RTOP 776-74-12 

JHERMAI FNFRGY STORAGF P R O J F U  - - 
rn EY19 m E Y A l  EL82 

REIMBURSABLE ( S  MILLIONS) 9 , 7 5 0  - 0,496") 0 , 5 6 7  0 , 5 6 7  

IN-HOUSE MY (EQUIVALENT) 0,2 1 , 8  1 , 4  1 , 5  1 . 5  

0 , 7 5 0  M 7 8  B 9  RECEIVED FROM D O V E E S  

-0,079 FY 7 8  B 79 LERC COSTS 

-0 ,500  FY 7 8  BA TRANSFERRED TO PNL AT D O V E E S  REQUEST, OCT, 7 9  
-0 ,325  FY 8 0  BA TO B E  PROVIDED BY DOVSTOR UNDER RTOP 776-71 -43  

0 , 4 9 6  F Y 8 0 B A  

RTOP 776-74-1 2 



o RECEIPT OF FY 8 0  'BA FROM DOVSTOR CONTINGENT ON LEAD CENTER 

ROLE DECISION 

RTOP 776-74-1 2 

THERMAL ENERGY STORAGE PROJECT 

OVERV 1 EW - 

m: YlGH TEMPERATURE THERMAL ENERGY STORAGE PROJECT 

NASA CENTFR: LEW l S RESEARCH CENTER ( LERC) 

Q B J m :  TO DEVELOP TECHNOLOGY FOR COST AND PERFORMANCE EFFECTIVE THERMAL 

EYERGY STORAGE SYSTEMS FOR ELECTS 1 C POWER GENERATI ON. BUILDINGS 

AND COMMUh!lTY SYSTEMS. TRAFISPORTATI !IN, SOLAR THERMAL POWER, AND 

INDUSTRIAL APPLl CATIONS 

APPROACH: o CO'4TRACTS LET TO INDUSTRY TO DEVELOP TES SYSTEMS AND 

EVALUATIONS 

o SUPPORTING R8T IMPLEMENTED TO ESTABI-ISH A TECHWlLnGY BASE. 

IDENTIFY NEW CONCEPTS AND RESOLVE GEF!ER I C PROBLEMS 

o EVALUATE CANOIDATE TES CONCEPTS 

FUNDIf&: IN-HOUSE CONTRACT 742 

lOMM1TMFNT: o PREPARE PLANS FOR INDUSTRIAL TES APPLl CATIONS 

o CONDUCT SUPPDSTING RsT 1 MVESTIGATIONS 

o PREPARE PLANS FOR SOLAR THERMAL POWER SYSTEMS TES APPLICATION 
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THERMAL ENERGY STORAGF PROJFCT 

OVERYEW: HIGH TEMPERATURE THERMAL ENERGY STORAGF 

o ACT1 NG LEAD CENTER A C T l V l T l  ES IMPLEMENTED 

o SOLAR MULTI-YEAR TES PLAN COHPLETED 

o MASTER BUY PLAN FOR INDUSTRIAL APPLICATIONS APPROVED BY NASA HEADOUAQTERS, 

AUGUST 1979 

o INDUSTRI AL APPLI CAT1 ONS SOURCE EVALIIATI OH BOARD ESTABLISHED AND PROCUREYEVT 

ACT1 V l  T I  ES I N  PROGRESS 

o TES DEMOWSTSATI OH F?R FOOD PROCESSING l NDUSTRY RFP I SSUEr) 

o TECHNOLOGY TRANSFER TO PAPER AND PULP INDUSTRY CONTRACT PROPOSALS I N  

EVAL UAT l ON 

o EXPERI MEVTAL STUD1 ES OF ACT1 VE HEAT EXrYA?IGER CONCEPTS I N  PROGRESS 

0 SUPPORTIb!G R8T STUQlES FOR FLUIDIZED BED CONCEPTS, METAL ALLOY MEDIA AND 

CARBOIIATE SALT MEDIA I N  PROGRClSS 

RTOP 776-71-43 

THERMAL ENERGY STORAGE PROJECT 

FY 8 0  P_LANS 

QBJFCTIVES: TO DEVELOP THE TECHNOl-nCY FOR COST ArID PERFORyAtlrc EFFECTIVE 

TES FOR DOE IDENTI  F l  ED EYD-IJSE APPLlCATl  ON SECTORS 

APPROACH: - o AWARD CONTRACTS TO INDUSTRIAL TES USERS FOR TECYNOLnGY 
DEMONSTRATIONS 

o IHPLEMENT SUPPORTING GENERIC RsT TO IDENTIFY NEW CONCEPTS 

o PROVIDE LEAD CENTER TECHLllCAL AND RESnURCE MANAGEMENT TO THE 

LEAD LABOR ATOR l ES FOR SOLAR THERMAL POWER SYSTEMS APPLI CA- 

TIONS, B U l L D l V G  HEATING AND COOLING APPLICATIORS AND 

ADVANCED TES TECY!IOLOGY 

w: IV-HOUSE COWTRArT 8tijj 

FIOTE: LEAP LABORATnRlES FUHDEn DIRECTLY BY DOE HDQTSS (6.209) 

LOKMI TWFNT: o COMPLETE l NOUSTR I AL TES DE#I)VSTRATI ON CONTRACT ACTIVITY 

o DEF l NE AND l YPLEMEnT LEAD CEE!TER ASSISMHENT PENDl NG DECI S l O t l  

ON LEAn CENTER ROLE 



REIMBURSABLE ($ MILLIONS) 

IN-HOUSE MY (EQUIVALENT) 

LEAD LABORATORIES : 

o ORNL (BUILDING HEATING AND COOLING) 

o SANDIA-LL (SOLAR THERMAL) 

o SERI (ADVANCED TECHNOLOGY) 

3 .590 1 FUNDED D I RECTLY 

BY DOE HDQTRS 

RTOP 776-71-43 

THFRIAI ENFRGY STOMGF PROJFCT 

lSSLlE: LEAD CENTER ROLE DECISION 

PROBl: o TIMELY IMPLEMENTATION OF ROLE I S  I N  JEOPARDY: 

- LEAD CENTERILEAD LABORATORY ROLES AND RESPONSIB I L IT IES  

HAVE NOT BEEN DEFINED AND APPROVED BY COGNIZANT 

YANAGEYENTS 

- LEAD CENTER SHOULD BE ACTIVE I N  FY 81 PROGRAM TECHNICAL 

AND RESOURCE GUIDELINE DEFI N I T 1  ONS WITH HEADQUARTERS 

TO PERMIT TIMELY LEAD LABORATORY AOP PREPAMTION 

o I F  DECISION I S  TO TERMINATE, THE TRANSITION PROCESS MUST 

BEGIN SOON TO ASSURE ORDERLY TRANSFER OF CONTRACTUAL 

ACTIVITIES 



CURRENT TASK 

STATUS/ RESULTS 

f HERMAL ENERGY STORAGE PROJECT 

U T l  L l TY THERMAL ENERGY STOBAGE PROJECT 

TASK : -- PERFORY A DETAILED EVALUATION OF TES FOR MEETIYG PEAK PONES 

REQUIREMENTS OF ELECTRIC U T I L I T I E S ,  TES I S  MADE A PART OF THE 

STEAM ELECTRIC GENERATING PLANT, STOR 1 NG THERMAL E?dERGY FROM STEAM 

OR HOT FEEDWATER DURING LOW DEMAND PERlODS AND USIb!G THE THERMAL 

ENERGY TO GENERATE ELECTR l C I TY DURING PEAK DFMAND PER lODS 

APPROACH: THE STEAM TURBINE HUST BE S l Z E n  TO DELIVER THE U T I L I T Y  PEAK POWER, --- 
BUT THE STEAM GEYERATOR CAV B E  DESIGNED AT LESS ?YAM PEAK POWER 

BY USING TES TO SUPPLY ENERGY TO MATCY THE TURBINE REQUIREME'ITS, 

THEREFORE STEAM GEF,IERATQR COSTS CAN B E  LESS I N  A STEAM PLAFJT WITH 

TES THAN IN ONE WITYOUT TES WHERE I T  MUST DELIVER PEAK POWER. 

TRADEOFF: REDUCED COSTS AND OFFSET BY THE CflST OF T!iE TES SYSTEM 

RTOP 776-74-1 2 



m: OVER 4 0  TES CONCEPTS WERE EVALUATED AND EVENTUALLY REDUCED TO 

12 CONCEPTS WHICH WERE THEN. APPLIED TO THO REFERENCE PLANTS, AN 

8 0 0  MN PLANT BURNING HIGH SULFUR COAL AND AN 1 1 4 0  MW PLANT U T I L I Z I N G  

A L IGHT WATER NUCLEAR REACTOR. 

RESULTS OF ANALYSIS OF PERFOMANCE AND COSTS OF THE 12 TES PLANTS LED 

TO A SELECTION OF 4 OPTIONS FOR MORE DETAILED ANALYSIS. 

TES MEDIA AND CONTAINVENT EVALUATIONS INCLUDED HOT O I L ,  MOLTEN SALT, 

ROCK, H l G H  TEMPERATURE WATER, STEEL PRESSURE VESSELS, PRESTRESSED 

CAST IRON VESSELS AND CONTAINMENT I N  L I N E D  UNDERGROUND C A V I T I E S .  

RTOP 776-74-12 

THEQ?!AL ENERGY STORAGE PROJECT 

JT l L l TY THERMAL FNERGY STORAGE P R O J m  

a E C T E I ?  i K r !  OPTIONS USE H l G r  SULFUR COAL PLAYTS A?!F PEAKING TURJlPlES WlTY 

OPTIOF4S: STEAY DRAWV FROM THE CYCLE AFTER THE HIGH PRESSIJRE TURBI'IE DURIYG 

THE OFF PEAK PERIOD. TES CONCEPTS WERE A BED OF ROCK U I T H  PORES 

F I L L E D  WlTH HOT 0 1 1  AT LOW PRESSURE AND A l l  UVDERGROUWD CAVITY 

L I N E D  WlTH STEEL TO STORE HOT WATER UNDER H l G H  PRESSURE 

TWO OPTIONS USE NUCLEAR PLAHTS A?lD THE THERMAL ENERGY OF HOT FEED- 

WATER I S  STORED DU'?IEG OFF PEAK PERIODS. TES CONCEPTS WERE 

A PRESSURITEr! CAST ISOH VESSEL FOR STORAGE OF HOT FEEDYATER AYD 

DUAL EIEDI A. H3T 0 1  1 AND ROT<. 

AKA1 YSIS:  SASE0 OR THE CPYCEPTUAL DESI'JNS, THE COST AtlD PERFOR!IACJCE OF TYE - 
FOUR TES SYSTEMS AS WELL AS THE REFERENCE L'UTLEAR AF!D COAL PLAYTS 

#ERE DETERMINED. 



THERMAL FNFRGY STORAGE PROJECT 

U T l l  ITY THERHAI ENERGY STORAGF PROJFCT 

I USIOHS: o THE L l  M I  TED PEAK I #G CAPACITY THAT RESULTS W l TH FEEDWATER 
ENERGY STORAGE (POHER SWINGS OF. 2 10-151) REDUCES THE 

BENEFIT TO THE U T I L I T Y  

o COAL PLANTS WlTH SEPARATE PEAKING TURBINES ARE SIGNIFICANTLY 

LOWER IN COST THAN THE TES NUCLEAR PLANTS BUT CANNOT 

COMPETE W l TH GAS TURBINES FOR PEAK l NG DUTY AT 1 5 0 0  HOURS OF 

DPERATIOII OR LESS P E ~  YEAR IINLESS n l L  BECOMES UNAVAILABLE 

OR INCREASES SIGNIFICAIJTLY I V  COST (BASE YEAR - 1975) 

o THE CAPITAL INVESTHEYT REQUIRED FOR STORAGE I S  KENERALLY EOUAL 

TO OR GREATER THA!J TYAT FOR AT LEAST SnME TYPES OF COMPLETE 

GEHERATI 0'1 EOUI PMEIIT 

o NOtlE OF THE FOUR TES SYSTEMS, BASED ON TYE !!EAQ-TERM DESIGf,IS 

OF T!iIS STUDY. ARE ECONOMICALLY ATTRArT lVE TQ U T I L I T I E S .  

COST REDUCTIONS 14 TYE RANGE OF 4 0 2  AQE REOUIRFD FOR TES 

TO BECOHE COMPETl T l VE 

RTOP 776-74-1 2 

THERMAL ENERGY STnRAGE PROJECT 

UT l L l TY THERYAL FF!ERGY STORAGE PROJECT 

V A T U S :  THE ORIGINAL IN:E~!TIO?I C)F T Y l S  PQOJECT WAS TO PERFORM A FI ILL SCALE 

F l  ELD TEST OF TES IYTFGQATEC WlTH A CnNVEMTIOHAL U T I L I T Y  I F  STUDY 

SHOHED TES TC BE E~0!~0111 CALLY VIABLE 

S lYCE T Y I S  APPLICATIOIJ WAS FOUND TO BE ONLY MARGIYALLY COMPETITIVEo 

DOE/EES RECOMFIEL'DED THAT THE PROJECT ACTIVITY 9 E  REDEFINED Tr! 

SUPPORT THERMAL ENERSY STflRAGE F o g  COMPRESSED A19 ENERGY STORAGF 

SYSTEMS ( CAES) 

AN AOP I S  PRESEhlTLY 1 N PREPARATIOIJ #HI  CH PROVIDES FOR THE DEVELOPME'IT 

OF A TES FLOW TEST F A C I L I T Y  TO SUPPORT CAES TECYNOLOGY. T q I S  

ACT1 V l T Y  I S  COORDINATEIl WlTH P A C I F I C  IIORTHWEST LABORATOR I ES WqO 

HAVE BEE?! ASS1 GMED RESPONSI B l L l TY FOR CAES DEVELOPME'!T 

THE PROPOSED ACTIVITY WILL I & ! I T I A L L Y  PERMIT EVALUATlOtl flF A PEBBLE 

BED COFIF IGURATI n4! THAT TRA~!SFERS MEAT BY D l  SFCT COYTACT Wl TH 

COMPRESSED AIR 
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JNDUSTR I AL PROCESS AND REJECT HEAT APPLI CATION 

TFCHNOI OGY TRANSFFR TO PAPER/PULP INDUSTRY 

PBJFCTIVE: DETERtllNE M I S T I N G  APPLICATIONS OF TES I N  BOTH THE U.S, AND 

1 NTERMATIONAL PAPER AND PULP INDUSTRIES. OBTAIN AtID ARALYZE THE 

OPERATING .DATA FROM A REPRESEVTATIVE NUMBER OF THESE MILLS. AND 

TRANSFER TYE INFORfIATIO?i TO THE U.S. PAPER AIIO PULP IE!DUSTRY 

SOW OUTLINE: TASK I l NDllSTRY SURVEY 

TASK I I BENEFIT ANALYSIS 

TASK I I I INFORYATIgN D l  SSEY Il!ATION, 

STATUS : RFP ISSUED JUNE 1979: EIGHT (8) SESPONSES RECEIVED AYD 

EVALUATED; NEGOTI ATIOf.IS ARE I Y  PROCESS; AWARD EXPECTED BY EARLY 

DECEMBER 

RTOP 776- 71 -43 - 
BOEI ?46 EsCNEYERHAEUSEWSRI IYTERFIATIONAL 

o EXCESS STEAM FRW IIOG FUEL (woo9 WASTE) BOILER DURING 

LOW STEAM DEMAND PERIOD 

ENERGY END USE APPLICATIONS 

0 PROCESS STEAM 

0 FEEDWATER HEATING 

0 GENERATE EXCESS STEAM DURING LOU DEHAND PERIODS 

0 STORE I N  STEAM ACCUMULATOR 

0 PROVIDE PROCESS STEAH DIRECTLY OR USE FOR FEEDWATER 
HEATING DURING HIGH DEYAND PERIODS 

--- 

RTOP 776-71-43 



1)IOUSTRIAL PROCESS AM REJECT HEAT SYSTEMS 

ENERGY SUPPLY CHARACTERISTICS WITH THERHAL ENERGY STORAGE 

-- Emqy storaga can reduce fossil fwl consumption for load following 
by ow-hdf 

PAPER AYD PllLP 

CONCLUSI 014s: 

SYSTEM I S  ECONOMICALLY AN? TECHNICALLY FEASIBLE ( 302 ROT) 

INDUSTRY WlDE CONSERVATIOI? POTENTIAL I S  3 x ]Or. BBL OIL/YR (>1982) 

DEVELOPMENT REOU IRED 

o NONE 

RTOP 776-71-43 



J NDUSTRl AL PROCESS AND REJECT HEAT APPLICATIONS 

DEVFLOPREYT AND TECYNOLOGY PEYONSTRATION FOR SFLECTEP \!EAR-TERM 

J N-PLANT APPI 'I CATIONS 

00 JFCT I VF: DEVELOP AND DEMONSTRATE THERMAL ENmGY STORAGE SY STEF! TECHNOLOGI ES 

CAPABLE OF COf!TR I BUT1 NG S l  G!ll F l CANTLY T!l ENERGY COFISERVAT I ON 

THROUGH RECOVERY AND STORAGE Or INDUSTRIAL PROCESS AND REJECT HEAT 

FOR SUBSEQUE!!T USE 

APPROACH: o PERFORY iORK UNPER C?MPETITIVELY AWARDEn PROCllREME?!TS -- 
o COMPLETE REQUIRED SYSTEM AND CCHPO?IE?lT DEVELOPMEb!T 

o CONDUCT TECHNOLOGY DEYONSTRATIOf4 TP AVELERATE ACCEPTANCE 

BY 1 WDUSTRY 

o RESTRl CT SCOPE TO IY-PLANT APPLICATIOVS 

o EIIPHAS I Z E  NEAR-TERK ENERGY CVJSERVAT I Oil 

o MULT l PLE AWASDS: COST-SI?AREO COFITRACTS 

STATUS: o #BS At!? DRAFT OF SflU PREPARED -- 
o MASTER BUY PLAN APPROVED BY NASA YEAQOUASTERS 

o SOURCE EVALUATION EOARD ESiABLISYED AMP MEFTl?JG 

o RFP RELEASE EXPECTED I N  MID-nECEMBER 

RTOP 776-71-43 

I b!LUSTR I AL PRCCESS A I L  REJECT HEAT APPL ICAT I V I S  

DEVELOPMENT A?/@ TECHNPLOGY DEYONSTRAilObl FOR SELECTED NEAR-TERY 

IN-PLAYT APPLICATIONS 
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WASTE HEAT RCCOVERY ( TESIWYR) SYSTEM IN A FOOD PRDCESSING PLANT 
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TASK 3 SYSTEK FABRICATION, INSTALLAT104 AND CHECKOUT 
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o NONE 
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APPROACH: o IDENTIFY NEW CONCEPTS 

o ASSESS SELECTED CONCEPTS/APPLICATIONS 

o EXPERIMENTALLY DETERMINE MEDIA PROPERTIES/CHARACTERISTl CS 
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SEASONAL THERMAL ENERGY STORAGE PROGRAM 

James E. Minor 
Pacific Northwest Laboratory 

INTRODUCTION 

The DOE Division of Energy Storage Systems is responsible for formulating 
and managing research and development in energy storage technology. As one 
element of STOR Division's Thermal Energy Storage Program, Pacific Northwest 
Laboratory (PNL) was assigned management of the Seasonal-Thermal Energy Storage 
Program in April, 1979. During the latter part of FY 1979, PNL formed a Program 
Office for this purpose. STES Program plans were formulated, work breakdown 
structure developed, and existing contract work reviewed. The experimental 
and demonstration work of the Seasonal Thermal Energy Storage Program will be 
performed by industry, PNL and other DOE laboratories, and universities. 

In this overview, the STES Program incentives, objectives, and long range 
implementation plan for achieving program goals are described. Procurements 
in progress in the Demonstration Program will be described in subsequent papers. 
Specific projects contributing to technical studies will be discussed by PNL 
Program staff and by contractor representatives. 

PROGRAM INCENTIVES 

Storage of thermal energy is expected, in the near term, to provide a sig- 
nificant contribution toward achieving the goals of the National Energy Plan. 
This contribution will encourage a shift from use of insufficient or costly 
fuels such as oil and natural gas to more abundant or available energy sources 
such as coal, solar, and nuclear power. Thermal energy storage, when incorpor- 
ated in energy supply and conservation systems, permits efficient and economical 
use of intermittent energy sources such as solar or off-peak electrical power. 
Thermal storage also may allow use of waste heat from industrial and utility 
sources. 

The STES Program is designed to demonstrate the storage and retrieval of 
energy on a seasonal basis, using heat or cold available from waste or other 
sources during a surplus period to reduce peak period demand, reduce electric 
utility load problems, and contribute to the establishment of favorable econo- 
mics for district heating and cooling systems for commercialization of the 
technology. Aquifers, ponds, earth, and lakes have potential for seasonal 
storage. The initial thrust of the STES Program is toward utilization of ground- 
water systems (aquifers) for thermal energy storage. 

During the last decade, the storage of thermal energy in aquifers has 
received considerable attention. The motivations for storing large quantities 



of thermal energy on a long-term basis have been numerous including: a) the 
need to store solar heat that is collected in the summer for use in the winter 
months; b) the cost effectiveness of utilizing heat now wasted in electrical 
generation plants; c) the need to profitably use industrial waste heat; and 
d) the need to more economically provide summer cooling for buildings. 
Seasonal aquifer storage should contribute significantly to satisfy the above 
needs. Most geologists and ground-water hydrologists agree that heated and 
chilled water can be injected, stored, and recovered from aquifers. Geologic 
materials are good thermal insulators, and there are potentially suitable 
aquifers distributed throughout the United States. Recent studies and small- 
scale field experiments have reported energy recovery rates above 70 percent 
for seasonal storage. The U.S. Department of Energy predicts that, by the 
year 2000, seasonal aquifer storage could replace or conserve up to 350 million 
barrels of oil per year. However, successful demonstration of large-scale 
aquifer thermal energy storage has not yet been attempted and the concept's 
economic feasibility and institutional acceptability have yet to be established. 

Many potential energy sources exist for use in an aquifer thermal energy 
storage system. These include solar heat, power plant cogeneration, winter 
chill, and industrial waste heat sources such as aluminum plants, paper and 
pulp mills, food processing plants, garbage incineration units, cement plants, 
and iron and steel mills. For heating, energy sources ranging from 50 to over 
250°C are available. Potential energy uses include space heating on an indi- 
vidual or district scale, heating for industrial or institutional plants and 
heat for processing/manufacturing. 

PROGRAM OBJECTIVES 

The objective of the Seasonal Thermal Energy Storage (STES) Program is to 
demonstrate the economic storage and retrieval of energy on a seasonal basis, 
using heat or cold available from waste sources or other sources during a sur- 
plus period to reduce peak period demand; reduce electric utilities peaking 
problems; and contribute to the establishment of favorable economics for district 
heating and cooling systems. Aquifers, ponds, earth, and lakes have potential 
for seasonal storage. The initial thrust of the STES Program is toward utili- 
zation of ground-water systems (aquifers) for thermal energy storage. 

The program has the further objective of evaluating other methods of 
seasonal storage, both from existing literature and by following current work 
in other countries. New program thrusts may be recommended as a result of these 
studies. 

PROGRAM IMPLEMENTATION 

The STES Program is divided into an Aquifer Thermal Energy Storage (ATES) 
Demonstration Task and a parallel Technical Support Task. Seasonal storage 
in aquifers will be evaluated in the ATES Demonstration Task, beginning with 
the conceptual design of site-specific systems and operation of a smaller number 



of demonstration projects. The basic function of such an energy storage system 
is to accept, store, and discharge energy in accordance with availability and 
demand. Thus, the aquifer storage system provides a buffer between the time- 
dependent energy inputs and thermal loads or outputs. An aquifer thermal 
energy storage system is an integrated system consisting of an energy source, 
thermal transport, a storage aquifer, and a user application. Energy may be 
supplied for storage from a solar collector, heat pump, industrial heat source, 
a cogeneration power plant, or other sources. Conversely, chilled water may 
be supplied and stored for future uses in air conditioning. 

In response to a Request for Proposal (RFP), prospective contractors will 
submit proposals for ATES Demonstration Project conceptual designs (Phase I). 
The contractors will develop conceptual designs for integrated systems con- 
taining energy source, thermal transport, aquifer storage, and user subsystems. 
Aquifers will be characterized by geologic exploration and analysis of existing 
data. Functional design criteria will be developed for each subsystem and for 
the integrated systems. From the functional design criteria and the aquifer 
characterization reports, proposals will be evaluated for continuing work in 
Phase 11. Phase I1 is the detailed design, construction, startup, and opera- 
tion of ATES Demonstration Projects. Timing of this task is shown in Figure 1. 

The parallel Technical Support Task is designed to provide support to the 
overall STES Program. The initial activities of this task are primarily direct- 
ed toward support of the ATES Demonstration Task. These activities will include 
social, economic, environmental assessment, and technical research and develop- 
ment studies to provide a sound technical base for the demonstration projects. 
The long-range task goals include investigation and evaluation of other seasonal 
thermal energy storage concepts which may be considered for future emphasis. 
It is the intent of the Technical Support Task to reduce technological barriers 
to the development of energy storage systems prior to the significant invest- 
ment in demonstration or commercial facilities. Through research and testing 
on novel storage concepts, aquifer characteristics, system designs, and system 
operating criteria, this task can assist developers in obtaining a successful 
energy storage facility. This task is designed to not only provide technological 
information on energy storage systems, but also to assist in identifying systems 
which are economically sound, environmentally acceptable, and within existing 
legal and institutional constraints. 

A major function under the Technical Support Task is development of one 
or more Leading Edge Test Facility(s) (LETF). The LETF is a site or sites 
established to test heating and/or chilling technologies for energy storage in 
aquifers. This facility is the forerunner of demonstration projects for aquifer 
thermal energy storage. As a forerunner, the facility will assist in the 
development of energy storage technology through research and development acti- 
vities. This facility will have the capability of performing full-scale tests 
on both heating and chill energy storage technologies. More than one LETF may 
be required. The aquifer requirements (confined versus unconfined), heat 
sources and end uses of low-temperature versus high-temperature storage concepts 
may necessitate the use of more than one leading edge unit. 



The Seasonal Thermal Energy Storage (STES) Program will involve industry, 
other Department of Energy (DOE) laboratories, and universities. Major tasks 
and subtasks of the program are shown in Figure 2. Figure 2 also shows the 
responsible organizations working on the subtasks. Figure 3, the Network 
Diagram, shows the coordination of effort planned to meet program objectives. 
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PROGRAM DEFINITION AND ASSESSMENT ---- 

An essent ia l  funct ion re la ted  t o  management of the overa l l  thermal 
energy storage program i s  t ha t  o f  program de f i n i t i on  and assessment. 
The major emphasis i n  t h i s  a c t i v i t y  i s  the implementation o f  a program 
leve l  assessment o f  thermal energy storage techno1 ogy thrusts  f o r  the 
near and far  term t o  assure an overa l l  coherent energy storage program. 
Included i s  the i d e n t i f i c a t i o n  and de f i n i t i on  o f  po ten t ia l  new thermal 
energy storage appl icat ions,  d e f i n i t i o n  of technology requirements, 
appropriate market sectors. This a c t i v i t y  a lso includes the necessary 
coordination, planning and preparation associated w i t h  program reviews, 
workshops, mul t i -year  plans and annual operating plans f o r  the major 
lead laboratory tasks. S E R I  assessment tasks w i l l  be coordinated and 
integrated i n t o  t h i s  a c t i v i t y .  





PROGRAM DEFINITION AND ASSESSMENT 
OVERVIEW 

Larry H. Gordon 
NASA Lewis Research Center 

The ac t iv i t i e s  described i n  this program area assume that  LeRC is 
performing the lead center function fo r  the DOE Thermal Energy Storage 
Project and therefore, include those functions related to  management of 
the lead laboratories. A primary emphasis i s  placed on the implementation 
of overall program definit ion and associated thermal energy storage system 
evaluations. In th i s  context the objectives are: 1) t o  provide overall 
TES program guidance and 2 )  t o  ensure timely developnents/demonstrations. 
To achieve these objectives, a competitive contract would be awarded which 
would consist of the following: 

a. Conducting a supporting analysis of the current program areas 
w i t h  major emphasis on sol ar thermal applications. Storage 
a1 ternat i ves w i  11 be identified a1 ong w i t h  technol ogy 
requirements. Val ue comparisons w i  11 be performed and 
comnercialization requirements will be identified.  

b. Identifying new applications and the i r  technology requirements. 
New storage concepts def i ned and economic evaluation will be 
performed. Suitable demonstrations will be recomended i n  those 
application areas offering potenti a1 for  substanti a1 ROI. 

c. Assuring overall integration and coordination of thermal storage 
developments with the appropri ate DOE end-use divisi  ons. This 
task wi 11 include assessments of technical progress, coordination 
of development goals, and milestones. Particular attention will 
be given to  the impact of environmental requirements. 

As shown i n  Figure 1,  the Thermal Storage Program develops rel iable ,  
e f f ic ien t ,  inexpensive storage technologies to  support other DOE or 
private sector end-users i n  t he i r  substi tution and energy savings 
missions. Within DOE t h i s  i s  accomplished by technology transfer 
agreements between STOR and the respec t i  ve end-use divisions. The lead 
center i s  responsible for  ensuring tha t  the milestones, resources, and 
technology transfers are accomplished. I n i t i  a1 ly,  an energy storage 
program assessment i s  performed fo r  a particular application area. I f  
t h i s  assessment indicates tha t  thermal energy storage i s  competitive w i t h  
respect t o  other storage technologies (ba t te r ies ,  flywheels, e tc . ) ,  then 
the objective/goals can be defined for  a project area. The lead 
laboratory provides the necessary management to  implement the project and 
provide the necessary technol ogy for  transfer t o  the end-user . 



Lead. 1 aboratory p r o j e c t  s t ruc tu re  genera l l y  takes a form s i m i l a r  t o  t h a t  
shown i n  F igure  2. System s tud ies  are a p p l i c a t i o n  o r ien ted  and cons is t  o f  
concept i dent if i c a t i  on, technoeconomic assessments, and conceptual design 
studies. Concept development a c t i v i t i e s  i nc lude  development o f  storage 
concepts t o  t h e  p o i n t  of es tab l i sh ing  t h e  techn ica l  f e a s i b i l i t y  and 
assessi ng the  concepts based on general a p p l i c a t i o n  requirements. 
Es tab l i sh ing  techn ica l  f e a s i b i l i t y  invo lves  both  concept f e a s i b i l i t y  
s tud ies  and small -sca le  1 aboratory experiments. 

The subsystem development phases culminates w i t h  technology readiness o r  
technology v a l i d a t i o n  f o r  the  storage subsystem. A c t i v i t i e s  inc lude 
subsystem d e f i n i t i o n ,  engineering development, and subscale research 
experiments (SRE' s) . Throughout these various p r o j e c t  phases continuous 
e f f o r t s  are d i  rec ted  toward generic advanced techno1 ogy and exp lo ra to ry  
research studies thus p r o v i d i n g  a support ing research and technology base. 

To ezami ne how program/project assessments re1  a te  t o  and i n f  1 uence t h e  
p r o j e c t  s t ruc ture ,  l e t  us use the  e l e c t r i c  u t i l i t y  a p p l i c a t i o n  area as an 
example. Approximately four  ( 4 )  years ago, an assessment o f  "Energy 
Storage Systems Su i tab le  for Use by E l e c t r i c  U t i l i t i e s "  was made by Pub l i c  
Serv ice E l e c t r i c  and Gas Company of New Jersey (ref.  1).  The s p e c i f i c  
ob jec t ives  o f  t h i s  program assessment f o r  DOE (ERDA) and the  E l e c t r i c  
Power Research I n s t i t u t e  were: 

o I d e n t i f y  the  p o t e n t i a l  e f f e c t  o f  energy storage on the  e l e c t r i c  
u t i l i t y  systems of t h e  Un i ted  States. 

o Determine the s ta tus  o f  development and the  f e a s i b i l i t y  o f  
comnerc ia l i za t i  on o f  candidate energy storage technologies, and 
e s t a b l i s h  t h e i r  key techn ica l  and cost  cha rac te r i s t i cs .  

o Evaluate t h e  r e l a t i v e  m e r i t s  o f  energy storage opt ions  on t h e  
basis o f  economic, operat ional ,  and environmental fac tors .  

o I d e n t i f y  research and development needed t o  advance t h e  var ious 
storage technologies. 

Based on t h i s  assessment, one o f  the  major f i n d i n g s  was t h a t  w i t h  
suff i c i  ent o f f  -peak energy a v a i l  able from base1 oad coal and nucl  ear 
capacity,  energy storage cou ld  provide generat ing capac i t y  f o r  up t o  17 
percent o f  peak load demand (kW). An energy storage technology which was 
consi dered t o  be compet i t i ve w i t h  conventional pumped , hydro was thermal 
energy. Hence, a DOE (ERDA) p r o j e c t  was c reated f o r  .thermal energy 
storage i n  peak f o l l o w i n g  e l e c t r i c  u t i l i t y  app l ica t ions .  (See example 
i n s e r t s  i n  F igure  1). 



The f i r s t  p ro jec t  assessment conducted as pa r t  of the system studies phase 
was performed by Bechtel Corp ( re f .  2). For near-term u t i l i t y  
app l ica t ions i t  was f e l t  t h a t  thermal energy storage could be e a s i l y  
" r e t r o f i t t e d u  t o  ex i s t i ng  power plants. However, the p ro j ec t  assessment 
concluded t h a t  h igh cap i ta l  costs and long r e t r o f i t  downtimes negated the  
use of thermal energy storage. On a pos i t i ve  side, i t was recormended 
t h a t  thermal energy storage might be a t t r a c t i v e  f o r  "new construct ion" 
coal and nuclear power p l  ant appl icat ion. A second assessment f o r  New 
P lan t  Thermal Energy Systems was performed by General E l e c t r i c  ( re f .  3) .  

This "new p lant "  assessment was qu i t e  extensive and examined some 50+ 
technologies appl icable t o  thermal energy storage subsystems. From t h i s  
matr ix ,  twelve '(12) concepts were selected f o r  a deta i led technoeconomic 
assessment as shown i n  Figure 3. Conceptual designs o f  fou r  selected TES 
system concepts were integrated i n t o  conventional base 1 oaded p l  ant 
designs. These concepts, as ind icated on Figure 3, were as follows: 

a. A dual media, sensi b l e  heat, thermal energy storage in tegrated 
w i t h  a high su l f u r  coal power p lant  and supplying steam t o  a 
separate peaking power conversion system. 

b. An underground, h igh temperature water, thermal energy storage 
integrated w i t h  a high su l fur  coal power p lant  and supplying 
steam t o  a separate peaking power conversion system. 

c. An above ground, h igh temperature water, thermal energy storage 
in tegrated w i th  a Pressurized Water Reactor power p lan t  and 
supplyi ng b o i l  er f eedwater preheat. 

d. A dual media, sensible heat, thermal energy storage in tegrated 
w i t h  a Pressurized Water Reactor power p lant  and supplying b o i l e r  
f eedwater preheat. 

Nevertheless, the bottom l i n e  o f  t h i s  assessment concluded t ha t  load 
l eve l i ng  thermal storage i s  only marg ina l ly  competi t ive w i t h  base1 oad, 
coal f i r ed ,  cyc l ing  plants. 

How the resu l t s  o f  the Bechtel and General E l e c t r i c  assessments a f fec ted 
the "Peak Fol lowing Thermal Storage f o r  Steam E l e c t r i c  Power" p ro j ec t  i s  
g raph ica l l y  shown i n  Figure 4. Based on the "negative" and "marginal ly  
competi t ive" assessments, the planned concept development and technology 
v a l i  dat i on phase o f  the p ro j ec t  were redefined. Future development 
a c t i v i t i e s  f o r  u t i l i t i e s  w i l l  be d i rec ted toward compressed a i r  energy 
storage (CAES) . CAES inc iden ta l  1 y, was a1 so a competi t ive storage 
technology i d e n t i f i e d  by the PSE&G Program assessment. 



To f u r t h e r  emphasize t h e  scope o f  these assessments, an on-going program 
assessment. f o r  Solar  App l ica t ions  Analys is  f o r  Energy Storage' w i l l  be 
r e v i  w e d  by t h e  Aerospace Corporat i  on. I n  addi t ion,  t h e  var ious p r o j e c t  
assessments requ i red  f o r  TES i n  Solar Thermal E l e c t r i c  Power App l ica t ions  
w i l l  be reviewed by  Sandi a Laboratory Livermore, The importance o f  a l l  o f  
these assessments cannot be over-emphasized as a pr imary  means o f  meeting 
t h e  ob jec t i ves  o f  t h i s  Program D e f i n i t i o n  and Assessment a c t i v i t y .  

Another i n p u t  used t o  achieve the  a c t i v i t y ' s  ob jec t i ves  i s  t o  p e r i o d i c a l l y  
have an independent review o f  t h e  Thermal Storage Program. S p e c i f i c a l l y ,  
f o r  t h i s  program review, a comnittee was es tab l ished and was charged t o  
prov ide  DOE/STOR and i t s  management centers w i t h  a broad, o b j e c t i v e  rev iew 
o f  t he  goals, content, and accomplishments o f  t h e  Thermal Energy Storage 
Program. I n  t h i s  review, t h e  committee was d i r e c t e d  to:  

o Inc lude a l l  thermal energy storage subsystem technologies 
(containment, heat exchange, media, c o n t r o l  s, and i n s t i t u t i o n a l  
cons t ra in ts )  and technologies fo r  heat t ranspor t .  

o  Exclude thermochemi ca l  heat pump storage subsystems. 

And f o r  consistency, t he  f o l l o w i n g  d e f i n i t i o n s  were noted: 

B u f f e r i n g  Storage 1/2 t o  2 hours 
D iu rna l  Storage 2 t o  12 hours 
Long (Seasonal ) Dura t ion  Storage Greater than 12 hours 
Near-Term Time Frame 1980 t o  1985 
M i  d-Term Time Frame 1985 t o  1990 
Far-Term Time Frame 1990 and beyond 

The review c m i t t e e  consisted of eleven (11) members represent ing  a 
cross-sect ion o f  s t a t e  energy departments, academi a, DOD, EPRI , and the  
Nat iona l  Research Council. Members or  t h e i r  representa t ives  are l i s t e d  i n  
F igure  5.  P r i o r  t o  t h i s  meeting, s p e c i f i c  quest ions t o  be addressed by 
t h e  comnittee were generated. These questions, noted i n  F igures  6-7, w i l l  
serve as the  basis not  o n l y  f o r  d iscussion by t h e  comnit tee bu t  a lso  f o r  
open discussions throughout t h e  two day program meeting. Responses w i l l  
be repor ted  i n  the  proceedings f o r  t h i s  program review. 
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SOLAR APPLICATIONS ANALYSIS FOR ENERGY STORAGE 

T. Blanchard 
DOE/STOR Aerospace Corporation 

The Department of Energy, Division of Energy Storage Systems (SrOR) recently started an 
analysis of the role of energy storage as it relates to solar energy systens to 1) deternine 
where storage technologies can best support solar energy applications, 2) assess the current 
status of storage technologies, 3) establish requirements and specifications for storage 
technologies and 4) evaluate the adequacy of the current storage R6D program to meet these 
requirements. The basic objective of the study is to determine where the greatest potential 
exists for energy storage in support of those solar energy systems which could have a 
significant impact on the U. S. energy mix. Such a determination could consequently provide 
program guidance as to how STOR can best expand their R&D resources to meet this potential. 

The four parts of the study can be seen on the facing chart. The first will be the 
determination of the spectrum of roles for solar energy storage technologies. This will 
include an evaluation of the potential impact of solar/storage systems to displace fossil 
fuel systems. The second part will look at ongoing and completed solar/storage assessments 
to determine their adequacy and validity and will identify specific requirements and goals 
for storage technologies. Specific operational properties of storage technologies, as well 
as the system performance and cost goals required to meet the solar pmgran needs, will be 
identified. The above information will then be utilized to determine the adequacy of the 
STOR R&D program, and recornendations will be made for supplementing or altering the STOR 
multiyear program plan, as needed. 

SOLAR APPLI CAT I OYS ANALYSIS FOR ENERGY STORAGE 

AN ANALYSIS OF THE SPECTRUM OF SOLAR ACTIVITIES AND APPLICATIOKS .TO 

DETERMINE THEIR NEEDS FOR ENERGY STORAGE, S E N S I T I V I T Y  TO THE A V A I L A B I L I T Y  

AND PROPERTIES OF STORAGE, AND POTENTIAL IMPACT OF THE SOLAR/STORAGE 

SYSTEMS ON FOSSIL  FUEL USE 

BRING TOGETHER BOTH SOLAR AND STORAGE PROGRAJI RESEARCHERS TO ASSESS THE 

RESULTS OF ONGOING AND COHPLETED EFFORTS AND DEVELOP ADDITIONAL 
PARAMETRIC DATA TO IDENTIFY REQUIREMENTS AND GOALS FOR STORAGE TECHNOLOGIES 

I N  SUPPORT OF SOLAR PROGRAMS 

IDENTIFICATION OF SPECIFIC ENERGY STORAGE PROPERTIES, DESIRED FEATURES ANL 

PERFORHANCE/COST GOALS I N  ORDER TO MEET THE NEEDS OF S O U R  PROGRAMS 

UITHIN THE CONTEXT OF TEA A C T I V I T I E S  GENERATE DECISION CRITERIA WITH 

WHICH TO EVALUATE THE ADEQUACY OF STORAGE TECHNOLOGIES n u L T t  YEAR 
PROGRAMS PLANS WITH RESPECT TO THEIR SUPPORT OF PROPOSED SOLAR PROGRAMS 



The study is planned to be completed in,about 24 months and consists of three specific 
tasks, applications analysis, storage technology and systems analysis, and solar and storage 
systems assessment. The relationship of energy storage to both the user and the energy 
source will be addressed and input/output requirements and energy source/user relationships 
will be used to establish characteristic storage data. 

In order to detennine the need for energy storage and desired system properties, i.e.. 
size, storage, density, etc., interactions between the user and solar energy source must 
be examined and specific items of infonnation detemined. These required data inputs and 
analysis represent those that must be developed in order to generate rationale and tradeoffs 
necessary to determine goals and requirements of storage systems. Much of'this information 
has been developed in prior solar program/project studies that have addressed the problem 
of storage from a limited perspective or economic viewpoint that possibly presupposed the 
need for storage. The multitude of separate solar projects that have addressed energy 
storage must be reviewed to determine the level to which storage had been considered and 
the availability of information to develop storage requirements. In those areas lacking 
sufficient infonnation, special studies will be proposed to develop the needed data. 
Parametric analyses will also be required to examine the influence of energy storage 
characteristics on the economic and performance aspect of solar applications. The results 
of the parametric studies can be used to establish driving or highly leveraged storage/solar 
application categories in terms of performance or economy. The identification of this type 
of sensitivity infonnation is essential in developing an overall set of goals and require- 
ments for energy storagc. 

STUDY APPROACH 

TASK 1 APPLICATIONS ANALYSIS 

REVIEW 8 SCREEN ENERGY SOURCE/USER DATA FROM ONGOING AND COMPLETED SOLAR 
PROGRAM EFFORTS 

TASK I I STORAGE TECHNOLOGY AND SYSTEMS ANALYSIS 

ASSESS THE ABILITY OF CURRENT STORAGE TECHNOLOGY PROGRAMS TO MEET 
REQU I REMENTS/GOALS 

- DEVELOP CANDIDATE ST ORAGE OPTIONS 8 CHARACTER I ST1 CS 
- EVALUATE AND ASSESS PREVIOUS ANALYSES OF OPTIONS 

- SPECIAL STUDIES: ECONORIC, TECHNICAL) INSTITUTIONAL, ENVIRONMENTAL 
- SUMMARIZE ASSESSMENT OF EACH APPLICATION CATEGORY 

TASK I I I SOLAR AND STORAGE SYSTEMS ASSESSMEP!T 

RECOMMEND STORAGE RaD EFFORTS 

- ASSESS TASK I 8 I I EFFORTS TO DETERMINE STATUS OF STORAGE TECHNOLOGIES 

TO MEET REQUIREMENTS OF SOLAR APPLICATIONS 

- RECOMMEND R8D PROGRAMS 



Overall guidance and management of the study is being provided by STOR'S Technical 
and Economic Analysis Branch and by The Aerospace Corporation. Technical expertise and 
support required in reviewing solar program data and in performing required special studies 
will be provided through the use of an Application and Storage Advisory Panel which includcs 
three subpanels for specific storage technology assessments. Due to the cross-section of 
solar programs and officcs involved, membership in the Applications and Storage Advisory 
Panel is quite broad and includes representation from W E ,  and the National and Solar 
Laboratories. 

Technical support for the st;dy is solicited mainly from these National and Solar 
Laboratories;.. however, representatives from the university and industrial sectors will be 
utilized as needed to providc specific expertise. 

Organizational Structure 
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As mentioned earlier, the study is currently planned to conclude in about two years 
during which time recommendations would be made for inclusion in the STOR program planning 
cycle. However, as a means for providing some near term guidance to STOR, a workshop was 
held in November, 1979. This workshop was attended by representatives from DOE and the 
National and Solar Laboratories as well as academic and industrial sector. 

The workshop was conducted to identify the areas where the use of energy storage 
systems could have some impact upon the applications of solar energy sources and to select 
several which could have a near term impact for either dhplacing a portion of the fossil 
fuel energy sector or for providing a noticeable effect on the conservation of existing 
energy resources. First, the three dimensional matrix seen on the facing figure was to be 
completed to identify which solar sources are most appropriate to provide energy for the 
identified applications areas, and those storage technologies which best support the solar 
energy/application combinations. One sample matrix, for Residential-Single Family 
applications, was completed during the workshop. The development of a methodology for 
completing the matrixes was a meaningful product of the workshop and the matrixes for the 
other applications areas will be completed in the near future by the workshop participants. 

Solar ApplicationslEnergy Storage Matrix 

Solar Energy 
Applications 

Residential-Single Family 
Commercial 
CommunityICentral 
IndustrialIAgricultural 
Transportation 

Solar Technologies 
Photochemical 
Photovoltaic 
Solar Thermal 
Wind 
Biomass 
OTEC 
Hydromechanical 

Electrical 
Chemical/Thermochemical 
Thermal 
Mechanical 



THERMAL ENERGY STORAGE SYSTEMS USING FLUIDIZED BED HEAT EXCHANGERS 
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the  o p e r a t i  on, character  i s t i c s  and economics o f  p o t e n t i  a1 
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heat exchangers. 

P r o j e c t  Status: I d e n t i f y  p o t e n t i  a1 f l u i d i z e d  bed concepts f o r  thermal 
energy storage app l i ca t i ons  and perform a  technoeconomic 
eva lua t ion  o f  se lec ted  heat exchanger/storage 
appl i c a t i  ons. 

Po ten t i  a1 f l u i d i z e d  bed/thermal s torage app l i ca t i ons  have 
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A  tec  hnoeconomi c  eva lua t ion  i s  be i  ng performed on two 
se l  ected concepts 
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THERMAL ENERGY STORAGE SYSTEMS USING 
FLUIDIZED BED HEAT EXCHANaRS* 

V. Ramanathan,' T. E .  Weast, and K. P. Ananth 
Midwest ~ e i e a r c h  ~ n s t i t u t e  - Kansas C i t y  

SUMMARY 

A systems s tudy i s  being conducted t o  determine t h e  v i a b i l i t y  of 
u s ing  F lu id i zed  Bed Heat Exchangers (FBHX) f o r  Thermal Energy Storage  (TES) 
i n  a p p l i c a t i o n s  w i t h  p o t e n t i a l  f o r  waste h e a t  recovery.  Of the  candida te  
a p p l i c a t i o n s  screened,  Cement P l an t  Rotary Ki lns  and S t e e l  P l a n t  E l e c t r i c  Arc 
Furnaces were i d e n t i f i e d ,  v i a  t he  chosen s e l e c t i o n  c r i t e r i a ,  a s  having the  b e s t  
p o t e n t i a l  f o r  succes s fu l  use of FBHX/TES system. A computer model of t he  FBHX/ 
TES systems has been developed and the t e c h n i c a l  f e a s i b i l i t y  o f  t he  two s e l e c t e d  
a p p l i c a t i o n s  has been v e r i f i e d .  Economic and t r ade -o f f  eva lua t ions  a r e  i n  pro- 
g r e s s  f o r  f i n a l  op t imiza t ion  of the  systems and s e l e c t i o n  of  t he  most promising 
sys  tem f o r  f u r t h e r  concept v a l i d a t i o n .  

INTRODUCTION 

The development of e f f i c i e n t  (TES) systems i s  necessary  f o r  many 
energy conserva t ion  programs t o  be t e c h n i c a l l y  and economically a t t r a c t i v e .  By 

u t i l i z i n g  the mass o f  a  f l u i d i z e d  m a t e r i a l  f o r  thermal energy s to rage ,  the  
energy t r a n s f e r  and s to rage  func t ions  can be i n t e g r a t e d  i n t o  a  common FBHX/TES 
system. Systems used f o r  recovery of  s e n s i b l e  h e a t  gene ra l ly  use  e i t h e r  con- 
veh t iona l  t ubu la r  type exchangers o r  d i r e c t  con tac t  o f  a  working f l u i d  wi th  a  
f i xed  s to rage  media which r e q u i r e  la rgeqhea t  t r a n s f e r  s u r f a c e  a reas  and may be 
s u b j e c t  t o  plugging of t h e  flow by loose p a r t i c l e s .  I n  a d d i t i o n  t o  TES, FBHX's 
can e l imina te  these  p o t e n t i a l  h e a t  t r a n s f e r  problems. 

The o b j e c t i v e  of t h i s  p r o j e c t  i s  t o  i d e n t i f y  and ana lyze  ope ra t ing  
c h a r a c t e r i s t i c s  and economics of p o t e n t i a l  FBHX/TES systems when used f o r  waste 
h e a t  recovery and u t i l i z a t i o n .  The conceptual  s tudy  formulated t o  address  t h i s  
o b j e c t i v e  i s  d iv ided  i n t o  two major tasks .  Task I d e f i n e s  p o t e n t i a l  FBHX con- 

cep t s  and i d e n t i f i e s  p o t e n t i a l  a p p l i c a t i o n s  i n t o  which 'IXS can be e f f i c i e n t l y  
i n t eg ra t ed .  Task I1 eva lua t e s  the  t echn ica l  and economic f e a s i b i l i t y  of  the  two 

* NASA - Lewis Research Center;  Cont rac t  No. DEN 3-96. 



most promising systems i d e n t i f i e d  i n  Task I and recommends one a p p l i c a t i o n  f o r  
a d d i t i o n a l  s tudy o r  demonstration. 

This  paper suuunarizes t h e  r e s u l t s  of Task I and the  s t a t u s  of  Task 
I1 which i s  s t i l l  i n  progress .  In t e r im  conclusions and f u t u r e  e f f o r t s  a r e  
a l s o  presented.  

TASK I - FBHX CONCEPT DEFINITION, TES APPLICATION IDENTIFICATION, 
AND SYSTEM INTEGRATION AND SELECTION 

FBHX Concept Def in i t i on  

Since t h e  TES media is  the  mass o f  t he  FBHX bed m a t e r i a l ,  i t  i s  
necessary t o  eva lua t e  the numerous FBHX conf igu ra t ions  f o r  i d e n t i f i c a t i o n , o f  
t he  most e f f e c t i v e  types f o r  TES systems. Numerous conf igu ra t ions  of f l u i d -  
ized  bed hea t  exchangers a r e  poss ib l e .  Representa t ive  FBHX conf igu ra t ions  a r e  
depic ted  i n  F igure  1. A v e r t i c a l  mu l t i s t age  bed wi th  countercur ren t  con tac t -  
i ng  i s  presented i n  F igure  l ( a ) .  I n  t h i s  system, s o l i d s  a r e  heated by t h e  gas 
s t ream which i s  used t o  f l u i d i z e  the  bed. A f l u i d i z e d  bed wi th  an i n t e r n a l  
h e a t  exchanger i s  dep ic t ed  i n  F igure  l ( b ) .  The h igh  temperature i n l e t  gas 
f l u i d i z e s  the bed i n  t h i s  system. Crosscur ren t  con tac t ing  i n  a  mu l t i s t age  bed 
i s  shown i n  F igure  l ( c ) .  Heat exchange i s  between the  ho t  f l u i d i z i n g  gas and 
t h e  bed s o l i d s .  F igure  l ( d )  i s  a  cross-f low system wi th  an i n t e r n a l  h e a t  ex- 
changer, i n  which a i r  f l u i d i z e s  the  incoming ho t  alumina p a r t i c l e s  and h e a t  i s  
t r a n s f e r r e d  t o  the coo l ing  water c i r c u l a t i n g  i n  t he  h e a t  exchanger. F igures  
l ( e )  and I ( £ )  i l l u s t r a t e  l i q u i d  f l u i d i z e d  bed h e a t  exchangers wi th  i n t e r n a l  
h e a t  exchangers. 

The var ious  p o t e n t i a l  f l u i d i z e d  bed h e a t  exchanger/s torage conf ig-  
u r a t i o n s  were ranked according t o  such ope ra t ing  parameters a s  e f f i c i e n c y  of 
h e a t  recovery,  h e a t  t r a n s f e r  r a t e ,  system pressure  drop, environmental '  prob- 
lems, s t a b i l i t y  of  bed ope ra t ion ,  e t c .  The fo l lowing  conclusions were reached 
regard ing  the  a p p l i c a t i o n  of  f l u i d i z e d  beds f o r  energy s to rage :  

F lu id i zed  beds gene ra l ly  r e q u i r e  a  h igh  p re s su re  drop and hence, 
t h e i r  ope ra t ing  power requirements a r e  high.  This limits t h e i r  use t o  r a t h e r  
h igh  temperature a p p l i c a t i o n s  where the  amount of energy recovered i s  l a r g e  
r e l a t i v e  t o  ope ra t ing  energy'  requirements.  Therefore,  l i q u i d - f  l u i d i z e d  beds 
were e l imina ted  from f u r t h e r  cons ide ra t ion  f o r  s to rage  a p p l i c a t i o n s .  

When des igning  mul t i s t age  beds, t h e  bed s t a g e s  should be k e p t  a s  
shal low a s  p o s s i b l e  t o  minimize the  p re s su re  drop. 



Multis tage f lu id ized  beds, which have a l a r g e r  temperature re-  
covery e f fec t iveness ,  a r e  p re fe rab le  t o  s i n g l e  s t age  beds; however, increasing 
the number of s tages  may a l s o  increase  the  t o t a l  system pressure  drop. 

Mul t i s tage  counter flow systems have higherthermalefficiencythan 
mult is tage  cross  flow systems wi th  an equal number of s tages .  A s t a b l e  flow 
of s o l i d s  aga ins t  gases can be obtained by down flow pipes o r  overflow weirs 
i n s t a l l e d  between s tages .  Such mul t i s tage  shallow beds have successful ly  
operated i n  such u n i t  opera t ions  a s  continuous adsorption.  

TES Applicat ion I d e n t i f i c a t i o n  

A l a rge  number of i n d u s t r i a l  processes,  s o l a r  power generat ion,  and 
HVAC systems were considered f o r  p o t e n t i a l  app l i ca t ion  of FBHX f o r  TES. Due 
t o  the la rge  number of p o t e n t i a l  app l i ca t ions ,  they were grouped by u n i t  pro- 
cess  with s imi la r  waste c h a r a c t e r i s t i c s  (Table I).  Thus, a  se lec ted  FBHX/TES 
system f o r  a  u n i t  process i n  one indust ry  may a l s o  be adaptable t o  o the r  in-  
d u s t r i e s  with s i m i l a r  u n i t  processes. Flow char t s  were obeained f o r  the u n i t  
processes and energy balances performed i n  order  t o  evaluate  the  p o t e n t i a l  fo r  
energy recovery. 

In teg ra t ion  and Se lec t ion  

I n  order  t o  reduce the p o t e n t i a l  app l i ca t ions  t o  the  s i x  most pro- 
mising systems f o r  a  more d e t a i l e d  review, a  number. of c r i t e r i a  were se lec ted  
f o r  the processes. The c r i t e r i a  fo r  t h i s  ana lys i s  were: 

Waste stream temperature 2 260°C (500°F) 
Flow r a t e  2 283 m3/min (10,000 cfm) 
Annual ener recoverable from t o t a l  indus t ry  2 1.05 x 10 10 

f3 
W / y r  (10 BTU/yr) 

Need f o r  TES 
Proximity of energy source t o  use 
Unique benef i t s  such a s  po l lu tan t  removal o r  reduced plugging 

The s i x  app l i ca t ions  designated with an a s t e r i s k  (*) i n  Table I were 
chosen for  a  more d e t a i l e d  review. Five ' addi t ional  s e l e c t i o n  c r i t e r i a  were 
then es tabl i shed f o r  f i n a l  screening of  the  s i x  candidates.  The add i t iona l  
c r i t e r i a  were: ' 

r Adaptabi l i ty  t o  candidate process 
r Growth p o t e n t i a l  of candidate process 

Rela t ive  s impl ic i ty  of system when i n t e ~ r a t e d  with FBHX/TES 



Timeliness 
Acceptabi l i ty  t o  indus t ry .  

As a r e s u l t  of the  f i n a l  screening process the cement p l a n t  r o t a r y  
k i l n  and the  s t e e l  p l a n t  e l e c t r i c  a r c  furnace were chosen f o r  d e t a i l e d  techno- 
economic evaluat ion.  

TASK I1 - TECHNOECONOMIC EVALUATION 

The technica l  aspects  of the  evaluat ion f o r  the  ro ta ry  k i l n  'and 
e l e c t r i c  a r c  furnace appl ica t ions  of FBHX/TES systems a r e  near ly  complete. 
Each technica l  evaluat ion  included es tab l i sh fng  a p lan t  process flow config- 
u ra t ion ,  an opera t ional  scenario,  a  preliminary FBHX/TES design,  and para- 
metr ic  analys is .  

The process flow configurat ions f o r  each app l i ca t ion  (Figures 2 and 
3) a r e  s imi lar  i n  t h a t  the  TES charge cycle f o r  both designs uses ho t  exhaust 
gases t o  heat  the bed mate r i a l  (sand) i n  a  counter flow, mul t i s tage ,  shallow 
FBHX. The hot  s o l i d s  a r e  then s tored  i n  an insu la ted  s t r u c t u r e  u n t i l  the  
energy i s  needed. During the  TES discharge cycle the  sime counter flow, 
mul t i s tage  shallow FBHX is  used t o  heat  low temperature gases f o r  a  waste hea t  
bo i l e r .  The cooled s o l i d s  a r e  s tored  i n  another insu la ted  s t r u c t u r e  t o  await 
the  next charge cycle.  The e l e c t r i c  a r c  furnace app l i ca t ion  a l s o  includes a 
buf fe r  FBHX/TES t o  smooth the shor t  durat ion (2-3  h r )  pe r iod ic  v a r i a t i o n s  i n  
gas temperature before proceeding t o  the  long-term FBHX/TES described above. 
Options t o  e l iminate  the  separa te  buffer  a r e  present ly  being considered. 

The i n i t i a l  opera t ing  scenerio for  the  c e w n t  p lan t  requi res  approxi- 
mately 80% of the  r o t a r y  k i l n  exhaust gas t o  be s e n t  d i r e c t l y  t o  a  waste hea t  
b o i l e r  f o r  power generat ion while the remaining 20% is  used t o  charge the TES 
system. During discharge,  100% of the ro ta ry  k i l n  gases a r e  s e n t  d i r e c t l y  t o  
the  waste b o i l e r  while approximately 20% of the b o i l e r  exhaust i s  .recycled 
through the FBHX/TES t o  recover energy and added t o  the k i l n  gases a t  the  
waste h e a t  b o i l e r  i n l e t .  This r e s u l t s  i n  a  t h e o r e t i c a l  power production swing 
from 80 t o  120% of the  nominal generat ing capaci ty  without TES and allows 
s i g n i f i c a n t  i f  not t o t a l  reduction i n  peak power demand. 

The i n i t i a l  opera t ing  scenerio f o r  the  s t e e l  p l a n t  r equ i res  100% of 
the  e l e c t r i c  a r c  furnace exhaust gases t o  be s e n t  t o  the  FBHX/TES system during 
a charge cycle when a l , l  power i s  purchased a t  off-peak r a t e s .  When power i s  

purchased a t  on-peak r a t e s ,  both the  TES system and the  e l e c t r i c  a r c  furnace 
gases would be ava i l ab le  f o r  power production and reducing peak demand. 



A parametric ana lys i s  i s  being performed t o  determine the optimum 
FBHXITES design. A computer model was developed t o  determine the  e f f e c t s  of 
the  number of s tages ,  gas temperatures, gas flows, bed mate r i a l s ,  charge d i s -  
charge times, and p a r a s i t i c  power required f o r  operat ion.  

Work on the  economic-analysis has been i n i t i a t e d .  The est imated 
c a p i t a l  investment cos t s ,  annual opera t ing  c o s t s ,  and u n i t  energy cos t s  t o  
cons t ruct  and opera te  each model system w i l l  be determined. Cap i t a l  inves t -  
ment cos t s  w i l l  represent  the  t o t a l  investment required t o  cons t ruct  a  new 
system and w i l l  include d i r e c t  cos t s ,  i n d i r e c t  cos t s ,  c o n t r a c t o r ' s  f ees ,  and 
contingency. Annual opera t ing  cos t s  w i l l  represent  the  va r i ab le ,  f ixed,  and 
overhead cos t s  required t o  operate the systems. Unit energy c o s t s  f o r  each 
model system a r e  the  annual operat ing cos t  of  the system divided by the annual 
energy savings. A l l  c o s t s  associa ted  with the  waste hea t  b o i l e r  system and 
the f lu id ized  bed heat  exchanger TES system w i l l  be determined separa te ly  . 
The t o t a l  c o s t  of the  model system w i l l  equal the  sum of the individual  cos ts .  

CONCLUD LNG REMARKS 

The t echn ica l  f e a s i b i l i t y  of FBHX f o r  TES systems has been v e r i f i e d  
by ana lys i s  of two se lec ted  conceptual systems. I n i t i a l  r e s u l t s  f o r  the  
cement p lan t  ro ta ry  k i l n  i n d i c a t e  t h a t  the  d ive r s ion  of 20% of the  k i l n  
exhaust gases t o  a  5-stage FBHX~TES system during a 12-hr charge period allows 
power production t o  be increased 11% during a 12-hr discharge period.  Simi- 
l a r l y  the d ivers ion  of 100% of the  e l e c t r i c  a r c  furnace gases during an 8-hr 
charge cycle of an 8-stage FBHXITES system allows power production t o  be i n -  
creased 34% during a 16-hr 'discharge period. 

When the economic and trade-off  ana lys i s  a r e  concluded, we w i l l  be 
able t o  e s t a b l i s h  whether TES systems using FBHX a r e  economically v iab le  and 
i f  so, i d e n t i f y  one of the systems fo r  f u r t h e r  study o r  demonstration. 



TABLE 1 

POTELTLG &F'PLICATIONE OF FLUIDIZED BED HEAT WCEWGERS AS A FUNCTIOlr' OF 
LYIT PROCESSES OR CASTE NERGI' S T E L ' I  

Unit Process /Kaste  Energy S t r u m  Industrn* 

1. Xiln Exhaust Cases. Cl inker  Cooler W a u s t  Gases *camant ** 
Lime 
Sodium Carbonate 
Pulp N i l 1  
Zinc Oxid* 
Prlmary Alumin= . 
Clay and Ceramic Product8 
Phosphate F e r t i l i z e r  

2. Pe r iod ic  Ki ln  

3. S i n t e r  and P e l l e t  Machine/Cooler Exhausc 
Gases 

6. E l e c t r i c  Arc Furnucc Exhaust Gases 

5 .  Sola r  Brayton 

6 .  Reverberatory Furnace Exhaust Cases 

i. S o i l e r s  (HVAC) 

8. B la s t  fu rnace  Exhaust Gases 

9 .  Dryer Lxhausc Cases 

10a. Compressor Exhaust Air 

Clay 
Carmoics 

"Iron and S t e e l  
P r i m a q  Zinc 
Primary Lead 

*iron m d  S t e e l  ** 
I ron  Foundry 
S t e d  Foundry 
Fa r roa l loy  
Nonfarrous Foundry 
Secondary Xonfarrous Smolting and 

Refining 
Ref rac to r i e s  

*Primary Copper 
Primary Lead 
Nonferroue Foundry 
Secondary Sonferrous  Smelting and 

Ref ining 

I n d u s t r i a l ,  C o m e r c l a l ,  Res iden t i a l  

I r o n  
Primary Lead 
Secondary Nonferrous S rne l thg  and 

Ref ining 

Phosphate F e r t i l i z e r  
Clay and Ceramics Products  
Asphalt Paving 
T e x t i l e  Indust ry  
Pulp and Paper Indus t ry  
Food Induscr? (g ra in  drying)  

Chemical and Al l i ed  Produces 
Pneumatic *chinery 
Compressed Gas C h i l l e r s  (food indus t ry )  

lob. I C  Sngine Exhaust Gases Various I n d u s t r i e s  

11. D i s c i l l a t i o n  Colrmm Exhaust Screams 

1:. Wash-down Water 

Chemical and Al l fed Produccs 
Petroleum Refining 

Food I n d u s t v  
Textile Indus t ry  

13. Cupoia Exhaust I ron Foundry 

14. ZokeOven *Iron and S c l e l  

* Six applications selected for additional study 
** Two applications selected for detailed Technoeconomic Evaluation 
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THERMAL ENERGY STORAGE AND TRANSPORT 

Walter Hausz - General E l e c t r i c  
Center f o r  Advanced Studies 

ABSTRACT 

The ex t rac t ion  o f  thermal energy from la rge  LWR and coa l - f i r ed  p lants for  

long distance transport t o  i ndus t r i a l  and residential/comnercial users i s  ana- 

lyzed. Transport as high temperature water i s  considerably cheaper than trans- 

p o r t  as steam, ho t  o i l ,  o r  molten s a l t  over a wide temperature range, The 

del ivered heat i s  shown t o  be competit ive w i th  user-generated heat from o i l ,  

coal, o r  electrode bo i l e rs  a t  distances we1 1 over 50 km when the pipe1 ine  oper- 

ates a t  high capacity factor .  Thermal energy storage makes meeting o f  even very 

low capacity f ac to r  heat demands economic and feasible. Storage gives the 

u t i l i t y  f l e x i b i l i t y  t o  meet coincident e l e c t r i c i t y  and heat demands e f fec t i ve l y .  



SUMMARY 

It has long been recognized tha t  there are thermodynamic benef i ts  t o  the 

j o i n t  production o f  e l e c t r i c i t y  and heat, and i t s  aliases: cogeneration, Dual 

Energy Use Systems (DEUS), and Combined Heat and Power. E l e c t r i c i t y  and heat 

can be supplied by t h i s  means w i t h  less fuel  than by separate production, by 

a fac to r  o f  as much as two. Greater use o f  t h i s  technique has been i nh ib i t ed  

i n  the past. by economic, technical, and i n s t i t u t i o n a l  problems. 

Some o f  these problems can be mi t igated by economic storage and transport 

o f  thermal energy. The study here described examined the range o f  thermal 

transport media, thermal storage concepts, and system configurations, under cur- 

ren t  scenarios o f  f u tu re  energy costs, and found areas tha t  should be a t t rac-  

t i v e  t o  u t i l i t i e s  and t o  those concerned w i th  energy conservation. 

The study was performed f o r  The E lec t r i c  Power Research I n s t i t u t e  as 

RP1199-3, "Combined Thermal Storage and Transport f o r  E l e c t r i c  U t i l  i t y  Appl ica-  
* 

tions," W. Hausz, EPRI, 1979 [I] . Thermal energy transport media compared 

include high temperature water (HTW), steam, hot  o i l  (Calor ia HT-43), and molten 

sal t (HITEC) . Thermal energy storage means examined included aboveground s to r -  

age o f  HTW, dual-media hot  o i l  and rock, and below-ground storage o f  HTW i n  

excavated caverns. The economic and technical data i n  these storage concepts 

were derived from an e a r l i e r  re la ted  study [2,3]. 

* Numbers i n  brackets designate References shown a t  the end o f  the paper. 



The bas ic  methodology used was the comparison o f  the de l i ve red  cos t  o f  

heat, a t  the  end o f  a  dual p i pe l i ne  (sendout/retum), w i t h  t he  cost  o f  heat 

from a1 t e r n a t i v e  sources, i n  do1 l a r s  per  megawatt hour thermal ($/MWht - 

equiva lent  t o  m i l  ls/kWh) . Comparable. spec i f ied economic scenario assumptions 

were used f o r  a l l  a1 ternat ives.  The data and methodology i s  t h a t  o f  the EPRI 

Technical Assessment Guide (TAG) [4], except t h a t  mid-1976 do1 l a r s  were used 

Both conventional l i g h t  water reac to r  (LWR) and h igh s u l f u r  coa l - f i r ed  

steam p lan ts  (HSC) were considered as sources f o r  ex t rac ted  heat. The value o f  

the ext racted heat was equated t o  the cost  o f  the e l e c t r i c i t y  l o s t  because o f  

the heat ex t rac t ion .  Incremental costs o f  c a p i t a l  equipment such as heat ex- 

changers and the thermal t ranspor t  system, and of the  operat ing costs such as 

pumping power and thermal losses through i n s u l a t i o n  gave a cost  value t o  the  

de l ivered cost o f  heat. This was compared t o  steam o r  sens ib le  heat generated 

by the conversion from o i l  o r  coal f i r e d  b o i l e r s  o r  e lect rode bo i l e r s .  

Over a  wide range o f  temperatures, from under 100°C t o  over 300°C, h igh 

temperature water (HTW) was a more economic t ranspor t  medium than steam, h o t  o i l  

o r  molten s a l t .  For HTW a t  227OC (440°F), a  50-km p ipe l ine ,  and operat ion a t  

h igh capaci ty f a c t o r  (0.75) o f  the dual energy use system (DEUS) and the com- 

pe t ing  a l te rna t i ves ,  there was a marked advantage o f  DEUS over a l te rna t i ves .  

The margin o f  b e n e f i t  was 13 percent over l o c a l  c o a l - f i  red  bo i l e r s ,  46 percent 

over o i l - f i r e d  b o i l e r s  and over 70 percent over e lect rode bo i le rs .  

For lower capaci ty fac to rs  o f  the heat demand, the cap i t a l  cost  o f  the 

thermal t ranspor t  and terminal  equipment reduced the advantage o f  DEUS; a t  about 

0.30 capaci ty f a c t o r  (CF) , i t  became zero versus both coal and o i  1  b u t  s t i  11 

had an advantage over e lect rode bo i le rs .  

* Use 1.26 f a c t o r  f o r  rough mid-19798. 
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If thermal energy storage i s  added t o  both ends o f  the p ipe l ine  t o  main- 

t a i n  i t s  capacity f ac to r  a t  0.75 o r  higher, the advantage i s  regained f o r  low 

CF heat demand patterns. Even w i th  the added costs o f  storage, the margin of 

DEUS i s  20 percent over o i  1 f i  red bo i l e rs  a t  0.25CF and 19 percent over coal. 

The thermal storage permits completely decoupl i n g  the supply and demand 

o f  heat; a u t i l i t y  can supply maximum e l e c t r i c a l  output during peak hours and 

reduce e l e c t r i c  output i n  order t o  charge the TES during o f f  peak hours, whi le  

the heat demand peak can be a t  any time o f  day inc luding coincidence w i th  the 

e l e c t r i c  peak demand. This addi t ional  bene f i t  adds t o  the economic a t t rac t i ve -  

ness o f  the DEUS. 

JOINT PRODUCTION OF HEAT AND POWER 

U t i l i t i e s  must recover a l l  f i xed  and var iable costs through revenues re-  

ceived from e l e c t r i c i t y  generated. When some pa r t  o f  the steam mass flow 

through the turb ine system i s  extracted before the shaft-work o f  normal opera- 

t i o n  has a l l  been delivered, the e l e c t r i c  output i s  decreased. The thermal 

energy extracted must re tu rn  revenues a t  l eas t  equal t o  those l o s t  from elec- 

t r i c  output. A reduction o f  one megawatt o f  e l e c t r i c i t y  may accompany the 

ex t rac t ion  o f  from 3 t o  10 megawatts thermal (MWt). The r a t i o  o f  e l e c t r i c i t y  

l o s t  t o  thermal energy gained, an equivalence fac tor  Fe, determines the min- 

imum cost t h a t  must be charged f o r  heat: Ct = Fe x ce. 

Using the 1 i t e r a t u r e  on d i s t r i c t  heat ing w i th  HTW gives a sca t te r  d i  a- 

gram of values o f  Fe versus temperature, f o r  unspecif ied technical conditions. 

I n  add i t ion  t o  t h i s  data, conventional LWR and HSC plants, used as reference 

p lants.  i n  C2,31 were computer analyzed w i th  the assistance o f  General E l e c t r i c ' s  

Large Steam Turbine Division, t o  f i n d  Fe as a funct ion o f  both the amount o f  

thermal energy extracted and the temperatures and s ta te  (HTW o r  steam) a t  



which i t  i s  extracted from and returned t o  the steam cycle. .F igure  1 

sumnarizes these resul ts .  
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Figure 1. Equivalence fac to r  r e l a t i n g  heat cost t o  e l e c t r i c i t y  cost. 

The value o f  Fe i s  independent o f  the amount o f  thermal energy extracted, 

except t h a t  design constraints o f  the turb ine system l i m i t  the maximum safe 

extract ion. Extract ion as HTW appears l i n e a r  versus temperature f o r  the small 

sample o f  ext ract ion points analyzed; there i s  sound thermodynamic reasoning 

t o  confirm t h i s  over a reasonable range o f  temperatures. Since the coa l - f i r ed  

p lan t  has a higher cycle e f f i c i ency  than the LWR, the equivalence fac to r  i s  

higher, ie,  i t  takes fewer Mlt t o  lose a 8,. For both p lants the water 

extracted i s  returned t o  a convenient po in t  between feedwater heaters a t  a 

re tu rn  temperature c i r ca  80°C. 

The economic methodology used [4] assumes 6 percent annual i n f l a t i o n  

i nde f i n i t e l y ,  and provides a scenario f o r  each fue l  ; nuclear, coal, and o i l  

w i th  a higher escalat ion r a t e  than the general i n f l a t i o n  rate.  This r e f l e c t s  

i n  the investment costs as a f i xed  charge ra te  (FCR) o f  0.18, t o  give uniform 



l e ve l i zed  annual costs over the  30-year l i f e  o f  the  plants.  Fuel and O&M costs 

a re  a l so  l eve l i zed  t o  an equivalent value between the f u e l  cos t  i n  the year  o f  

i n i t i a l  operat ion and 30 years l a t e r .  This roughly doubles the  u n i t  cos t  o f  

f ue l s  compared t o  cur ren t  f u e l  pr ices, making the cos t  o f  e l e c t r i c i t y  and heat 

look h igh t o  someone used t o  using cur ren t  values. For the reference power 

p lan ts  operat ing a t  0.75 CF, the u n i t  cos t  of e l e c t r i c i t y  i n  1976 d o l l a r s  f o r  

1990 i n i t i a l  operat ion i s  42.48 $/MWhe (same as m i l  1s per kwh) from the LWR and 

53.21 $/Muhe from the  HSC. As an example then, the equiva lent  cos t  o f  heat 

ext racted a t  227°C (440°F) i s  9.56 $/MWht from the LWR and 13.40 $/MWht from 

the HSC. 

Above about 300°C i t  i s  d i f f i c u l t  t o  consider HTW. The dash l i n e  for  the  

HSC extending t o  538°C (1000°F) i s  an estimate o f  Fe f o r  steam. Since steam i n  

la rge  quan t i t i es  can on ly  be ext racted a t  a few points, between turbines, f o r  

any p a r t i c u l a r  t u rb i ne  design, i n t e rpo la t i on  i s  d i f f i c u l t .  For steam tempera- 

tures below 300°C, the value o f  Fe does no t  d i f f e r  g rea t l y  from the curves f o r  

HTW, depending on the d e t a i l s  o f  ex t rac t i on  and re tu rn .  

THERMAL TRANSPORT 

For a1 1 t ranspor t  f l u i d s  considered, dual pipe1 ines (sendout and re tu rn )  

were assumed t o  be buried, w i t h  per iod ic  U-shaped bends inser ted  f o r  thermal 

expansion, and thermal i n s u l a t i o n  w i t h  a moisture p ro tec t i ve  outer  layer  around 

each pipe. Computer op t im iza t ion  o f  pipe1 i ne  cost  was performed f o r  every case 

considered. For each p ipe  diameter considered, the thermal i nsu la t i on  thickness 

i s  var ied i n  steps t o  minimize the sum of the annual costs f o r  cap i t a l  charges 

on the i nsu la t i on  and the cos t  o f  heat l o s t  through the insu la t ion .  I n  an i t e r a -  

t i v e  ca lcu la t ion ,  p ipe  diameter i s  incremented i n  2-inch steps ( f o r  convention- 

a l l y  ava i lab le  p ipe  sizes),  and the annual costs f o r  c a p i t a l  charges on the pipe- 

1 i n e  and i t s  i n s t a l l a t i o n  and on the pumps o r  compressors requi red a re  added t o  

the cos t  o f  pumping power ( e l e c t r i c i t y )  and t o  the costs of the insu la t ion-p lus-  



losses to find a minimum. Allowable stresses i n  the pipe are limited to 60 per- 

cent of the yield strength, as for moderately populated open country. The yield 

strength i s  derated per handbook data for the required pipe temperature. 

With this  program, transport media compared were HTW, steam ( w i t h  condensate 

return), a hot oil. such as Exxon Caloria HT-43, and a molten s a l t  such as DuPont 

HITEC (eutectic of sodium and potassium nitrates and n i t r i tes ) .  Each was exam- 

ined over i t s  useful temperature range; each was examined over a range of trans- 

ported thermal power levels from under 100 MUt to 1000 MWt. Figure 2 sumnarizes 

the results. 
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Figure 2. Cost of thermal energy transport dual pipeline. 

The curves shown are for a sendout thermal power of 300 MWt. The mass flow 

required for this  level varies with the temperature and enthalpy difference 

between the sendout and return flows. As the return temperature i s  80°C i n  a l l  

cases, the requfred mass flow, hence the annual costs, r i se  sharply as the 

sendout temperature decreases toward this limit. A t  h i g h  temperatures, high 

pressure containment i s  required for HTW or steam, so for these fluids the 

cost rises rapidly w i t h  temperature in the upper range. Oil and molten sa l t  



do not  requi re high pressure a t  high temperature, but the cost o f  temperature 

derat ing ( o r  use o f  more exot ic  pipe materials) does tend t o  counterbalance 

the ef fect  o f  increasing enthalpy di f ference w i th  temperature. 

For steam, saturated steam was considered up t o  300°C; above tha t  4.5 MPa 

(650 ps i )  steam a t  var iable superheat was considered up t o  538°C (lOOO°F). The 

spec i f i c  volume increases w i th  temperature, cont r ibu t ing  t o  the r i se .  i n  annual 

cost. 

The ordinate f o r  these curves i s  the annual cost  i n  thousands o f  do l la rs  

per ki lometer (K$/km/yr). A t  roughly the temperature of minimum transport cost 

o f  HTW, i.e. 227°C (440°F) the b o i l e r  feedwater temperature f o r  the LWR, annual 

costs a t  0.75 capacity f ac to r  are 141 K$/km inc luding the cost o f  heat losses 

through insu la t ion  o r  116 K$/km without it. This l a t t e r  t o t a l s  4.8 M$ f o r  50 km 

and adds 2.94 $/MWht cost increment t o  the cost o f  heat extracted. Both the 

del ivered heat and the pumping energy required are proport ional t o  capacity fac- 

tor; the other cost components are independent o f  it. A t  lower capacity factors 

the p ipe l ine  annual costs must be al located over fewer MWht del ivered so the 

cost o f  del ivered heat increases. The cost increment per MWht del ivered would 

decrease w i th  the power leve l  o f  the pipe1 ine, roughly as ~ / ( ~ o w e r ) ' / ~  over the 

range 100-1 000 MWt. 

COST OF ALTERNATIVES 

Cononly used loca l  sources o f  i ndus t r i a l  process heat are o i l -  o r  gas- 

f i r e d  bo i l e rs  ( f o r  steam) o r  heat exchangers ( f o r  sensible heat), and coal- 

f i r e d  bo i l e rs  where environmental constraints permit. For lower temperatures i n  

res ident ia l  and comnercial use, o i l  and gas dominate. 

O i l  and natura l  gas as sources are high cost  fuels, bu t  permit r e l a t i v e l y  

low cap i ta l  costs f o r  the boi ler /heat  exchanger. Using s im i l a r  leve l  i z i n g  

assumptions, the fuel costs o f  o i l  and gas based on [4] g ive 6.64. $/MBtu f o r  



1 percent su l fu r  residual .  o i l ,  and 7.55 $/MBtu f o r  gas, o r  22.66 and 25.76 

$/MWht. Fixed charges on the o i l -  o r  gas-fired capi ta l  equipment a r e  only 1.13 

$/Wht a t  0.75 CF. A t  85 percent bo i l e r  eff ic iency,  and including variable  O&M, 

the  variable  costs  f o r  o i l  a r e  26.86 $/MWht and t o t a l  costs  a r e  28 $/MWht. Costs 

a r e  c l ea r ly  dominated by the  cos t  of f u e l  and the bo i l e r  eff ic iency.  For small 

s izes ,  eg, res ident ia l  use, the boi le r  eff ic iency wi l l  be much lower, hence the 

cos t  of heat higher. 

Coal-fired boi le rs  have a lower fuel  cos t  but higher capi ta l  plant costs  

f o r  the boi le rs ,  fuel handling and storage, and f l u e  gas desulfur izat ion and 

cleanup. With a level ized fuel cos t  of 2.08 $/MBtu o r  7.09 $/MWt, a bo i l e r  

eff ic iency of 82 percent, and variable  O&M including consumables of 2.82 

$/MWht, the variable  charges t o t a l  11.47 $/MWht. Exxon [5] provides a basis  

f o r  capi ta l  costs of small coal-f i red plants  (100 t o  400 thousand pounds of 

steam per hour) which, adjusted t o  1976 do1 l a r s  and an investment cos t  basis  

comparable t o  t h a t  used f o r  the reference e l e c t r i c  plants ,  gives fixed charges 

of 6 $/MWht a t  0.75 CF. These to t a l  t o  17.47 $/MWht. 

For very small boi 1 e r s ,  industry may use electrode boi 1 e r s ,  using e l e c t r i c -  

i t y  a s  "fuel. t t  For these the fixed charges a r e  t r i v i a l ,  but the variable  

charges very high. The to t a l  must  be over 45 $/Wht, and counting transmission 

and d is t r ibu t ion  fixed charges and losses may be over 65 $/MWht even a t  high 

capacity fac tor .  

COMPARISON WITH ALTERNATIVES 

A method of comparing the del i vered cos t  of heat  w i  t h  the  a1 t e rna t i  ves 

avai lable  t o  users i s  displayed by the example in  Figure 3. The cost  of heat 

delivered (COHd) is found by adding the cost  increments incurred in  each s tep.  

For t h i s  base case example, the  u t i l i t y  supplies 300 MWt heat extract ion a t  

227OC sendout, 80°C return.  The capacity f ac to r  is  0.75, depicted as  18 hours 
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Figure 3. Approach t o  COHd base case. 

a day, although the actua l  outages may be forced outage o r  maintenance d i s t r i b -  

uted through the year. The consumer demand f o r  heat i s  a lso a t  0.75 CF, match- 

i ng  the  u t i l i t y  output  i n  t ime so no storage i s  needed. 

For these condit ions, i t  was ind ica ted  t h a t  the equivalence f a c t o r  Fe f o r  

the LWR gives a cost  o f  heat a t  the sendout po in t  (ConS) of 9.56 $/MWt. Some 

terminal  equipment i s  requi red a t  both ends f o r  su i t ab le  in ter faces.  A t  the  

sendout end, add i t iona l  feedwater heater capaci ty must be added t o  handle the 

mass and heat f lows o f  heat ex t rac t ion .  The cost  o f  these heat exchangers i s  

the 0.60 $/MWht increment shown as H X .  Assuming t h a t  the pipe1 i n e  i s  a closed 

loop of h igh p u r i t y  water, a s i m i l a r  heat exchanger capaci ty i s  needed a t  the 

user end f o r  steam o r  sens ib le  heat product ion f o r  the user 's  processes. 

The cost  increment f o r  50 km o f  p i pe l i ne  i s  2.94 $/MWht as described. A1 1 

these components t o t a l  13.70 $/Mllht. However, thermal energy losses through 

the optimized i n s u l a t i o n  reduce the amount o f  heat delivered; the assigned COHd 

must be l a rge r  t o  produce the revenues requi red t o  recover a l l  costs. For 50 

km o f  pipe1 ine, and 300 MWt the pipe1 i n e  losses a re  23 MWt o r  7.8 percent. 



Heat losses  occur continuously; power output is assumed a t  0.75 CF so  a l a rge r  

percentage a s  indicated in  the  denominator in  Figure 3 is required t o  cor rec t  

COHd. The corrected COHd is 15.30 $/Wht. This can be compared t o  the  cos t  of  

heat from o i l - f i r e d  bo i le rs  of 28 $/MWht a s  shown, o r  the 17.47 $/MWht found 

f o r  coal -f i red boi 1 e r s  a t  t h i s  CF. The benef i t  over oi 1 ,  gas, o r  e lectrode 

boi le rs  is  great ;  t h a t  over coal-f i red bo i le rs  is small. 

To get  a s imi la r  comparison f o r  both the  LWR and HSC plants  over a range 

of temperatures of  HTW t ransport ,  Figure 4 shows the COHd from both plants  over 

the temperature range t o  over 300°C, and the cos t  of t he  o i l  and coal a l terna-  

t i ve s ,  which a r e  e s sen t i a l l y  independent of temperature over t h i s  range. The 

low temperature of t he  minimum cos t  points r e f l e c t s  not only pipel ine cos t s  

(Figure 2)  but the equivalence f a c t o r  (Figure 1 ) .  There is a s ign i f i can t  tem- 

perature  range f o r  which the COHd from both LWR and HSC plan ts  i s  lower than 

local coal-f i red bo i le rs .  

Figure 4. Delivered cos t  of  heat vs sendout temperature 
f o r  high capacity f a c t o r  case (CF = 0.75). 
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THE USES OF TES 

For lower capacity factors o f  the user 's heat demand, the cost  o f  de l i v -  

ered heat from the p ipe l ine  w i l l  increase i f  the p ipe l ine  must operate a t  the 

user 's capacity fac tor .  Thermal energy storage should be considered. 

Thermal energy storage (TES) has two functions: To keep the pipe1 i ne  and 

terminal equipment capacity f a c t o r  high, and t o  provide f l e x i b i l i t y  i n  supply 

management t o  the u t i l i t y  t o  meet heat and e l e c t r i c i t y  demands. For the former 

use, only TES a t  the user end o f  the p ipe l ine  i s  needed t o  buffer the difference 

between supply and demand. For the l a t t e r  use, TES a t  both ends i s  desirable t o  

decouple the e l e c t r i c i t y  demands on the u t i l i t y  from user demands f o r  heat. 

Earl i e r  studies [2,3] found tha t  underground storage o f  HTW i n  excavated 

caverns, and dual-media TES using insulated tanks f i l l e d  w i th  rocks o r  taconite, 

w i th  the voids p a r t l y  f i l l e d  w i th  hot o i l  used as a heat transfer f lu id,  were 

the two lowest cost forms o f  TES. Caverns are lowest cost bu t  only feas ib le  

where the geology i s  sui table; dual-media storage has a low technical r i s k  w i th  

taconi te and complete f i l l i n g  o f  the voids w i th  o i l ,  but  would be considerably 

lower cost w i th  r iverbed gravel and reduced use of o i l  by dra in ing each tank 

except during the charging and discharging period. 

The cap i ta l  costs o f  TES have energy-dependent and power-dependent parts.  

For the cavern storage these components were found t o  be [I]: 4500 $/MWht 

stored and 13,000 $/Wt maximum charge o r  discharge rate. For the dual-media 

storage, they are: 1740 $/M4ht, 66,000 $/MWt. Clearly, the cavern storage i s  

superior f o r  rap id  charging and discharging; dual-media storage becomes supe- 

r i o r  when slow charge.rand discharge o f  15 hours o r  more i s  needed. 

An example portrayed i n  Figure 5 i l l u s t r a t e s  the method and benef i ts  o f  

storage fo r  low capacity f ac to r  heat demands. The same 300 MWt, 50 b pipe- 

l i n e  i s  assumed; the same sendout and re turn  temperatures o f  HTW (227/80°C), 

and source, an LWR, are assumed. The heat demand pat tern i s  made extreme; 



900 MWt i s  requ i red  f o r  s i x  hours a t  mid-day, o r  t he  capaci ty  f a c t o r  i s  0.25: 

Ex t rac t ion  o f  heat from the  u t i l i t y  p l a n t  i s  assumed t o  be completely mis- 

matched, ie ,  occurs s o l e l y  dur ing 12 n igh t t ime hours when.e lec t r i c  loads are 

l i g h t .  

To meet the load and keep the  p i pe l i ne  capaci ty  a t  0.75, storage o f  a 

day's heat ex t rac t i on  i s  necessary, 5400 MWht, w i t h  two- th i rds a t  the user end 

and one- th i rd  , a t  the u t i l i t y  end. The t r a i n  o f  incremental costs i n  COHd are 

as shown. The sendout cost  o f  heat and the pipe1 i n e  cos t  a re  unchanged. 

Because o f  the  reduced capaci ty f a c t o r  a t  each end, terminal  equipment (HX) 

costs r i se ,  corresponding t o  0.50 CF a t  the u t i l i t y  .and 0.25 a t  the user end. 

The cost  o f  5400 M4ht storage, dischargeable over s i x  hours i s  6.20 $/MWht 

w i t h  dual-media storage, o r  3.24 $/MWht w i t h  cavern storage. F igure 5 uses 

the former, more expensive bu t  more avai lab le .  As w i t h  F igure 3, a cor rec t ion  

t o  the sum o f  these costs i s  made t o  account f o r  the 10.5 percent energy losses 

dur ing transmission. The r e s u l t i n g  COHd of 23.90 $/MWht i s  t o  be compared t o  

t h a t  f o r  o i l - f i r e d  b o i l e r s  a t  0.25 CF, 30 $/MWht o r  f o r  c o a l - f i r e d  b o i l e r s  a t  

the same CF, 29.47 $/MWht. 
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Figure 5. E f f e c t  of storage on COHd. 



Figure 6 depicts the comparable results  for  other. transport temperatures 

f o r  both the LWR and the HSC sources. T h i s  case of extreme mismatch and low 

capacity factor also shows considerable margin fo r  COHd over the al ternatives 

f o r  both sources over a wide range of temperatures. Designs fo r  specific u t i l i -  

t i e s  and s i t e  areas will usually fa1 1 between the no storage and maximum storage 

cases w i t h  intermediate margins of benefit. 
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I" 

Figure 6. Delivered cost of heat vs  sendout temperature 
w i t h  storage, and demand CF = 0.25. 

BENEFITS AND PROBLEMS 

CONSERVATION. DEUS or joint  production of heat and power conserves 

energy. A 1000 We LWR can, w i t h  near-term available technology, produce 775 

MUe and 920 Wt del fvered, a t  21S°C, w i t h  14 percent less primary energy than 

separate production of t h i s  heat and e lect r ic i ty .  The savings i s  s t i l l  greater 

if lower temperature heat is wanted or i f  backpressure turbine technology is 

used t o  ra ise  the ra t io  of heat t o  e lec t r i c i ty  output. A concomitant u t i l i t y  

benefit is the reduction of the waste heat discharge requirements. 

MARKET. A significant portion of the industrial process heat market and 

the need i n  a l l  sectors for  space heating and hot water, which total  t o  roughly 



44 percent of t he  U.S. primary fuel  usage, can be served. Temperature requ.ire- 

ments data  of t he  thermal energy use, both past  and fo recas t ,  a r e  sparse  and 

disparate .  A project ion derived from several sources [6,7,8] was projected f o r  
, .  

t he  year  2000 a s  shown i n  Figure 7. 

SOURCES: Reistad, 1975 
Behling, '1977 
Puttagunta, 1975 
G.E. Co. ( i n t e rna l )  
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Figure 7. Estimated U.S. energy use by temperature range AD 2000. 

In 25OC increments the  expected annual use in  exajoules (EJ) o r  quads is 

shown. Residential and comnercial space heating and hot water needs a r e  in the 

50-100°C range; some comnercial use, eg absorption a i r  cooling, is in  the  100- 

125OC range. About 40 percent of the  indus t r ia l  heat  use is d i r e c t  heat o r  

steam above 250°C, which is not the  most l i k e l y  market f o r  transported heat. 

While some indus t r ia l  heat  use below 250°C is sens ib le  heat most of i t  is 

process steam. One d i spa r i t y  found is t h a t  between t h e  temperature a t  which 

heat is  generated and t h a t  a t  which i t  is used. The sol  i d  bars ind ica te  the  

estimated temperature d i s t r i bu t ion  of steam produced; t he  dotted bars ind ica te  

the  temperature d i s t r i bu t ion  a t  which i t  is used. I t .  is convenient where multi- 

p le  steam temperatures a r e  needed t o  generate a t  t he  highest  temperature and 



t h r o t t l e  some pa r t  o f  the f low t o  the other temperatures and pressures needed. 

The - and + indicate the estimated t rans fer ra l  o f  pa r t  o f  the thermal energy to  

a lower temperature regime by t h r o t t l i n g  o r  cascaded processes. 

Transport o f  HTW a t  227OC can meet a l l  sensible heat needs a t  200°C and 

lower. For conversion o f  HTW t o  steam a f a i r l y  high temperature drop i s  

required i n  the heat exchanger t o  convert most o f  the del ivered energy t o  steam. 

HTW a t  227OC can be 75 percent converted t o  0.2 MPa (30 ps ia)  steam w i th  the 

remainder as sensible heat f o r  water and space heating, o r  can be 15 percent 

converted t o  1.55 MPa (225 psia) steam a t  200°C, 30 percent converted t o  0.50 

MPa (70 psia) steam a t  150°C, 30 percent a t  0.2 MPa and the 25 percent remain- 

der as sensible heat. A major por t ion  o f  the steam needs below 200°C depicted 

i n  Figure 7 can be met from HTW a t  227"C, but a problem of matching the mu l t i -  

temperature needs o f  each consumer may ex is t .  Transport a t  277°C o r  higher 

w i l l  o f  course permit higher conversion rates t o  the higher temperatures o f  

steam w i th  only moderate penalt ies as i n  Figures 4 and 6. 

PEAK POWER BENEFITS 

The use o f  TES t o  decouple u t i l i t y  supply from user demand f o r  heat 

permits the u t i l i t y  t o  load storage and supply heat needs during off-peak 

hours. It can produce f u l l  ra ted e l e c t r i c  output during peak hours, say for 

6 hours a day, 2200 hours per year. Generation o f  such e l e c t r i c i t y  a t  0.25 CF 

normally costs the u t i l i t y  about twice as much as base load e l e c t r i c i t y ,  

counting the increase i n  the f i x e d  charges per MWhe required by the low CF, 

and the more expensive fue l  and/or lower e f f i c i ency  p lan t  used f o r  peaking 

generation. With the peaking f l e x i b i l i t y  o f  the DEUS system described by Fig- 

ures 5 and 6, peaking e l e c t r i c i t y  isC'made a t  the base load cost. A1 te rna t i ve l y  

the bene f i t  can be credi ted t o  the thermal output, decreasing the COHd by 6 t o  

10 $/MWht. 



The use o f  TES d i r e c t l y  for  e l e c t r i c  peaking power was studied i n  depth i n  

[2,3] and found not  t o  be a t t r a c t i v e  t o  u t i l i t i e s  unless major cost reductions 

were possible. Using the same cost data and storage methods, t h i s  study [I] 

finds TES a t t r a c t i v e  f o r  peak power production. The reasons f o r  t h i s  d i f f e r -  

ence should be b r i e f l y  explained. 

The d i r e c t  approach was t o  ex t rac t  steam off-peak, s tore i t  as HTW o r  dual 

media, and discharge i t  by converting t o  b o i l e r  feedwater o r  t o  steam t o  run 

through a peaking turbine. The turnaround e f f i c i ency  was low (40-80 percent), 

because o f  the degradation i n  steam condit ions enter ing the peaking turb ine 

compared t o  t h a t  extracted f o r  storage. The cost  per kWe o f  peaking turbines 

and re la ted  equipment was high because o f  low e f f i c i ency  from the degraded 

steam. The cost o f  storage l i m i t e d  discharge t o  the number o f  hours l i k e l y  t o  

be used frequently. When discharged, there was no f l e x i b i l i t y  t o  maintain 

power i f  the peaking requirement continued, so u t i l  i t y  reserve capacity could 

not  be reduced. 

I n  the DEUS approach, the turnaround e f f i c i ency  f o r  peaking power i s  100 

percent and the turb ine e f f i c i ency  i s  maximum, not  degraded during peaking 

hours. The tu rb ine  cost f o r  rated capacity i s  included i n  the foregoing 

analyses, and i s  not an extra. If the peaking requirement continues beyond 

s i x  hours, rated e l e c t r i c  output can be continued, so there i s  f u l l  capacity 

c r e d i t  for  i t  i n  determining reserves. I t  i s  only  necessary t o  assure tha t  

the storage i s  replenished before the next day's peak heating demand. 

CONCLUSIONS 

We conclude t h a t  not  only  are DEUS systems economically v iab le  w i t h  ava i l -  

able technology but  also they can provide added benef i ts  t o  u t i l i t i e s  i n  peak- 

ing  power f l e x i b i l i t y  and reduced thermal discharges. This route t o  energy 

conservation could provide the la rges t  cont r ibu t ion  t o  energy savings, scarce 



f u e l  displacement, and urban p o l l u t i o n  reduct ion ava i lab le  t o  us w i t h i n .  the  

next two decades. 

Imp1 ementation wi 11 no t  proceed r a p i d l y  wi thout  a 1 arge and convincing 

demonstration. Are there s i t e s  where the concentrat ion o f  i n d u s t r i a l  process 

heat, and res iden t ia l / connerc ia l  heat requirements can use DEUS e f f e c t i v e l y ?  

A study by Dow Chemical Co. [9] found 119 loca t ions  i n  the U.S. which requ i re  

a t  l e a s t  160 MWt as process heat w i t h i n  a two-mile radius.  An add i t iona l  24 

loca t ions  needed 650 MWt w i t h i n  a f i ve -m i l e  rad ius and another 19 loca t ions  

requi red over 1300 MWt w i t h i n  a ten-mil e radius.  The study covered steam use 

a t  under 200°C (400°F) and omit ted p lan ts  smal ler than 70 MWt. The s i t e s  

occur i n  36 States; about h a l f  o f  them are i n  the Gul f  Coast States. 

A recent study o f  d i s t r i c t  heat ing i n  the Twin C i t i e s  area, Minneapolis 

and S t .  Paul, [ l o ]  showed a po ten t i a l  need f o r  3000 t o  4500 MWt peak thermal 

energy product ion i n  two growth scenarios. The study shows benef i t s  i n  cost  

and energy savings f o r  up t o  2000 t o  3000 MWt o f  seasonal energy storage. 

Opportuni t ies abound. The next step however must be a s i t e - s p e c i f i c  study 

and design w i t h  the  cooperation and p a r t i c i p a t i o n  o f  the responsible u t i  1 i t y ,  

l oca l  indust ry ,  l o c a l  and State regu la to ry  agencies, and the Department of 

Energy. 
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CONCEPTUAL DESIGN OF THERMAL ENERGY STORAGE SYSTEMS FOR NEAR- 

TERM ELECTRIC UTILITY APPLICATIONS 

Eldon W. Hal 1 

General E l e c t r i c  Company 

This p r o j e c t  makes a d e t a i l e d  eva lua t i on  o f  thermal energy storage 

(TES) fo r  meeting peak power requirements of e l e c t r i c  u t i  1 i t i e s .  TES 

i s  made a p a r t  o f  the  steam e l e c t r i c  generat ing p l a n t ,  s t o r i n g  thermal 

energy from steam o r  h o t  feedwater du r ing  1 ow demand per iods and us ing  

the  thermal energy t o  generate e l  e c t r i  c i t y  d u r i  ng peak demand p e r i  ods . 

While the  steam t u r b i n e  must s t i l l  be s i zed  t o  d e l i v e r  the u t i l i t y  

peak power, the  steam generator can be designed a t  l ess  than peak power 

(near average power) by us ing  TES t o  supply energy t o  match the  t u r b i n e  

requirements. Steam generator costs can there fore  be l ess  i n  a steam 

p l a n t  w i t h  TES than i n  one w i thou t  TES where i t  must d e l i v e r  peak power. 

These reduced cos ts  a re  o f f s e t  by the  cos t  o f  . the TES system and some- 

what h igher  f u e l  use because o f  reduced e f f i c i e n c y .  Less expensive 

baseload fue l s ,  however, can be used t o  produce peak power. 

Over f o r t y  TES concepts gleaned from t h e  l i t e r a t u r e  and personal 

contacts were examined f o r  poss ib le  app l i ca t i on .  

I n i t i a l  c r i t e r i a  f o r  s e l e c t i o n  emphasized near-term avai 1 ab i  1 i t y  

and p o t e n t i a l  f o r  economic f e a s i b i l i t y .  Many storage media, forms o f  

containment, and cyc le  con f i gu ra t i ons  f o r  conversion t o  e l e c t r i c i t y  were 

inc luded i n  the concepts examin.ed. Media i n c l  uded h o t  o i  1, mol ten  s a l t  

o r  su l f u r ,  rock o r  o the r  s o l i d  media, and h igh  temperature water. As 

the  l a t t e r  requ i res  pressure vessels fo r  containment a t  h igh  temperature, 

such containment concepts as s t e e l  pressure vessels, prestressed cas t  

i r o n  vessels (PCIV) , prestressed concrete pressure vessels (PCPV) , and 

several  concepts o f  containment i n  l i n e d  underground c a v i t i e s  were 

exami ned . 



The i n i t i a l  screening reduced the s e t  t o  twelve select ions,  some 

of which combined the elements of several concepts. These selections 

were then applied t o  two reference plants, an 800 MW plant burning high- 

sulfur coal, and an 1140 MW plant u t i l iz ing  a l i gh t  water nuclear reactor. 

Results of analysis of performance and costs of the twelve TES plants 

led t o  approval of four options by DOE/NASA and EPRI fo r  more detailed 

considerati on and conceptual design. 

Two of the options use high sulfur  coal-fired plants (HSC) and 

peaking turbines t o  supply the peaking power from steam generated from 

the thermal energy stored during off-peak periods. Steam i s  withdrawn 

from the cycle a f t e r  the high-pressure turbine during the off-peak period 

to  obtain the requi red energy for  storage. With peaking turbines , power 

swings of f 50 percent of the normal power are possible. One of the coal 

concepts stores the thermal energy in a dual media of a bed of rock with 

pores f i l l ed  with hot oi l  a t  low pressure as a heat t ransfer  medium. 

The other option uses an underground cavity lined with s teel  to  s tore  

hot water under high pressure. Concrete i s  used to  t ransfer  the s t ress  

from the l ine r  to  the supporting rock. 

The other two options u t i l i ze  conventional nuclear plants and obtain 

power variations by reducing the feedwater extraction during peak power 

periods and increasi ng the extraction during off-peak periods. The 

thermal energy of the hot feedwater during the off-peak periods i s  stored 

to  heat feedwater during the peak periods. Because of limitations on 

feedwater extraction, power swings are limited t o  f 10 t o  15 percent of 

normal power. One of the concepts u t i l izes  the PCIV for  storage of hot 

feedwater and the other u t i l izes  the dual media, hot o i l  and rock, t o  

s tore  the feedwater thermal energy. 

To avoid d i f f i c u l t  design problems in coal-fired boilers with re- 

heaters when large quantit ies of steam are withdrawn a t  the HP turbine 

out le t ,  the coal plants fo r  TES were designed without reheaters resulting 

in small increases i n  both cost and heat ra te .  



Based on t h e  conceptual designs, t h e  cos t  and performance o f  the  

f o u r  TES systems as w e l l  as reference nuc lear  and coa l  p l a n t s  were de- 

termined. The EPRI Technical Assessment Guide (TAG) (8/77) was used as a 

bas is  f o r  t he  re ference p lan ts  and fuel and ope ra t i ng  costs. Costs o f  

t he  o the r  systems were made as cons i s ten t  as poss ib le  w i t h  the  TAG basis.  

A t o t a l  i n s t a l l e d  c o s t  i n  mid-1976 d o l l a r s  and a  l e v e l i z e d  busbar energy 

cos t  was found f o r  each p l a n t  assuming a  30-year l i f e  beginning opera t ion  

i n  1990. 

Cycl ing coal  p lan ts  were considered as a poss ib le  a l t e r n a t i v e  t o  

TES systems f o r  peak load fo l l ow ing .  Performance and cos t  est imates on 

the  same bas is  as the  o ther  p lan ts  were therefore made f o r  two 512 MW 

c y c l  i n g  p lan ts ,  one a t  1800 p s i  g /950°~ /9500~  steam cond i t ions  and another 

a t  2400/1000/1000. 

The 1977 Consent Decree places a  number of r e s t r i c t i o n s  on the  

General E l e c t r i c  Company rega rd i  ng the  f u r n i s h i n g  o f  performance and 

p r i c i n g  i n fo rma t ion  on l a r g e  steam turb ine-generators.  Accordingly ,  

performance data, performance d i f f e rences  data and p r i c i n g  i n fo rma t ion  

on steam turb ine-generators inc luded i n  t h i s  r e p o r t  a re  est imated data, 

f o r  t he  most p a r t  ca l cu la ted  i n  1976, b u t  which are  accurate enough f o r  

the  intended purpose o f  t h i s  study. 

The 1  i m i  t e d  peaking capac i ty  t h a t  r e s u l t s  w i t h  feedwater energy 

storage reduces the  b e n e f i t  t h a t  the  nuc lear  systems which were s tud ied  

can prov ide a  u t i l i t y .  These systems a l so  have a  h igh  cos t  increment 

f o r  peaking i n  both c a p i t a l  and l e v e l i z e d  busbar e l e c t r i c i t y  costs.  

The coal  p lan ts  w i t h  separate peaking tu rb ines  prov ide  peaking power 

about equal t o  c y c l i n g  coal  p lan ts  i n  bo th  t o t a l  investment cos t  and l e v e l -  

i z e d  e l e c t r i c i t y  cost.  Both the  TES and c y c l i n g  coal  p l a n t s  are s i g n i f i -  

c a n t l y  lower i n  cos t  than the  TES nuc lear  p lan ts  b u t  s t i l l  cannot compete 

w i t h  gas tu rb ines  f o r  peaking duty  a t  1500 hours o f  opera t ion  o r  l ess  per  

year  unless o i l  becomes unava i lab le  o r  increases s i g n i f i c a n t l y  i n  cost .  



The s i g n i , f i c a n t l y  h ighe r  cos t  o f  t he  TES nuc lear  p l a n t s  compared t o  

the  coal  p l a n t s  i s  a t t r i b u t e d  p r i n c i p a l l y  t o  the  feedwater- s torage mode 

and the h igh  cos t  o f  key TES components, n o t  t o  the  fac t  t h a t  these TES 

systems were i n t e g r a t e d  w i t h  a  nuc lear .  p lan t .  . 

A  major disadvantage o f  TES systems as compared t o  c y c l i n g  coal 

p lan ts  o r  gas tu rb ines  i s  t h e i r  l i m i t e d  capac i ty  t o  operate a t  any t ime 

i f  requ i red  because o f  o the r  system outages. Increas ing  TES system 

capaci ty ,  however, so t h a t  i t  can operate more hours per  day increases 

the  cos t  more than the  b e n e f i t s  obtained. 

The c a p i t a l  investment requ i red  f o r  storage i s  genera l l y  equal t o  

o r  g rea ter  than t h a t  f o r  a t  l e a s t  some types o f  complete generat ion 

equipment, e s p e c i a l l y  peaking systems. Hence, i f  storage systems are  

t o  be v iab le ,  t he re  must be an oppor tun i ty  t o  d isp lace some o f  the  h igh  

f u e l  o r  p roduct ion  costs o f  peaking generat ion equipment w i t h  lower 

product ion costs o f  baseload o r  in termediate equipment. Any product ion  

cos t  savings which are  poss ib le  w i l l  depend on t h e  f u e l  costs and e f -  

f i c i e n c i e s  o f  both the  peaking and storage systems. 

The values o f  the TES systems t o  u t i l i t i e s  a re  s e n s i t i v e  t o  the  

cos t  d i f f e r e n c e  between gas t u r b i n e  f u e l  and coal .  TES i n t e g r a t e d  w i t h  

a  coal p l a n t  could be compet i t i ve  w i t h  gas tu rb ines  f o r  peaking i f  the  

1990 f u e l  cos t  d i f f e r e n t i a l  between o i l  and coal becomes g rea te r  than 

3.6 $/MBtu i n  1976 d o l l a r s .  The cu r ren t  EPRI est imate i s  a  d i f f e r e n c e  

of 2.15 $/MBtu on the  same basis.  

While recent  p r i c e  increases i n  o i l  i n d i c a t e  t h a t  the  d i f f e rences  

could e a s i l y  exceed the  3.6 $/MBtu i n  1976 d o l l a r s  by 1990, t he  coal 

based TES systems s t i l l  cou ld  n o t  compete w i t h  the  c y c l i n g  coal  p lan ts .  

The nuc lear  based TES systems might  compete on l y  i f  they were designed 

t o  use peaking tu rb ines  and the  cos t  o f  both o i l  and coal  increased 

unreasonably r e l a t i v e  t o  the  c o s t  of nuc lear  fuel .  



The TES systems meet the design objectives of being load following 

and daily cycling plants tha t  are not dependent on scarce fuels.  a 12% 

penetration of TES system plants into a typical generation mix (EPRI 

Ut i l i ty  System D )  would reduce the system o i l  consumption by 32% ( 3 . 3  

mil lion barrels per year). However, a 12% penetration by cycling coal 

plants i n  the same u t i l i t y  system would reduce o i l  consumption by 52%. 

None of the four TES systems, based on the near-term designs for  

t h i s  study, are economically a t t rac t ive  to  uti  1 i t i e s .  Cost reductions 

of 10 t o  40% are required for  TES to  be competitive with cycling coal 

plants and 40 t o  50% i f  they are to  be competitive with gas turbines a t  

1500 hours of annual operation. About one-half of the TES costs are 

related to  the storage related items, with the remaining costs fo r  

standard state-of-the-art  equipment such as turbines, piping, valving, 

e tc .  Reductions in total  costs,  therefore, must come almost ent i rely 

from reductions in the TES storage related costs. 

Additonal tes t ing and development work on large TES systems would 

be required prior to  a major commitment to  TES by u t i l i t i e s .  This large 

scale demonstration would be required to  substantiate the performance 

figures for  final system designs. The study design performance parameters 

were a1 1 extrapolated from smaller storage applications. 

While not investigated in th is  study, major redesigns of the base 

plants to  incorporate al ternate  TES systems would be required to  improve 

the performance of TES for  peaking applications. These changes would 

increase the i r  cost and el  iminate the i r  use in near-term appl i cat i  ons. 

Additional refinements of near-term TES plant designs to  improve the 

economic competitiveness with al ternate  peaking systems, especially 

cycling coal plants,  will probably yield only marginal improvements. 



INDUSTRIAL STORAGE APPLICATIONS -. 

Program Area Synopsis: 

The major tasks in  t h i s  program element are the implementation of a 
technology demonstrati on f o r  the  food processing industry, development 
and techno1 ogy demonstrati ons fo r  selected near-term, i n-pl ant 
applications and advanced i ndustri a1 applications. These tasks wi 11 be 
supported by an on-going system studies ac t i v i t y  which will assess 
advanced appl i ca t i  ons, sol ar i ndustri a1 appl i ca t i  ons, and heat transport  
requirements. An important adjunct t o  t h i s  a c t i v i t y  i s  the continued 
implementation of technology t ransfer  through information col lect ion and 
dissemi nation. 





INDUSTRIAL STORAGE APPLICATIONS 
OVERVIEW 

Rudolph A. Duscha 
NASA Lewis Research Center 

S i g n i f i c a n t  conservat ion b e n e f i t s  and the  s u b s t i t u t i o n  o f  domestic 
n o n - c r i t i c a l  f u e l s  f o r  c r i t i c a l  f u e l s  ( o i l  and na tu ra l  ' gas) are poss ib le  
through the  use o f  thermal energy storage'(TES) o f  3ndus t r i a l  process and 
r e j e c t  heat f o r  subsequent use. The use of TES can e i t h e r  p rov ide  
conservat ion through r e j e c t  energy recovery and reuse o r  permi t  a  s h i f t  i n  
fue l  f rom o i l  or na tu ra l  gas t o  other  n o n - c r i t i c a l  f u e l s .  One o f  t h e  
goals o f  the  Department o f  Energy's (DOE) D i v i s i o n  o f  Energy Storage 
Systems i s  t o  p rov ide  t h e  storage techno1 ogy capabi 1 i ty  t o  prov ide  ' a t  
l e a s t  10% o f  the i n d u s t r i a l  process heat or energy requirements o f  t he  
U.S. i n d u s t r y  by t h e  year  2000. The purpose of I n d u s t r i a l  Storage 
Appl icat ions,  one element o f  DOE's Thermal Energy Storage Program, i s  t o  
develop TES systems capable o f  c o n t r i b u t i n g  t o  the  achievement o f  D O E ' S  
goal f o r  the year 2000. 

I n  order t o  achieve t h i s  long range goal i t  i s  c lea r  t h a t  i n  t he  mid-term 
t ime frame ( C Y  85-90) demonstrati on o f  conservat ion o f  s i g n i f i c a n t  amouits 
o f  c r i t i c a l  f u e l s  i s  requi red.  The groundwork t o  do t h i s  was s t a r t e d  w i t h  
an Energy Research and Development Admin is t ra t ion  (ERDA) funded study t o  
determi ne the economic and techn ica l  f e a s i b i l i t y  o f  TES i n  con junc t ion  
w i t h  waste heat recovery (Ref. 1) .  This  study was d i r e c t e d  toward 
i d e n t i f y i n g  i n d u s t r i a l  processes charac ter ized by f l u c t u a t i n g  energy 
a v a i l a b i l i t y  and/or demand, a key c r i t e r i o n  f o r  TES a p p l i c a b i l i t y .  

A t  l e a s t  twenty (20) i n d u s t r i e s  were i d e n t i f i e d  as areas where thermal 
energy storage had p o t e n t i a l  f o r  a p p l i c a t i o n  t o  some degree. A f te r  t he  
conclus ion o f  t h i s  general f e a s i b i l i t y  study program, ERDA issued a 
Program Research and Development Announcement (PRDA). This  PRDA requested 
proposals f o r  i n d i v i d u a l  s tud ies  of s p e c i f i c  i n d u s t r i e s  which were t o  be 
se lec ted  by each proposer. The o v e r a l l  o b j e c t i v e  was t o  i d e n t i f y  s p e c i f i c  
app l i ca t i ons  o f  TES i n  s p e c i f i c  i n d u s t r i e s  through these system studies,  
and i n  subsequent work develop and val  i date p o t e n t i  a1 systems, demonstrate 
f e a s i b i l i t y  on a l a r g e  scale, and then t r a n s f e r  t he  technology t o  the  
t o t a l  i ndustry  t o  r e s u l t  i n  w i  despread implementation. 

As a r e s u l t  o f  t h i s  PRDA (and a f t e r  the then recent  metamorphosis from 
ERDA t o  DOE) DOE's D i v i s i o n  o f  Energy Storage Systems awarded f i v e  
cont rac ts  t o  s tudy f i v e  i n d u s t r i e s  w i t h  p o t e n t i  a1 s i g n i f i c a n t  energy 
savings through t h e  use o f  TES systems. These i n d u s t r i e s  were paper and 
pulp, food processing, s t e e l  and i ron ,  cement, and pr jmary  aluminum. The 
aluminum study produced r e s u l t s  t h a t  were app l i cab le  t o  d i s t r i c t  heat ing  
systems. Because o f  t h i s  d i s t i n c t  a p p l i c a t i o n  the  aluminum s tudy  r e s u l t s  
(Ref. 2) and subsequent fo l low-on work are being discussed under B u i l d i n g  
Heat ing and Cool ing App l i ca t i ons  and w i l l  no t  be discussed here. 



The other four system studies were conducted w i t h  each one having a 
similar generalized task breakdown structure.  An analytical survey was 
conducted for  each industry to  determine the potenti a1 Aotal recoverable 
energy. Candidate storage systems and applications for  usi ng the 
recovered energy were evaluated. Prel imi nary conceptual designs were 
evolved for which performance analyses were conducted. Economic analyses 
were made fo r  the most promising designs, and the potential technical 
f e a s i b i l i t y  and economic benefits were assessed and summarized. Any 
development required was identified,  and each study was concluded w i t h  a 
comercialization plan being formulated. 

The resul ts  of these studies indicated tha t  within these industries 
thermal energy storage of process and r e j ec t  heat for subsequent in-pl ant 
use appears to  be economically and technically feasible  with significant 
near-term conservation benefits. Potential annual fuel savings with large 
scale implementati on of near-term TES systems for  these industries i s  over 
9 x 106bbl of o i l .  This savings i s  due to  recuperation and storage i n  
the food processing industry, direct fuel substi tution in the paper and 
pulp industry, and reduction i n  e l ec t r i c  u t i l i t y  peak fuel use through 
in-plant production of e l e c t r i c i t y  from ut i l iza t ion  of reject  heat i n  the 
s teel  and cement industries. 

The technology identified f a l l s  into three categories: (1)  Existing 
operational TES system applications for  which detailed information has not 
been made pub1 i c; ( 2 )  Promisi ng system appl i cations that  involve current 
technology, require no development, and are ready fo r  imnedi a te  technology 
demonstrati on to s t  imul ate  cornmerci a1 introduction; and ( 3 )  Promi s i  ng 
system appl i cati  ons that  require development pri or to  a 1 arge scale 
industrial  technology demonstration. 

.The paper and pulp application (category 1)  i s  summarized in Figure 1. 
For mills w i t h  hog fuel (wood waste) boilers with excess steam generation 
capacity, TES would allow the substi tution of more hog fuel for  oi l  or 
natural gas. Typically, the base loaded hog fuel boilers with slow 
response times are augmented by oil  or gas boilers to  meet rapid steam 
demands. TES through the use of a steam accumul ator can provide a 1 oad 
smoothing capabili ty that  would direct ly  reduce the use of oi l  or natural 
gas. The resul ts  of th i s  study are presented in Ref.3. 

Mil 1 s ,  both i n  t he  U.S. and the Scandanavian countries, have been 
identified with such TES systems i n  place. However, information on these 
systems has not been made publicly available. A contract will soon be 
awarded for  a program to obtain, analyze and disseminate th i s  information 
t o  the U.S. paper and pulp industry. A more detailed discvssion of th i s  
program appears l a t e r  i n  t h i s  same section. 



The food processing a p p l i c a t i o n  (category 2)  i s  sumnarized i n  F igu re  2. 
TES i n  con junc t ion  w i t h  recupera t ion  can reduce energy consunption i n  a 
t y p i c a l  f ood  canning p lan t .  Preheat ing f resh make-up water through 
convent ional heat exchange w i t h  t h e  waste hot  water stream r e s u l t s  i n  a 
d i r e c t  conservat ion o f  energy. I n  addi t ion,  when t h e  process demands 
d im in i sh  w h i l e  waste hot  water i s  s t i l l  avai lab le,  t he  heated incoming 
f r e s h  water can be d i v e r t e d  t o  storage. Hot water t h a t  accumulates i n  
storage dur ing  the  product ion  pe r iod  would then be used du r ing  t h e  
equipment clean-up per iod.  Resu l ts  of t h i s  study are presented i n  Ref. 4 .  

It was concluded t h a t  waste heat recovery f rom se lec ted  food processes i s  
t e c h n i c a l l y  f eas ib le  and can be performed economical ly us ing  a v a i l  able, 
o f f - t h e - s h e l f  hardware. Therefore, a con t rac t  i s  being negot iated t o  
proceed w i t h  a technology demonstration i n  a food canning p lan t .  Th is  
demonsti-ation w i l l  be used t o  evaluate actual  hardware performance, t o  
op t im ize  t h e  system design, and t o  determine actual  costs and b e n e f i t s  
r e s u l t i n g  f rom the  waste heat recovery and storage system. The r e s u l t s  
w i l l  then be p u b l i c i z e d  t o  encourage t h e  i n s t a l l a t i o n  o f  s i m i l a r  waste 
heat recovery  systems w i t h i n  the  food processing indus t ry .  

The s tee l  and i r o n  a p p l i c a t i o n  (category 3 )  i s  sumnarized i n  F igu re  3. 
Hot gas i n  the pr imary  fume evacuat ion system o f  e l e c t r i c  arc s t e e l  
reme l t i ng  furnaces i s  t h e  r e j e c t  heat energy source. The fume stream 
would charge a s o l i d  sens ib le  heat storage packed bed. Discharge o f  the  
TES system through a heat exchanger would generate steam t o  d r i v e  a 
turbogenerator.  TES i s  used t o  permi t  e l e c t r i c  power t o  be generated 
dur ing  peak demand t imes i ns tead  of cont inuously. The economic b e n e f i t s  
t o  be der ived from the  use o f  TES fo r  peak power generat ion i s  a d i r e c t  
f u n c t i o n  o f  e i t h e r  a demand charge, t ime o f  day p r i c i n g ,  or  a combination 
o f  both. Resu l ts  of t h i s  s tudy are presented i n  Ref. 5. 

Although the  TES concept o f  t h i s  study y ie lded  favo rab le  p r e d i c t i o n s  o f  
c r i t i c a l  f u e l  d i s p l  acement and investment returns,  the  approach i s  no t  
ready t o  be app l i ed  d i r e c t l y  t o  a f u l l  sca le  demonstration w i thout  an 
i n t e r i m  concept development period. Therefore, any f u r t h e r  work w i l l  have 
t o  be as a r e s u l t  o f  compet i t ion  w i t h  other app l i ca t i ons  i n  a s i m i l a r  
s t a t e  o f  readiness. This  w i l l  be discussed f u r t h e r  a f t e r  the  next  system 
study discussion. 

The cement a p p l i c a t i o n  (ca tegory  3 )  i s  sumnarized i n  F igu re  4. Hot gas 
f rom a long, dry-process cement k i l n  would be used i n  a waste heat b o i l e r  
t o  produce steam f o r  d r i v i n g  a turbogenerator  t o  produce e l e c t r i c i t y  f o r  
in-process use. Approximately 80-90% o f  t h e  k i l n  e x i t  gas would go 
d i r e c t l y  through the waste heat b o i l e r  w i t h  the  r e s t  'being used t o  charge 
a s o l i d  sens ib le  heat storage packed bed. When t h e  k i l n  i s  down f o r  
maintenance the packed bed would be discharged through the  waste heat 
b o i l e r  thereby e l  i m i  na t i ng  a power demand charge which cou ld  be 
s i g n i f i c a n t .  Resu l ts  o f  t h i s  s tudy are presented i n  Ref. 6. 



The r e s u l t s  o f  t h e  cement study are s i m i l a r  t o  those o f  t h e  s tee l  study. 
Favorable p r e d i c t i o n s  of c r i t i c a l  fue l  savings and investment re tu rns  
,resul ted, bu t  an i n t e r  im concept development p e r i o d  would be requi red.  

A procurement a c t i v i t y  i s  i n  progress fo r  the  development and technology 
demonstrati on o f  thermal energy storage systems f o r  i n d u s t r i a l  process and 
r e j e c t  heat app l ica t ions .  This  w i l l  be a compet i t i ve  procurement w i t h  
mu1 t i p l e  awards p l  anned. Because o f  t he  pending con t rac ts  i n v o l v i n g  TES 
i n  the paper and pu lp  and food processing i ndus t r i es ,  these i n d u s t r i e s  are 
being excluded f rom t h i s  procurement. The emphasis of t h i s  procurement i s  
t o  more f u l l y  evaluate U.S. i n d u s t r y  f o r  o ther  app l i ca t i ons  o f  i n -p lan t  
use o f  s to red  thermal energy us ing  cos t -e f fec t ive  near-term techno1 ogy. 
I n -p lan t  use i s  being s p e c i f i e d  t o  preclude proposals f o r  d i s t r i c t  heat ing 
app l i ca t i ons  which are being adequately covered by t h e  fo l low-on e f f o r t  t o  
the aluminum study. 

The o b j e c t i v e  o f  t h i s  procurement i s  t o  develop, i f  needed, and 
demonstrate TES systems t h a t  of fer  t he  p o t e n t i a l  of sav ing s i g n i f i c a n t  
q u a n t i t i e s  o f  energy or  c r i t i c a l  f u e l s  i n  t h e  near-term on a c o s t - e f f e c t i v e  
basis.  S p e c i f i c  goals are to:  c o n t r i b u t e  t o  t h e  DOE goal o f  p rov id ing  
10% o f  the U.S. i n d u s t r y ' s  process heat or energy requirements by the year 
2000 through thermal energy storage; be c o s t - e f f e c t i v e  by p rov id ing  a 
r e t  urn-on- i nvestment t h a t  w i l l  s i g n i f i c a n t l y  a t t r a c t  broad sca le  
implementation; be acceptable by t h e  i n d u s t r y  as being o p e r a t i o n a l l y  safe 
and r e l i  able; and be envi ronmental ly  acceptable. Cost-shar i  ng w i l l  be an 
important  f ac to r  i n  con t rac t  awards fo r  t h i s  procurement. 

F igure  5 sumnarizes i n  a schedular form the  major a c t i v i t i e s  under the 
I n d u s t r i a l  Storage App l i ca t i ons  element. L i n e  1 shows the  con t i nu ing  
System Studies and Support ing Technology a c t i v i t y .  The PRDA system 
s tud ies  discussed i n  t h i s  paper produced s i g n i f i c a n t  r e s u l t s  t h a t  were 
t r a n s f e r r e d  t o  o ther  a c t i v i t i e s .  The Technology Trans fer  t o  Paper and 
Pulp I n d u s t r y  a c t i v i t y  i s  a n t i c i p a t e d  as being an 18 month program from 
e a r l y  1980 t o  mid-1981. The Technology Demonstration f o r  Food Processing 
I n d u s t r y  a c t i v i t y  i s  a three-year  program from e a r l y  1980 t o  1983. The 
Development and Technology Demonstration f o r  Selected Near-Term In-P lan t  
App l ica t ions  i s  an t i c i pa ted  as being a f ive-year program f rom mid-1980 t o  
mid-1985. Cont inuing System Studies a c t i v i t i e s  i nc lude  Heat Transport 
Appl icat ions,  So lar  I n d u s t r i a l  App l i ca t i ons  and New o r  Advanced 
App l ica t ions .  S i g n i f i c a n t  r e s u l t s  from t h i s  a c t i v i t y  w i l l  be t r a n s f e r r e d  
i n  e a r l y  1982 t o  Development and Technology Demonstrati on f o r  Advanced 
App l ica t ions .  An important  f a c t o r  i n  a l l  o f  these a c t i v i t i e s  i s  the  
cont inued implementation o f  technology t r a n s f e r  through i n fo rma t ion  
c o l l e c t i o n  and disseminat ion. 
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S a 5 S  

INDUSTRY: PAPER AMD PULP 

HEAT SOURCES IN PAPER AND PULP  ILL 
0 EXCESS STEAM FROM HOG FUEL (WOOD W A S T E )  BOILER WRIN~ LOW 

STEAM DEMAND PERIOD 

ENERGY  ell^ USE APPLICATIONS 

D PROCESS STEAM 

0 FEEDWATER HEATING 

PECOVERY/STORAGE/REU~E SYSTEM 

0 CENERATE EXCESS STEAM DURING LOU DEMAND PERIODS 

0 STORE I N  S T E M  ACCUMULATOR 

0 PROVIDE PROCESS STEAM DIRECTLY OR USE FOR FEEDWATER 

HEATING DURING HIGH DEMAND PERIODS 

o SAVE 100,000 BBL OIL/MILL ANNUALLY; 30% RETURN ON INVESTMENT 
. - -  

F igure  1 

INDUSTRY: FOOD PROCESSING 

CONTRACTOR: WESTINGHOUSE/HEI NZ 

HEAT SOURCES IN FOOD PROCESSING PLANTS 
0 HOT WASTE WATER FROM FOOD PROCESSING 

ENERGY END USE APPLICATIONS 

0 EQUIPMENT CLEAN UP 

0 PREHEAT INCOMING WATER FOR FOOD PROCESSING 

&JOVERY/STOR - - .  . 

0 CAPTURE HEAT FROM WASTE WATER 

o STORE ax I N  HOT WATER TANK; USE REST FOR PREHEAT 

0 USE TOPPED-OFF STORED WATER FOR EQUIPMENT CLEAN UP 

0 SAVE 3-5% OF FUEL USAGE; 3 YEAR PAYBACK PERIOD 
- -. - 

F igure  2 
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HEAT SOUICES IN ELECTRIC k c  STEEL PLUT 
0 -1MWY F W E  STREAM FROM ELECTRIC ARC F U N A C E  

SOU rn STACK GASES 

BAR R I L L  FIRNACE STKK U S E S  

EN~asr END USE ~ P L I C A T I O ~ S  

0 ELECTRICAL ENERGY 6ENERATIOY 

INGOT PREHEATING 

C W W S T I O Y  AIR PREHEATING 

S C R W  PREHEATl#G 

0 CAPTURE HEAT FROM ELECTRIC ARC FURMACE F W E  STREAM 

0 STORE I N  PACKED BED 

0 =YERATE STEAM TO PRODUCE ELECTRICITY W R I N G  PERIODS 

HEAT SOWCES IN DRY KILN CEMENT RANTS 
0 K I L N  E X I T  M S  

0 CLINKER COOLER WASTE GAS 

K I L N  S M L L  M A T  LOSS 

ENERGY END USE ~RICATI~HIS 

0 ELECTRICAL ENERW YNERATIOY 

RAM MATERIAL DRY116 

F W L  W Y I N G  

O I L  V I S C 0 5 l T V  R E D U t T l O l  

0 C I T T U E  M A T  F R W  K I L N  E X I T  U S  U D  CLINKER COOLER WlSTE U S  

0 STORE I N  PACKED BED 

0 SLNERATE STEAM TO R O M E  E L E C R I C I T Y  WHEN K I L I  I S  WI* 

0 SAVE 4 1 106 BBL O I L  MWUALLY F a  INDUSTRY: 5 a  R O l  F a  

C R B I N E O  STSTER 
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APPLICATIONS OF THERMAL ENERGY STORAGE TO WASTE HEAT RECOVERY 

I N  THE FOOD PROCESSING INDUSTRY 

F. Wojnar and W. L. Lundberg 
H. J. Heinz Company Wes tinghouse E l e c t r i c  Corporation 

PROJECT OUTLINE 

Pro ject  T i t l e :  TES for Food Processing Assessment 

~rik ipa l  Invest igator:  Wayne L. Lundberg 

Organizati on: Westi nghouse E l e c t r i c  Corporati on 
Advanced Energy Systems D iv is ion  
P.O. Box 10864 
Pittsburgh, PA 15236 
Telephone: (41 2) 892-5600 

Pro ject  Goals: To assess the potent i  a1 f o r  waste heat recovery i n  the 
food processing i-ndustry and t o  evaluate prospective 
waste heat recovery systems and the benef i ts o f  thermal 
energy storage. 

Analyze f ac to r y  and food system operations of two 
manufacturing plants o f  Heinz USA D iv is ion  o f  H. 3. 
Heinz Company t o  determine waste heat a v a i l a b i l i t y  
appl i  ca t i  ons 

Perf  orm a waste heat recovery system design 

Assess potent ia l  energy savings i n  the food indust ry  

Recomnend a demonstration plan 

Pro ject  Status: Waste heat i s  avai lable i n  s i gn i f i can t  quan t i t i es  
which can be used f o r  exist ing, on-si te energy demands 

Thermal energy s torage/waste heat recovery (TES/WHR ) 
systems can be e f f e c t i v e l y  applied i n  these 
appl icat ions 

Econani cs f o r  waste heat recovery can be a t t r ac t i ve  
f o r  f a c i l i t i e s  w i th  high energy demand leve ls  

Return-On-Investment f o r  recomnended TES/UliR i s  
estimated a t  35-40% 

Contract Nmber: EC-77-C-01-5002 

Contract Period: August 1977 t o  October 30, 1978 

Funding Level : $%, 195 

Funding Source: U.S. Department o f  Energy 
D iv is ion  o f  Energy Storage Systems 



APPLICATIONS OF THERMAL ENERGY STORAGE TO WASTE HEAT RECOVERY 

I N  THE FOOD PROCESSING INDUSTRY 

F. Wojnar 
H. J. Heinz Company 

W. L. Lundberg 
Westinghouse E l e c t r i c  Corporat ion 

SUMMARY 

The canning segment of t h e  food processing i n d u s t r y  i s  a major energy 
user  w i t h i n  t h a t  i ndus t ry .  Most o f  i t s  energy demand i s  met by h o t  water and 
steam and those f l u i d s ,  i n  a d d i t i o n  t o  product  coo l i ng  water, eventua l ly  f l o w  
from t h e  processes as warm waste water. To minimize t h e  p o s s i b i l i t y  o f  
product contamination, a l a r g e  percentage o f  t h a t  waste water i s  sent d i r e c t l y  
t o  f a c t o r y  d ra ins  and sewer systems w i thou t  being recyc led and i n  many cases 
the  thermal energy contained by t h e  waste streams a l s o  goes unreclaimed and 
i s  l o s t  from f u r t h e r  use. A study discussed he re in  i nd i ca tes  t h a t  t he  
recovery o f  waste heat i n  canning f a c i l i t i e s  can be performed i n  s i g n i f i c a n t  
q u a n t i t i e s  us ing systems i n v o l v i n g  thermal energy storage (TES) t h a t  a re  both 
p r a c t i c a l  and economical. A demonstration p r o j e c t  has been proposed t o  
determine ac tua l  waste heat recovery costs and b e n e f i t s  and t o  encourage 
system implementation by t h e  food indust ry .  

BACKGROUND 

A study p r o j e c t *  was conducted by Westinghouse and c m p l  eted i n  October, 
1978 t o  assess t h e  p o t e n t i a l  f o r  waste heat recovery i n  t h e  food indus t ry  and 
t o  evaluate prospect ive waste heat recovery system concepts employing thermal 
energy storage. The p r o j e c t  was performed w i t h  t h e  cooperat ion o f  t he  H. J. 
Heinz Company (USA D i v i s i o n )  and dur ing  t h e  p ro jec t ,  Heinz USA arranged 
access t o  two o f  t h e i r  manufactur ing p l a n t s  and permi t ted  Westinghouse 
personnel t o  analyze f a c t o r y  operat ions and food system performance a t  each 
s i t e .  The p r o j e c t ' s  most p roduct ive  work was accomplished a t  t he  company's 
P i t t sbu rgh  Factory. The P i t t sbu rgh  p l a n t  i s  engaged i n  the  manufacture o f  
baby foods and ju ices ,  canned soups and canned bean products. Th is  product 
l i n e  places t h e  f a c t o r y  i n  t h e  Canned Spec ia l t i es  ( S I C  2032) i ndus t ry  bu t  
t he  food processes and t h e  associated hardware a re  a l s o  common t o  the  Canned 
F r u i t s  and Vegetables (SIC 2033) segment o f  t h e  food indust ry .  Therefore, 
t h e  r e s u l t s  o f  work a t  t h e  f a c t o r y  would be appl i c a b l  e t o  S I C  2033 as we1 1 
as t o  Canned S p e c i a l t i e s  and they d i d  i n  f a c t  prove t o  be p a r t i c u l a r l y  



in te res t ing  and a t t r ac t i ve .  They showed tha t  a  var ie ty  of waste heat sources 
and applications a r e  avai lable  a t  a  food canning f a c i l i t y  and t h a t  those . 
sources and applications could be coupled economically by systems containing 
a  storage element. 

The Pittsburgh Factory operates several comnon food processing systems 
(can/bottl e  washers, continuous cool e r s ,  s ta t ionary r e t o r t s  and continuous 
pasteurizers)  t ha t  produce heated waste water having temperatures i n  t he  100 
t o  200°F range. The waste water streams a r e  sent  d i r ec t l y  t o  t he  factory drain 
system a s  they emerge fromtheprocesses and waste heat recovery current ly  is 
not attempted. Flow r a t e  and temperature data were taken from each system 
during the  study and i t  was concluded t h a t  the  temperatures were su f f i c i en t l y  
high t o  permit accessing a  portion of the  avai lable  waste heat by conventional 
heat exchange. Three separate energy demands occur a t  t he  Pit tsburgh Factory 
t h a t  could use t h i s  energy. They involve the  heating of bo i le r  make-up water, 
fresh water f o r  the  food processes and factory clean-up water. The make-up 
and food processing demands peak during the ,one or two production s h i f t s  of 
each day in unison w i t h  waste heat ava i lab i l i ty .  Therefore, supplying waste 
heat t o  those demands will  generally not involve s ign i f ican t  storage. The 
hot water clean-up e f f o r t ,  however, i s  performed after-hours when t he  pro- 
duction systems a r e  down and meeting a  portion of t h a t  energy demand w i t h  
waste heat from the  production period would of course require a  buffering 
storage device. 

To assess  the  ro l e  of TES i n  canning industry waste heat recovery, a  
recovery system concept f o r  application t o  the  fac tory ' s  Meat Products 
Building was devised and analyzed. Meat Products is the  l a rges t  manufacturing 
u n i t  a t  the  factory and it bouses several food processing operations and two 
waste heat applications t h a t  cause it t o  be similar  i n  a  var ie ty  of ways t o  
manufacturing plants operated by other  food processing companies throughout 
the  industry. The waste water streams t o  be collected by the  system (see 
f i g .  1 )  would come from the  s ta t ionary r e to r t s ,  the  can and b o t t l e  washers 
ins ta l l ed  on several product f i l l i n g  l i ne s  and from the  continuous pasteur- 
izing system. The high temperature waste streams from these processes wil l  
flow by gravi ty  t o  a  col lect ion tank and then by forced flow t o  a  p la te  heat 
exchanger where heat will be t ransferred t o  c i rcula t ing f resh  water. The hot 
f resh  water wil l  then return t o  the  food processes via t he  thermal energy 
storage tank and t he  exis t ing water heater s y s t m  (serving w i t h  the  recovery 
system i n  a  topping capacity) while the  cooled waste water wil l  flow d i r ec t l y  
t o  t h e  exis t ing drain system. The c i rcula t ion flow r a t e ,  WF, i n  t he  heat 
exchanger/TES loop will  be controlled t o  s a t i s f y  t he  daytime production demand 
fo r  hot f resh  water, Wp, and a l so  t o  accunulate during t he  production period 
a  surplus volume of hot water wh.ich w i l l  be stored f o r  l a t e r  use during 
clean-up operations. The analysis  of the  system concept demonstrated a  
fundamental f a c t  about waste heat recovery using thermal storage.  Storage is  
beneficial  i n  t h a t  it permits the  recovery of an addit ional  increment of 
waste heat over t h a t  which can be used immediately a t  t he  time of waste heat 
production. However, s torage is a l so  expensive and generally, a t  current  fuel  
values, i t  wil l  not support i t s e l f  economically. Therefore, i n  a  t o t a l  
recovery system involving storage,  t he  storage portion must be "carried" by 



a re la t ive ly ,  low cost  element t h a t  recycles waste heat immediately. By t h i s  
approach, i t  is possible t o  design and optimize t he  t o t a l  system f o r  maximum 
heat recovery while s t i l l  meeting t he  investment re turn  hurdle r a t e .  

The study predicted reductions i n  f o s s i l  fuel usage a t  t he  factory of 
nearly 3% through i n s t a l l a t i on  of the  Meat Products waste heat recovery system. 
Projecting t h i s  t o  the  canning segments (SIC 2032 and 2033) of t he  food industry 
r e su l t s  i n  an annual industry energy saving of approximately 0.002 x 1015 B t u  
having a fuel o i l  equivalent of 340,000 barre ls .  I t  should a l so  be recognized 
t ha t  the  same recovery system concept may be applicable t o  other  segments of the  
food industry besides canning. A possible example is the  frozen food industry 
where high temperature waste heat i s  now avai lable  i n  r e f r igeran t  vapor (as  
opposed t o  hot waste water). This energy could be used t o  preheat the  large .  
quan t i t i es  of hot f resh  water t h a t  a r e  required i n  many frozen food plants 
during the  production periods and d u r i n g  the  after-hours clean-up. Alternate 
system appl icat ions  i n  industry segments other  than canning would lead t o  
even larger  reductions i n  fuel usage and they should be f u l l y  explored. 

The predicted payback period f o r  t he  Meat Products system i s  approximately 
three  years. The Meat Products Building houses seven production f loors  and 
the  recovery system piping, which accounts f o r  nearly one-third of the  opera- 
t ional  system's cost ,  m u s t  t r averse  a l l  seven f loors .  S t i l l ,  the  predicted 
payback would be acceptable t o  most companies and it qu i t e  possibly could be 
l e s s  than three  years i f  t he  system were ins ta l l ed  i n  a more compact factory.  
In view of this, t he  system commercialization prospects a r e  a t t r a c t i v e .  

The best procedure f o r  convincing industry t h a t  waste heat recovery by 
this method can be carr ied out economically and without adversely affect ing 
product qua l i ty  o r  plant  operations i s  t o  i n s t a l l  a demonstration system and 
then t o  ca re fu l ly  monitor i t s  performance and report  the  f indings.  A project  
t o  do precisely t h a t  a t  the  Pittsburgh Factory has been proposed by Heinz USA 
and t he  following section addresses t he  purpose, task and schedular fea tu res  
of t ha t  proposal . 

DEMONSTRATION PROJECT 

Purpose and Par t ic ipants  

The purpose of the  demonstration project  proposed by Heinz USA i s  four- 
fold: 

1. To design, i n s t a l l  and place i n  operation a system employing 
thermal energy storage t h a t  wil l  recover heat from food system 
waste water. 

2. To monitor the  operation of t he  waste heat recovery system i n  
a production s e t t i ng  over a period of one year, t o  assess  i t s  
performance and t o  evaluate the  benefi ts  t h a t  accrue environ- 
mental l y  and i n  the  form of do1 l a r  and f o s s i l  fuel  savings. 



3.  To ef fec t ive ly  inform the  food industry, pa r t i cu la r ly  the 
canning segment, concerning the  actual cos t s  and benefi ts  
of system operation and t o  encourage industry acceptance 
and implementation of the  system concept. 

4. To recommend a plan fo r  system implementation i n  the  food 
processing industry. 

In par t i cu la r ,  t he  demonstration system will  be based upon the  concept 
described above and i t  wil l  be ins ta l l ed  i n  the  fac tory ' s  Meat Products 
Building where i t  wil l  service  food processes t h a t  a r e  housed i n  t h a t  building. 
The system design will  conform t o  standard Heinz engineering pract ice  and i t  
will abide by a l l  applicable food industry regulations as  imposed by the  
regulating agencies - USDA, FDA, OSHA, e t c .  Actual costs  incurred t o  design 
and place the  system i n  operation will be ca re fu l ly  recorded, recognizing t h a t  
a study of the  system's economic performance will be of prime importance. 

The recovery system will  beequipped w i t h  normal operational instrumentation. 
I t  will a lso  be equipped w i t h  special demonstration instrumentation and an 
automatic data acquis i t ion system (DAS). The demonstration instrumentation and 
the  DAS would normally not be required i n  a  production version of the waste heat 
recovery system. In t h i s  case, however, t ha t  equipment i s  essent ia l  t o  assess  
the system's thermal performance. All data collected by the DAS will be stored 
in a form compatible with a separate computer system which will  be used t o  
analyze the  data during the  performance evaluation phase. 

Under the proposed management plan, Heinz USA will  have overall project  
management respons ib i l i ty  and will execute the  e f f o r t s  of system def ini t ion 
review, system fabr ica t ion ,  i n s t a l l a t i on ,  checkout, and operation. Other 
phases of the project  wil l  be subcontracted by Heinz USA. The demonstration 
system engineering and operational evaluation work i s  planned fo r  subcontract- 
ing to  the Advanced Energy Systems Division of the  Westinghouse Elec t r i c  
Corporation. Westinghouse would then develop a deta i led engineering design 
fo r  the  system which would include the  preparation of engineering drawings, 
operation and maintenance procedures and manuals and predictions of system 
performance charac te r i s t i cs .  In addit ion,  Westinghouse would monitor and 
evaluate actual system performance, prepare performance analyses and carry  
out the program control and reporting functions. 

I t  i s  planned t h a t  execution of the  technology t rans fe r  task wi.11 be 
delegated t o  the  National Food Processors Association [NFPA). As par t  of t h a t  
e f f o r t ,  the NFPA would be responsible f o r  an assessment of t he  system imple- 
mentation potential  w i t h i n  the  food processing industry and f o r  an analysis  
of benefi ts  t ha t  would accrue i f  t h i s  implementation potential  material ized.  
Further, the NFPA would plan and conduct on-s i te  project  reviews. The reviews 
would be attended by food industry personnel t o  repor t  progress and t o  assess  
project  r e su l t s  and findings.  In addit ion,  the  NFPA would coordinate the  
development of a plan f o r  implementing the  demonstration system concept on 
an industry-wide basis .  



Proposed Project Tasks 

The proposed project would consist .of f ive  technical tasks geared to  
accomplishing the objectives identified above. The tasks are  described below. 

Task 1 - System Definition Review and Demonstration Plan Preparation 

During th i s  task, a l l  previous work and the resulting system concept will 
be reviewed to verify the concept's acceptabili ty.  This effor t  i s  needed to  
provide the best system base for  the demonstration project. The second Task 1 
e f for t  will address the preparation of a demonstration plan. This work will 
involve a l l  project participants and will establish program detai ls  and a 
detailed schedule to  meet the program goals. 

Task 2 - System Design 

In Task 2,  the demonstration system design will be completed and a l l  
system hardware will be specified based upon the concept stemming from the 
completed Task 1 .  In addition, an operation and maintenance manual wi.11 be 
prepared and a major design review will be conducted. The design resulting 
from Task 2 will consider and include a l l  operational hardware, instruments 
and controls and a l l  hardware for  the measurement and recording of special 
demonstration performance data. 

Task 3 - System Fabrication, Instal la t ion and Checkout 

Task 3 will include the procurement of a l l  hardware for  the demonstration 
system and i t s  instal la t ion and checkout a t  the Heinz USA Pittsburgh Factory. 
The checkout phase wi 11 exercise a1 1 operational equipment, the special 
demonstration instruments and DAS and the data analysis computer program. 

Task 4 - Performance Demonstration and Evaluation 

The objective of t h i s  task i s  t o  assess the system's thermal performance, 
i t s  operational performance and i t s  pract ical i ty  i n  a production set t ing.  This 
work will be based largely upon data from the proposed demonstration instruments 
(see f ig .  2 )  which will be used t o  determine heat recovery rates  and t o  evaluate 
important operational concerns such as heat exchanger fouling rates and heat 
exchanger maintenance/cleaning requirements. 

Task 5 - Technology Transfer 

This task i s  of major importance and i t s  purpose i s  three-fold. 

e To communicate demonstration plans and r e su l t s  to  the food 
processing industry and i n  particular to  those industry 
segments involved i n  the preparation of canned food products. 
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To assess  the  potential  f o r  implementing the  demonstration 
system concept w i t h i n  t he  canning and 'food processing 
industr ies .  

To prepare a logical  and e f f i c i e n t  plan t ha t  wil l  encourage 
system implementation w i t h i n  those industr ies .  

The Task 5 work will  be coordinated by the  National Food Processors Association 
using established l ines  of communication between t he  associat ion and i t s  850 
member firms. The NFPA i s  a major canning industry t rade associat ion and i t s  
members a r e  responsible f o r  90%,of the  canned goods packed i n  the  United S ta tes  
fo r  human consumption. This organization i s  therefore  well sui ted and a 
logical choice t o  handle the  technology t rans fe r  e f fo r t .  

Demonstration Project  Schedule 

The proposed project  schedule i s  shown i n  f i g  3.  

CONCLUSION 

Heat recovery applying storage is re la t ive ly  expensive and the completed 
study shows t ha t  t o  operate economically, a recovery system contain.ing a 
storage feature  wil l  require an appropriate mix of immediate-need and storage- 
based waste heat applications.  The surveywork performed a t  the  He-inz Pittsburgh 
Factory indicates  t h a t  low grade waste heat (<200°F) i s  avai lable  i n  abundance 
in food canni-ng f a c i l i t i e s  i n  the  form of hot waste water streams and t h a t  a 
var ie ty  of su i tab le  low temperature applications w i t h  the  required mix wi.11 
a l so  ex i s t .  The study predicted a t t r a c t i v e  fuel savings and payback periods 
and therefore  a demonstration e f f o r t  t o  ve r i fy  those predicti.ons should be 
launched and has been proposed. 









COLLECTION AND DISSEMINATION OF TES SYSTEM INFORMATION 

FOR THE PAPER AND PULP INDUSTRY 

M. W. D i e t r i c h  
NASA Lewis Research Center 

PROJECT OUTLINE. 

P r o j e c t  T i t l e :  C o l l e c t i o n  and Dissemination o f  Thermal Energy Storage 
System In format ion  f o r  the  Paper and Pulp I n d u s t r y  

P r i n c i p a l  I nves t iga to r :  Howard Edde 

Organizat ion: Howard Edde, Inc.  
1402 140th Place, N. E. 
Be1 1 evue, WA 98007 
(207) 643-0900 

P r o j e c t  Goals: The ob jec t i ves  o f  t h i s  procurement are t o  determine 
e x i s t i n g  app l i ca t i ons  o f  TES i n  bo th  t h e  U.S. and 
i n t e r n a t i o n a l  paper and pu lp  i ndus t r i es ,  t o  ob ta in  and 
analyze t h e  operat ing data from a representa t ive  number of 
these m i l l s ,  and t o  t rans fe r  t h i s  in format ion  t o  the U.S. 
paper and pulp i ndustry. 

The Statement o f  Work (SOW) requ i res  the  cont rac tor  t o  
conduct a knowledgeable survey o f  both U.S. and 
i n t e r n a t i o n a l  paper and pu lp  m i l  1  s  us ing thermal energy 
storage (TES) systems as a p a r t  o f  t h e i r  product ion 
processes; t o  ob ta in  from these m i l l s ,  s u f f i c i e n t  operat ing 
data t o  conduct a bene f i t s  analys is  encompassing; (a)  
energy conser v a t i  on assessment, (b )  economic b e n e f i t s  
analysis, and (c )  environmental impact assessment; and 
propose an in format ion  disseminat ion p lan  using brochures, 
d isp lays  and presentat ions a t  paper and pu lp  i n d u s t r y  
techn ica l  and management meeti ngs t h a t  w i l l  e f f e c t i v e l y  
present  t h e  b e n e f i t s  o f  TES t o  t h e  U.S. paper and pu lp  
indust ry .  

P r o j e c t  Status: Contract  i n i t i a t i o n  meeting he ld  i n  February, 1980. 

Contract  Number: DEN3-190 

Contract  Period: January, 1980 t o  March, 1981 

Funding Level: $113,816 

Funding Source: NASA Lewis Research Center 



COLLECTION AND DISSEMINATION OF TES SYSTEM INFORMATION 

FOR THE PAPER AND PULP INDUSTRY 

M. W. D i e t r i c h  
NASA L e w i s  R e s e a r c h  C e n t e r  

TASK OVERVIFW 

o CONTRACTED EFFORT 

o CONTRACTOR: TBD 

o PERIOD OF PERFORMANCE: 1 5  MONTHS 

o STATUS : COMPLETING NEGOTIATIONS WITH POTENTIAL CONTRACTORS, 

CONTRACT TO BE ANARDED I N  JANUARY, 1980,  

BACKGROUND 

o I N I T I A L  PAPER AND PULP SYSTEMS STUDY (BOEING) 1978 

o IDENTIFIED AM OPERATIONAL TES IMSTALLAT'I ON 

o DECISION TO PROCEED DIRECTLY TO TECHNOLOGY TRANSFER 



PAPER AND PULP ENERGY SUPPLY CHARACTERISTICS 
WOOD WASTE ("HOG") FUELS SUPPLY U P  TO 
40% OF PROCESS DEMAND 

PULPING 
LIQUOR 
RECOVERY 
BOILERS 

HOG FUEL 
BOILERS 

FOSSIL EVAPORATORS 

FUEL BLEACH P U N T S  

BOILERS 125 000 lb lhr  AVG CHLORINE P U N T  
PULP MACHINES 
PAPERIPAPERBOARD MACHINES 

CS-78-3613 

ENERGY SUPPLY CHARACTERISTICS WITHITHERMAL ENERGY STORAGE 
ENERGY STORAGE CAN REDUCE FOSSIL FUEL CONSUMPTlON 
FOR LOAD FOLLOWING BY ONE-HALF - 

RECOVERY 
BOILERS 

tP 

4% 000 I b l h r 7  

HOG 
BOILERS 

FOSSIL 
BOILERS 



PFR AN3 PUI P 

6 INDUSTRY WIDE CONSERVATION POTENTIAL IS 3 X 10 EBL OIL/YR (>I9821 

DEVELOPMENT REOUIRED 

0 NONE 

TECHNOLOGY DEFONST2ATION POSSIBLE 

o FULL SCALE IN AN OPERATING MILL BY FY 81 

PAPER AND PUI P TECHNO1 OGY TRANSFER 

APPROACH 

o DETERMINE EXISTING APPLICATIONS OF TES I N  BOTH U.S, AND 

INTERNATIONAL PAPER AND PULP MILLS 

o OBTAIN AND ANALYZE OPERATING DATA FROM A REPRESENTATIVE 

NUMBER OF THE MILLS 

o DISSEMINATE BENEFITS FROM THE ANALYSIS TO THE U,S, PAPER 

AND PULP INDUSTRY 



METHODOLOGY 

SURVEY 

o CONDUCT THOROUGH SURVEY OF U ,S. AND INTERNATIONAL PAPER 

AND PULP MILLS 

o TABULATE DATA SHOWING NAME AND LOCATION OF MILL, PRODUCT, 

ANNUAL PRODUCTION, TYPE AND SIZE OF TES SYSTEM, STORAGE 

MEDIUM, MAXIMUM CHARGING .AND DISCHARGING RATES OF TES 

SYSTEM, MAXIMUM STEAM CAPACITY j MAXIMUM ELECTRICAL 

GENERATING CAPACITY j FUEL MIXTURE ( I E m  X FOSSIL FUEL, 

X OTHER) 

o REDUCE TABLE TO "REPRESENTATIVE" L I S T  

0 DEFINE OPERATING CHARACTER1 ST1 CS OF "REPRESENTITIVE" MILLS 

TO OBTAIN HEAT SOURCES, END USES, TYPICAL PROCESS 

OPERATING CYCLES, ALL STREAM CONDITIONS, PROCESS THERMAL 

AND ELECTRICAL LOADS 

DO1 OGY - CONT, 

BE- 

o CONDUCT ENERGY CONSERVATION ASSESSMENT 

COMPARl NG DATA FROM : 

- RETROFIl lED MILLS BEFORE 9ND AFTER TES INSTALLATION 

- NEWLY BUILT MILLS WHICH INCLUDE TES AS A PART OF 

THEIR I N I T I A L  DESIGN 

o DETERNINE ANNUAL FUEL SAVINGS I N  BOVTON OF OUTPUT PRODUCT FOR 

"REPRESENTATIVE" MILLS 

o EXPAND DATA TO BE DESCRIPTIVE OF FUEL CONSERVATION POTENTIAL FOR 

U.S, PAPER AND PULP INDUSTRY FOR EXTENSIVE IMPLEMENTATION 

o PROJECT FUEL CONSERVATION BENEFITS FOR NEAR-TEM (THRU 1985) 
AND LONG TEIUI (THRU 2000) 



flFTHODOI OGY - CONT , 

o CONDUCT AN FCONOMIC ANAl YSIS USING: 

- FUEL CONSERVATION PROJECTIONS 

- PRICE PROJECTIONS OF O I L  GAS, "HOG" FUEL, ELECTRICITYJ ETC, 

o COMPUTE ROI FOR REPRESENTAT I VE TES INSTALLATION 

o CONSIDER ANY OTHER ECONOMIC ADVANTAGE OBTAINED THRU INSTALLATION 

OF TES 

o PROJECT ECONOMIC BENEFITS FOR NEAR-TERM (THRU 1985) AND LONG-TERM 

(THRU 2000) ASSUMING WIDE-SPREAD IMPLEMENTATION OF TES BY THE PAPER 

AND PULP INDUSTRY 

o CONDUCT AN FNVI RONMENTAI IMPACT ASSFSSMFNT 

METHODOLOGY - CONT, 

o PREPARE INFORMATION DISSEMIPIATION PLAN TO INCLUDE : 

- BROCHURES 

- DISPLAY 

- PRESENTAT IONS AND MEET I NG ATTENDANCE 







SOLAR THERMAL POWER APPLICATIONS 

Program Area Synopsis: 

A comprehensive development o f  thermal s torage technologies has 
been planned w i t h  DOE t o  match the  so la r  thermal power system 
requirements and mi lestones i n  the  FY 80-85 per iod.  The program 
provides advanced storage subsystems f o r  nearer term so l  ar thermal 
app l ica t ions ,  and es tab l ishes  a storage technology base f o r  f u t u r e  
app l ica t ions .  E a r l y  e f f o r t s  w i l l  s t ress  storage f o r  
r e p w e r i  ng / i  n d u s t r i  a1 r e t r o f i t s ,  t o t  a1 energy, and small community 
systems. These app l i ca t i ons  r e f 1  ec t  t h e  cu r ren t  d i r e c t i o n  o f  t h e  
Thermal Power Systems Branch o f  the DOE D i v i s i o n  o f  Centra l  Solar  
Techno1 ogy. The program w i  11 be imp1 emented by DOE-desi gnated 1 ead 
1 abora tor i  es w i t h  o v e r a l l  program management t o  be the  responsi b i l  i t y  of 
a DOE-designated l e a d  center.  SERIts tasks as they  r e l a t e  t o  suppor t ing  
research and technology are an i n t e g r a l  p a r t  o f  t h i s  a c t i v i t y .  





SOLAR THERMAL POWER STORAGE APPLICATIONS 

LEAD LABORATORY OVERVIEW 

Lee G. Radosevich 
Sandia Laboratories, Livermore 

SUMMARY 

This overview describes the implementation of the applications elements of 
the Thermal Energy Storage for Solar Thermal Applications (TESSTA) program. The 
TESSTA program evolved from a joint plan of the DOE Division of Energy Storage 
Systems (STOR) and Central Solar Technologies (CST) . The program includes the 
accelerated development of thermal storage technologies matched to solar thermal 
power system requirements and scheduled milestones. The program concentrates on 
storage development in the FY80 to 85 time period with emphasis on the more near- 
term solar thermal power system applications. The basic strategy of the program 
is both aggressive and flexible. Reflecting the current direction of the Thermal 
Power Systems (TPS) Branch, CST, storage for repowering/industrial retrofit, 
total energy, and small community system applications is stressed in the early 
years. 

GENERAL PROGRAM DESCRIPTION 

Recognizing thermal energy storage as potentially critical to the successful 
commercialization of solar thermal power systems, the DOE Divisions of Energy 
Storage Systems (STOR) and Central Solar Technologiest (CST) have established a 
comprehensive and aggressive thermal energy storage technology development pro- 
gram in direct support of solar thermal power applications. The program concen- 
trates on storage subsystem development in the FY80 to 85 time period with 
emphasis on the more near-term solar thermal power system applications. 

The overall objective of this storage development program is to develop 
general solar thermal energy storage technologies that provide: 

Second-generation storage subsystems offering cost/performance 
improvements over the first-generation storage subsystems 
currently being developed for solar thermal power applications. 

First-generation storage subsystems for those solar thermal 
applications that presently have no storage subsystems under 
development. 

A technology base to support storage subsystem development for 
future solar thermal power applications. 

Implementation of the first two program elements, which are application 
oriented, is the responsibility of the Field Lead Laboratory, Sandia Laboratories 
Livermore (SLL), who also directs and coordinates the storage activities of Jet 
Propulsion Laboratory (JPL) and Sandia Laboratories Albuquerque (SLA). The Field 



Lead Laboratory for implementation of the technology base goal is the Solar, 
Energy Research Institute (SERI). Private industry, competitively selected, 
and universities perform the implementation as operating contractors with SLL, 
SLA, JPL, and SERI performing only that R&D appropriate to a national laboratory 
and necessary for management of the program. 

APPLICATIONS PROGRAM DESCRIPTION 

The applications portion of the program has been divided'into seven major 
elements according to the tasks outlined in Figure 1. The first element 
represents generic activities required to support program management functions; 
the remaining six elements are keyed to storage development for specific collec- 
tor/receiver technologies. Several tasks have been further divided into subtasks 
which represent specific concepts being pursued. Project applications* for the 
six major elements have been identified to provide a development focus for the 
storage technology development. The relation between the elements and the project 
applications is shown in Figure 2. ** A summary description of first and second 
generation thermal energy storage technologies for each application element is 
given in Table I. 

The TESSTA program has developed cost and performance goals for these solar 
thermal system applications. Representative goals for both first generation and 
second generation systems are shown in Table 11. 

.The cost goals, which assume fully developed storage technologies incorporated 
in large commercial systems, represent the lowest achievable total capital cost 
consistent with system performance requirements. They were based on the results 
of studies of commercial solar and conventional power systems that incorporate 
thermal energy storage. 

A general performance goal for a storage subsystem is to maximize the roupd 
trip efficiency, that is, maximize system performance when operating from storage. 
The round trip efficiency combines the recoverable energy and power cycle conver- 
sion efficiencies of the storage subsystem. High recoverable energy efficiency, 
that is, the energy out of storage divided by the energy in, is important in that 
it minimizes the required collector area. Furthermore, it is the primary criter- 
ion when the recovered energy is utilized for industrial process heat. Power 
conversion cycle efficiency will vary depending on the conditions of the working 
fluid input to the power conversion subsystem from storage. Ideally, the 

*The repowering/industrial retrofit program may result in two system applica- 
tions: repowering of an existing electric power generating plant and retro- 
fitting of an existing industrial process heat plant. Storage requirements, 
which may differ significantly for the two applications, will be further 
defined pending completion of conceptual design studies in FY80. 

**The solar interface operating conditions and candidate applications are 
representative cases only. For example, several water/steam collector/ 
receivers at various operating conditions are under consideration for the 
repowering/industrial retrofit system application. 



conditions of the working fluid coming from storage would be identical to the 
conditions of the working fluid input directly from the solar collection sub- 
system. In this case, no modifications in operation of the power conversion 
subsystem are necessary, nor is there any loss in the ability to generate rated 
load. 

APPLICATIONS PROGRAM STATUS, 

The basic TESSTA program development flow, consists of three phases: 

1. Storage concept development - concept feasibility and lab experiments, 
2. Storage subsystem development, and 
3. System applications including new projects or retrofits. 

The status of this development for each of the major program focused elements 
is described in Figures 3 to 8. 

The strategy of the program is both aggressive and flexible. Reflecting the 
current direction of the Thermal Power Systems (TPS) Branch, CST, storage for 
repowering/industrial retrofit, total energy, and small community system 
applications is stressed in the early years. Particular attention is being 
directed toward identifying and implementing storage development required for 
industrial process heat applications. A summary of major FY80 activities in 
each of these application sectors is presented in Figure 9 and described below. 

The major area of emphasis in this application sector is molten salt sensible 
heat storage. Early studies conducted under the TPS Advanced Central Receiver 
Program identified molten nitrate salts as attractive storage media candidates. 
In particular, molten draw salt (60% NaN03, 40% KNO3 by wt.) was singled out 
because of its low cost, high energy density and potential high operating temp- 
erature. A recent study under the TPS program has examined low cost containment 
techniques in order to reduce the storage subsystem cost even further. This 
study identified a low cost liner concept which may be applicable to liquid metal 
as well as molten salt storage. 

During FY80 the TESSTA program will initiate storage subsystem development 
for nitrate salt sensible heat storage. This includes the design, construction, 
testing, and evaluation of a molten salt subscale research experiment of suffi- 
cient scale to insure successful operation of the full-size subsystem. A major 
objective of this development is to advance state-of-the-art in high temperature 
containment. Salt material studies are also underway at SLL and contracted work 
is planned to establish the long-term stability and corrosion behavior of molten 
nitrate salts at elevated temperatures. 

A second area of emphasis for this application is second generation storage 
development for saturated steam and superheated steam receivers. Studies will be 
initiated in FY80 for latent heat storage concept development for process heat 
applications and sensible and/or ratent heat storage concept development for 
Barstow retrofit and repowering applications. Subsystem research experiment 
design, fabrication, testing, and evaluation will follow in later years. 



TOTAL ENERGY SYSTEM APPLICATIONS 

Activities in this application sector provide support for and advanced alter- 
natives to storage subsystems kder development for midtemperature solar thermal 
applications, such as irrigation and Shenandoah. First generation storage sub- 
system support includes analyses and testing of organic fluid single and dual 
media storage systems at the Midtemperature Solar Thermal Test Facility. Studies 
to be performed in FY80 include control strategies for a multitank storage sub- 
system, thermocline performance of single media systems for buffer or diurnal 
operation, feasibility of a moving piston, and design and fabrication of a dual 
media system for installation and testing during FY81. 

The development of a second generation latent heat storage subsystem for a 
Shenandoah midtemperature solar thermal application is also planned in FY80. 
Studies include storage media screening, engineering analyses, conceptual design, 
and cost estimates. Subsystem research experiment design, fabrication, and test- 
ing will follow in later years. 

SMALL COMMUNITY SYSTEM APPLICATIONS 

The major emphasis of this application sector is the development of a dish 
mounted latent heat storage subsystem for three small community system applica- 
tions. Power conversion cycles under consideration include Rankine, Brayton, 
and Stirling. Development activities include storage requirements definition, 
conceptual design, media stability and compatibility tests, thermal performance 
analyses, cost estimates, and a SRE. During FY80 storage requirements definition, 
concept development and SRF, design studies will be initiated for each of the above 
power conversion cycles. 



TABLE I 

DESCRIPTION OF FIRST AND SECOND GENERATION THERMAL ENERGY STORAGE TECHNOLOGIES 

STORAGE TECHNOLOGY 
SOLAR F I R  ST SECOND 

APPLICATION* INTERFACE GENERATION GEERATION 
- - - - - . .- . - - - - - -  

BARSTOW WATERISTEAM 
COLLECTORIRECE IVER 

REPOWERING MILTEN SALT 
COLLECTORIRECEIVER 

I E A  L I Q U I D  METAL 
COLLECTOR/RECEIVER 

MOLTEN SALT 
WITH EXTERHAL 
INSULATION 

SALT, TRICKLE 
O I L  

W L T E N  SALT 
WITH INTERHAL 
INSULATION 

L I Q U I D  METAL WITH MILTEN SALT OR 
EXTERNAL INSULATION L I Q U I D  METAL WITH 

INTERNAL INSULATION. 
AIRIROCK 

EPRIIDOE GAS REFRACTORY BRICK REFRACTORY BRICK 
HYBRID COLLECTORIRECEIVER WITH MELDED STEEL Y I T H  PCIV 

TANK 

SHEHANDOAH ORGANIC FLUID  SILICONE OILITACONITE SALT, TRICKLE 
COLLECTORIRECEIVER THERMOCLINE 0 1  L 

SMALL LIQUID METAL1 REFRACTORY WITH LATENT HEAT SALT- 
COMMUNITY SALT COLLECTOR1 WELDED STEEL TANK- D I S H  MOUNTED 

RECEIVER 
- ~. 

GROUND BASED 
. -  - - - - - - - - - - - - - - - - - - - - - - - 

*storage development f o r  these representat ive appl icat ions i s  emphasizing second generation technology 
development. F i r s t  generation technology development w i l l  be i n i t i a t e d  dur ing FY80 on addi t ional  
appl icat ions,  such as i n d u s t r i a l  r e t r o f i t  process heat. 

TABLE 11 

THERMAL ENERGY STORAGE PERFORMANCE AND COST GOAL SUMMARY (FY79  DOLLARS) 

APPLICATION* SOLAR ROUND TRIP  EFFICIENCY CAPITAL COST 
INTERFACE F IRST SECOND F IRST SECOND IMPROVEMENT 

GENERATION GENERATION GENERATION GENERATION (% 1 
- - - - - - - - - . - (% 1 (% 1 - - - -  - 

($/KWH) ($/KWH) 
- - 

BARSTOW WATERISTEAM 7 0  80 
COLLECTOR/RECEIVER 

REPDWERING MOLTEN SALT 98 98 
COLLECTORIRECEIVER 

I E A  L I Q U I D  METAL 98 98 
COLLECTWIRECE IVER 

EPR I /DOE W\S 80 80 88 61 31 
HYBRID COLLECTORIRECEIVER 

SHHANDOAH ORGANIC FLUID  % % 51* 25** 5 1  
COLLECTORIRECEIVER 

M A L L  L I Q U I D  METAL1 TB D TBD TED TBD TBD 
COnHUNITY SALT COLLECTOR1 

RECEIVER 

* Appl icat ions shown are a l l  e l e c t r i c a l  power generating systems except f o r  the  t o t a l  energy Shenandoah 
systm. Performance and cost  goals w i l l  be establ ished f o r  process heat app l i ca t ions  pending canplet ion 
of conceptual design studies i n  FY80. ** based on KUHt; cos ts  fo r  o ther  app l i ca t ions  are based on KWH, 



STORAGE FOR 
SOUR THERMAL 

APPLICATIONS 

, 3.1 ~ , 6.1 , 
MOLTEN MOLTEN 

SALT SALT 
'OLTEN SALT THERMOCLINE SRE AN0 ORGANIC FLUID LATENT 

EAT TRANSFE SINGLE AN0 DUAL HEAT 
CHEMISTRY CORROSION o ~ ~ ~ ~ ~ ~ : ~ T  ANALYSIS YEOIA STORAGE STORAGE 

I . -- - -- . . . . . 

1 .O 2.0 3.0 4.0 - 5.0 

TASK OUTLINE 

FIGURE 1 

GENERAL 
ACTIVITIES 

SOLAR INTERFACE 

WATERISTEAM COOLED 
COLLECTORIRECEIVER -\ 

5lIFC (95rF) /- 
STEAM 427C (8007) 

MOLTEN SALTCOOLED STEAM 

LlDUlD METAL COOLED 
--------__ 

THERMAL ---- ------ 
COLLECTORIRECEIVER LIOUIO METAL-, , , , , , ,,,,- STEAM 

ENERGY ------__ 704-81FC 
- - - - - : - ( l w - l m -  

STORAGE 
GAS --- -------\38ic (72UFI 

STEAM 

COLLECTORIRECEIVER 843% ( 1 5 5 r ~ )  STIRLING OR 
GAS BRAYTON 

LIOUIO METAUSALT 
LlOUlO METALLSALT 

COOLEDLATENTHEAT 
COLLECTORlRECElVER 

1 

~~~~~[~~ 
COOLED 

COLLECTOR1 
RECEIVER 

CANDIDATE 
APPLICATION 

STORAGE FOR STORAGE FOR 
MOLTEN SALT LIOUIO METAL 

COOLED COOLED 
SENSIBLE HEAT SENSIBLE HEAT 

COLLECTOR1 COLLECTOR1 RECEIVER COLLECTOR1 
RECEIVER 

BARSTOW RETROFlT 

> 

, REPOWERINGIINDUSTRIAL 
RETROFIT 

IEA RETROFIT 

EPRllOOE HYBRID BRAYTON 

SHENANDOAH Rl3ROFIT 

SMALL COMMUNITY 

FOCUSED ELEMENTS 

FIGURE 2 



STORAGE FOR WATERISTEAM COOLED 
COLLECTORIRECE l VER 

STORAGE TECHNOLOGY STATUS'  PLANNED DEVELOPMENT 
-- 

a BARSTOW SRE COMPLETE LONG TERM 

McDONNELL DOUGLAS EXTENDED 
L I F E  STORAGE FLU I D  TESTS 
COMPLETE 

O M A R T I N  M A R I E T T A  STORAGE FLU I D  
M A  I NTENANCE TESTS COMPLETE 

- D e v e l o p  S t o r a g e  S u b s y s t e m  f o r  
S a t u r a t e d  S t e a m  R e c e i v e r  f o r  
P r o c e s s  H e a t  

- D e v e l o p  S e c o n d  G e n e r a t i o n  
s t o r a g e  S u b s y s t e m  f o r  R e p o w e r i n g  
o r  B a r s t o w  R e t r o f i t  

- l n i t i a t e  S t o r a g e  C o n c e p t  D e v e l o p -  
m e n t  f o r  above  a p p l i c a t i o n s  

' T h i s  w o r k  was f u n d e d  u n d e r  t h e  TPS P r o g r a m  

F I G U R E  3 

STORAGE FOR MOLTEN S A L T  COOLED S E N S I B L E  
HEAT COLLECTORIRECE I VER 

STORAGE TECHNOLOGY STATUS'  P L A N N E D  DEVELOPMENT 

C O N C E P T U A L  D E S I G N S  OF M O L T E N  .LONG T E R M  
D R A W  S A L T  STORAGE COMPLETE - D e v e l o p  S e c o n d  G e n e r a t i o n  

L A B O R A T O R Y  EXPER I MENTS OF LOW 
COST C O N T A l  NMENT T E C H N I Q U E S  
COMPLETE 

S t o r a g e  S u b s y s t e m  u s i n g  
l n t e r n a l  l n s u l a t i o n  f o r  
R e p o w e r i n g  

e F Y 8 0  . C O M P A R I S O N  OF T H E R M O C L I N E  VS.  
H O T I C O L D  T A N K  DES I GNS COMPLETE - C o m p l e t e  l n t e r n a l  I n s u l a t i o n  

S t o r a g e  C o n c e p t  D e v e l o p m e n t  

• P R E L I M I N A R Y  STORAGE A N D  C O N -  - l n i t i a t e  SRE 
T A  l NMENT M A T E R  l A L  - P e r f o r m  S a l t  C h e m i s t r y 1  
S C R E E N I N G  TESTS COMPLETE C o r r o s i o n  S t u d i e s  

' T h i s  w o r k  w a s  f u n d e d  u n d e r  t h e  I P S -  P r o g r a m .  

FIGURE 4 
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STORAGE FOR LIQUID METAL COOLED SENSIBLE 
HEAT COLLECTORIRECEI VER 

STORAGE TECHNOLOGY STATUS' 

CONCEPTUAL D E S I G N  OF L I Q U I D  
SOD l U M  STORAGE F O R  CENTRAL 
RECEl  VERS COMPLETE 

NO A D D I T I O N A L  DEVELOPMENT WORK 
REQU-IRED FOR F l  RST GENERATION 
S  YS TEM 

PLANNED DEVELOPMENT 

LONG TERM 

- D e v e l o p  S e c o n d  G e n e r a t i o n  
S t o r a g e  S u b s y s t e m  f o r  
C e n t r a l  R e c e i v e r  R e p o w e r i n g  
o r  I E A  R e t r o f i t  A p p l i c a t i o n s  

- C o m p l e t e  L o w  L e v e l  P l a n n i n g  
A c t i v i t i e s  

- C o m p l e t e  L a b o r a t o r y  A i r l R o c k  
T h e r m a l  C y c l i n g  T e s t s  

' T h i s  w o r k  was f u n d e d  u n d e r  t h e  TPS P r o g r a m .  

FIGURE 5 

STORAGE FOR GAS COOLED S E N S I B L E  
HEAT COLLECTORIRECE l VER 

STORAGE TECHNOLOGY STATUS'  PLANNED DEVELOPMENT 

CONCEPTUAL DES I GN OF REFRAC - 
TORY B R I C K  STORAGE FOR 
CENTRAL RECEIVERS COMPLETE 

D E S I G N  AND F A B R I C A T I O N  OF A  
GROUND BASED REFRACTORY 
STORAGE TEST MODULE FOR A  
P O I N T  F O C U S I N G  D I S H  
ONGO l NG 

LONG TERM 

- D e v e l o p  S e c o n d  G e n e r a t i o n  
S t o r a g e  S y s t e m s  u s i n . g  PC I V  
c o n t a i n m e n t  o r  L a t e n t  Hea t  M e d i a  
f o r  E P R l l D O E  H y b r i d  B r a y t o n  
R e t r o f i t  

- D e v e l o p  L a t e n t  Hea t  S t o r a g e  f o r  
P o i n t  F o c u s i n g  D i s h e s  

- C o m p l e t e  T e s t s  o f  R e f r a c t o r y  
S t o r a g e  T e s t  M o d u l e  

- I n i t i a t e  L a t e n t  H e a t  S t o r a g e  
C o n c e p t  D e v e l o p m e n t  f o r  P o i n t  
F o c u s i n g  D i s h e s  

' T h i s  w o r k  was f u n d e d  u n d e r  t h e  TPS P r o g r a m .  

FIGURE 6 
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STORAGE FOR O R G A N I C  F L U I D  COOLED S E N S I B L E  
HEAT COLLECTORIRECEIVER 

ppp 

STORAGE TECHNOLOGY STATUS' PLANNED DEVELOPMENT 

CONCEPTUAL DES I GN & L A B O R A T O R Y  l LONG TERM 
TESTS OF T R I C K L E  O I L  STORAGE FOR - P r o v i d e  s u p p o r t  f o r  F i r s t  
S  HENANDOAH COMPLETE G e n e r a t i o n  S t o r a g e  S u b s y s t e m s  

f o r  ~ i d t e m p e r a t u i e  ~ ~ ~ l i c a t i o n s  
O S H E N A N D O A H  W I L L  I N C L U D E  F L E X -  

I B I L I T Y  FOR T R I C K L E  OR D U A L  MODE ,- D e v e l o p  S e c o n d  G e n e r a t i o n  

MODE T E S T I N G  - THEREFORE NO S t o r a g e  S u b s y s t e m  f o r  M i d t e m p -  

T R I C K L E  O I L  SRE I S  CURRENTLY e r a t u r e  A p p l i c a t i o n s  

PLANNED 

l S I N G L E  M E D I A  THERMOCLINE TANK - C o m p l e t e  S i n g l e  M e d i a  T h e r m o -  
D E S I G N  A N D  F A B R I C A T I O N  FOR c l i n e  T e s t s  
MTTF TESTS COMPLETE - C o m p l e t e  D u a l  M e d i a  T h e r m o -  

c l i n e  T a n k  D e s i g n  
0 s  INGLE M E D I A  THERMOCLINE S Y S T E M  

FOR I R R I G A T I O N  A P P L I C A T I O N S  - l n i t i a t e  S e c o n d  G e n e r a t i o n  

O P E R A T I O N A L  S t o r a g e  C o n c e p t  D e v e l o p m e n t  

T h i s  w o r k  was  f u n d e d  u n d e r  t h e  T P S  P r o g r a m .  

FIGURE 7 

STORAGE FOR L I Q U I D  METALISA'LT COOLED LATENT 
HEAT COLLECTORIRECE I VER 

S T O R A G E  TECHNOLOGY S T A T U S *  PLANNED DEVELOPMENT 

OHEAT P I P E I M O L T E N  SALT  TEST O L O N G  TERM 
MODULE D E S I G N  AND F A B R I  - 
C A T I O N  COMPLETE 

- D e v e l o p  S t o r a g e  S u b s y s t e m s  f o r  
S m a l l  C o m m u n i t y  S y s t e m  
A p p l i c a t i o n s  u s i n g  R a n k i n e ,  
B r a y t o n  a n d  S t i r l i n g  Power  
C o n v e r s i o n  C y c l e s  

- I n i t i a t e  d i s h  M o u n t e d  L a t e n t  
H e a t  S t o r a g e  R e q u i r e m e n t s  
D e f i n i t i o n  a n d  C o n c e p t  
D e v e l o p m e n t  

- l n i t i a t e  H i g h  T e m p e r a t u r e  L a t e n t  
H e a t  M a t e r i a l s  S t u d i e s  

- l n i t i a t e  SRE D e s i g n  

' T h i s  w o r k  was f u n d e d  u n d e r  t h e  T P S  P r o g r a m .  

FIGURE 8 



SUMMARY - FY80 FOCUSED DEVELOPMENT 

REPOWERINGIINDUSTRIAL RETROFIT SYSTEM APPL ICAT IONS 

- M o l t e n  S a l t  S e n s i b l e  Heat  S t o r a g e  
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.TOTAL ENERGY SYSTEM APPL ICAT IONS 
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F o c u s i n g  D i s h  C o l l e c t o r s  

FIGURE 9 



THERMAL STORAGE EXPERIENCE AT THE MSSTF AND PLANS FOR THE FUTURE* 

Thomas D. Harr ison and Robert A. Randall  
Sandia Labora tor ies  

Albuquerque, New Mexico 8718 5 

SUMMARY 

The purpose of  t h i s  p re sen ta t ion  is 1) to review t h e  background of t he r -  
mal s to rage  development a t  t h e  Midtemperature Solar  Systems Tes t  F a c i l i t y  
(MSSTF) a t  Sandia Labora tor ies ,  2) to d e f i n e  the  problems which have been 
encountered, 3)  to o u t l i n e  a course of  a c t i o n  f o r  reso lv ing  these  problems, 
4) t o  determine s c a l i n g  e f f e c t s  of going from l abora to ry  models to f u l l - s i z e  
a p p l i c a t i o n s ,  and 5) to apply  the  l e s sons  learned  to thermal s t o r a g e  needs i n  
near -term s o l a r  p r o j e c t s  . 

WLTI PLE TANK THERMAL STORAGE 

The Mul t ip le  Tank Thermal Storage subsystem shown i n  Figure 1 was de- 
signed a t  Sandia t o  provide thermal s t o r a g e  f o r  the t e s t i n g  ope ra t ions  and to 
eva lua t e  t h e  mul t ip l e  tank concept i n  an ope ra t ing  environment. A three-tank 
des ign  was chosen because the  ope ra t ing  s t r a t e g i e s  and c o n t r o l  problems a r e  
r ep re sen ta t ive  of  those  encountered i n  t h e  f i e l d  with a l a r g e r  system. 

The b a s i c  des ign  requirement f o r  the  mul t ip l e  tank subsystem is to s t o r e  
860kWh ( 2 . 9 3 5 ~ 1 0 ~  Btu) thermal energy between the  temperature l i m i t s  of  241" 
t o  30g°C (467O t o  588°F). The h e a t  t r a n s f e r  and s t o r a g e  medium is Therminol 
66@- A volume o f  22.62 m 3  (6 000 g a l l o n s )  o f  Therminol 66@ w i l l  s a t i s f y  t h i s  
requirement. The subsystem was designed so t h a t  any two of the three  
i d e n t i c a l  tanks could hold a volume o f  23.24 m3 (6 140 ga l lons )  . Allowing 
for  10% u l l age ,  t he  volume of  each tank is 12.78 m3 (3 377 g a l l o n s ) .  

The subsystem w a s  requi red  to d e l i v e r  thermal  energy a t  a r a t e  o f  283 kW 
(0.966 Btu/h) and to r ece ive  thermal  energy a t  a r a t e  of 502 kW ( 1 . 7 1 3 ~ 1 0 ~  
Btu/h). To f a c i l i t a t e  pumping of  t h e  s to rage  f l u i d ,  a g a s  p re s su re  of 110 
kPa (16 p s i )  is maintained i n s i d e  the  tanks. Because of t h i s  pressure  t h e  
tanks  were designed to meet ASME pres su re  v e s s e l  s tandards.  

* Sandia Labora to r i e s  is a Department o f  Energy (DOE) f a c i l i t y .  This  work was 
supported by t h e  Divis ion o f  So la r  Technology, USDOE, .under Cont rac t  
DE-AC04-76 DP00789. 



m e  s p e c i f i c  dimensions and shape of the  t anks ' and  t h e  choice of  type 
and th i ckness  of tank i n s u l a t i o n  were determined wi th  t h e  a i d  of a computer 
program developed a t  Sandia. This  program predic ted  h e a t  l o s s  through the  
tank s u r f a c e s  f o r  t h e  d a i l y  ope ra t ing  cyc le  of  t y p i c a l  win ter  o r  summer days, 
g iven  tank shape and i n s u l a t i o n  types  and th icknesses .  Af te r  t he  tank shape 
was e s t a b l i s h e d ,  t h e  c r i t e r i a  f o r  s e l e c t i o n  of i n s u l a t i o n  th i ckness  and type  
was minimum cost. The t o t a l  es t imated cost, using c u r r e n t  p r i c e s ,  was com- 
puted f o r  va r ious  th icknesses  and types  o f  i n s u l a t i o n .  Added to t h i s  was t h e  
cost of  e x t r a  c o l l e c t o r  a r e a  to compensate f o r  hea t  loss. The most econom- 
i c a l  choice f o r  m a t e r i a l  is in te rmedia te  s e r v i c e  f i b e r g l a s s .  The optimum 
th i ckness  is 0.4 metre (15.6 inches) .  Since t h e  cost inc reases  only  slowly 
a s  t h i ckness  i nc reases ,  t h e  t h i ckness  f i n a l l y  chosen f o r  t h e  tank i n s u l a t i o n  
was 0.533 metre (21 inches)  . 

Each tank con ta ins  ins t rumenta t ion  fo r  sensing both temperature and 
l i q u i d  l e v e l .  A t  t h e  bottom o f  each tank, a 45-cm (18-inch) diameter  "well" 
is provided so t h a t  nea r ly  a l l  the  l i q u i d  i n  each tank can be drained.  A l l  
l i n e s  f o r  f i l l i n g  and dra in ing  t h e  tank e n t e r  a t  t h e  wel l s .  

The s i g n i f i c a n t  problems encountered were 1) t h e  need fo r  a complex 
c o n t r o l  system, 2) an energy l o s s  o f  about  50% i n  excess  of des ign  c a l -  
c u l a t i o n s ,  and 3) accumulation of  law temperature f l u i d  i n  t he  bottom o f  t he  
tank. 

The c o n t r o l  complexity a r i s e s  from the  500 o r  more p o s s i b l e  combinations 
of t h e  many parameters  involved i n  t h e  ope ra t ion  of a three-tank system. The 
reasons  fo r  the  high thermal  l o s s e s  a r e  st i l l  under review, bu t  apparent ly  
i nc lude  1) l o s s  o f  hot  i n e r t  gas  from u l l age ,  2)  improper i n s t a l l a t i o n  and 
subsequent degradat ion of  i n s u l a t i o n ,  and 3)  convect ion,  o r  thermal siphon- 
ing ,  of  hea t  t r a n s f e r  f l u i d  along h o r i z o n t a l  p ipes  lead ing  t o  c losed  valves.  
Af te r  a per iod o f  s to rage ,  t hese  l o s s e s  r e s u l t  i n  t he  accumulation i n  t he  
bottom of t h e  tank o f  up t o  1.9 m3 (500 ga l lons )  of  f l u i d  which has cooled 
below the  usable  temperature.  This  c o o l  f l u i d  is the  f i r s t  t o  be de l ive red  
from t h e  tank ard  s p e c i a l  ope ra t ing  s t r a t e g i e s  a r e  requi red  t o  d e a l  wi th  it. 

THERMOCLINE THERMAL STORAGE 

The f i r s t  thermal  s to rage  subsystem i n s t a l l e d  i n  t h e  MSSTF was t h e  the r -  
mocline subsystem shown i n  Figure 2. This  system was used to eva lua t e  t he  
s to rage  of  thermal  energy i n  water a t  temperatures  up t o  232°C (450°F),  or  i n  
Therminol 66@ a t  temperatures  up t o  320°C (608°F). The volume of the  tank 
between t h e  d i f f u s e r s  is 5 m3 (1 563 g a l l o n s ) .  The t h e o r e t i c a l  energy 
s to rage  capac i ty  is 292 kWh ( l o 6  k J )  f o r  Therminol 66@ between the  tempera- 
t u r e s  243' t o  311°C (470" t o  592OF). The subsystem is composed of f i v e  
elements:  



1. A low-carbon-steel p r e s su re  ves se l ,  f a b r i c a t e d  to ASME Pressure  
V e s s e l  Codes, w i t h  2.5-cm (1-inch) t h i ck  w a l l s ,  

2. Vacuum f o i l  i n s u l a t i o n  around the  v e r t i c a l  w a l l s  o f  t h e  tank,  
3. D i f f u s e r s  a t  t h e  t o p  and bottom o f  t h e  tank to minimize flow d i s t u r -  

bances when f l u i d  is pumped i n  or  drawn o u t  o f  t h e  tank,  
4. Two "T" va lves  to a l l aw  i n j e c t i o n  of  f l u i d  a t  310°C (590°F) i n t o  t h e  

t o p  o f  t h e  tank whi le  s imultaneously withdrawing f l u i d  a t  243OC 
(470°F) from t h e  bottom o f  t h e  tank , and v i c e  ve r sa ,  and 

5. A temperature probe to, measure t h e  v e r t i c a l  temperature  p r o f i l e  o f  
t h e  f l u i d  w i t h i n  t h e  tank.  

The major d i sadvantages  i n  t h i s  thermocline s t o r a g e  subsystem a r e  
1) t h e  thermocl ine reg ion  i n i t i a l l y  occupies  20% of  f l u i d  volume, 2)  t h e  
thermocline e n l a r g e s  with t i m e ,  3) energy i n  t h e  thermocl ine reg ion  is 
u s u a l l y  no t  usab le  because o f  l o w  q u a l i t y ,  4) thermal  energy losses a r e  i n  
excess  o f  de s ign  c a l c u l a t i o n s .  The advantages a r e  1) c o n t r o l  is s i m p l i f i e d ,  
2) withdrawing ho t  f l u i d  from t h e  t o p  of  t h e  v e s s e l  g i v e s  h igh  assurance  t h a t  
it w i l l  be a t  t he  proper temperature ,  3) t h e  subsytem is adaptab le  to mult i -  
medium s to rage ,  and 4) t h e  subsystem is 20% less expensive than  a m u l t i p l e  
tank system o f  the  same thermal  s t o r a g e  capac i ty .  Because o f  t he se  
advantages,  Sandia is concen t r a t i ng  f u t u r e  e v a l u a t i o n  e f f o r t  on t h e  
thermocline concept.  

Other thermocl ine subsystems a r e  being eva lua ted  by Sandia. The sub- 
systems i n s t a l l e d  a t  t h e  Wi l l a rd ,  NM, and Coolidge, AZ,  I r r i g a t i o n  P r o j e c t s  
a r e  p a r t  of  l a r g e  s o l a r  systems and a r e  no t  instrumented fo r  thorough evalu- 
a t i o n  of  t h e  thermal  s to rage  subsystem. Never the less ,  some u s e f u l  informa- 
t im  is being obtained.  

FUTURE ACTIVITIES 

The problems def ined  i n  t h e  two e x i s t i n g  thermal  s t o r a g e  subsystems a t  
t he  MSSTF cannot be solved using t h e s e  f a c i l i t i e s ,  e i t h e r  because instrumen- 
t a t i o n  is lack ing  o r  because o f  t h e  d i f f i c u l t y  of  modifying e x i s t i n g  hard- 
ware. The thermal  s t o r a g e  subsystems a t  Wil lard and Coolidge a r e  instrumented 
f o r  a n a l y s i s  o f  g r o s s  o p e r a t i o n a l  e f f e c t s  and not  f o r  t h e  s tudy o f  macroscopic 
even t s  which occur i n  a thermocl ine s t o r a g e  f a c i l i t y .  For t h e s e  reasons  a 
new thermocl ine tank was designed. 

A new thermocline tank is p r e s e n t l y  being i n s t a l l e d  i n  p l a c e  of  t h e  o l d  
one a t  t h e  MSSTF (see F igu re  3 ) .  The o b j e c t i v e  is to produce u s e f u l  d e s i g n  
information f o r  t he  i n s t a l l a t i o n  and e f f i c i e n t  ope ra t i on  o f  thermocl ine stor- 
age subsystems f o r  use w i th  l ine- focus ing  s o l a r  collectors used i n  t o t a l  
energy and i n d u s t r i a l  process hea t  app l i ca t i ons .  It w i l l  be opera ted  a s  a 
single-media, d i r e c t  s t o r a g e  thermocl ine tank.  The c a p a c i t y  w i l l  be 4.5 m3 
(1 179 g a l l o n s ) .  The tank is made o f  4.76-mm (3/16-inch) l o w  carbon steel 



with  s t a i n l e s s  steel l e g s  to minimize conduction. Mul t ip l e  p o r t s  a t  t h e  t o p  
and bottom g i v e  access  f o r  plumbing and ins t rumenta t ion .  The e n t i r e  t o p  can  
be removed i f  requi red  for i n t e r n a l  modi f ica t ions  o r  changes i n  instrumen- 
t a t i o n .  A 45-cm (18-inch) diameter  hatch p rov ides  personnel  access .  The 
i n s t a l l a t i o n  of  s t a i n l e s s  steel l e g s  and o f  t he  t h i n n e s t  w a l l s  p o s s i b l e  is a 
r e s u l t  o f  p a s t  exper ience  . 

Various d i f f u s e r  des igns  can be i n s t a l l e d  f o r  eva lua t ion .  The tank is 
instrumented wi th  350 temperature s enso r s .  Two v e r t i c a l  thermocouple probes 
w i l l  be  i n s t a l l e d  i n s i d e  the  tank to measure t h e  temperature a t  5-cm (2-inch) 
i n t e r v a l s .  Also, thermocouples w i l l  be a t t ached  to both t h e  i n s i d e  and out -  
s i d e  wa l l s  of  the  tank ,  and t h e r e  w i l l  b e  thermocouples between each l aye r  of  
i n s u l a t i o n .  A displacement-type gage w i l l  measure f l u i d  l e v e l .  Four t u r b i n e  
flowmeters w i l l  measure r a t e  of  flow of  hot  and co ld  f l u i d  i n t o  and o u t  of  
t h e  tank. The d a t a  from t h e  s e n s o r s  a r e  acqui red  and s t o r e d  by a minicom- 
pu te r .  Plumbing connect ions al low hot  f l u i d  t o  be rece ived  from e i t h e r  t he  
s o l a r  c o l l e c t o r s  o r  from t h e  Mul t ip l e  Tank Thermal s t o r a g e  subsystem. The 
tank l e g s  w i l l  r e s t  on a 5-cm (2-inch) pad of  load-bearing i n s u l a t i o n .  The 
tank w i l l  be i n su la t ed  wi th  38 c m  (15 inches)  o f  f i b e r g l a s s .  

Subscale  models of  d i f f u s e r  des igns  w i l l  be t e s t e d  i n  t he  l a b o r a t o r y  and 
then f ab r i ca t ed  f u l l  s c a l e  f o r  t e s t i n g  i n  t h e  system. The f i r s t  des ign  has  
been completed and the  d i f f u s e r  f abr  i ca t ed  . 

Subscale tests a r e  a l s o  being conducted to i n v e s t i g a t e  t h e  s t a b i l i t y  o f  
thermoclines.  Fu l l - s ca l e  t e s t i n g  of  t he  new tank w i l l  begin e a r l y  i n  1980. 
Tes t ing  w i l l  i nc lude  1) hea t  loss measurements under s t eady- s t a t e  flow condi- 
t i o n s  a t  temperatures  of  200°, 260°, and 315°C (400°, 500°, 600°F); 2)  s t a t i c  
hea t  l o s s  tests with i n i t i a l  temperature a t  t h e s e  same l e v e l s ;  and 3 )  tests 
of  thermocline s t a b i l i t y  and du ra t ion  under s t a t i c  cond i t i ons ,  a t  va r ious  
charge and d ischarge  r a t e s ,  and a t  var ious  temperatures .  A l l  t h e s e  tests 
w i l l  be  done both wi th  the  tank completely f i l l e d  using an a u x i l i a r y  tank t o  
accomodate expansion, and then  with u l l a g e  space i n  t h e  tank. 

The d i f f e r e n c e  i n  performance between l abo ra to ry  s c a l e  models and re -  
s u l t i n g  components of  t h e  new thermocline tank w i l l  p rovide  a measure o f  
s c a l i n g  e f f e c t s .  

One c u t p u t  o f  t h e  eva lua t ion  w i l l  be a des ign  handbook f o r  t h e  i n s t a l -  
l a t i o n  and e f f i c i e n t  ope ra t ion  o f  s t o r a g e  concepts  f o r  i n d u s t r i a l  p roces s  
h e a t  and o the r  s o l a r  app l i ca t ions .  

REFERENCE 

1. Sarr i son ,  T. D., - e t  a l .  : Solar  Energy Tes t  F a c i l i t y  Resu l t s ,  High 
Temperature Thermocline Storage Subsystem. SAND77-1528. Sandia 
~ a b o r a t o r  ies, Albuquerque, NM, A p r i l  1978. 



Figure 1. The Multitank Thermal Storage Subsystem 
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THERMAL ENERGY STORAGE EFFORT AT JPL 

Donald L .  Young 
Jet Propuls ion Laboratory 

OUTLINE O F  THE PRESENTATION 

J PL INTEREST I N  THERMAL ENERGY STORAGE 

IMMEDIATE APPLICATIONS 

METHODOLOGY FOR J PL EFFORT 

TASKS FOR JPL SUPPORT TO SLL 

J P L  IN-HOUSE WORK 

PLANNED PROCUREMENTS 

SCHEDULE 

JPL PARABOLIC DISH PROGRAM 

OBJECTIVES 

TO ESTABLISH TECHNICAL, OPERATIONAL & ECONOMIC READINESS 
OF PARABOLIC D I S H  SYSTEMS FOR ELECTRIC AND THERMAL 
APPLICATIONS 

TO DEVELOP PARABOLIC D l  S H  SYSTEMS TO THE POINT AT WHICH 
SUBSEQUENT COMMERCIALIZATION ACTIV IT IES  CAN LEAD TO 
SUCCESSFUL MARKET PENt3RATION 



JPL INTEREST IN THERMAL ENERGY S T O R A G E  

PROVIDE TECHNICAL SUPPORT TO THE THERMAL ENERGY STORAGE FOR SOLAR 
THERMAL APPLICATIONS CTESSTA) PROGRAM 

IDENTIFY CONCEPTS, ASSESS THEIR FEASIBILITY, AND DEVELOP ENGINEERING 
DESIGNS OF PARABOLIC D I S H  LATENT THERMAL ENERGY STORAGE ELEMENTS 

PLAN AND CONDUCT SUBSYSTEM RESEARCH EXPERIMENTS AT PARABOL!C 
D l S H  TEST S ITE (PDTS, EDWARD) TO DEMONSTRATE THE READ INESS OF THE 
LATENT HEAT ENERGY STORAGE 

I D E M I F Y  CONCEPTS AND ASSESS THEIR FEASIBILITY FOR ADVANCED, H I G H  
TEMPERATURE (1500-28000F) THERMAL STORAGE 

CURRENT APPLICATIONS 

SMALL COMMUNITY SOLAR 
THERMAL POWER EXPERIMENT 
(EE- 1) 

l SOLATED LOAD EXPER IMENTS 
SERIES (EE-2 ETC) 

THERMAL APPLICATIONS 
EXPERIMENTS SERIES (EE-3) 

ADVANCED D l S H  STIRLING 

ENERGY STORAGE REQUIRED TO BUFFER 
THE ENERGY CONVERSION SYSTEM FROM 
HARMFUL TRANS IENTS & PROVIDE 
BETTER SYSTEM CONTROL 



CURRENT APPLICATIONS 

SYSTEM ECSlS IZE  STORAGETEMPRANGE APPLICATIONITIMEPERIOi)  

EE-1 RANK I NE115 KWe 800-1300'~ GR l D CONNECTED, SMALL 
COMMUN ITY11981 

EE-2 BRAYTON115 KWe 1200-1700'~ I SOLATED11981 

EE-3 THERMAL LOADS TB D I SOLATED11982 

ST I RL I NG ST I RL INGl20 KWe 1500--1600~~ ENGINEERING 
EXPERIMENTS 1981 
SYSTEM TESTS 1984 

B R I E F  D E S C R I P T I O N  O F  P L A N T  

1 MW PLANT USING NEAR TERM TECHNOLOGY 

APPROXIMATELY 10 ACRE SITE WITH 65 PARABOLIC CONCENTRATORS, EACH 11 METERS I N  

DIAMETER AND EACH HAVING ITS OWN: 

RECEIVER 

ENGINE 

GENERATOR 

THE ELECTRICAL OUTPUT OF THE INDIVIDUAL GENERATORS I S  COMBINED AND CONNECTED 
TO A SMALL COMMUNITY DISTRIBUTION SYSTEM 



STEAM-RANKINE SOLAR RECEIVER 



PLATE F I N  BRAYTON SOLAR 
RECEIVER 

FUTURE APPLICATIONS 

ADVANCED BRAMON ENGINE 

(2300-2700°F) 

FUELS AND CHEMICAL APPLICATIONS 

INDUSTRIAL PROCESS HEAT APPLICAT 

COMBINED CYCLE (BRAMONIRANKINE) 

ENG INES (1000-2700'~) 

IONS 





PRESSURIZED MATRIX , . 

HIGH TEMPERATURE -SOLAR THERMAL RECEIVER 

CERARIRM* 
FORMED 
lNSUUTYlN 

CARBON STEEL 
HOUSING 

CPC TERMINAL 
CONCENTRATOR 

ADVANCED GAS TURBINE POWERTRAIN 



METHODOLOGY FOR THE JPL EFFORT 

rtH31CIILII T 

APPLICATIONS 
'""ERIMENT (SRE) 

TASKS FOR JPL SUPPORT TO SLL 

TASK NO. 1: PRELIMINARY DESIGNS 

SYSTEM APPLICATION 
REQU I REMENTS 

TASK NO. 2: SMALL SCALE 
EXPERIMENTS 

CA ND l DATE MATERIACSX- 
CONTA INMENT t- 1' 

LATENT HEAT BUFFER AND HEAT TRANSFER I ENERGY STORAGE CONCEPTS CHARACTER ISTICS 

PERFORMANCE AND COST DEGRADATION, DECOMPOSITION, 
ESTIMATES CORROSION & PERFORMANCE 

I SOLIDIFICATION CONTROL 

TASK NO. 3: SUBSYSTEM RESEARCH 
EXPERIMENT DESIGN 

TEST OBJECTIVES 
& MONITORING 

TEST PROCEDURES 
COORDINATE J P L  INHOUSE 
EFFORT WITH CONTRACTED TEST EVA LUAT l ON 

I EFFORT I I 
( REPORTS I s 



JPL I N - H O U S E  E F F O R T  

PURPOSE: TO DEVELOP THE NECESSARY BACKGROUND, DATA BASE, AND 
CAPAB IL lTY  TO WRITE AND MANAGE INDUSTRIAL CONTRACTS 
FOR THE DEVELOPMENT OF THERMAL ENERGY STORAGE FOR 
D I SH-APPLICATIONS. 

PLANNED EFFORT IN: 

APPLICATION REQUIREMENTS 

CONCEPTS SELECTION OF -50  KWHT TES USING PCM FOR 

800-24.00'~ TEMPERATURE RANGE 

NOVEL IDEAS OF HEAT TRANSFER AT  HIGH TEMPERATURES 

STORAGE MEDIA SCREENING & SELECTION 

CONTAINMENT MATERIALS, CORROSION, AND STABILITY 
OF PCM 

DEVELOPMENT OF COMPUTER CODES FOR THE TRANSIENT 
ANALYSES OF LATENT HEAT STORAGE SYSTEMS 

DEFINE AND PLAN SUBSYSTEM RESEARCH EXPERIMENTS 

A L I S T  O F  P R E L I M I N A R Y  T H E R M A L  E N E R G Y  
S T O R A G E  C O M P O N E N T S  

1. PHASE CHANGE MATER IALS 

NaF (-1810'~) 

NaF + MgF2 (-1526'~) 

NaF + KF + MgF2 (-1265'~) 

%C03 + Li2C03 + LiOH (-800'~) 

2. HEAT EXCHANGER CONCEPTS 

FLEXING SURFACES 
HEAT P IPES 
FLU I D  IZED BEDS 
TUBE & SHELL WITH SCRAPING 

3. CONTA l NMENT 

RECEIVER INTEGRATED . 
ENGINE INTEGRATED 
SEPARATE TANK 



PLANNED PROCUREMENTS 

1. DEF I N  IT1 ON OF REQUIREMENTS FOR D I S H  MOUNTED LATENT HEAT BUFFER 
ENERGY STORAGE FOR THE FOLLOYV ING ENERGY CONVERSION SYSTEMS: 

- RANKINE 
- BRAYTON 
- STIRLING 

2. NOVEL CONCEPTS OF LATENT HEAT STORAGE OF SMALL SIZES 

3. MEASUREMENT OF THERMAL PROPERTIES OF SELECTED PHASE CHANGE 
MATERIALS 

4. DEGRADATION AND DECOMPOS IT ION OF THE SELECTED PHASE CHANGE 
MATER IALS FOR CYCLIC THERMAL LOAD ING 

5. SOL1DIFICATION CONTROL OF THE SELECTED PHASE CHANGE MATERIALS 

6. CORROSION CONTROL OF THE SELECTED HIGH TEMPERATURE PHASE 
CHANGE MATERIALS 

7. SUBSYSTEM RESEARCH EXPERIMENT DES IGNS 

SCHEDULE 
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INTERNALLY INSULATED THERMAL 
STORAGE SYSTEM DEVELOPMENT PROGRAM* 

Owen L. Scott 
Martin Marietta Corporation 

INTRODUCTION 

The purpose of the program is to define a cost effective thermal storage 
system for a solar central receiver power system using molten salt stored in 
internally iusulated carbon steel tanks. The program is divided into four 
tasks: testing of internal insulation materials in molten salt; preliminary 
design of storage tanks, including insulation and liner installation; optimiza- 
tion of the storage configuration; and definition of a subsystem research ex- 
periment to demonstrate the system. 

The purpose of the materials tests was to determine which materials could 
be used in contact with the molten salt as an insulating material. The materi- 
al long-life compatibility with the molten salt had to be determined, and the 
thermal properties of the salt-saturated material needed to be known. The 
approach of the materials tests was to place fifteen or more representative 
samples into test for 500 hours and select the five best candidate materials. 
These selected materials would then be tested for 5000 hours and evaluated at 
several points throughout the test. The effect of thermal cycling on the salt- 
saturated material also needed to be evaluated. 

The analytical evaluation leads up to a cost optimization for various 
storage systems. The design and costing of tank insulation and foundation was 
necessary. The three types of thermal storage systems evaluated were thermo- 
cline, dual tank, and cascade (see Figures 1 to 3). A thermocline tank system 
stores both the hot and cold fluid in the same tank and depends on the fluid 
density difference to prevent fluid mixing. An analytical computer model was 
developed to analyze the thermocline tank. The dual tank system stores the hot 
fluid and cold fluid in separate tanks. As the hot fluid is used and cooled, 
it is stored in the cold tanks, so half of the tankage is always empty. The 
cascade system allows a tank to be used either as a cold tank or a hot tank. 
It is possible with this system to reduce the number of empty tanks as compared 
to the dual tank system. 

The safety study is a separate 'document which addresses the safety 
considerations of using molten draw salt along with utility company 
evaluation. 

The design of a small scale test program for demonstrating molten salt 
thermal storage is presented along with estimated program cost. The system is 
of sufficient size that representative insulation thic-knesses can be used. The 

*S.andia Laboratories, Livermore Contract 83-3638 to Martin Marietta Corporation, 
T. R. Tracey, Program Manager. 



object of the test is to satisfactorily answer.questions about a molten salt 
storage and system operation such that confidence to build a full-scale system 
is achieved. 

SUMMARY 

'The material comp;ltibi.lity tests showed that none of the materials tested 
would be acceptable as internal tank insulation when in contact with the molten 
salt. Since a wide range of materials were tested, it is unlikely that any in- 
sulation material wil.1 be compatible with molten salt. Since the use of inter- 
nal insulation is extremely advantageous in reducing tank shell cost, a metal 
l incr j s rc~c:onlrnc~ldcd to proLec:t tllc Ir~terri;~l i11strl;it ion from tile molten salt. 
1 L is illso c.ost: cffcc.tive to use a meti11 liner I~ecausc the low thermal conduc- 
tivity of dry insulatiorl is much less than the conductivity of insulation wet 
with salt. A commercial stainless steel liner that is orthogonally fclded to 
allow for expansion can be used for this application. Only minor liner devel- 
opment is considered necessary. These liners have seen many years of comrner- 
c:inl, service wit11 exceptional reliability. 

The most economical tanks are large, cylindrical, carbon steel ones with 
externally supported umbrella roofs. Tank wall thickness in this study was 
limited to 0.041 m (1.63 in.) to eliminate the need for post-weld heat treat- 
ment. Tanks storing hot salt (839 K (1050°F)) are internally and externally 
insulated to maintain a shell temperature of 588 K (600°F). The internal insu- 
lation separated from the salt by a metal liner is a lightweight refractory 
brick for the floor and walls and a fiberous insulation for the ceiling. The 
external insulation is a fiberous insulation for the walls and a load-bearing 
mineral block for the roof; both are covered with lagging for weather protec- 
tion. The internal and external insulation is balanced to maintain the tank 
shell at a uniform temperature of 589 K (600°F). The cold tank (561 K (550°F)) 
requires external insulation only. 

The tank foundation design is a water-cooled concrete slab that prevents 
the soil from reaching the boiling point of water, and also eliminates the 
necessity for a stainless steel tank bottom. Placing the tank directly on the 
ground (whether insulated or not) is not recommended, as very little is known 
of soil properties at elevated temperatures and boiling water trapped in the 
soil can produce unpredictable results. 

A thermal analytical model and analysis of a thermocline tank was performed. 
Data from a present thermocline test tank was compared to gain confidence in 
the analytical approach. The thickness of the temperature-degraded fluid be- 
tween the hot and cold temperatures (the thermocline) was determined for salt 
tanks. Small tanks, large heat losses, and large heat capacity of the wall in- 
sulation will all increase the thickness of the thermocline. Limiting the 
thermocline thickness is best achieved by outflowing some of the thermocline 
fluid at both the low and high temperature ends. 

A computer analysis of the various storage system parameters (insulation 
thickness, number of tanks, tank geometry, etc.) showed that 1) the most cost- 
effective configuration was a small number of large cylindrical tanks, and 



2) the optimum is set by the mechanical constraints of the system, such as soil 
bearing strength and tank hoop stress, not by the economics. Figure 4 shows a 
cost comparison of the three different storage concepts studied. Capital cost 
refers to tlie cost of the system components, effective cost is capital cost 
plus the co:;t of the extra heliostats, etc., necessary to compensate for the 
system's enc!rgy losses. 

The cost of tlie tankage system with internal insulation is less than one 
Iia1.f the cnost of comparable salt storage system without internal insulation. 
Using a cascade system instead of a dual tank system introduces the technical 
problem of thermal cycling of the internal insulation, but reduces the cost 
very little. It is important to note that this cost-of-storage (:omparison is 
limited to storage systemlcentral receiver combinations that have been proposed. 

The design suggested for the tank development program is a dual tank sys- 
tem with tank sizes of 4.6  m (15 ft) by 4.6  m (15 ft) high. The system includes 
an air cooler and a fossil fuel heater necessary to vary the salt temperature. 
Included in the tank development program is liner verification. 



1 SALT PUMP 

HOT SALT Pump 

0 HEAT EXCHANGERS 

Figure  1. Thermocline Storage System Schematic 

COLD SALT 
TO RECEIVERS 

HOT SALT TO 

Figure 2 Dual Tank Storage System Schematic 

HOT SALT Pump 

COLD SALT TO 
RECEIVERS OR 

Figure  3 Cascade Storage System Schematic 



1821 MUHT 8211 MUHT 15,600 MWHT 
(2.5 ti) (11.2 H) (20.9 H )  

STOFAGE CAPAC l TY 

F igure 4 Ef fect ive  Storage System Cost Vs Storage S i z e  (300 MWe Plant )  



CONTRACT FOR: SAND I A IABORATOR I ES 
LIVERMORE, CALIFORNIA 

CONTRACT NO. : 83-3638 

PERIOD OF PERFORMNCE : MARCH 1979  - DECEMBER 1979  

FUNDING LEVEL: $216,500 

LEVEL OF COMPLETION: 95% 

PURPOSE OF CONTRACT 

DETERMINE COST OPTIMUM OF STORAGE SYSTEM USING MOLTEN SALT FOR SOLAR 
SYSTEMS 

o TYPE, NUMBER, S IZE OF TANK 
o INSULATIONS 

o FOUNDATION 

o MATERIAL 

DETERMINE COMPATIBILITY OF INSULATION FlATERIAL WITH MOLTEN SALT 

ANALYZE THERMOCLINE TANKS BY DEVELOPING A COMPUTER MODEL 

EVALUATE SAFETY ASPECT OF SALT 



TESTED MATERIALS 

TESTED MATERIALS (CONCLUDED) 

WNUFACTURER 
AND 
MTERIAL 

Br i ck  

Maximul KR 

Lo Erode KR 

H i  St rength KR 

K r i l i t e  30 KR 

K r i l i t e  60 KR 

K-30 BbW 

F i r e b r i c k 8 0 - D  BbU 

V i s i l  HW 

Krimax CS-124 KR 

Semaci d SE 

Castable 

IRC 24LI KR 

Core1 i n e  KR 

F i r e l i t e  2100 KM 

F i rec re te  2800 JM 

KAO TAB 95 B&W 

Manufacturer 

KR - Kaiser  Re f rac to r ies  
BLW - Babcock 6 Wilcox 
HW - Harbison-Walker Re f rac to r ies  
SE - Stebbins Engineering 
JM - Johns-Manvi l le 
PC - P i t t sbu rgh  Corning 
CC - Carborundum Co. 

MANUFACTURER 
AND 
MATERIAL 

Foamgl ass 

Foamsil-12 PC 

Fibreous Board 

Ouraboard CC 

2 + = Trace 

Inc ludes a small  amount o f  Ti0, 

rr- 

DENSITY 

l b / f t 3  

142-146 

135-143 

126-133 

30 

60 

51 

151 

116-120 

150-154 

137 

56-58 

176 

65 

123 

166 

gm/cm3 

2.27-2.34 

2.16-2.29 

2.02-2.13 

.48 

.96 

.82 

2.42 

1.86-1.92 

2.40-2.47 

2.2 

.90-.93 

2.82 

1.04 

1.97 

2.66 

Other 

KR 1194.5 1 3 - 1 2  
-~ - 

DENSITY 

PRODUCTS 

1.07 

0.91 

3.68 

1.6 

1.6 

0.9 

1.4 

0.3 

1.6 

2.74 

1.65 

0.4 

4.8 

4.0 

0.1 

I N  

- - 

1.11 

1.29 

1.06 

1.4 

1.4 

1.4 

1.7 

0.02 

1.9 

1.30 

0.2 

1.5 

2.0 
+2 

COnPOSITION 

. . 

COMPOSITION PROOUCTS IN PERCENT 

l b / f t 3  

25 

28-30 

42.76 

57.94 

43.64 

55.5 

55.5 

46.0 

45.0 

0.5 

46.2 

36.303 

40.55 

87.1 

38.4 

50.3 

95.0 

Ae203 

4.0 

43.5 

0.2 

gm/cm3 

.40 

.45-.48 

PERCENT 

0.47 

6.67 

11.11 

2.2 

2.2 

0.5 

0.1 

0.02 

0.06 

0.82 

16.39 

0.1 

22.4 

4.0 

4.6 

53.15 

32.06 

38.31 

38.2 

38.2 

52.0 

52.0 

98.9 

49.7 

57.88 

36.15 

6.2 

31.2 

39.3 

0.1 

Si02 

88.0 

45.6 

0.6 

3 
0.57 

0.22 

0.41 

0.2 

0.2 

0.1 
+ 

0.1 

0.17 

0.54 

0.37 

0.2 

0.5 

+ 

0.2 

ALKALIES 
Na20;B203 

0.87 

0.59 

1.39 

1.2 

1.2 

0.4 

0.3 

0.2 

0.23 

1.38 

1.93 

6.24 

0.2 

0.1 

Fe203 

0.9 

CaO 

1.4 

1.9 

TiO, 

OTHERS 

' 

0.4 

97.1 

IGNITION 
LOSS 

.38 

1.63 

0.8 

MgO 

ALKALIES 
Na20;B203 
K,O 

8.g1 

0.3 

OTHERS 

0.1 

IGNITION 
LOSS 



PRESEREEN ING 

TIME - 500 HOURS 

TEMPERATURE = 593 C ( 1 1 0 0 ~ ~ )  

LONGEVITY 

TIME = 506, 1000, 3000, 5000 HOURS 

TEMPERATURE = 566 C ( 1 0 5 0 ~ F )  

SUMMARY MATERIAL COMPATIBILITY RESULTS 

SEM SHOWS ALTERATION OF STRUCTURE AND NEW COMPOUNDS BEING FORMED, 

W R  PETROGRAPHIC ANALYSIS AND X-RAY DEFRACTION SHOWS MATERIAL BEING 
AllhCKED AT VARIOUS RATES BUT ALL BEING ATTACKED, 

SALT EVALUATION SHOWS ALURINUM AND SILICON BEING LEACHED FRO! ALL 
PRODUCTS, 

W R  ACKNOWLEDGES NEW COMPOUND WILL FREEZE ABOVE 288 C ( 5 5 0 ~ ~ 1 ,  

CONCLUSION: I T  I S  UNLIKELY THAT PRODUCT WILL SURVIVE A MOLTEN 
SALT ENVIRONMENT FOR 3 0  YEARS, 



THERMOCLINE THICKNESS vs RATIO AND B I T E  

17 K (30'F) B I T E  e 
3 3  K (60'F) B I T E  

THERMOCLINE SUMMARY 

A THERMAL ANALYTICAL MODEL WAS DEVELOPED WHICH SIMULATES A THERMOCLINE 
TANK 

COMPARISON MADE WITH A FRENCH O I L  TANK TEST SHOWED GOOD AGREEMENT 

THE THERMOCLINE THICKNESS I S  SENSITIVE TO: 
- THERMOCLINE TEMPERATURE B I T E  
- TANK S I Z E  

- HEAT CAPACITY OF WALL 

THE EFFECT OF BULK FLUID CIRCULATION ON THERMOCLINE THICKNESS I S  MUCH 
LESS THAN THE EFFECTS OF B I T E  AND WALL HEAT CAPACITY 

THERMOCLINE THICKNESS FOR THE OPTIMUM SYSTEM STUDY WAS 2 . 6 2  M ( 8 , 6  FT) 

BASED ON A 1 6 , 6  K (30.F) TEMPERATURE B I T E  



TANK BEARING ON HOT SOIL 

EXTENSIVE TELEPHONE SURVEY OF COMPANIES, FEDERAL BUREAUS AND COLLEGE 
PROFESSORS SHOW THIS I S  A NEW TECHNICAL AREA 

r SOIL PROPERTIES REQUIRED AT TEMPERATURE 

BEARING CREEP 
THERMAL EXPANS I ON COHESION 
DEFORMAT1 ON SHEAR 

r GROUND WATER 
SOURCE - DIRECT SOIL PERCULATION 

- UPSTREAM STORMS THROUGH PEBVIOUS SOIL LAYER 
RESULT - LIFTING OF SOIL OVERBURDEN AND TANK WHEN STEAM I N  SOIL 

PORES EXCEED LITHOSTATI C SO I L LOAD 

r PRESENT PRACTICES 

PHTHALIC ANHYDRIDE TANKS, 422 K (300°F) ON GROUND - INSULATING CONCRETE 
ASPHALT TANKS, 5 6 1  K (550.F) - COOLED FROM GROUND 
FURNACES - PLACED ABOVE GROUND 

MOLTEN SALT STORAGE TANK - CYLINDRICAL 

DESIGN: ATnOSPHERIC 

SHELL DESIGN TEMPERATURE: 6 0 0 ' ~  

MATERIAL: S A - 5 1 6 ,  GR. 7 0  

CORROSION ALLOWANCE: . 0 0 3 m  ( .  125 i n .  

CODE: A P I - 6 5 0  CONSTRUCTION, NO STAHP. 

HAX. S P E C I F I C  GRAVITY (COLD) 1 . 9 0 7  

EARTHQUAKE: ZONE 3 

SPOT X-RAY 

STRESS R E L I E V I N G :  NOT REQUIRED 
I 
I 

i UMBRELLA ROOF W I T H  
ROOF M 4 W A Y  1 EXTERNAL SUPPORTS 

.- . 

' - -- D I A .  

i 

- 

MAX. THICK OF 

i 
A BOTTOM SHELL 

COURSE . 0 4 m  ( 1 . 6 2 4  i n . )  



CYLINDRICAL TANK COST vs SIZE 

Tank Volme,  fl  
50 100 150 200 250 3 W  L,  

-3 .6  

.3.4 

- 3 . 2  

- 3 . 0  
c., 
Y 

-2.8 $ 

- 2.6 2 
Y 

-2 .4  2 
C 

-2 .2  

- 2 . 0  

' 1 .8  

0 2 4 6  8 10 12 14 16 
Tank Volune. m2 x 

THERMOCLINE STORAGE SYSTEM 

D R A I N  TANK 

COLD SALT TO 
RECEIVERS OR 
FROM HEAT 

HOT SALT PUMP 

HOT SALT PUMP 



DUAL TANK STORAGE SYSTEM 

COLD TANK 

COLD TANK 

COU) SALT 
TO RECEIVERS 

HOT TANK 

HOT SALT PUMP 

HOT SALT TO 

CASCADE STORAGE SYSTEM 

COLD SALT TO 
RECEIVERS OR 

HOT SALT PUMP 

HOT SALT TO 



GOALS OF PROGRAM 
0 FIND THE CAPITAL AND EFFECTIVE' COSTS OF MOLTEN SALT STORAGE 

SYSTEMS DEFINED BY THE USER 
0 FIND THE SENSITIVITIES OF THESE COSTS TO VARIOUS SYSTEM PARAMETERS 

DETERMINE THE OPTIMUM STORAGE SYSTEM CONFIGURATION 

APPROACH 
CALCULATE THE SUBSYSTEM AND SYSTEM COSTS FOR EACH USER-DEFINED 
CONFIGURATION, VARYING SUCH THINGS AS INSULATION THICKNESS, H/D 
RATIO, AND NUMBER OF TANKS, 
PRINT OUT ALL COMBINATIONS, ALLOWING USER TO SEE SENSITIVITY TO A 
GIVEN PARAMETER, AND TO CHOOSE THE OPTIMUM CONFIGURATION 

' 
EFFECTIVE COST TAKES INTO ACCOUNT THE COST OF 
EXTRA HELIOSTATS, ETCnr NEEDED TO COMPENSATE 
FOR THE STORAGE SYSTEM HEAT LOSS, 

HOT TANK OPTIMIZATION (8200 MWHT STORAGE) 

- - - -  34.5 KPA (5000 PSF)  SOIL BEARING LOAD LIMIT 

-- 68.9 KPA r ! ~ , ~ O O  PSF) S O I L  BEARING LOAD L I M I T  - 
rdxlnun TANK HOOP S T R E S S  EXCEEDED 



EFFECTIVE SOLAR STORAGE SYSTEM COST vs STORAGE SIZE (300 MWE PLA:tT) 

1821 MHHT 8211 MWHT 15,600 MWHT 
(2,s H) (11.2 H) (20.9 H) 

:TOCAGE CAPACITY 

EFFECTIVE COST OF SOLAR STORAGE vs STORAGE SIZE 

1821 HWHT 8211 MUHT 15,600 MWHT 
(2.5 H) (11,2 H) (20,9 H) 

STORAGE CAPACITY 



CONCLUSIONS AND RECOMMENDATIONS 

THE OPTIMUM TANK CONFIGURATION FOR EACH SYSTEM I S  THE SMALLEST NUMBER 
OF LARGE TANKS POSSIBLE WITHIN THE MECHANICAL CONSTRAINTS (SOIL  BEARING 
LOAD, TANK HOOP STRESS) 

0 FOR SMALL STORAGE SYSTEMS WHERE A L L  THE SALT CAN BE STORED I N  ONE TANK 
(~3000 MWHT), THE DUAL TANK SYSTEFl I S  THE MOST ECONOMICAL SYSTEM, 

0 FOR INTERMEDIATE STORAGE SYSTEMS (=10,000 MWHT), THE DUAL TANK SYSTEM 
I S  RECOMMENDED AS THE COST ADVANTAGES OF THE THERMOCLINE AND CASCADE 
SYSTEMS DO NOT WARRANT THE ADDED TECHNICAL R ISK,  

0 FOR LARGE STORAGE SYSTEMS (>15,000 MWHT), THE COST ADVANTAGE OF THE 
CASCADE SYSTEM I S  ATTRACTIVE ENOUGH TO ENCOURAGE A SOLUTION TO THE 
THERMAL CYCLING PROBLEM, I N  LIGHT OF THE CURRENT INFORMATION, THOUGH, 
A DUAL TANK SYSTEM I S  S T I L L  RECOMMENDED. 

SVSTEM SCHEMATI C 

Hot Tank Cold Tank 

Carbon Stee l  She l l  
E x t e r i o r  I n s u l a t i o n  

Carbon Stee l  She l l  
a39 K ( 1 0 5 0 ~ ~ )  l n t e r n a l  I n s u l a t i o n  

Externa l  I n s u l a t i o n  

E l e c t r i c a l  
Heater 

- 

/I 

E l e c t r i c a l  
Heater  

- 
Lines  
0.04 m (14) Sch 40  P i p e  Foss i l  Fuel F l o m e t e r  
Fiberous I n s u l a t e d  t leater 
E l e c t r i c a l  Heat  Traced 





SANDIA LABORATORIES IN-HOUSE ACTIVITIES I N  SUPPORT OF 

SOLAR THERMAL LARGE POWER APPLICATIONS* 

Raymond W. Mar 
Sandia Laboratories ,  Livermore 

SUMMARY 

Research a c t i v i t i e s  have been planned and c a r r i e d  out  i n  d i r e c t  support  
of t h e  development of thermal energy s to rage  subsystems f o r  s o l a r  thermal l a r g e  
power app l i ca t ions .  The emphasis has been on charac te r i z ing  the  behavior of 
molten n i t r a t e  s a l t s  wi th  regard t o  thermal decomposition, environmental i n t e r -  
ac t ions ,  and corrosion.  The r e s u l t s  t o  d a t e  and f u t u r e  a c t i v i t i e s  a r e  
summarized i n  t h i s  paper. 

INTRODUCTION 

Sandia 's  in-house a c t i v i t i e s  a r e  defined wi th  the  o v e r a l l  ob jec t ive  of 
advancing s o l a r  thermal l a r g e  power systems. As  such, many of these  a c t i v i t i e s  
a r e  equal ly  suppor t ive  of STOR and TPS i n t e r e s t ,  and gener ic  in-house re- - 
search  programs have evolved. No attempt i s  made here t o  p a r t i t i o n  the  
in-house a c t i v i t i e s  according t o  funding d iv i s ion ,  s ince  a c l e a r  demarcation 
does not  e x i s t  i n  many cases.  

MOLTEN NITRATE SALT STUDIES 

Molten n i t r a t e  s e n s i b l e  hea t  thermal energy s to rage  systems have emerged 
a s  one of t h e  leading choices of primary heat  t r a n s f e r  and thermal s to rage  
media i n  advanced s o l a r  power systems ( r e f .  1 ) .  The s a l t  composition of 
g r e a t e s t  i n t e r e s t  i s  draw s a l t  (nominally a 50-50 molar mixture of  NaN03 and 
KN03), and most of the  a c t i v i t i e s  t o  da te  have concentrated on t h i s  composition. 
Numerous problems have been i d e n t i f i e d  which requ i re  r e so lu t ion  i n  order  t o  
prove t echn ica l  f e a s i b i l i t y ,  c a r r y  out  d e t a i l e d  designs,  and p r e d i c t  long term 
performance. An in-house.program (supplemented by subcontracted a c t i v i t i e s )  
has been developed t o  s o l v e  these  problems. These a c t i v i t i e s  can be 
conveniently divided i n t o  t h e  fol lowing t echn ica l  a reas :  

-- - 

*Work supported by U. S. Dept. of Energy, DOE, under Contract DE-AC04-76DP00789 
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Thermal Stability 
General Corrosion 
Environmental Corrosion Cracking 
Electrochemical Studies 
Thermal Properties 

Each of these areas are discussed below with regard to (1) the nature of the 
problem, (2) accomplishments to date, and (3) future activities. 

Thermal Stability 

It is recognized that nitrate salts can degrade by numerous processes; 
some examples are given below (unbalanced): 

All of these reactions are thermodynamically favored to some extent. The 
problem is to define the extent and rate at which these reactions occur. 

Many parameters conceivably influence the degradation process, a partial 
list being temperature, surface area, surface to volume ratio, ullage gas 
composition, salt purity and gas flow rate over the salt. A Plackett-Burman 
experimental design (ref. 2) has been run in order to determine the main effect 
variables. Preliminary analyses of the data indicate temperature is by far the 
most important variable; detailed data analyses are currently being carried 
out. In addition to these main effect screening studies, in-depth studies are 
underway using a TGA/EGA (thermogravimetric/evolved gas analysis) apparatus 
capable of simultaneously measuring sample weight changes and analyzing evolved 
gas species in vacuum and controlled pressures up to one atmosphere. Results 
to date show it is incorrect to assume the reduction reaction ([Na,K]N03 + 

[Na,K]N02 + .502) is the only major decomposition process as suggested by 
others (ref. 3). Rather, numerous modes of decomposition appear to be active; 
N2 and NOx are generated as products of decomposition along with 02. 



Future  a c t i v i t i e s  w i l l  be  aimed a t  i s o l a t i n g  t h e  d i f f e r e n t  decomposition 
processes ,  and de termining  t h e i r  i nd iv idua l  r a t e s .  The prime mode of s tudy  
w i l l  be  w i th  t h e  TGA/EGA appara tus .  Severa l  supplementary subcont rac ted  
a c t i v i t i e s  have been defined:  (1) phase diagram de termina t ions  and (2) 
H20/co2 i n t e r a c t i o n  rates and mechanisms. Requests f o r  proposa ls  have been 
prepared and a r e  scheduled f o r  r e l e a s e  i n  e a r l y  FY80. 

General Corrosion 

Molten n i t r a t e s  do n o t  appear  t o  c r e a t e  an  ove r ly  s eve re  gene ra l  corro-  
s i o n  environment. S t a t i c  immersion t e s t s  have i n d i c a t e d  t h a t  gene ra l  
co r ros ion  t a k e s  p l a c e  by oxida t ion .  Pa rabo l i c  r a t e s  have been observed f o r  
h igh  chromium a l l o y s ,  sugges t ive  of p r o t e c t i v e  oxide formation.  The oxide  
l a y e r s  appear  t o  be adherent ,  and a r e  not  s u s c e p t i b l e  t o  thermal  cyc l ing .  
However, i n  o r d e r  t o  e x t r a p o l a t e  t h i s  d a t a  t o  30 year  t i m e  pe r iods  w i t h  
confidence,  mechan i s t i c  understanding of t h e  co r ros ion  p roces s  i s  needed. 
Furthermore, a cause f o r  concern has a r i s e n ;  chromium has been observed i n  t h e  
sa l t ,  which imp l i e s  a p o t e n t i a l  mass t r a n s p o r t  problem i n  an ope ra t ing  system 
wi th  thermal g r a d i e n t s  and f lowing f l u i d s .  S t a t i c  immersion t e s t s  have l e d  t o  
t h e  s e l e c t i o n  of Incoloy  800 a s  t h e  prime candida te  f o r  h igh  temperature u se  
(1050°F), a l though t h e  l e s s  c o s t l y  s t a i n l e s s  s t e e l s  cannot be discounted on 
t h e  b a s i s  of gene ra l  cor ros ion .  

Three s ing le -ma te r i a l  thermal  convect ion loops have been cons t ruc t ed  ou t  
of 304, 316, and 1800, and they  a r e  c u r r e n t l y  i n  ope ra t ion .  To d a t e ,  t h e  
loops  have experienced 4000, 1000 and 1000 hours of ope ra t ion  r e s p e c t i v e l y .  
Sample coupons have been e x t r a c t e d  a t  500 hour i n t e r v a l s  and analyzed f o r  ex- 
t e n t  of co r ros ion .  Thin oxide l a y e r s  formed on t h e  a l l o y s ;  n e t  weight 
changes a r e  nega t ive  f o r  304, and p o s i t i v e  f o r  316 and 1800. 

Future  a c t i v i t i e s  i nc lude  t h e  continued ope ra t ion  of t hese  loops and 
complementary i m e r s i o n  t e s t s  w i l l  be c a r r i e d  out  w i th  t h e  o b j e c t i v e  of de- 
termining t h e  r a t e s  of t h e  va r ious  processes  involved (e .g.  ox ide  formation,  
Cr203 d i s s o l u t i o n ,  C r  d i f f u s i o n ) .  The in-house s t u d i e s  w i l l  be  supplemented 
by a subcont rac ted  s tudy  a t  ORNL, where 304, 316, and I800 loops  experiments 
w i l l  be  c a r r i e d  ou t  i n  s e a l e d  environments. 

Environmental Corrosion Cracking 

A major concern t o  des ign  engineers  i s  t h e  coupled i n t e r a c t i o n  of an ag- 
g r e s s i v e  environment and a p p l i e d  s t r e s s  on containment m a t e r i a l s .  A w e l l  
known problem of t h i s  type  i s  c h l o r i d e  s t r e s s  co r ros ion  cracking ,  where t h e  
chemical a c t i o n  of t h e  environment a c t s  on t i p s  of propogat ing c racks  t o  
g r e a t l y  a c c e l e r a t e  c r ack  growth. It i s  n o t  known whether t h e  n i t r a t e  s a l t  
environment induces  c o r r o s i o n  cracking;  no d a t a  a r e  a v a i l a b l e  t o  sugges t  t h a t  
t h e r e  i s  o r  i s n ' t  a problem. 

A p l a n  h a s  been developed t o  determine t h e  p o t e n t i a l  f o r  environmental 
c racking;  slow s t r a i n  r a t e ,  s t r e s s  co r ros ion ,  and co r ros ion  f a t i g u e  



experiments are planned, and w i l l  be  i n i t i a t e d  i n  FY80. 

Electrochemical  S tud ie s  

Curren t ly ,  decomposition and co r ros ion  processes  a r e  be ing  s t u d i e d  inde- 
pendent ly a s  d iscussed  above. It i s  a l s o  recognized t h a t  one can expect  
s t r o n g  s y n e r g i s t i c  i n t e r a c t i o n s  between t h e  sa l t  chemistry ( i o n i c  s p e c i e s ) ,  
decomposition p roces ses ,  and co r ros ion  processes ;  t h e r e f o r e ,  an  a b i l i t y  t o  
determine i o n i c  s p e c i e s  ( q u a n t i t a t i v e l y  and q u a l i t a t i v e l y )  i n  t h e  sa l t  me l t  is  
c l e a r l y  des i r ed .  Electrochemical  techniques can provide  t h e  c a p a b i l i t y ;  how- 
ever ,  t echniques  must be developed and pe r f ec t ed .  Elec t rochemica l  approaches 
can a l s o  b e  used f o r  r e a l  t i m e  s t u d i e s  of  co r ros ion ,  p rov id ing  a for  
a s e n s i t i v e  co r ros ion  t o o l  complementing o t h e r  co r ros ion  a c t i v i t i e s  discussed 
above. 

In-house a c t i v i t i e s  have concent ra ted  on t h e  development of a n  oxide  i o n  
s e n s i t i v e  e l ec t rode .  Because t h e  oxide i o n  (0=) is  purpor ted  t o  be a key com- 
ponent i n  thermal  decomposition, c o r r o s i o n ,  and Co2 /H20  i n t e r a c t i o n  p roces ses ,  
i t  i s  f e l t  t h a t  a means t o  d i r e c t l y  measure i t s  presence  is  requ i r ed  t o  ga in  a 
fundamental understanding of salt behavior .  An ox ide  i o n  s e n s i t i v e  e l e c t r o d e  
of t h e  form P ~ , P ~ o / z ~ o ~ Y ~ o ~ ) / /  has  been developed and Nernst  behavior  demon- 
s t r a t e d  over t h e  range of 1 0 - ~ ~ - 1 0 - ~  molal  O= wi th  e x c e l l e n t  s t a b i l i t y ,  
response,  and r e p r o d u c i b i l i t y .  A c y c l i c  vol tammetr ic  set-up has  been com- 
p l e t e d ,  and pre l iminary  s t u d i e s  on n i t r a t e  me l t s  have demonstrated t h e  
p o t e n t i a l  f o r  u s ing  c y c l i c  voltammetry t o  i d e n t i f y  i o n i c  m e l t  s p e c i e s .  

Techniques t o  determine t h e  i o n i c  s p e c i e s  i n  t h e  mel t  w i l l  cont inue  t o  be 
developed, and even tua l ly  used t o  monitor  t h e  s a l t  chemistry as thermal  decom- 
p o s i t i o n ,  a tmospheric  i n t e r a c t i o n ,  and co r ros ion  processes  occur .  
Subcontracted e l e c t r o d k i n e t i c  s t u d i e s  a r e  a l s o  planned i n  which t h e  k i n e t i c s  
of pas s ive  oxide  f i l m  formation on candida te  a l l o y s  w i l l  be  i n v e s t i g a t e d .  

Thermal P r o p e r t i e s  

The high temperature viscometer  has  been modified t o  s tudy  molten s a l t s ,  
and experiments w i l l  be c a r r i e d  o u t  t o  measure v i s c o s i t y ,  s u r f a c e  t ens ion ,  and 
d e n s i t y  a s  a f u n c t i o n  of  temperature,  s a l t  composition and gaseous environment. 
I f  i s  is  determined t h a t  a c c u r a t e  high temperature thermal conduc t iv i ty  and 
h e a t  capac i ty  d a t a  a r e  r equ i r ed ,  s t u d i e s  w i l l  be  i n i t i a t e d .  

OTHER STUDIES 

The major emphasis of Sandia ' s  in-house program has been on molten draw- 
sa l t  behavior .  For t h e  sake of completeness,  o t h e r  in-house thermal  energy 
s t o r a g e  r e l a t e d  a c t i v i t i e s  a r e  mentioned he re .  It is  known t h a t  t h e  use  of  
hydrocarbon f l u i d s  a s  a thermal  s t o r a g e  medium is temperature l i m i t e d  due t o  
t h e  degrada t ion  of t h e  o i l .  Rates  of f l u i d  l o s s  have been determined f o r  t h r e e  
d i f f e r e n t  hydrocarbon o i l s :  C a l o r i a  HT43, SUN 21,  and T h e m i n o l  6 6 .  I n  



a d d i t i o n ,  f l u i d  l o s s  rates p e r t i n e n t  t o  o i l l g r a n i t e  and o i l i s a n d  d u a l  media 
systems w e r e  a l s o  determined; t h e  f i l l e r  m a t e r i a l  ( g r a n i t e  and sand)  caused 
enhanced f l u i d  l o s s  r a t e s  i n  a l l  cases .  

Dual media systems have a l s o  been proposed f o r  n i t r a t e  sa l t  systems. 
The c o m p a t i b i l i t y  of n i t r a t e  salts w i t h  g r a n i t e  rock and p e l l e t i z e d  i r o n  o r e  
( t a c o n i t e )  have been c u r s o r i l y  examined; t h e  r e s u l t s  i n d i c a t e  t h e  salts are 
no t  compatible  wi th  g r a n i t e  rock m a t e r i a l s ,  b u t  may p o s s i b l y  be used i n  
d i r e c t  c o n t a c t  wi th  t a c o n i t e  a t  temperatures  up t o  550°C. 
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, Objectives: T h i s  report documents the second year of a feas ib i l i ty  
study of underground storage of solar  energy as sensible heat. T h i s  e f fo r t  
addresses storage temperatures high enough t o  u t i l i z e  conventional steam- 

e lec t r i c  power generation on the recovery cycle. The method of storage now 
under evaluation u t i l i zes  cavern storage of heat t ransfer  o i l  a t  temperatures 
u p  to  650°F in leached caverns w i t h i n  s a l t  domes. A study of aquifer storage 
of hot water a t  these temperatures was discontinued when i t  became apparent 
that  such storage would encounter major problems from mineral ( s i l  ica)  solution 

and requirements for  down-hole pumps for  the recovery cycle. Research and 
development ef for ts  have been focused on the following technical problems; 

a )  Thermal losses 

b) Cavern. stabi 1 i ty 
c)  cavern construction 
d) We1 1 designs 
e)  heat exchanger interfacing 

f )  economics for  cavern storage systems; 

Conclusions. Studies indicate that  s a l t  cavern storage of hot o i l  will 
be both technically and economically practical as a method of solar  energy storage 

for e lec t r i c  power generation. The best .system identified in th i s  study i s  a 
gravel f i l l ed  cavern using a t  l eas t  one input and one output well, operated 
in a thermocline mode with injection and retrieval on a diurnal cycle. Thermal 
losses should be less  than one percent of cyclicly-transferred heat. The 
gravel f i l l i ng  would ac t  as a heat storage medium and as a s t ab i l i ze r  against 

cavern deformation due t o  plast ic  flow of s a l t .  (See Figure 1. ). 

During the second contract year i t  has been shown that  such a system 
can be bui l t  using existing technology and available materials. In part icular ,  
the design and operation of such a system for  interfacing t o  a 10 MWe central 
receiver 1 i ke the one being bui l t  a t  Barstow, California has been evaluated, 

A cavern storage system could be bu i l t  for  about $4 million having a 10 We 



t ransfer ra te  capability and 8' hours of storage capacity. Storage would be 

a t  about ti50°F and cost about $13.50.per kwht. This compares favorably w i t h  

DOE objectives, but larger cavern storage syitems would be more cost effective 
w i t h  costs estimated a t  a low $7.50 per k w h t  Thus ,  cavern storage would be 

preferred to  above-ground storage where i t  i s  geologically feasible. A review 

and summary of the various studies carried out during the past year isolate 
and explain primary conclusions. 

GRAYEL PACK + OIL 

Figure 1. Schematic of gravel f i l l ed  s a l t  cavern for thermocline 
storage of heat using heat transfer o i l .  

Thermal Losses from Cavern Storage Systems. In the f i r s t  year of the 
five-year study, we have reported results  on thermal losses, calculated 
w i t h  a computer simulator assuming a cavern with perfect mixing (homogeneous 
temperature inside),  for  cyclic operating conditions. Those studies showed 
that  for daily cycles of a hot o i l  storage cavern--8 hours injection and 16 
hours retrieval--thermal losses would decline rapidly from a moderately high 



value to less than one percent of the transferred energy by the end of one 

year of operation. This model has also been used to study effects of non-cyclic 
operation that would result with shut-down of the solar collector i n  cloudy 
weather. These studies indicated that losses would not be prohibitive for shut- 
down periods up to several days i f  the cavern were sufficiently large. 

The simulator under study i s  an oversimplified model, for i t  assumes 
perfect mixing of oil  within a ~pherical cavern. The model a1 so describes a 
storage system consisting of two caverns, a hot cavern and a cold cavern with 
a nitrogen gas cap in each cavern. The nitrogen gas cap i s  compressed during 
fluid injeftion and the expansion of the gas produces back-flow in the retrieval 
cycle, thus negating the requirement of a downhole pump. However this system 
requires caverns a t  significant depth to sustain required internal pressures 
and poses problems of mechanical s tabi l i ty .  

I t  now appears that the preferred cavern storage system will be a single 
gravel f i l  led cavern with two wells operated in a thermocline mode using oil  and 
rocks essentially l ike the above ground tanks; one well connects to the top of 
the cavern (the hot we1 1) and one to the lower end of the cavern (the cold well ). 
(See Figure 1. ) . 

Gravel f i  11 ing in a thermal storage cavern serves three purposes; 

1 )  the gravel i s  a storage medium for sensible heat and reduces the required 
oil  volume, 2) the gravel restr ic ts  thermal convection and stabilizes the 
thermocline, and 3)  the gravel provides mechanical support and rigldity to 
the cavern to prevent cavern deformation due to creep of the s a l t ,  or plastic 
flow, provided that internal fluid pressure i s  less than external geostatic 
pressure. 

The perfect mixing model has therefore been p u t  aside and atteetion 
devoted to the formulation of computer simulators for the study of fluid mover 
ment, heat transfer, and thermal losses in a gravel f i l led  cavern operated as 
a thermocline with o i l .  preliminary results from these models show that the 
order of magnitude of the thermal loss 'I'n tR$s systm i s  no t  rndtcally dffferent 
from that in the homogeneous cavern. 

Two new simulators are being evaluated; the f i r s t  i s  designed 
to describe in detail the mass and heat flow within the cavern as well as the 
heat flow within the sa l t ,  while the second simulator i s  designed for accurate 
description of the heat flow across the cavern boundaries and wlthin the s a l t  



while the mass and heat flow w i t h i n  the cavern a re ' t r ea ted  by more approximate 
means. T h i s  program is operational and i s  being used t o  generate systematic 
data on cavern operations. 

The model has already been used t o  show tha t  a thermocline cavern storage 
system' fo r  a small scale system (10 MUe) w i t h  eight hours storage would lose 
about 2.6% of the useful stored heat during one daily cycle a f t e r  about three 
months of continuous operation. The loss ra te  a t  the end of one year of con- 
tinuous operation i s  approximately 1.5%. For systems of larger s ize  (100 MWe or 
more) the long term loss ra te  would be 1%, or less ,  of the cyclicly transferred 
heat . 

Cavern Stabi l i ty  Studies. The major problem anticipated for  the cavern 
storage system was cavern deformation due to creep of the s a l t  a t  high tempera- 
tures,  or  plast ic  flow. Published experimental data for  a wide range of s t ra ins ,  
rates of s t ra in  and temperatures have been curve-fitted t o  provide an adequate 
description of the viscoelast ic/plast ic  properties of ha1 i te .  This rheol ogical 
model for  hal i te  i s  given as a general equation of s t ra in  ra te  as a function of 
s t ra in ,  differential  s t ress  and temperature for  u n i  -axial conditions. For 
particular constant s t ress  and temperature values i t  can be integrated numeri- 
cal ly t o  give the to ta l  s t ra in  as a function of time. For a temperature of 
59g°F and an expected differential  pressure of 300 psi ,  the integration yields 
a total  s t ra in  on an element of hal i te  of 1.8% in 20 years or 2.2% i n  50 years. 
The same element of hal i te ,  when subjected to  a differential  pressure of 600 psi 
a t  the same temperature would suffer  a total  deformation of 8.4% i n  20 years 
or 14% i n  50 years. Note that  these resul ts  do not take into account the r ig idi ty  
of the gravel pack which would functton t o  reduce these d e f g r m ~ t i ~ n s ,  

Gravel f i l l i n g  will be a greater deterrent to  cavern deformation than 
i n i t i a l l y  anticipated. I t  is well known that  a container f i l l e d  with r igid 
granules i n  firm contact cannot undergo a shear deformation without expansion of 
the container volume. Thus ,  since the pressure of the overburden must be over- 
come, i n  order for  the cavern t o  expand, the gravel should give great r ig idi ty  
t o  the cavern. A simulator i s  currently being developed t o  determine the defor- 
mation and ra tes  of deformation experienced by a spherical cavity f i l l e d  w i t h  
saturated gravel, the boundary of which i s  subjected t o  hydrostatic loading. 
T h i s  simulator i s  now in  the debugging stage. A survey of the l i t e ra tu re  is 
a1 so underway t o  find sufficient  data to  determine the el astSc/creep constants 
of saturated sands t o  be used as input t o  the simulator. 



The c r i t i c a l  factor for  the stabil izing role of the grayel on the cavern 
appears t o  be maintenance of f lu id  pressure w i t h i n  the pore space less  t h a n  
the confining geostatic pressure of the s a l t .  An analyttcal solution fo r  the 
pressure distr ibution w i t h i n  the cavern has been obtained, valid w i t h i n  some 
simp1 i fying assumptions, which shows that  f lu id  pressure increases required 
t o  maintain f lu id  flow will generally be on the order of a few hundred psi. 
Such pressures could be tolerated i n  caverns a t  reasonable depths, Further 
study of these flow effects  i s  underway, using both analytical and numerical 
methods. 

Thermal Storage Fluids. The optimum f luid  t o  be used in the cavern 
storage system would minimize replacement costs for  a given power from the 
system. Replacement costs are directly proportional to  f lu id  loss ra te  due 
to  thermal degradation. Published experimental data for  f lu id  loss ra tes  of 
some commercially avai 1 able heat t ransfer  f lu ids  have been examined from this 
viewpoint. Calovia HT43, SUN 21 and Therminol 66 were considered. Of these 
i t  appears that  Caloria HT 43 would be most suitable w i t h  a loss ra te  of about 
6.25% per year a t  600PF. However, more information is  requlred on effects  of 
contact with metals, a i r ,  water and s a l t  on ra te  of degradation. 

Well Designs and Cavern Construction. A comprehensive review of the 
1 i terature indicated that  existing equipment, materials, and procedures for  oi l  
wells can be adopted fo r  construction of wells for  the cavern storage system. 
The win body of the second-year report on this project provides a detailed 
description of the process of d r i l l ing ,  completing the wells, leaching the 
caverns, and placing gravel i n  the caverns. 

The major consideration i n  the well designs i s  the requirement of adequate 
cement bond i n  the ins ta l la t ion of the well casing pipe t o  constraln the pipe 
against thermal expansion. The thermal expansion of the injection tubing can 

be accomnodated by thermal expansion joints .  A r ig id ,  porous s i l i c a  foam 
coating on the exterior of this tubing can provide good thermal insulation. 

Other major considerations i n  the design of cavern systems are brine 
disposal while leaching and the technique of gravel placement. 

Detailed casing designs have .been formulated fo r  wells of three f l ~ w  
rates,  1500 gpm, 2000 gpm, and 2500 gpm, and two depths, 3000 f t  and 5000 f t .  
Detailed cost estimates account for  materi.al s ,  instal  la t ion,  and supervision, 
Costs have also been estimated for cavern leaching and gravel f t l l i ng .  



Heat Exchangers and Power Generation. Since a specific solar  col lector 
has not yet  been identif ied t o  interface w i t h  a cavern heat storage system, 
the 10 We system being bu i l t  a t  Barstow, California, was used fo r  evaluation 
purposes. Using data provided i n  the McDonnell Douglas report on this system, 
design studies were carried out to  determine the type of modifications of the 
heat exchangers and power generation equipment that  might be required i n  order 
t o  interface the solar  collector w i t h  a cavern storage system. Though some 
modifications would be necessary, none are considered t o  be of major s$gnifl- 
cance. 

Larger systems--100 MWe t o  1000 Me-- would require a much more complex 
interfacing of the solar  collector,  cavern storage, and steam-electric turbines, 
One proposed design for such larger systems i s  a ~ross~compound system using 
steam-electric conversion a t  two different  temperature levels ,  one di rect  
from the collector and one di rect  from the cavern, w i t h  cross coupling, T h i s  
would be desirable since output from the solar tower would be a t  900-1000°F 
while cavern storage i s  limited t o  about 650QF by the oil  storage f luid.  

Detailed cost estimates were prepared for  the 10 MWe system and some 
preliminary estimates of costs for  larger systems were made; these are  shown 
below. 

Economics. The to ta l  cost ,  C ,  of a cavern storage system i s  given by 

where 

Cc = u n i t  volume cost of cavern and contents (gravel, oi 1 ) 
V = cavern volume 
Cw = costs of hot and cold wells 
CD = cost of brine disposal well 
Ca = cost of above ground equipment. 

For systems of the s ize  envisioned i n  t h i s  study, one brine disposal well 
(CD = $620,000) would be adequate fo r  the cavern leaching operation. The u n i t  

3 volume cost of the cavern and i ts  contents is approximately $2.85/ft , Thls 
i ncl udes costs of leaching, gravel placement, and oi 1 , The cavern volume i s  
dependent upon the desired storage capacity while Cw and Ca depend upon the 
desired transfer  rate.  



Cost estimates fo r  the components o f  a cavern system w i t h  a t r a n s f e r  

r a t e  o f  33 MWt and 8-hour storage period, given i n  vartous sect ions o f  the  

complete second year  repor t ,  a re  sumar jzed below: 

Tota l  storage system costs f o r  33 MWt 
t ransfer  r a t e  and 8-hour storage per iod. 

m i l l l o n  $ 
3 Cavern Contents (139,000 ft @ cc = $2.85) 0.396 

Cw (1  ho t  we1 1, 1 co ld  we1 1 ) 1.638 

CD ( 1  b r i n e  disposal  w e l l )  .620 

Ca (heat exchangers, pumps) - ,733 

TOTAL $3.387 

The t o t a l  cos t  o f  t h i s  system i s  approximately $3.4 m i l l i o n .  Th is  sum 

corresponds t o  t o t a l  storage system costs of $103/kWt and $13/kWht. These 

f i gu res  compare favorably  w i t h  Department o f  Energv cos t  goals f o r  near term 

sensible heat storage. Cost goals (Ct) can be compared t o  power r e l a t e d  costs 

(Cp) and capaci ty  r e l a t e d  costs (CS). Power r e l a t e d  cos t  (C ) depends upon 
P 

the c a p a b i l i t y  of the storage system t o  accept and d e l i v e r  thermal energy a t  

a given r a t e  (heat exchangers, wel ls,  pumps, etc.) .  Capacity r e l a t e d  cos t  

(Cs) i s  r e l a t e d  t o  the maximum amount o f  energy t h a t  can be contained w i t h i n  

storage ( o i l ,  gravel ,  cons t ruc t ion  costs of cavern capaci ty) .  These r e l a t i o n s  

are shown be1 ow: 

Storage System Costs 

Here: Ct($/kWt) = C + h0Cs 
P 

*DOE 6 hour costs converted t o  
8 hour costs f o r  d i r e c t  compari- 
son w i t h  t h i s  study. 

Ct($/kWht) = (Cp + h*Cs)/h 

h 
hours o f  

storage 

6 

8 

8 

C~ 
power cos t  

$/kWt 

45 

4 5 

9 1 

t Cs 
Gapaci ty  

cos t  

$/kwht 1 
7.50 

7.50 

1.50 

.- 

$/kWt 

DOE Goals 90 

DOE Goals* 105 

This  study 103 
(small system) 

$/kwht 

15 

13.3 

13 



The underground storage value for the power cost i s  about twice the DOE goal, 
b u t  the capacity cost is  much less.  This difference exis ts  because the 
underground system has very low containment costs which reduce capactty 
related costs (CS), b u t  the power related costs ( C  ) are increased primarily 

P 
due to  the well costs. 

Cost figures quoted are  for  a rnInlmum underground system, costs for  
larger commercial scale systems would be less. Minor modificatfons In well 
design would conceivably allow doublfng the flow rates used In this study, 
With th i s  change, the cost of a large storage system (100 We or larger) 
would be approximately $60/kWt or $7.50 k w h t  Therefore, cavern storage 
appears to be an a t t ract ive  option for near term sensible heat storage for 
solar power systems of large s f  ze. Cavern storage may a1 so be economically 
favorable for  storage periods long enough (16 hours) to  provide baseline 
e lect r ic  power. 
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INTRODUCTION 

The program repor t ed  h e r e i n  i s  a cont inua t ion  of a p r i o r  program ( r e f .  1) 
which included t h e  des ign ,  c o n s t r u c t i o n ,  and t e s t i n g  of an experimental  one- 
t e n t h  scale-model of a phase change thermal  energy s t o r a g e  (TES) system s u i t -  
ab l e  f o r  use i n  e l e c t r i c i t y  gene ra t ing  systems such as t h e  Sandia So la r  T o t a l  
Energy Test  F a c i l i t y  (SSTETF) a t  Albuquerque, New Mexico. This was used t o  
genera te  d a t a  with which t o  v e r i f y  a prev ious ly  developed computer model of 
t h e  TES u n i t .  The TES u n i t  employs a s i n g l e  pas s ive  i n t e r n a l  h e a t  exchanger 
which i s  used both f o r  charging and d ischarg ing  h e a t  by means of a non-phase 
change h e a t  t r a n s f e r  f l u i d  such a s  ~herminol -66 .  The TES u n i t  and t e s t  bed 
a r e  descr ibed i n  r e f .  1. 

The nominal composition of  t h e  TES medium (Thermkeep) i s :  

Anhydrous NaOH, commercial grade 91.8% ( w t )  
NaNO 8.0 
&02 0 .2  

The commercial grade of N a O H  t y p i c a l l y  con ta ins  1-2% of NaCl and 1-2% 
of Na2C03. 

The program which i s  approximately 50% completed inc ludes  t h e  fol lowing 
t a s k s  : 

1. The experimental  model developed under t h e  p r i o r  c o n t r a c t  i s  t o  be 
examined t o  determine whether o r  no t  d e t e r i o r a t i o n  has occurred dur- 
ing  t h e  t e s t i n g ,  such a s  mechanical damage t o  t h e  h e a t  exchanger,  o r  
chemical changes i n  t h e  TES medium. 

2. Res tora t ion  of t h e  TES system t o  opera t ing  cond i t i on ,  i n s t a l l a t i o n  of  
a d i f f e r e n t  h e a t  t r a n s f e r  f l u i d  approved by t h e  NASA Program Manager, 
and t h e  running of a s e r i e s  of thermal  charging and d ischarg ing  cyc le s  
t o  ob ta in  a d d i t i o n a l  experimental  d a t a  f o r  c o r r e l a t i o n  wi th  t h e  compu- 
t e r  model f o r  f u r t h e r  v a l i d a t i o n .  

* The program i s  be ing  performed under Contract  No. DEN3-138 i ssued  
by NASA Lewis Research Center .  



3. Extension of t h e  computer model of t h e  TES system t o  include a sec- 
ond hea t  exchanger i n  t h e  TES u n i t ,  so t h a t  t h e  u n i t  can be  charged 
by means of a non-phase change f l u i d  (e.g.  from s o l a r  c o l l e c t o r s )  
flowing i n  one hea t  exchanger, and discharged by a phase change f l u i d  
flowing i n  t h e  o ther  (e .g .  t h e  power f l u i d  of a Rankine cycle engine).  

4. Upon completion of t h e  computer model a reference design of a lowest 
cos t  TES system i s  t o  be developed s u i t a b l e  f o r  use i n  s o l a r  e l e c t r i c  
power generat ion.  

POST-TEST ANALYSIS OF TES UNIT 

During t h e  p r i o r  program t h e  TES un i t  was used t o  obtain da ta  from 23 
cycling tests which ranged i n  durat ion from 4 hours t o  48 hours, and i n  temp- 
e ra tu re  from approximately 230 C t o  315 C .  These t ' es ts  extended over a period 
of about 5 months during which t h e  un i t  was maintained continuously within t h e  
operat ing temperature range. Thereafter  t h e  un i t  self-cooled very slowly t o  
ambient temperature. 

Chemical Analysis of Thermkeep 

The f i r s t  s t e p  of t h e  pos t - tes t  analys is  was t h e  removal of samples of 
Thermkeep f o r  chemical ana lys i s  t o  determine whether or  not segregation of 
components occured (Thermkeep being a non-eutectic mixture) ,  and whether r e -  
duction of NaNO r e s u l t e d i n  an increase i n  NaNO The l a t t e r  i s  formed a t  a 

2 2 ' 
very slow r a t e  y oxidation of t h e  s t e e l  tank and heat  exchanger and i s  reoxi-  
dized t o  NaNO by a i r  "breathedt' i n t o  t h e  clearance space above t h e  Thermkeep 

3 
during cycl ing,  thus  maintaining chemical s t a b i l i t y .  Samples f o r  analys is  
were obtained through holes  cu t  i n  t h e  wa l l  of t h e  tank.  Because t h e  hea t  ex- 
changer s u s t a n t i a l l y  f i l l s  t h e  tank,  t h e  samples were removed from loca t ions  
within 5 cm o f ' t h e  tank wal l .  Tank height  i s  244 cm and diameter i s  71.8 cm. 

The samples were analyzed i n  p a i r s ,  one p a i r  taken from t h e  o r i g i n a l  l o t  
of Thermkeep and seven p a i r s  taken from seven locat ions  i n  t h e  tank.  The re-  
s u l t s  of t h e  ana lys i s  a r e  shown i n  t a b l e  I .  The s i x  components were inde- 
pendently determined and t h e  small deviat ion of t h e  t o t a l  from 100% ind ica tes  
t h e  precis ion of t h e  analyses.  The analyses show t h a t  t h e  NaN02 content of 

t h e  Thermkeep d id  not increase  i n  t h e  TES u n i t ,  ind ica t ing  chemical s t a b i l i t y  
of t h e  system. 

The NaNO content of Thermkeep (8%) i s  lower than t h a t  of t h e  NaOH-NaNO 
3 

e u t e c t i c  (33% N ~ N o , ) .  Upon cooling, t h e  s o l i d  phase which forms on heat  ex- 
3 

changer surfaces ,  &d on t h e  tank wal ls  due t o  insu la t ion  l o s s ,  has a higher 
r a t i o  of NaOH t o  NaNO than t h e  l i q u i d  phase. The samples of Thermkeep (which 
were c lose  t o  t h e  t a n 2  w a l l )  a l l  show an increased NaOH/NaNO, r a t i o .  Since it 

.J 

i s  believed un l ike ly  t h a t  n i t rogen was l o s t  from t h e  system, t h i s  i s  tenta-  
t i v e l y  a t t r i b u t e d  t o  a small-scale segregation of cmponents during s o l i d i f i c a -  
t i o n ,  which would be reversed upon remelting. To obta in  more information on 



t h i s  p o i n t ,  a d d i t i o n a l  samples which a r e  awai t ing  a n a l y s i s  were taken  a f t e r  
t h e  Thermkeep had been completely remelted by  a method which prevented segre-  
ga t ion  of components dur ing  sampling. 

The cyc l ing  mode of t h e  TES u n i t  dur ing  t h e  t e s t i n g  program t h a t  preceded 
t h e  sampling w a s  such t h a t  t h e  Thermkeep near  t h e  bottom ( l o c a t i o n  7 )  w a s  
permanently s o l i d .  The upper po r t ion  ( l o c a t i o n s  1-41 w a s  s ~ ~ b s t a n t i a l l y  com- 
p l e t e l y  l i q u e f i e d  dur ing  each cyc le .  Table I shows t h a t  t h e  N ~ O H / N ~ N O ,  r a t i o  

2 

i s  h ighe r  a t  sampling l o c a t i o n s  5 and 6 than  a t  o t h e r s .  This i s  be l i eved  t o  
i n d i c a t e  a s m a l l  degree of v e r t i c a l  segrega t ion  of  t h e  components of  Thermkeep 
i n  t h e  tank .  Fu r the r  t e s t i n g  i s  r equ i r ed  t o  determine whether o r  no t  t h i s  
r e p r e s e n t s  a s t a b l e  s t a t e  i n  t h e  TES t ank  o r  whether f u r t h e r  s eg rega t ion  would 
occur with cont inued cyc l ing .  In  e i t h e r  case  t h i s  cond i t i on  could b e  reversed  
by p e r i o d i c a l l y  remel t ing  t h e  Thermkeep i n  t h i s  zone of t h e  t ank .  

Examination of Heat Exchanger 

Following removal of  t h e  Thermkeep samples,  t h e  Thermkeep was melted and 
p a r t i a l l y  dra ined  t o  expose t h e  upper t h i r d  of t h e  h e a t  exchanger. The h e a t  
exchanger c o n s i s t s  of 25 h e l i c a l  c o i l s  of .64 cm diameter s t e e l  t ub ing  formed 
i n  a h e l i x  10  cm i n  d iameter ,  manifolded a t  t o p  and bottom f o r  p a r a l l e l  flow 
of t h e  hea t  t r a n s f e r  f l u i d .  F igure  1 shows t h e  h e a t  exchanger dur ing  f a b r i -  
c a t i o n  and f i g u r e  2 shows it i n  t h e  t a n k ,  exposed f o r  examination. No s i g -  
n i f i c a n t  changes were observed and it was concluded t h a t  no r e p a i r  w a s  r e -  

.'': qu i r ed  be fo re  proceeding with t h e  t e s t  program. 

EXPERIMENTAL VALIDATION OF COMPUTER MODEL 

The s e l e c t i o n  of a h e a t  t r a n s f e r  f l u i d  f o r  t h e  computer model v a l i d a t i o n  
program was based on s e v e r a l  f a c t o r s .  It must have thermo-physical p r o p e r t i e s  
s i g n i f i c a n t l y  d i f f e r e n t  from those  of ~herminol -66  which w a s  used i n  t h e  p r i o r  
program i n  order  t o  extend t h e  range of c o r r e l a t i o n .  It must no t  r e a c t  vio-  
l e n t l y  nor produce t o x i c  r e a c t i o n  products  when i n  con tac t  w i t h  Thermkeep a t  
t h e  ope ra t ing  tempera ture ,  and it must be  a f l u i d  which would b e  s u i t a b l e  f o r  
use i n  a demonstration system. From among t h e  cand ida t e s ,  t h e  NASA Program 
Manager approved Ca lo r i a  ~ ~ 4 3 ,  a product of Exxon Corp. The h e a t  t r a n s f e r  
f l u i d  system has been f lu shed  and recharged with ~ ~ 4 3 .  

Data f o r  experimental  v a l i d a t i o n  o f  t h e  computer model ( d e t a i l s  of which 
can be  found i n  r e f .  1) a r e  t o  be  obtained from s e v e r a l  t ypes  of charging and 
d ischarg ing  runs during which ~ ~ 4 3  flow r a t e s  and tempera tures ,  t h e  Thermkeep 
tempera ture ,  and t h e  TES tank  su r f ace  temperature w i l l  be  measured. The runs 
w i l l  inc lude  charging and d ischarg ing  at cons tan t  r a t e s ,  consecut ive cyc l e s  
a t  cons tan t  charge and d ischarge  r a t e s ,  and cyc le s  s imula t ing  a s o l a r  d a i l y  
cyc l e .  This a c t u a l  performance i s  t o  be  compared wi th  performance p r e d i c t e d  
by t h e  computer model. 

This phase of t h e  program i s  j u s t  s t a r t i n g  and only pre l iminary  r e s u l t s  
a r e  a v a i l a b l e .  F igures  3 and 4 show p a r t i a l  r e s u l t s  of a slow d ischarge  t e s t  



with ~ ~ 4 3  enter ing  a t  235 C and flowing upward through t h e  heat  exchanger a t  
0.0489 kg/s ( 1 . 1  gal /min).  The temperature of t h e  Thermkeep i n  t h e  TES tank 
was measured by thermocouples loca ted  i n s i d e  t h e  tank,  11 cm ( 4 . 3  i n )  and 
27 cm (10.8 i n )  f r o m t h e  w a l l ,  and o thers  on t h e  wa l l .  Temperatures of t h e  
Thermkeep a r e  p l o t t e d  aga ins t  d is tance  from t h e  t o p  of t h e  tank,  a s  measured, 
and as  predic ted  by t h e  computer model. Figure 3 shows t h e  i n i t i a l  condit ion 
of t h e  TES tank r e s u l t i n g  from an immediately preceding charging which l e f t  
t h e  temperature of t h e  wa l l  about 17 C lower than t h e  i n t e r i o r .  The computer 
response t o  t h e  i n i t i a l  temperatures i s  a l s o  shown. Figure 4 shows t h e  s t a t e  
a f t e r  one hour of discharging and t h e  computer p red ic t ion .  The Thermkeep i s  
l i q u i d  above 292 C and most of  t h e  l a t e n t  heat  i s  del ivered  between 292 C and 
270 C .  This %s r e f l e c t e d  i n  f i g u r e  4 by an increase  i n  t h e  v e r t i c a l  thermal 
gradient  below t h e  l a t e n t  hea t  range, and a decrease wi th in  it. The loca t ion  
of t h e  upper su r face  of t h e  Thermkeep i s  a l s o  shown. This w i l l  move downward 
due t o  t h e  decrease i n  s p e c i f i c  volume of t h e  Thermkeep a s  s o l i d i f i c a t i o n  
continues i n  l a t e r  s t a g e s  of t h e  run ,  which w i l l  be continued t o  a t o t a l  of 
about 6 hours.  

ADVANCED HEAT EXCHANGER MODEL 

Figures 5 and 6 show schematical ly how the  TES u n i t  can be used i n  a s o l a r  
powered e l e c t r i c i t y  generat ing system such as  t h e  SSTFTF. The experimental 
TES u n i t  and computer model p resen t ly  being t e s t e d  correspond t o  f i g u r e  5 .  
Heat t r a n s f e r  f l u i d  heated by s o l a r  co l l ec to r s  t o  approximately 310 C flows t o  
a hea t  exchanger where t h e  Rankine cycle f l u i d  ( e . g .  to luene)  i s  vaporized and 
superheated. Excess heat  i s  del ivered t o  t h e  TES u n i t .  The r e t u r n  tempera- 
t u r e  t o  t h e  c o l l e c t o r s  i s  243 C .  I n  t h e  absence of s o l a r  h e a t ,  flow through 
t h e  TES i s  reversed.  

The advanced computer model w i l l  provide f o r  two hea t  exchangers i n  t h e  
TES u n i t ,  one f o r  t h e  hea t  t r a n s f e r  f l u i d  and one f o r  t h e  Rankine cycle f l u i d ,  
as  i n  f i g u r e  6 .  The algorithms provide fo r  hea t  t r a n s f e r  wi th in  t h e  TES u n i t  
from t h e  hea t  t r a n s f e r  f l u i d  t o  Thermkeep, from Thermkeep t o  t h e  Rankine f l u i d ,  
and d i r e c t l y  from t h e  heat  t r a n s f e r  f l u i d  t o  t h e  Rankine f l u i d .  This w i l l  
allow ana lys i s  of two configurat ions:  1) two independent hea t  exchangers with 
t h e  t o t a l  output from t h e  s o l a r  co l l ec to r s  flowing through t h e  Thermkeep; 2 )  
two thermally coupled exchangers with only s to red  heat  flowing through t h e  
Thermkeep. P o t e n t i a l  advantages of t h e s e  configurat ions a r e  t h e  e l iminat ion  
of t h e  ex te rna l  heat  exchanger and, more importantly,  p o t e n t i a l  improvement 
i n  performance of t h e  TES u n i t  r e s u l t i n g  from t h e  f a c t  t h a t  during discharging 
t h e  temperature of  t h e  Rankine f l u i d  enter ing  t h e  bottom of t h e  TES i s  much 
lower than t h a t  of t h e  heat  t r a n s f e r  f l u i d  i n  t h e  case of t h e  s i n g l e  hea t  ex- 
changer . 
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DOE/NASA/0615-7911, NASA CR-159465. 
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Fig.  1. Heat Exchanger During Fabr ica t ion  

Fig. 2 .  Heat Exchanger Exposed for Examination 



A =  Deep Thermocouples 
O =  Shallow Thermocouples 
8 = Tank Surface 

+Themkeep Surface 

Distance from t o p  of s to rage  v e s s e l ,  cm 

Fig. 3. Thermkeep Temperature vs .  Axial Distance,  I n i t i a l  Condition 
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Fig.  4. Thermkeep Temperature vs. Axial Distance,  a f t e r  1 Hour. 
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HIGH-TEMPERATURE MOLTEN SALT THERMAL ENERGY STORAGE SYSTEMS 

FOR SOLAR APPLICATIONS 

Randy J. P e t r i  and T. D. Claar 
I n s t i t u t e  o f  Gas Technology 

PROJECT OUTLINE 

P r o j e c t  T i t l e :  High Temperature, Molten Sa l t -La ten t  Heat, Thermal Energy 
Storage Development f o r  Solar  Appl i  ca t ions  

P r i n c i p a l  I nves t i ga to r :  T. D. C l  aar 

Organizat ion: I n s t i t u t e  o f  Gas Technology 
3424 South S ta te  S t r e e t  . 

Chicago, I L  60616 
Telephone: (312) 567-3672 

P r o j e c t  Goals: Determi ne f e a s i b i l i t y  o f  us ing  carbonate s a l t s  as storage 
media fo r  h igh  temperature app l i ca t i ons  (700°C - 8700C). 

Review carbonate s a l t  p rope r t i es  and s e l e c t  s i x  s a l t s  as 
candi date media. 

I n v e s t i g a t e  methods t o  enhance heat t r a n s f e r  through s o l i  d 
s a l t .  

Conduct carbonate salt-containment ma te r i  a1 c o m p a t i b i l i t y  
s tud ies  t h a t  i nc lude  3000 hour screening tes ts .  

Measure thermophysical and t ranspor t  p rope r t i es  o f  two most 
promis ing s a l t s .  

P r o j e c t  Status: Review o f  p r o p e r t i e s  complete w i t h  the  f o l l o w i n g  s i x  s a l t s  
se lec ted  f o r  c o m p a t i b i l i t y  studies: t h r e e  (3 )  pure 
carbonates, K2CO3, Li2C03 and Na2C03; two ( 2 )  
e u t e c t i c  mixtures, BaCO /Na2C03 and 
K2C03/NaC03, and one (13 o f f  - e u t e c t i c  m ix tu re  o f  
N a2C03/K2C03. 

C o m p a t i b i l i t y  s tud ies  scheduled t o  be completed by mi d-1980. 

Contract  Number: DEN3-156 

Contract  Period: August 1979 t o  August 1980 

Funding Level : $1 36,840 

Funding Source: NASA Lewis Research Center 



HIGH-TEMPERATURE MOLTEN SALT THERMAL ENERGY STORAGE' SYSTEMS 

FOR SOLAR APPLICATIONS 

Randy J. Petri and T. D. Claar 
Institute of Gas Technology 

PROGRAM SUMMARY 

The objective of this program is to select,' test and develop alkali and 
alkaline earth carbonate latent-heat storage salts, metallic containment 
materials, and thermal conductivity enhancement (TCE) materials to satisfy the 
high-temperature (704" to 871°C; 1300' to 1600°F) thermal energy storage (TES) 
requirements of advanced solar-thermal power generation concepts. This will be 
accomplished by experimental screening of candidate salt/containment/TCE 
materials combinations in capsule compatibility tests employing both reagent- 
grade and low-cost technical-grade salts. The results of these compatibility 
tests will lead to the selection of the materials combinations that best meet 
the anticipated solar power system requirements. Needs for more reliable salt 
thermophysical and thermodynamic property data will be identified, and selected 
measurements will then be performed to support the future development and 
scale-up of solar-thermal TES subsystems. 

MATERIALS COMPATIBILITY TESTING 

Salt Selection 

Alkali and alkaline earth carbonate salts are being developed as latent- 
heat thermal energy storage materials for high temperature (704" to 871°C) 
applications, on the basis of their desirable thermophysical properties, good 
thermal chargeldischarge performances and endurance-stability exhibited by 
these materials in previous experimental programs at the Institute of Gas 
~ e c h n o l o ~ ~  .lr2 Table 1 is a list of the carbonate salts originally identified 
and studied under Contract No. NAS~-208062 as candidate storage media for 
Brayton or Stirking solar power TES applications. Table 1 includes pertinent 
thermophysical salt property data and thermal discharge characteristics deter- 
mined experimentally in 12.7 cm (5 in.) high X 7.6 cm (3 in.) diameter 
laboratory-scale TES modules having a 1.3 cm (0.5 in.) diameter heat exchanger 
tube. These modules were fabricated from AISI 304 and 316 stainless steels. 
The six salts identified by asterisks in this table have been selected as 
candidate salts for the compatibility screening tests to be conducted under 
the current program. Considerations in selecting these carbonate salt storage 
media included - 

Energydensity 

Cost 

Melting/solidification temperatures 



a Thermal cycling performance and endurance in laboratory-scale TES modules 

a Vapor pressure and high-temperature stability 

a Impurity levels in commercial-grade salts 

a Toxicity, safety, hygroscopicity, and handling considerations 

a Volumetric expansion on melting 

a Heat capacity 

The economic feasibility of latent-heat TES concepts requires the use of 
low-cost salt materials. Therefore, the potential corrosion problems, salt 
instabilities, and other limitations associated with using commercially avail- 
able (technical-grade) carbonates will be investigated in the capsule screening 
tests. Table 2 is a list of technical-grade alkali and alkaline earth car- 
bonates along with recent costs of each salt in bulk quantities. A number of 
companies have been identified and contacted as prospective suppliers of 
technical-grade carbonates. Chemical and physical property specifications and 
cost information on these carbonates are being obtained from chemical companies 
supplying these materials. Selection of the technical grade salts to be in- 
cluded in screening tests will be based on types of impurities present, impurity 
levels, and cost. 

Containment Materials Selection 

The work completed under Contract No. NAS3-20806 demonstrated the need to 
improve the long-term resistance to corrosion and thermal aging effects of 
containment materials in the elevated temperature regime of 704" to 871°C. The 
materials selected as candidate containment materials are generally required to 
possess superior resistance to - 

a Hot corrosion, oxidation, and carburization on the salt side 

a Intermetallic-phase precipitation, embrittlement, or other long-term 
aging effects caused by high-temperature (704O to 871°C).exposure 

a Thermal cycling effects on corrosion and strength 

a Interactions with working fluids (air, helium, and sodium) or their 
impurities. 

In addition, mechanical property data are being compiled and evaluated to 
assure structural compatibility for the proposed high-temperature TES applica- 
tions, including - 

a Stress-to-rupture at elevated temperatures 

a Thermal cycling fatigue behavior 

a Strain and thermal aging effects 

a Thermal expansion coefficients . 

Candidate containment materials are being selected primarily from among 
iron- and nickel-based stainless steels and high-temperature alloys. Most of 
these alloys contain a significant amount of chromium and thus form Cr203-rich 



oxidation product scales. Chromia scales are protective under air oxidation 
conditions, but A1203-containing protective films aregenerally-superior under 
molten carbonate conditions. Commercially available iron-nickel-chromium 
alloys, some containing approximately 2 to 5 wt % aluminum additons, are being 
considered. Application of a protective coating to iron-nickel-chromium alloy 
base materials by aluminizing techniques is also being evaluated. Varioussteel 
producers have been contacted as potential suppliers of these alloys, and 
available property data are being received. 

Thermal Conductivity Enhancement Materials Selection 

The incentive for TCE materials/configurations development arises from the 
fact that the thermal discharge performance of a TES subsystem is controlled 
largely by the rate at which the latent heat-of-fusion released at the solid/ 
liquid interface is transported to the heat exchanger surface through the grow- 
ing layer of solid salt. TCE selection criteria will thus include material 
thermal conductivity, expected chemical compatibility with the carbonate en- 
vironment, cost, availability, and ease of fabrication into a desirable TCE 
configuration. 

A preliminary list of candidate TCE materials is provided in Table 3. 
Aluminum is very attractive as a TCE material because of its high thermal 
conductivity of 220 W/m-K (127 Btu/hr-ft-OF) (%100X that of solid carbonates 
and 10X that of austenitic stainless steels). Under Contract No. NAS3-20806, 
a 95% porous retiiculated aluminum structure increased the discharge heat flux 
through the ternary eutectic Li2C03-Na2C03-K2C03 salt (m.p. 397OC) by approx- 
imately 45%. However, aluminum cannot be used for the 704" to 871°C solar 
thermal TES applications because of its 660°C (1220°F) melting point. While 
iron and nickel-based materials are more compatible at these temperatures, 
they are more costly and have much lower thermal conductivities than aluminum 
and copper, greatly reducing their attractiveness as TCE materials. Copper 
also has a very high thermal conductivity of 308 W/m-K (178 Btu/hr-ft-OF) and 
a reasonably high melting point of 1083°C (1981°F). Pyrolytic graphite, while 
still a high-cost developmental material, is also reported to have a high 
thermal conductivity (208 W/m-K; 120 Btu/hr-ft-OF) and has a good thermal 
stability in non-oxidizing environments. Both copper and graphite would be 
severely oxidized in a high-temperature molten carbonate environment having 
access to the air environment. However, if gaseous oxidants are excluded by 
use of sealed containment or an inert cover gas, oxidation of copper and 
graphite TCE materials should be acceptably low. Candidate TCE materials will 
be corrosion tested in bulk form, or if available, as porous reticulated 
structures. 

Screening Tests 

Compatibility screening tests of the candidate salt/containment/TCE 
materials combinations will be conducted in welded containment capsules (2.54 cm 
diameter by 10.2 cm long) containing the salt and TCE material. The compati- 
bility of 5 containment and 2 TCE materials will be evaluated with both reagent- 
and technical-grades of 6 candidate salt compositions. The first phase will be 
a 1000 hour test of the salt/containment/TCE matrix (minimum of 70 capsules). 



Based on the post-test examination results of the 1000 hour test, the 30 most 
promising materials combinations will then be evaluated in a 3000 hour compati- 
bility test. Compatibility evaluations will be based on - 

Depth and nature of salt-side corrosion of containment and TCE 
materials 

Air-side containment oxidation 

SEMIEDAX analysis of selected areas 

Containment alloy thermal aging effects 

Weld integrity in salt environment 

Gravimetric analyses of containment alloy and TCE coupons 

Chemical and physical analyses of salt 

PROPERTY MEASUREMENTS 

The design and scale-up of a latent-heat TES subsystem require accurate 
salt property data, such as melting/solidification temperatures, heat of fusion, 
volumetric expansion upon phase change, heat capacity and thermal stability. 
However, many of these salt property data for salts in the 704" to 871°C 
temperature range are either unavailable or subject to large error and incon- 
sistency. Based on the results from previous experimental testing in laboratory 
scale TES modules and the 1000 and 3000 hour compatibility tests, at least two 
carbonate salt compositions most suitable for anticipated solar thermal energy 
storage applications will be identified. Available thermodynamic'and thermo- 
physical property data for these salts will be critically reviewed and critical 
gaps will be identified. The required property measurements will then be per- 
formed on a maximum of six salt composition-purity level combinations. The 
results from this property measurement activity will subsequently be utilized 
in future carbonate TES development efforts. 

REFERENCES 
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2. Maru, H. C. et al., "Molten Salt Thermal Energy Storage Systems: System 
Design," COO-2888-2, Institute of Gas Technology, Chicago, February 1977. 

3. Petri, R. J., Claar, T. D., and Marianowski, L. G., "Evaluation of Molten 
Carbonates as Latent Heat Thermal Energy Storage Materials," 14th Inter- 
society Energy Conversion Engineering Conference, Boston, August 5-10, 1979. 
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Table 1, CANDIDATE CARBONATE COMPOSITIONS TESTED UNDER 

CONTRACT NAS3-20806 

Composl t  i o n  
Vt X n01 r -- 

44.3-55.7 37-63 

52.2-41.8 37-63 

48.8-50.0- 44-55-1 

1 . 2  

50-50 44-56 

100 100 

81-3-18.7 85-15 

L l c e r a t u r r  - - 

H r l t l n g  I'oint 
=c *P -- 

Thermal 
C o n d u c t i v i t y  

W/m-K - 

tleac 1 :u l~dcl ty  
a t  H r l t i n g  P o i n t  D i s c h a r g e  - 

J/kg-K D e n s i t y  S o l i d i f i c a t i o n  Q cup + 50'C ( 9 0 ' ~ )  No. 

"(a) 
C P ( ~ )  a t  25-C Range mp - 50°C (90°F) o f  

kg/m3 'C -t OC u/ m2 - C y c l e s  

1 - - - 662 - 657 40 ,420 2  5  

Hours a t  
O p r r a t  i o n a l  
T n p e r a t u r e  

312 

984 

528 

* S e l r c t c d  a s  c a n d i d a t e  s a l t  f o r  c o m p a t i b i l i t y  s c r e e n i n g  t e s t s .  



Table 2. ESTIMATED COSTS OF TECHNICAL GRADE ALKALI 
AND ALKALINE EARTH CARBONATES* 

Salt -- Description 

1. Li2C03 Powder, bags 

2. Na2C03 Powder 

3. K2C03 Granulated, purified 
Calcined 99 to 100% K2CO3 

4. MgC03 Powder, bags 

Ultrafine, USP bags 
Natural dry-ground air-floated, -325 
mesh, bags 

Glass ground, bags 

Precipitated, bags 
Photo grade, bags 
Electronics grade, bags 

Cost, 
$/kg Sllb 

* 
Chemical Marketing Reporter, September 19, 1979. 





BUILDING - - - - - - - - - HEATING - -. - AND COOLING APPLICATIONS .- 

Program Area Synopsis: 

P l  ans are b e i  ng developed f o r  a comprehensi ve thermal energy 
s torage technology and development program cove r i ng  b u i l d i n g  hea t i ng  and 
c o o l i n g  a p p l i c a t i o n s  i n  t h e  r e s i d e n t i a l  and commercial sec to rs .  

Three elements have been i d e n t i f i e d  t o  undergo an A p p l i c a t i o n s  
Assessment, Technology Development, and Demonstrat i  on. The element 
r e c e i v i n g  p r ima ry  emphasis i s  t h e  U t i l i t y  Load Management TES 
A p p l i c a t i o n  where t he  s t r e s s  i s  on the  "customer s i d e  o f  t h e  meter".  A 
second element i n v o l v e s  improved and advanced t hermal s torage subsystems 
f o r  space cond i t i on ing .  The t h i r d  element i s  Conservat ion by means o f  
inc reased  thermal  mass w i t h i n  t h e  b u i l d i n g  envelope and by means o f  
1 ow-grade waste heat recovery.  





BUILDING HEATING AND COOLING APPLICATIONS THERMAL 

ENERGY STORAGE PROGRAM OVERVIEW 

D. M. Eissenberg 
Oak Ridge ~ a t i o n a l  Laboratory 

PROGRAM OBJECTIVE IS REDUCED CONSUMPTION OF 
OIL AND GAS FOR RESIDENTIAL/COMMERCIAL 
SPACE CONDITIONING BY USING THERMAL 
ENERGY STORAGE 

SWITCHING TO COAL AND NUCLEAR 

(ELECTRICITY) 

INCREASED UTILIZATION OF SOLAR 

MORE EFFICIENT USE OF OIL AND GAS 

THE PROGRAM IS DIRECTED AT  ACHIEVING 
SIGN1 FICANT REDUCTION IN OILIGAS 
CONSUMPTION 

NEAR- TO MID-TERM TECHNOLOGIES 

NEW AND RETROFIT INSTALLATIONS 

BROAD GEOGRAPHICICLIMATIC 

APPLICATIONS 



TH'E PROGRAM ISDIVIDED INTO THREE 
ELEMENTS 

STORAGE OF OFF-PEAK ELECTRICITY AS 

THERMAL ENERGY 

STORAGE OF SOLAR ENERGY AS THERMAL 

ENERGY 

INCREASE IN HEATING AND COOLING 

SYSTEMS' EFFICIENCY BY MEANS OF 

THERMAL ENERGY STORAGE 

EACH PROGRAM ELEMENT WILL EXPLORE IMPROVED 
AND ADVANCED STORAGE MATERIALS AND 
TECHNOLOGIES 

SOLIDS HYDRATED SALTS 
SENSIBLE / LATENT / 

WATER HEAT 
ICE 

HEAT 



APPROPRIATE STORAGE MATERIALS AND 
TECHNOLOGIES WILL BE THOROUGHLY 
EXPLORED 

TECHNO-ECONOMIC ANALYSES 

ADVANCED CONCEPT DEVELOPMENT 

APPLIED RESEARCH 

TECHNOLOGY DEVELOPMENT 

ENGINEERING DEMONSTRATIONS 

OFF-PEAK ELECTRICITY UTILIZATION IS 
THE MAJOR PROGRAM ELEMENT 

a BASED ON INCENTIVES OFFERED ELECTRICITY 

CONSUMER TO OWN AND UTILIZE TES SYSTEMS 

INVOLVES HEAT AND/OR COOL STORAGE 

NEAR-TERM 

Wl DESPREAD APPLICATION/LARGE FUEL 

SWITCHING POTENTIAL 

195 



TES SYSTEMS E0.R OFF-PEAK ELECTRICITY 
UTlLlZATlON MUST SATISFY THREE 
CONSTRAINTS 

a COST EFFECTIVE (INCENTIVE >COST) 

FUNCTIONAL (COMFORTABLE, CONVENIENT, 

RELIABLE, SAFE) 

TECHNICALLY EFFECTIVE (ACHIEVE UTIL ITY 

LOAD LEVELING GOALS) 

SEVERAL PATHS TO IMPROVED OR ADVANCED 
CUSTOMER-OWNED TES ARE BEING 
FOLLOWED 

COMMERCIAL 

WATER 

ICE 

WATER 
- -  - 

RESIDENTIAL 
P 

HEATING 

COOLING 

REFRACTORY BRICK 

WATER 

MOLTEN SALTS 

ICE 

HYDRATED SALTS 



. . . 

SOLAR THERMAL STORAGEIS A SECOND 
MAJOR THRUST AREA 

PASSIVE SOLAR 

ACTIVE SOLAR HEATING 

ACTIVE SOLAR COOLING 

SOLAR ASSIST HEAT PUMPS 

PROGRAM OBJECTIVE FOR PASSIVE SOLAR 
STORAGE TECHNOLOGY IS IMPROVEMENT 
OVER TROMBE WALL 

REDUCED WEIGHT, VOLUME 

FLATTENED DIURNAL TEMPERATURE SWING 

INCREASED ARCHITECTURAL OPTIONS 

BY INCORPORATION OF PHASE-CHANGE MATERIALS 

INTO BUILDING MATERIALS 



OBJECTIVE OF STORAGE TECHNOLOGY DEVELOPMENT 
FOR ACTIVE SOLAR HEATING APPLICATION IS 
OVERALL SYSTEM COST REDUCTION AND 
INCREASED ACCEPTABILITY 

STORAGE AT MINIMUM TEMPERATURE FOR USE 

OPTIMIZES COLLECTOR PERFORMANCE 

WEIGHT, VOLUME REDUCTION 

SOLAR COOLING, A MORE DISTANT OPTION, REQUIRES 
DEVELOPMENT OF APPROPRIATE STORAGE 
TECHNOLOGIES TO REDUCE TOTAL 
SYSTEM COST 

HOTSIDE (120'~) 

COLDSIDE (7 '~ )  

HOT-SI DE STORAGE MATERIALS ARE BEING DEVELOPED 

UNDER A SMALL PROGRAM 



OBJECTIVE OF THERMAL STORAGE FOR SOLAR- 
ASSISTED HEAT PUMPS IS LOW-COST BOOSTING 
OF HEAT PUMP PERFORMANCE 

STORAGE OF SOLAR HEAT AT NEAR-AMBIENT 

TEMPERATURE 

COMBINED WlTH OFF-PEAK ELECTRICITY USE 

SINGLE STORAGE MEDIUM FOR BOTH HEAT 

AND COOL 

DEVELOPMENT OF STORAGE fOR USE WlTH 
CONVENTIONAL OIL OR GAS HEATING 
SYSTEMS CAN REDUCE FUEL 
CONSUMPTION 

REDUCED CYCLING FREQUENCY 

REDUCED HEATING, STACK LOSSES 

DISTRIBUTED OR CENTRAL STORAGE 

NEW OR RETROFIT 

TECHNO-ECONOMIC ANALYSIS IS REQUl RED TO 

DETERMINE MERITS 

199 



USE OF  THERMAL STORAGE TO TEMPER THE 
HEAT SOURCE/SINK FOR RESIDENTIAL OR 
COMMERCIAL HEAT PUMPS CONSERVES 
ELECTRICITY 

CRAWLSPACEIEARTH STORAGE 

DAILY ACES 

CURRENT DEVELOPMENT OF A CRAWLSPACE 

SOURCE HEAT PUMP LOOKS VERY PROMISING 

THE PROGRAM FOR FY 1980-81 WILL INCLUDE 
MAJOR PROJECTS ADDRESSING TWO 
PROGRAM ELEMENTS 

MAJOR 

RESIDENTIAL COOL STORAGE FOR OFF-PEAK 

ELECTRICITY 

RESIDENTIAL HOT STORAGE FOR OFF-PEAK 

E LECTRlClTY 

RESIDENTIAL STORAGE INCORPORATED IN 

BUILDING MATERIALS 

RESIDENTIAL HOT STORAGE FOR SOLAR 

HEATING 

COMMERCIAL HOTICOLD STORAGE FOR OFF-PEAK 

ELECTRICITY 



ADDITIONAL MINOR AND SUPPORT PROGRAMS 
ADDRESS ALL PROGRAM ELEMENTS 

M l NOR 

RESIDENTIAL HOT STORAGE FOR INCREASING 

OILIGAS BURNER EFFICIENCY 

RESIDENTIAL HOT SIDE STORAGE FOR SOLAR 

COOLI NG 

RESIDENTIAL HOT/COOL STORAGE FOR INCREASING 

HEAT PUMP EFFICIENCY 

SUPPORT 

ASSESSMENT OF STORAGEIHEAT PUMP SYSTEMS 

ASSESSMENT OF STORAGE101 L-GAS HEATER SYSTEMS 

ANALYSIS OF PHASE-CHANGE HEATIMASS TRANSFER 

PERFORMANCE TESTING OF HOT AND COOL TES 

SYSTEMS 

FIELD TESTING OF COOL STORAGE SYSTEMS 





SUBCONTRACTED ACTIVIT IES RELATED TO TES FOR BUILDING 

HEATING AND COOLING 

Jim Mar t in  
Oak Ridge National L a b o r a t o r y  

ORNL IS MANAGING THE DOE/STOR PROGRAM IN 
THERMAL ENERGY STORAGE FOR BUILDING 
HEATING AND COOLING 

SUBCONTRACT PROGRAM ELEMENTS 

UTILITY LOAD MANAGEMENT 

SOLAR APPLICATIONS 

CONSERVATION 

THE FY 79 (LTTES) PROGRAM INCLUDED 
SUBCONTRACTS IN  THE UTILITY LOAD 
MANAGEMENT APPLICATION AREA 

FY 79 ACTIVITIES 

LIFE AND STABILITY TESTING OF 

PACKAGED LOW COST ENERGY 

STORAGE MATERIALS 

UNIVERSITY OF DELAWARE (IEC) 



LlFE AND STABILITY TESTING OF PACKAGED LOW COST 
ENERGY STORAGE MATERIALS (PROPRIETARY 
GLAUBERS SALT-CLAY MIXTURE IN  "CHUBS") 

CONTRACTOR 

UNIVERSITY OF DELAWARE - IEC 

OBJECTIVE 

VERIFY INTEGRITY OF CHUB PACKAGING SYSTEM 

VERIFY LlFE AND STABILITY OF PACKAGED PC 

MATERIAL 

APPROACH 

DETERMINE WATER VAPOR RETENTION OF FILM 

EXPOSURE TO TEMPERATURE EXTREMES 

EXPOSURE TO VIBRATION AND DROP TESTS 

ACCELERATED AND DIURNAL THERMAL CYCLING 

LlFE AND STABILITY TESTING OF PACKAGED LOW 
COST ENERGY STORAGE MATERIALS 
(PROPRIETARY GLAUBERS SALT- 
CLAY MIXTURE IN  "CHUBS") (CONT'D) 

STATUS 

FINAL REPORT COMPLETE EXCEPT FOR 

REVISIONS BY THE CONTRACTOR 

CHUBS DELIVERED FOR EVALUATION 

ORNL 

VARICUS UTI LIT1 ES 

ABOVE OBJECTIVES WERE MET 

EFFECT OF CYCLING ON CHUB HEAT OF 

FUSION DETERMINED 



UTILITY LOAD MANAGEMENT WlLL BE THE 
MAJOR APPLICATION AREA IN FY 80 

DEVELOPMENT OF TES SYSTEM FOR 

RESIDENTIAL SPACE COOLING 

R FP 

RESISTANCE STORAGE HEATER COMPONENT 

DEVELOPMENT 

RFP 

DEVELOPMENT OF TES TEST FACILITY" 

ANL (PURDUE UNIVERSITY) 

DEMONSTRATION OF STORAGE HEATER 

SYSTEMS FOR RESIDENTIAL APPLICATIONS 

AN L 

SIMULATION AND EVALUATION OF LATENT 

HEAT TES-HEAT PUMP SYSTEMS 

RTI 

DEVELOPMENT OF TES SYSTEMS FOR RESIDENTIAL 
SPACE COOLING 

MAJOR PART OF SUBCONTRACT FUNDING IN FY 80 

WlLL BE FOR THIS EFFORT 

OBJECTIVE 

DEVELOP STORAGE SYSTEMS AND COMPONENTS 

UTILIZING PCM 

DESIGN PROTOTYPE OF UNITS WITH STRONG 

POTENTIAL FOR COMMERCIALIZATION 

DEFINE INTERACTION BETWEEN COOL STORAGE 

ECONOMICS AND PREDICTED ELECTRIC RATE 

STRUCTURES FOR SYSTEMS DEVELOPED 

APPROACH 

SOLICIT PROPOSALS VIA RFP 



DEVELOPMENT OF TES SYSTEMS FOR RESIDENTIAL 
SPACE COOLING (CONTnD) 

SCOPE 

1 112 - 2 112 YEAR PROGRAM 

PHASE I - R&D ON STORAGE CONCEPT 

PHASE I I  - PROTOTYPE DESIGN, SPECIFICATION 

AND COSTING 

PHASE I I  - BASED ON PHASE I RESULTS OR ALREADY 

DEVELOPED TES CONCEPTS 

MULTI-AWARD PROGRAM 

SCHEDULE 

CBD NOTICE OF INTENT HAS BEEN ISSUED 

RFP, DECEMBER '79 

CONTRACT AWARD, MAY '80 

RESISTANCE STORAGE HEATER COMPONENT 
DEVELOPMENT 

OBJECTIVE 

DEVELOP AND TEST COST EFFECTIVE 

CERAMIC BRICKS PRODUCED FROM 

OLIVINE OR OTHER SUITABLE DOMESTIC 

REFRACTORY FOR APPLICATION TO 

RESISTANCE STORAGE HEATERS 

DEVELOP AN IMPROVED BRICK DESIGN 

DEVELOP MANUFACTURING TECHNIQUES 

APPROACH 

SOLICIT PROPOSALS VIA RFP 



RESISTANCE STORAGE HEATER COMPONENT 
DEVELOPMENT (CONT'D) 

SCOPE 

DETERMINATION OF CRITERIA FOR PERFORMANCE 

OF CERAMIC BRICKS FOR STORAGE HEATERS 

DEVELOP AND TEST PROTOTYPE BRICKS OF 

OLIVINE OR OTHER SUITABLE DOMESTIC 

REFRACTORY 

DEVELOP MANUFACTURING TECHNOLOGY AND 

DETERMINATION OE MANUFACTURING COSTS 

MANUFACTURE OF QUANTITIES OF BRICKS 

FOR FIELD TESTS 

SCHEDULE 

RFP, FEBRUARY '80 

CONTRACT AWARD, JULY '80 

PERFORMANCE PERIOD 3 YEARS 

DEMONSTRATION OF STORAGE HEATER SYSTEMS 
FOR RESIDENTIAL APPLICATIONS 

CONTRACTOR 

AN L 

OBJECTIVE 

VALIDATE IMPACT ON UTILITIES COST EFFECTIVENESS 

AND CUSTOMER ACCEPTANCE OF COMMERCIALLY 

AVAILABLE TES UNDER US OPERATING CONDITIONS 

IDENTIFY AND DEFINE AFTER-THE-METER R&D NEEDS 

APPROACH 

TWO DEMONSTRATIONS 

- VERMONT - 23 DEMONSTRATIONS; 19 CONTROLS 

- MAINE - 10 DEMONSTRATIONS; 8 CONTROLS 

STATUS 

DATA FROM FIRST WINTER SEASON HAVE BEEN 

COLLECTED (SECOND SEASON 79-80 WILL BE CON- 

TINUED) 

SURVEY OF CUSTOMER ATTITUDES HAS BEEN 

COMPLETED 



SIMULATION AND EVALUATION OF LATENT HEAT 
TES - HEAT PUMP SYSTEMS 

CONTRACTOR 

RTI 

OBJECTIVE 

DERIVE THE RELATIVE VALUE OF TES FOR HEAT 

PUMPS AS A FUNCTION OF STORAGE TEMPERATURE, 

MODE OF STORAGE, GEOGRAPHIC LOCATION AND 

TIME-OF-USE UTILITY RATE STRUCTURE 

APPROACH 

CARRY OUT COMPUTER SIMULATION STUDY USING 

AVAILABLE MODELS AND DATA BASES 

STATUS 

THERMAL LOAD SIMULATION MODEL OPERATIONAL 

INPUT DATA BEING COMPILED 

SIMULATION SITES, MODEL BUILDING DESIGN AND 

WEATHER DATA HAVE BEEN DEFINED 

APPLICATION OF TES FOR SOLAR APPLICATIONS 
PRESENTLY A SECONDARY EFFORT 

FY 79 SUBCOdTRACTS 

DEVELOPMENT OF AN OPTIMUM PROCESS FOR 

EB CROSSLINKING OF HDPE TES PELLETS 

UNIVERSITY OF DAYTON 

DEVELOPMENT OF HIGH TEMPERATURE PCM 

UNIVERSITY OF DELAWARE (M.E.) 

TES SUBSYSTEMS FOR SOLAR HEATING 

APPLICATIONS 

GENERAL ELECTRIC 

DIRECT CONTACT HEAT TRANSFER PCM 

CLEMSON UNIVERSITY 

FY 80 SUBCONTRACTS 

DEVELOPMENT OF TECHNOLOGY FOR IN- 

CORPORATION OF PCM INTO RESIDENTIAL 

BUILDING MATERIALS FOR BUILDING 

HEATING 

RFP 



DEVELOPMENT OF OPTIMUM PROCESS FOR EB 
CROSSLINKING OF HDPE TES PELLETS 

CONTRACTOR 

UNIVERSITY OF DAYTON 

OBJECTIVE 

DEVELOP AN OPTIMUM EB PROCESS FOR 

CROSSLINKING COMMERCIALLY AVAILABLE 

HDPE PELLETS TO PBTAlN THE HIGHEST 

HEAT OF FUSION 

APPROACH 

TEST VARIOUS HDPE PELLETS PREPARED 

UNDER DIFFERENT IRRADIATION CONDITIONS 

STATUS 

THE OPTIMUM PROCESS HAS BEEN IDENTIFIED 

DOSE OF 8 MEGARADS 

DUPONT 7040 HDPE 

A 250-LB BATCH OF PELLETS IS PREPARED 

FOR EVALUATION BY THE UNIVERSITY OF 

DAYTON 

PHASE CHANGE TEMPERATURE OF PELLETS 

130-145% 

COST OF CROSSLINKING OF PELLETS 1qILB 

TES SUBSYSTEMS FOR SOLAR HEATING APPLICATIONS 

CONTRACTOR 

GENERAL ELECTRIC 

OBJECTIVE 

DEVELOP THE ROLLING CYLINDER HEAT STORAGE 

CONCEPT USING GLAUBERS SALT 

APPROACH 

INTERNAL AND EXTERNAL HEAT TRANSFER STUDIES 

PERFORMANCE TESTING WITH GLAUBERS SALT 

CORROSION TESTING 

DEVELOPMENT OF MATHEMATICAL MODEL 

SELECTION AND DESIGN OF CONCEPT 

STATUS 

SELECTED PROTOTYPE DESIGN OF THE ROLLING 

CYLINDER CONCEPT 

RECOMMENDED CONFIGURATION AS FOLLOWS 

NUCLEATOR 

ROLLER 

SHROUD 

AIR PASSAGES 



DEVELOPMENT OF TECHNOLOGY FOR INCORPORATION 
OF PCM INTO RESIDENTIAL BUILDING MATERIALS 

OBJECTIVE 

IMPROVEMENT OVER SENSIBLE HEAT SYSTEMS 

REDUCED WEIGHT, VOLUME 

FLATTENED DIURNAL TEMPERATURE SWING 

INCREASED ARCHITECTURAL OPTIONS 

APPROACH 

SOLICIT PROPOSALS VIA RFP 

SCOPE 

SURVEY TO DEVELOP THERMAL COMFORT CRITERIA 

R&D PROGRAM UTILIZING PROMISING CONCEPTS 

EVALUATION TESTING 

SCHEDULE 

ISSUE RFP BY OCTOBER '80 

TES APPLIED T O  CONSERVATION IS T H E  T H I R D  

PROGRAM ELEMENT 

FY 79 SUBCONTRACTS 

APPLICATION OF TES TO PROCESS HEAT AND 

WASTE HEAT RECOVERY IN THE ALUMINUM 

INDUSTRY* 

ROCKET RESEARCH COMPANY 

TWIN CITIES DISTRICT HEATING, TES STUDY 

GENERAL ELECTRIC 

FY 80 SUBCONTRACTS 

APPLICATION ANALYSIS AND TECHNOLOGY 

ASSESSMENT OF TES FOR CONSERVATION 

APPLICATIONS 

TRW 

APPLICATION OF TES TO PROCESS HEAT AND 

WASTE HEAT RECOVERY IN THE ALUMINUM 

INDUSTRY (PHASE 11)' 

ROCKET RESEARCH COMPANY 



TWlN CITIES DISTRICT HEATING 

CONTRACTOR 

GENERAL ELECTRIC 

OBJECTIVE 

EVALUATE THE TECHNICAL AND ECONOMIC 

FEASIBILITY OF tNCORPORATING TES 

COMPONENTS INTO THE PROPOSED TWlN 

CITIES DISTRICT HEATING PROJECT 

STATUS 

THIS ACTIVITY HAS BEEN COMPLETED 

POTENTIAL BENEFITS ARE FOUND TO BE 

SUBSTANTIAL IN 

ENERGY CONSERVATION 

FAVORABLE ECONOMICS 

REDUCED AIR AND THERMAL POLLUTION 

FINAL REPORT I N  PUBLICATION 

APPLICATION ANALYSIS AND TECHNOLOGY 
ASSESSMENT OF  TES 

CONTRACTOR 

TRW 

OBJECTIVE 

INVESTIGATE TES SYSTEMS PERFORMANCE 

ENERGY CONSERVATION AND ECONOMICS 

FOR 

- INCREASED THERMAL CAPACITANCE 

WITHIN RESIDENTIAL STRUCTURES 

- STORAGE FOR WASTE HEAT RECOVERY 

AND USE FROM FLUE GASES OF 

RESIDENTIAL FOSSILE FUELED 

FURNACES 

SCOPE 

DEVELOP TES SYSTEMS BASELINES 

ANALYZE FOR SEASONAL IMPACT I N  VARIOUS 

REGIONS OF THE COUNTRY 

ESTIMATE MARKET PENETRATION 

ESTIMATE FUEL CONSERVATION 

SCHEDULE 

EFFORT IS JUST STARTED 





IN-HOUSE ACTIVITIES RELATED TO TES FOR BUILDING HEATING AND COOLING 

Bob Kedl 
Oak Ridge National Laboratory 

IN-HOUSE EFFORTS CONCENTRATED 
IN 2 AREAS 

I. R&D RELATED TO TES 

2. EVALUATION OF STORAGE SYSTEMS 

DEVELOPED BY OTHERS 

IN-HOUSE EFFORTS CONSIST O F  4 PROJECTS 

1. THERMAL ENERGY STORAGE TEST FACILITY 

2. TES LABORATORY 

3. ANALYTICAL AND PHYSICAL MODELING (PCM's) 

4. TES AND TRANSPORT IN THE EARTH FOR 

HEAT PUMP ASSIST 



THERMAL ENERGY STORAGE TEST FACILITY 
(TEST FACILITY) 

OBJECTIVES: 

R&D RELATED TO TES 

EVALUATION OF TES 'UNITS BUILT BY OTHERS 

EVALUATION OF TESTING STANDARDS 

PROJECT DESCRIPTION: 

FABRICATE LIQUID TRANSPORT TEST FACILITY 

FOLLOWED BY AIR TRANSPORT TEST FACl LlTY 

SPEC1 FlCATlONS 

LIQUID AIR 

CAPACITY 50,000-500.000 Btu 50,000-500.000 Btu 

TEMPERATURE 0-1 50°c O-(TBD)OC 

CONSIDERABLE OPERATIONAL FLEXIBILITY 

TEST FACl LlTY (CONT'D) 

STATUS: 

LIQUID LOOP 

DETAl LED DESIGN COMPLETE 

COMPONENTS ORDERED 

OPERATIONAL - MARCH 1980 

AIR LOOP 

DESIGN INITIATED 

214 



THERMAL ENERGY STORAGE TEST FACILITY 
(LIQUID TRANSPORT) 

TEST FACILITY (CONT'D) 

STORAGE * 
DEVICE * 

A 

FUTURE PLANS: 

HEAT 
RESISTANCE SOURCE 

HEATERS TANK 

- 

LIQUID LOOP 

STRATIFIED WATER STORAGE 

PCM STORAGE UNITS (RFP) 

LIQUID 

TANK 
CHILLER 

AIR LOOP 

PCM STORAGE UNITS (RFP) 

21 5 

1 



TES LABORATORY 

OBJECTIVE: 

CONDUCTING SPECIAL TESTS AND EVALUATIONS 

IN SUPPORT OF, AND COMPLIMENTARY TO THE 

TEST FACILITY 

PROJECT DESCRIPTION: 

GENERAL PURPOSE LABORATORY FOR SPECIAL 

TESTS ON SMALL QUANTITIES OF TES MODULES 

ACCELERATED AGING TESTS (e.g. CYCLING) 

EXPOSURE TO OFF-DESIGN STRESSES 

(e.g. EXTREMES IN TEMPERATURE) 

OTHER TESTS SPECIFIC TO THE TES CONCEPT 

CALORIMETRY ON SINGLE MODULES 

R&D RELATED TO TES 

TES LABORATORY (CONT'D) 

STATUS : 

GETTING UNDERWAY 

SOME LABORATORY INSTRUMENTS 
INSTALLED 

TESTING UNDERWAY ON 

UNIVERSITY OF DELAWARE 
CHUBS 

GLASS BLOCKS CONTAINING 
CaC12-6H20 

2 16 



ANALYTICAL AND PHYSICAL MODELING (PCM's) 

OBJECTIVE: 

TO UNDERSTAND AND DEVELOP PREDICTIVE 

CAPABILITY FOR THERMAL TRANSPORT I N  

PCM STORAGE SYSTEMS 

APPROACH: 

DEVELOP MATH MODELS FOR DYNAMIC THERMAL 

BEHAVIOR OF MELTING/FREEZING SYSTEMS 

OPERATE PHYSICAL MODELS TO TEST AND 

IMPROVE MATH MODEL 

ANALYTICAL AND PHYSICAL MODELING 
(CONT'D) 

RESULTS TO DATE : 

MATH MODEL BASED ON CONDUCTION IS 

OPERATIONAL, CONFI RMED, AND 

DOCUMENTED 

PHYSICAL MODEL (SLAB GEOMETRY) 

OPERATED IN CONDUCTION AND 

NATURAL THERMAL CONVECTION 

MODES - EXTENSIVE DATA COLLECTED - 
DOCUMENTATION FORTHCOMING 



PHYSICAL MODEL (SLAB GEOMETRY) 

J TUBE 

FACE 

.EXIGLAS 

7MAY 14:41:56:18 FRZ. FILLED CELL 1&2&3 

0 AL FACE 
A TCl 
+ TC2 
X TC3 
o TC4 
v CWB 

104 . I 
0 100 200 300 400 500 600 700 800 

TIME (min) 



ANALYTICAL AND PHYSICAL MODELING (PCM's) 

FUTURE PLANS: 

PHYSICAL MODEL WlLL BE USED TO QUANTIFY 

EFFECTS OF NATURAL THERMAL CONVECTION 

MATH MODEL WILL BE MODIFIED TO INCLUDE 

EFFECTS OF NATURAL THERMAL CONVECTION 

EXISTING MATH MODEL WlLL BE USED TO STUDY 

THERMAL TRANSPORT IN PCM STORAGE SYSTEMS 

UNIVERSITY OF DELAWARE CHUBS 

PASSIVE SOLAR APPLICATIONS (TROMBE 

WALLS CONTAINING PCM's) 

SURFACE TEMPERATURE OF CHUBS 



TES A N D  TRANSPORT IN THE EARTH FOR HEAT 
PUMP ASSIST 

OBJECTIVE: 

DEVELOP AND DEMONSTRATE A CONCEPT THAT 

UTILIZES HEAT STORED I N  THE EARTH UNDER A 

HOME TO IMPROVE THE PERFORMANCE OF HEAT 

PUMPS 

BACKGROUND: 

UNIVERSITY OF TENNESSEE FIELD EXPERIMENT 

INDICATES POSSIBLE ENERGY SAVINGS OF 25% 

PROJECT DESCRIPTION (3 EXPERIMENTS): 

1. MEASURE EFFECTIVE THERMAL CONDUCTIVITY 

OF WET SOIL (LABORATORY) 

2. MEASURE THERMAL TRANSPORT FROM GROUND 

TO AIR I N  CRAWL SPACE 

3. FIELD TEST INVOLVING EXISTING HOME 





FIELD TEST RESIDENCE 



THERMAL ENERGY STORAGE TESTING FACILITY 

R. J. Schoenhals, H. F. Kueh le r t ,  and C. P. L i n  
Purdue U n i v e r s i t y  

PROJECT OUTLINE 

P r o j e c t  T i t l e :  Opera t ion  o f  a Storage Heater  Tes t  Fac i1 i t . y  

P r i n c i p a l  I n v e s t i g a t o r :  J. Asbury 

Organ iza t ion :  Argonne N a t i  onal Labo ra to r y  
9700 South Cass Avenue 
Argonne, I L  60439 
Telephone: (31 2 )  972-3779 

P r o j e c t  Goals: Determi ne t h e  thermal  performance of r e s i s t a n c e  s to rage  
hea te rs  i n  r espec t  t o  c u r r e n t  standards.  Propose 
addi t i  onal standards as app rop r i  ate.  

Design and c o n s t r u c t  a s to rage  hea te r  t e s t  f a c i l i t y  a t  
Purdue U n i v e r s i t y  w i t h  c a p a b i l i t y  f o r  measur ing t h e  
performance o f  e l e c t r i c  r e s i s t a n c e  heated s to rage  u n i t s .  
Compare performance o f  commerci a1 u n i t s  based on e x i s t i n g  
standards.  Propose a d d i t i o n a l  performance s tandards as 
appropr i  ate. 

P r o j e c t  S ta tus :  Cal or i rneter  c o n s t r u c t i o n  i s  completed, and t e s t i n g  
procedures a re  b e i n g  prepared. Tes ts  o f  s torage hea te rs  
are i n  progress.  

Con t rac t  Number: 31-109-38-4666 

Con t rac t  Per iod:  October, 1978 t o  September, 1980 

Funding Leve l  : $1 00K 

Funding Source: Argonne Nat i onal L a b o r a t o r y  



THERMAL ENERGY STORAGE TESTING FACILITY* 

R . J .  Schoenhals, H.F. Kuehlert,  and C.P. Lin 
Purdue un ive r s i ty  

SUMMARY 

Development of a prototype t e s t i n g  f a c i l i t y  f o r  e l e c t r i c a l l y  heated thermal 
energy s torage  u n i t s  i s  being pursued. Test  procedures a r e  being evaluated and 
v e r i f i e d  by means of simultaneous redundant measurements and analys is .  The 
q u a l i t y  of measurements obtained with the  use of a c a l i b r a t e d  calorimeter  
chamber has been improved. ~ e s t i n g  of commercially ava i l ab le  u n i t s  i s  being 
performed, and experience gained i n  t h i s  a c t i v i t y  w i l l  be used t o  f u r t h e r  r e f i n e  
and subs tan t i a t e  the  t e s t  procedures being formulated. 

INTRODUCTION 

This p r o j e c t  dea l s  with the  development of a f a c i l i t y  f o r  t e s t i n g  of r e s i -  
d e n t i a l  e l e c t r i c a l l y  heated thermal energy s torage  (TES) un i t s .  Experiments 
a r e  present ly  being conducted with devices which u t i l i z e  high heat  capacity 
ceramic b r i cks  a s  the  energy storage medium. Large c e n t r a l  u n i t s  a r e  now ava i l -  
able  f o r  replacing conventional r e s i d e n t i a l  furnaces. Also on the  market a r e  
small self-contained room-size u n i t s  which avoid t h e  necess i ty  f o r  ductwork and 
a c e n t r a l  a i r  handling system. 

Energy charging of these devices occurs a t  n ight  using l e s s  expensive o f f -  
peak e l e c t r i c a l  energy. During t h i s  period the  e l e c t r i c a l  hea te r s  ins ide  the  
u n i t  a r e  ac t iva ted ,  heat ing  t h e  ceramic b r i cks  t o  a high temperature. A i r  then 
i s  caused t o  flow over the  b r i cks  i n t e r m i t t e n t l y  throughout t h e  day and evening 
a s  required t o  maintain t h e  residence a i r  temperature. The a i r  flowing over 
t h e  br icks  is heated during t h i s  process,  and the  br icks  a r e  correspondingly 
cooled so t h a t  t h e i r  temperature l e v e l  i s  eventual ly lowered thus  preparing 
them f o r  acceptance of another energy charge during t h e  next night-time period. 

Use of off-peak e l e c t r i c a l  energy with TES systems makes it possible f o r  
a u t i l i t y  t o  increase  i t s  t o t a l  energy output  with a given quan t i ty  of generat- 
ing  capacity.  With fewer customers drawing appreciable amounts of energy during 
the  day, the  d a i l y  peak i s  reduced. Concurrently, t h e  usual  decrease i n  load 
a t  n ight  is reduced a s  more customers draw energy during t h i s  period f o r  charg- 
ing of  TES uni ts .  This concept has been i n  use i n  some a reas  i n  Europe f o r  
seve ra l  years. More recen t ly  it has been introduced i n  the  U.S.  on a small 
s c a l e ,  mostly on an experimental b a s i s  by c e r t a i n  u t i l i t i e s  with a l imi ted  
number of customers. A s  a r e s u l t ,  f i e l d  t e s t  d a t a  a r e  being co l l ec ted  by a 

* This p r o j e c t  is  supported by Argonne National Laboratory, Energy and Environ- 
mental Systems Division, Special  P ro jec t s  Group, under Contract No. 31-109-38- 
4666. 



number of organizations, including the  u t i l i t i e s  themselves, the  Elec t r ic  Power 
Research In s t i t u t e  and Argonne National Laboratory. 

Although e l e c t r i c a l l y  heated TES uni t s  a r e  now on the  market i n  the  U.S., 
standard performance t e s t i ng  procedures have not ye t  been established i n  t h i s  
country. Available information which can a s s i s t  i n  t he  development of such 
procedures includes a German Standard, D I N  44572, which has been established 
spec i f ica l ly  for  e l e c t r i c a l l y  heated TES units .  within t he  U.S. a standard has 
been established for  t e s t i ng  of other types of TES un i t s  by t he  American Society 

. 

of Heating, Refrigerating and Air Conditioning Engineers (ASHRAE), ASHRAE 
Standard 94-77, Both of these documents have been qu i te  helpful  i n  guiding the 
present work. 

Currently ASHRAE Standards Project  Committee 94A is i n  the  process of w r i t -  
ing descriptions of standard t e s t  procedures f o r  e l e c t r i c a l l y  heated TES units .  
Simultaneously, experimental and analyt ical  work i s  being pursued in  t h i s  
project  i n  order t o  a s s i s t  ASHRAE i n  i t s  e f for t .  Personnel of Argonne National 
Laboratory and Oak Ridge National Laboratory provide coordination by maintaining 
contact with ASHRAE Committee 94A and by monitoring the  a c t i v i t i e s  conducted i n  
t h i s  project. 

GENERAL DESCRIPTION OF THE PROJECT 

The objective of t h i s  project  i s  the development of a prototype TES t e s t i ng  
f a c i l i t y  t ha t  can be duplicated a t  established commercial o r  government labora- 
t o r i e s ,  o r  a t  TES manufacturers' R & D laboratories,  In addit ion t o  defining 
the  charac te r i s t i cs  of the  t e s t  apparatus, appropriate t e s t  procedures are  t o  be 
defined and verif ied.  The goal i s  t o  achieve the  type of f a c i l i t y  and associated 
methods t ha t  can be ea s i l y  and economically used elsewhere. Thus, simplicity i s  
desired,  a s  opposed t o  t e s t s  which mu ld  be elaborate,  expensive and time con- 
suming. Complexity i s  re luc tan t ly  added only when the  simplest procedures f a i l  
t o  yield r e su l t s  of su f f i c i en t  accuracy. 

Quantities t o  be iden t i f i ed  by t e s t s  conducted with a par t i cu la r  TES un i t  
include t o t a l  energy charge, heat  loss  during charging and standby, and 
r a t e  of delivery of energy during discharge. For the  la rger  cen t ra l  u n i t s  the 
r a t e  of energy delivery can be calculated a f t e r  measuring the  a i r  flow r a t e  
through the  device and the  temperature difference between the  i n l e t  and o u t l e t  
a i r .  This type of t e s t  can be performed with t he  un i t  placed i n  a typ ica l  
laboratory set t ing.  Heat losses  a re  not measured d i r e c t l y  i n  t h i s  case, but 
uniformity can be obtained from t e s t  t o  t e s t  by requiring t h a t  the laboratory 
a i r  temperature be maintained within a specified range. 

Certain advantages a r e  obtained by t e s t i ng  t he  smaller room-size u n i t s  
inside a calibrated calorimeter chamber. Once the  chamber has been proper ly '  
ca l ibrated the heat  l o s s  from a TES un i t  during charging and standby and the  r a t e  
of energy delivery during discharge can be determined by measuring the  i n l e t  t o  
o u t l e t  a i r  temperature di f ference across t he  chamber. Measurement of the  a i r  
flow r a t e  through the  chamber i s  not required e i t h e r  during ca l ib ra t ion  o r  during 
the  t e s t  of the  TES un i t ,  according t o  the  German Standard D I N  44572. 

In  t h i s  project  various test methods a r e  being studied both experimentally 



and ana ly t i ca l ly .  Simultaneous redundant measurements a r e  made where poss ib le  
in  order  t o  e s t a b l i s h  t h e  v a l i d i t y  of the  procedures. For example, although 
the  calorimeter  method does not  r equ i re  a d i r e c t  measurement of the  a i r  flow 
r a t e ,  a s tandard nozzle has been i n s t a l l e d  f o r  t h i s  purpose i n  order  t o  provide 
an independent determination of  the  hea t  l o s s  from t h e  ca lor imeter  chamber. 
Also, e l e c t r i c a l  input  energy during charging of  a TES u n i t  i s  determined by 
3 techniques: (1) by use of  a ca l ib ra ted  watt-hour meter,  (2) by means of a 
conventional wattmeter and (3) by e l e c t r i c a l l y  i n t e g r a t i n g  t h e  s i g n a l  from a 
watt  transducer. By making these  add i t iona l  measurements it i s  poss ib le  t o  
l ea rn  more about the  magnitudes of  t h e  q u a n t i t i e s  of  i n t e r e s t  and t o  v e r i f y  t h e  
accuracy and p rec i s ion  with which they can be determined from the  measurements. 
It i s  hoped t h a t  once this kind of v e r i f i c a t i o n  has been accomplished i n  this 
p r o j e c t ,  eventual  recommended t e s t  procedures w i l l  involve t h e  smal les t  number 
of  s traightforward measurements poss ib le  f o r  meaningful determinations of the  
q u a n t i t i e s  of i n t e r e s t .  

Figure 1 conta ins  a photograph showing one of  t h e  l a r g e  c e n t r a l  TES u n i t s  
(foreground) a n d , t h e  ca lor imeter  chamber which has been fabr i ca ted  f o r  t e s t i n g  
o f  t h e  room-size un i t s .  The blower which draws a i r  through t h e  chamber is  on 
t h e  l e f t .  Air e n t e r s  the  chamber on the  r igh t .  Figure 2 shows t h e  opposi te  
s i d e  of the  chamber. Some of t h e  instrumentat ion can be seen i n  this view a s  
well  a s  a small TES u n i t  which i s  ready f o r  i n s t a l l a t i o n  i n  the  chamber f o r  
t e s t ing .  

RESULTS AND DISCUSSION 

The calorimeter  chamber was designed and fabr i ca ted  t o  keep hea t  losses  
small. The chamber wal ls  and door a r e  l ined  on t h e  i n s i d e  with a l a y e r  of 
Styrofoam approximately 10 cm thick.  The o u t l e t  c o n s i s t s  of  a f l a i r e d  rectangu- 
lar sec t ion  which is followed by a duct  of round cross-sect ion.  The round 
por t ion  i s  w e l l  i n su la ted  on t h e  outs ide  with g l a s s  wool. A schematic diagram 
of  the  e s s e n t i a l  f e a t u r e s  of t h e  system i l l u s t r a t i n g  t h e  var ious  energy flow 
r a t e s  i s  given i n  Figure 3. Both ana lys i s  and measurements ind ica te  t h a t  t h e  
hea t  l o s s  from the  chamber and from t h e  o u t l e t  duct  i s  t y p i c a l l y  about 15% of 
t h e  hea t  de l ivered  t o  t h e  i n t e r i o r  of the  chamber by t h e  heat ing  uni t .  

For purposes of c a l i b r a t i o n  an e l e c t r i c a l  h e a t e r  i s  i n s t a l l e d  ins ide  the  
chamber and operated under s teady s t a t e  conditions. The r a t e  a t  which heat  
is  del ivered  t o  the  i n t e r i o r  of the  chamber i s  then equal  t o  t h e  measured r a t e  
a t  which e l e c t r i c a l  energy is  supplied t o  the  heater .  The blower which draws 
a i r  slowly through the  chamber is  operated a t  var ious  speeds, and t h e  i n l e t  t o  
o u t l e t  temperature rise is recorded. P lo t s  of  these  measurements, a s  shown 
i n  Figure 4 ,  c o n s t i t u t e  a c a l i b r a t i o n  of the  ca lor imeter  system. 

Figure 5 shows t h e  i n l e t  t o  o u t l e t  temperature d i f f e r e n c e  during and a f t e r  
the  charging process f o r  an a c t u a l  t e s t  of  a 2kW TES u n i t  which i s  now on the  
market. Since the  i n t e r n a l  blower within t h i s  u n i t  was no t  operated during t h e  
test the r e s u l t s  ind ica te  hea t  losses  during charging and standby. I n i t i a l l y  
the  u n i t  was a t  room temperature, but  a s  e l e c t r i c a l  energy was supplied i ts  
i n t e r n a l  temperatures rose ,  and hea t  t r a n s f e r  from t h e  u n i t  t o  the  a i r  ins ide  
the  chamber increased a s  indica ted  by the  i n l e t  t o  o u t l e t  a i r  temperature 
d i f ference .  Af ter  8 hours of charging the  e l e c t r i c a l  inpu t  was terminated, 
and the rate of h e a t  l o s s  from the unit t o  the a i r  gradual ly  decreased. 



F i g u r e  1. C e n t r a l  TES U n i t  ( F o r e g r o u n d )  a n d  C a l o r i m e t e r  
C h a m b e r  fo r  T e s t i n g  of Room-S ize  TES U n i t s  

Figure 2 .  V i e w  of C a l o r i m e t e r  C h a m b e r  f r o m  O p p o s i t e  Side 
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Figure 3 .  Schematic Diagram of the  Essen t i a l  Features of t h e  Calorimeter 
Chamber I l l u s t r a t i n g  the  Various Energy Flow Rates 

Outlet Air Temp.-Inlet Ai r  Temp. (OC) 

Figure 4. Cal ibra t ion  Chart Obtained Under Steady S t a t e  Conditions with 
Calorimeter Blower Speed a s  Parameter 



Figure 5 .  Measured I n l e t  t o  Out le t  Temperature Difference During and After  
an 8 Hour Charging Period f o r  a 2KW TES u n i t  (Calorimeter Blower 
Speed = 850 rpm) 

For any i n s t a n t  of  time the  temperature d i f fe rence  from Figure 5 can be 
used with the  c a l i b r a t i o n  c h a r t  i n  Figure 4 t o  determine t h e  r a t e  a t  which t h e  
heat ing u n i t  under t e s t  de l ivered  hea t  t o  t h e  a i r  i n s i d e  the  calorimeter .  This 
procedure provides co r rec t  r e s u l t s  under t h e  following assumptions: 

1. The n e t  enthalpy outflow r a t e  f o r  t h e  a i r ,  a s  indica ted  by t h e  measured 
temperature d i f fe rence  during the  t e s t ,  is  t h e  same a s  t h a t  occuring during t h e  
ca l ib ra t ion  t e s t  a t  the  same measured temperature d i f ference .  

2. The hea t  l o s s  from the  calorimeter  system t o  t h e  surroundings during 
the  t e s t  i s  the  same a s  t h a t  occuring during t h e  c a l i b r a t i o n  test a t  t h e  same 
measured temperature d i f ference .  

3 .  The r a t e  of change of i n t e r n a l  energy of t h e  chamber and t h e  a i r  
contained ins ide  i s  neg l ig ib le  during t h e  test. 

The procedure indica ted  above i s  very des i rab le  because of i t s  s impl ic i ty .  
However, the  assumptions l i s t e d  r a i s e  ques t ions  about the  v a l i d i t y  and accuracy 
of the  r e s u l t s  obtained. Therefore, these  aspects  a r e  being evaluated during 
the  course of t h i s  p ro jec t .  

In  regard t o  assumption 1 it should be pointed o u t  t h a t  t y p i c a l l y  t h e r e  
a r e  a i r  temperature v a r i a t i o n s  over t h e  o u t l e t  duct  cross-section. Because of 
this a thermopile, cons i s t ing  of 20 p a i r s  of  thermocouples connected i n  s e r i e s ,  
is  employed with a l t e r n a t e  junctions placed i n  t h e  i n l e t  duc t  and o u t l e t  duct ,  
respect ive ly .  'The i n l e t  duct  has a rec tangular  cross-sect ion and t h e  o u t l e t  
duct  has a round cross-section. Locations of  t h e  thermocouples i n  the  duc t s  a r e  
indica ted  i n  Figure 6, (a)  and (b). Figure 6 (c)  i l l u s t r a t e s  t h e  s e r i e s  arrange- 



x - indicates location of thermocouple 

inlet Duct 

(b) Outlet Duct 

Figure 6. Thermocouple Arrangement: (a) Inlet Duct, (b) Outlet Duct, 
and (c) Thermopile Formed by Series Arrangement of 
Thermocouples 



ment of  the  thermocouple pa i r s .  With t h i s  procedure t h e  vol tage  output  i n d i c a t e s  
e s s e n t i a l l y  t h e  d i f fe rence  between t h e  average i n l e t  and average o u t l e t  a i r  
temperatures (averages taken over t h e  duct  c ross-sec t ions) .  

On a r igorous b a s i s  t h e  enthalpy flow r a t e  f o r  t h e  o u t l e t  a i r  i s  indica ted  
by the  mixed mean temperature, which depends upon t h e  temperature p r o f i l e  and 
the  ve loc i ty  p r o f i l e  i n  t h e  o u t l e t  duct. The ve loc i ty  p r o f i l e  is unknown, un- 
less very d e t a i l e d  ve loc i ty  measurements a r e  made wi th in  t h e  duc t  t o  determine 
it. In  general  the mixed mean temperature is  no t  equal  t o  t h e  average temper- 
a tu re ,  but  these  two temperatures approach each o the r  a s  t h e  a i r  temperature 
over the  cross-sect ion becomes more uniform, no matter  what t h e  ve loc i ty  p r o f i l e  
may be. The room a i r  en te r ing  the  calorimeter  has a uniform.temperature, s o  
this condit ion is  achieved i n  t h e  i n l e t  duct. However, i n i t i a l  opera t ion  of  
t h e  chamber revealed s i z a b l e  temperature v a r i a t i o n s  within t h e  a i r  i n  the  o u t l e t  
duct. Temperature v a r i a t i o n s  wi th in  t h e  o u t l e t  duct  cross-sect ion a s  high a s  
53% of the  average i n l e t  t o  o u t l e t  temperature d i f fe rence  were detec ted  by 
means of individual  thermocouples placed a t  the  loca t ions  of  t h e  thermopile 
thermocouples. The a i r  i n  t h e  chamber and i n  t h e  duct  apparently s t r a t i f i e s  
due t o  buoyancy, and t h e  warmer and cooler  por t ions  of  t h e  a i r  tend t o  remain 
separated a s  they move through the  o u t l e t  duct. Under these  condi t ions  the  
measured average i n l e t  t o  o u t l e t  temperature d i f fe rence  i s  not  guaranteed 
t o  represent  the  n e t  enthalpy flow r a t e  accura te ly ,  because of t h e  poss ib le  
devia t ion  between t h e  average and mixed mean o u t l e t  temperatures. Hence, 
such measurements a r e  no t  considered acceptable. 

In order  t o  obta in  a more near ly  uniform o u t l e t  a i r  temperature b a f f l e s  
were i n s t a l l e d  i n  the  chamber i n  an attempt t o  c r e a t e  a more uniform temperature 
f o r  the  a i r  en te r ing  t h e  o u t l e t  duct.  This produced a small improvement. 
Mixing louvers placed a t  the  entrance t o  t h e  o u t l e t  duct  unfortunately were 
found t o  produce no improvement. However, a more c a r e f u l l y  designed s e t  of 
mixing louvers was i n s t a l l e d  f u r t h e r  downstream i n  t h e  duct ,  and t h e  duct  was 
lengthened t o  al low a g r e a t e r  d is tance  f o r  mixing. The 53% d i f fe rence  r e f e r r e d  
t o  above was reduced t o  only 5% with t h i s  re-designed system, a t  t h e  same heat-  
ing  r a t e  and a i r  flow r a t e .  The devia t ion  between the  average and mixed mean 
o u t l e t  temperatures i s  estimated t o  be only about 1% of t h e  average i n l e t  t o  
o u t l e t  temperature d i f ference .  This i s  considered q u i t e  s a t i s f a c t o r y ,  bu t  
work i s  continuing on t h i s  problem t o  see  i f  t h e  present  arrangement w i l l  be 
e f f e c t i v e  over the  ranges of heat ing  r a t e  and flow r a t e  t o  be encountered. 

FUTURE WORK 

E f f o r t s  w i l l  continue t o  be devoted t o  reducing inaccuracies  and ve r i fy ing  
the  t e s t  procedures and apparatus being developed. Commercially ava i l ab le  room- 
s i z e  u n i t s  of d i f f e r e n t  s i z e s  a r e  being t e s t e d ,  and t h e  ca lor imeter  chamber 
system and the  associa ted  test procedures w i l l  be r e f ined  a s  t h i s  experience i s  
accumulated. Test ing of  c e n t r a l  u n i t s  w i l l  proceed simultaneously, f i r s t  i n  a 
conventional labora tory  environment and eventual ly i n  an environmentally 
cont ro l led  chamber i n  order  t o  determine how s i g n i f i c a n t  t h e  ambient a i r  temp- 
e r a t u r e  i s  i n  a f f e c t i n g  the  t e s t  r e s u l t s .  I f  test r e s u l t s  a r e  found t o  be not  
very s e n s i t i v e  t o  t h e  ambient a i r  temperature, a severe s p e c i f i c a t i o n  f o r  t h e  
ambient a i r  temperature can be avoided i n  the  eventual  recommended standard 
test procedure f o r  these  un i t s .  
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PROJECT GOALS : 

The goals of this project are to assess the economic viability 
and the institutional compatability of a district heating system 
in the city of Bellingham, Washington, and to determine the 
technical and economic advantages of using thermal energy storage 
methods. 

PROJECT STATUS : 

The project is currently in the ninth month of an eighteen month 
program. The waste heat streams at the aluminum plant that will 
provide the energy for the district heating system have been 
characterized and the energy demand of the district heating 
system service area has been defined. A comparative evaluation 
of the technical and economic features of three thermal energy 
storage methods will be initiated this month. Energy storage, in 
the form of hot water, will allow greater use of the constant 
energy supply by the variable energy demand. The thermal storage 
methods to be evaluated include: 1) a confined aquifer, 2) an 
abandoned coal mine located beneath the city of Bellingham, and 
3) an above ground, insulated metallic tank. 



I. PURPOSE 

This project is directed toward determining the economic 
viability and institutional compatability of a district heating 
system that uses waste heat from an aluminum plant as the source 
of thermal energy. The project has been designed to show how 
existing energy storage techniques can enhance the utili,ty of low 
temperature waste streams. This project will provide technical 
and economic comparisons of energy storage in confined aquifers, 
in an abandoned coal mine, and in above-ground, insulated, 
metallic storage tanks. 

11. BACKGROUND 

Under a Department of Energy (DOE) Contract, Rocket Research 
Company has investigated the use of aluminum process reject heat 
as a source of energy for large scale district heating. During 
Phase I of a multi-phased program, RRC conducted a preliminary 
evaluation of a district heating network for the City of Belling- 
ham, Washington, with reject heat recovered from the Intalco 
Aluminum Corporation plant located in Ferndale, Washington. The 
baseline District Heating System is a network of clo~ed-loop hot 
water pipes that recover energy at approximately 250 F from the 
fume hood ducts at Intalco and transmits the energy to a rela- 
tively high density commercial/residential population center for 
space and hot water heating. Results of the tradeoff studies 
conducted during Phase I show that the District Heatinq System 
concept is both technically and economically attractive because 
the system design concept is based on existing technology and 
implementation of the concept will be economically competitive 
with existing systems using conventional fossil fuels. 

RRC estimates that approximately 40 percent of the low quality 
heat generated at Intalco which is presently unuseable, could be 
effectively applied to space and hot water heating in the city of 
Bellingham by means of a district heating system to serve as many 
as 20,000 residences and commercial buildings. If this energy 
recovery was realized from all of the nations' aluminum plants, a 
savings equivalent to six to eleven million barrels of oil could 
be realized annually. By the year 2000, the cost of this energy 
is projected to be about one quarter that of conventional energy 
sources. 

Because the viability of a District Heating System in Bellingham 
is largely dependant on cost and institutional considerations, 
Phase I1 of the program is presently addressing these areas so 
that the necessary level of confidence can be established prior 
to a major commitment of funds. As part of this Phase I1 effort, 
RRC is also conducting the following technical and economic 
evaluations: 



1) seasonal storage of hot water in an abandoned coal 
mine below the city of Bellingham and in confined. 
aquifers, 

2) integration of waste energy streams from nine local 
facilities (oil refineries, wood and paper mill, 
cement plant, etc.) with .the District Heating System, 

3) determining the impact on the Intalco facility when 
it is integrated with the District Heating System, 
and, 

4) assessment of the state of development of district 
heating system equipment. 

111. PROJECT DESCRIPTION 

The project has been organized into five major tasks. These 
tasks are described in the f.ollowing paragraphs, 

Task I is a marketing analysis effort which is directed toward 
characterizing the potential market in terms of energy demand, 
peak loads, scope of system conversions required, etc., and an 
assessment of the rate at which subscribers will join the utility. 

Task I1 is a technology review that is concerned with three 
specific areas: 1) the impact on the Intalco facility when it 
is integrated with the district heating system, 2) the technical 
and economic comparison of hot water storage in confined aquifers, 
in.an abandoned coal mine and in metallic, insulated tanks, and 
3) an assessment of the technological status of district heating 
system equipment. 

Task I11 will evaluate the feasibility of utilizing energy waste 
streams from 9 facilities in the area (2 oil refineries, a paper 
mill, cement plant, etc.) to increase and/or supplement the 
energy capability of the district heating system. 

Task IV is concerned with the legal, political and social con- 
straints that collectively are referred to as institutional 
considerations. Included will be evaluation of the various 
public and private entities that can own, market, store, sell, 
distribute, and manage a district heating utility. Items to be 
considered in the evaluation include: financing, taxation, 
regulations and permits, rate making, environmental considerations, 
right of way acquisition, contracts with energy supplier and user, 
impact on existing utilities, and DHS liability. 

Task V, the system cost analysis effort, will definitize the design 
of the district heating system to the level which will permit a 



detailed cost estimate to be made for building and operating the 
system. Evaluations will then be made of the different owner- 
ship structures and the financing options available to each 
ownership structure. System design and operating information, 
construction schedules, ownership and financing options will all 
be included in computer programs that will permit the sensitivity 
evaluation of all technical and economic factors so that the 
program can be optomized for various criteria, i.e., minimum rate 
to consumer. 

IV. FLESULTS 

The project is currently in the ninth month of an 18-month 
program. The Marketing Analysis Task is nearing completion with 
the energy demand surveys and conversion cost studies more than 
90% complete. The Community Advisory Group will continue to meet 
every month to discuss issues of concern. For the Technology 
Review task the effort concerned with determining the impact on 
the Intalco facility when it is integrated with the district 
heating system has been completed. The part of the Technology 
Review Task associated with evaluating aquifer storage and the 
use of an abandoned coal mine as an aquifer versus the use of 
metallic tanks is now being initiated. An evaluation study has 
been conducted for the heat exchanger to be installed in the ducts 
at Intalco and testing of a simulated heat exchanger element to 
assess fouling rates has been initiated. The task to evaluate 
the use of waste streams from alternate energy sources is in the 
initial phase with the only activity being the coordination 
meetings held with each of the 9 candidates. The Institutional 
Considerations task is an active phase of the program. Meetings 
have been held with the Washington State Utilities and Transpor- 
tation Commission concerning regulations that are applicable to a 
district heating system and there has been a series of meetings 
with bond underwriters, bond counsel and management consultants 
to discuss financing options. Additional activities involve the 
analysis of legal authority, discussions of environmental impact 
permits with city and county planners and with the State Depart- 
ment of Ecology, right-of-way acquisition and construction 
impacts. The System Cost Analysis task is in the initial stage. 
A preliminary system design phase has been completed as a basis 
for providing a preliminary cost of energy. 

FUTURE ACTIVITIES 

Effort will continue on each of the five tasks during the coming 
months. The marketing analysis task will be reduced considerably 
-- the effort remaining involves support of the Community Advisory 
Group in Bellingham and preparation of the Market Analysis Report. 
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INTRODUCTION 

Thermal energy storage by the melting and refreezing of a chemical 

compound (phase change storage) has the possibility of a high energy storage 

density and isothermal behavior. Both features are thought to be highly desirable 

for thermal storage in systems intended for the solar heating and cooling of 

buildings. 

Unfortunately these attractive possibilities are difficult to realize in 

practice because they require that the refreezing step be carried out with a very 

high and constant Carnot efficiency and with fast kinetics to produce high heat 

release rates. High thermodynamic efficiency and fast kinetics are rarely 

operative in the same process. 

Salt hydrates have relatively high latent heats of fusion (melting) as well as 

melting temperatures which are convenient for space heating and cooling systems. 

Most salt hydrates exhibit refreezing problems which are severe enough to prevent 

their widespread adoption for heat storage. 

One potential solution to the salt hydrate refreezing problem is the Rolling 

Cylinder Heat Storage Device invented at the General Electric Research and 



Development Cen te r  .[l-31 Prior experimental  work in th is  laboratory has  dem- 

onst ra ted t h a t  sodium sulfa te  decahydrate can  be made t o  f r e e z e  rapidly, 

completely, and repeatedly when i t  is contained in a cylindrical vessel ro ta t ing 

slowly about  i t s  cylindrical axis  with its axis horizontal. A t  rota t ional  speeds near  

3 rpm this  mechanical ar rangement  produces just enough s t i r r ing act ion in t h e  two  

phases t o  c r e a t e  e f fec t ive  chemical  equilibrium even though t h e  solid Na2S04 s t i l l  

hovers near t h e  bottom of t h e  vessel. Complete f reezing is obtained with a 

calculated low expenditure of energy t o  generate  t h e  rolling motion. Satisfactory 

repeatable  nucleation has been obtained over many cycles  through t h e  use of a 

tubular nucleator. Refreezing progresses without buildup of a c rus t  of decahydrate  

crys ta ls  on t h e  cylinder wall t o  in terfere  with rapid hea t  transfer.  

To use a rolling cylinder in a heating/cooling system, t h e  system designer 

must have accura te  information describing t h e  hea t  s torage capacity, t h e  temper- 

a t u r e  profile required t o  empty ou t  a s to re  and then refi l l  i t ,  and t h e  r a t e s  at which 

hea t  can be withdrawn from the  s to re  or  added t o  it.  

Sensible heat  s torage in tanks of water i s  character ized by a generally low 

s torage capacity, by wide temperature  swings, and by permissible high r a t e s  of 

hea t  removal per unit of hea t  transfer area.  

Ul C. S. Herrick, "A Rolling Cylinder Latent  Hea t  Storage Device fo r  
Solar Heating/Coolinglv, ASHRAE Transactions, -9 85 512 (197 9). 

[21 C. S. Herrick, U.S. Pa ten t  No. 4,154,292, May 15, 1979. 

131 C. S. Herrick and D. C. Golibersuch, "Qualitative Behavior of a New 
Latent  H e a t  Storage Device for Solar HeatingICooling Systemsv1, 
General  Elect r ic  Company Report  No. 77CRD006, March 1977. 



Phase change storage, on the other hand, is characterized by a generally 

high storage capacity, by narrow temperature swings, and by limiting low rates of 

heat removal per unit of heat transfer area. Configurations chosen by others for 

phase change storage usually try to provide a large heat transfer area and allow a 

crust of solid storage material to accumulate on the heat exchange surface. In the 

rolling cylinder solids do not accumulate on the heat exchange surface so the 

required heat transfer area is much smaller. In principle this smaller heat transfer 

area should be an advantage for the rolling cylinder store. 

The broad goal of this work is to produce a quantitative assessment of the 

engineering properties needed to design a rolling cylinder heat store for use in 

space heating and cooling. This report describes calorimetry on a laboratory scale 

rolling cylinder to measure its thermal properties. 

Calorimeter Construction: 

Figure 1 shows the calorimeter which consisted mainly of a plywood box 

lined with foamed polystyrene insulation. A cylinderical chamber in the center 

holds the rolling cylinder. Figure 2 is a sketch of the assembled calorimeter. Air 

from the surrounding room is propelled into the calorimeter by a blower. After 

passing through the annular space between the cylinder and insulation thereby 

cooling the rolling cylinder, the air passes over a heater and out of the instrument. 

Resistance thermometers measure the air temperature rise due to heat from the 

cylinder and then a second rise due to the electric heater. A known electrical 

input to this heater provides the basic air flow rate measurement. Cylinder wall 

temperature was measured by a block of copper sliding against the rotating wall. 



Figure 1 Calorimeter for Measuring Heat Flow Rates in a Rolling Cylinder 
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Much care is required to assure that average air temperatures are measured rather 

than superheated-flow-streamline .temperatures. All sensors provided a direct 

reading digital output, both visual and Binary Coded gecimal. Sensors were 

scanned at 3 minute intervals during the 15-18 hours required to complete one run. 

A programmable microprocessor directed the scanning and formatted the BCD 

output for recording on magnetic tape. Delta reduction at a later time provided a 

heat balance around the calorimeter for each scan interval. After start-up the 

experiment ran to coinpletion unattended, usually overnight. Computer data 

reduction and computer directed graph drawing were essential to convenient 

management of the large data output. Random error cancellation occured to an 

important degree due to the large number of data points. 

Rolling Cylindet Construction 

The rolling cylinders used in the calorimeter were 6 inches outside diameter, 

12 inches long, and had transparent ends so the freezing process could be observed 

visually. Both ends were thermally insulated during calorimetry so that al l  heat 

was removed through the cylindrical surfaces where the heat transfer conditions 

were well defined. Two differing cylinder constructions were used, and both were 

satisfactory. The first consisted of a FERNICO metal cylinder (iron-nickel-cobalt 

alloy) 40-mil thick with FN glass plates applied to the cylinder ends by glass- 

blowing, see Figure 3. FERNICO metal alloy and FN glass make a satisfactory 

joint because they have matching coefficients of expansion. A tapered opening for 

a No. 7 rubber stopper was placed at the center of each end plate, one for a 

thermowell entry, and one for a tubular nucleator. 

The second cylinder construction consisted of a length of corn mercial 304 

stainless steel tubing. Some internal buffing of the tubing was required to control 

roughness. A plate of 1/2" thick polymethylmethacrylate with outward facing 
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FERNICO METAL CY LlNDER 
(0.040"TIil~~ X 60.0.~. X 11.5 LONG) 

FN GLASS ENDS n 
NUCLEATOR 11 I THERMOWELL UNIT 

Figure 3 A Rolling Cylinder for Laboratory Scale Calorimetry 

beveled edges was inserted on each end and sealed in place by filling the  bevel 

spaces with RTV-room temperature vulcanizing silicone rubber. 1/4-inch IPS pipe 

threads a t  the center of each end provided for thermowell and nucleator 

connections. 

Both the thermowell and nucleator were fabricated from 114-inch diameter 

copper tubing. The thermowell projected 6 inches inside the rolling cylinder along 

the central axis. The nucleator projected about 112 inch inside and 13 inches outside 

along the central axis but at the  opposite end. 

Calorimeter Operation 

Over 50 experiments have been completed in the calorimeter apparatus 

using Glauberfs salt ,  sodium sulfate decahydrate, as the  phase change thermal 

storage medium. Operating experience suggests an  accuracy of about - +8% in the 

quantity of heat measured. 
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In ~ i g u r e '  4 one can see the entire thermal profile of a typical calorimetric 

run during the freezing of Glauber's salt  as i t  progressed from s t a r t  t o  finish. It  is  

convenient and helpful t o  present all of the calorimetric data  in terms of the  

percentage of the  theoretical latent heat evolved. This permits meaningful 

comparison beteen cylinders of differing size, between cylinders operated at 

differing rates, or between differing kinds of storage. The latent heat of fusion of 

sodium sulfate decahydrate was taken t o  be 105.6 Btullb. [41. 

AIR INLET TEW 

PERCENT THEORETICAL LATENT HEAT 

Figure 4 Run 52 at 3 RPM and 25% Excess Na2S04. Cycle 31. 

[41 G. Brodale and W. F. Giauque, J. Am. Chem. Soc., - 80, 2042 (1958). 
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Zero percent  l a ten t  h e a t  occurs at t h e  moment of nucleation. Normally 

nucleation occurs when t h e  supercooling below phase change t empera tu re  is 

greatest .  Thus t h e  separation between cylinder inside temperature  and phase 

change temperature  at zero percent  l a ten t  hea t  is a measure of t h e  maximum 

supercooling and a n  indicator. of nucleator performance. In Figure 4 nucleation 

occured at about  8 9 O ~ ,  a supercooling of 1.3'~ for t h e  cylinder contents. The t o t a l  

h e a t  removal was 95% of t h e  theoret ica l  amount. 

In addition to t h e  a i r  temperatures,  the  cylinder wall (outside) t empera tu re  

and t h e  cylinder axial  (inside) temperature,  one can find t empera tu re  drops (AT) 

from crysta l  f a c e  t o  cylinder con ten t s  (bulk liquid), from cylinder liquid t o  cylinder 

wall, and from cylinder wall t o  the  cooling air. 

The cylinder outside wall temperature  remains within 3 ' ~  of t h e  phase 

change temperature  until 70% of t h e  l a ten t  h e a t  has  been discharged from t h e  

cylinder. This is t h e  most significant feature,  t h e  t empera tu re  of t h e  h e a t  

exchanger surface. I t  can and will be used presently as t h e  principal comparison 

between the  results  of d i f ferent  experiments. 

Due t o  t h e  10% empty space at t h e  top  of t h e  cylinder, t h e  cylinder outside 

wall temperature  will vary somewhat with angular position around t h e  circum- 

ference. I t  was desirable and convenient t o  measure t h e  lowest value; con- 

sequently, in design work these  data will cause hea t  t ransfer  r a t e s  to be slightly 

underestimated. 



Heat Removal Rates: 

The heat removal rate measured in run 52 (corresponding to Figure 4) 

appears in Figure 5. For comparison the ideal heat ,removal behavior is indicated 

by a dashed line forming a rectangle. The rolling cylinder performance does 

approximate the ideal behavior thus fulfilling the advance promise of good and 

sustained heat transfer capability. This desirable behavior results from avoiding 

the progressive accumulation of solids on the heat transfer surface where they 

become a thermal barrier. 
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-- 

PERCENT THEORETICAL LATENT FEAT 

Figure 5 Run 52 Heat Removal Rate Illustrating the 
Close Approach to Ideal Behavior (dashed line) 



Figure 6 i l lus t ra tes  a sustained hea t  removal rate of 200 Btulhrlsq ft .  This 

is t h e  highest r a t e  obtainable under experimental  conditions convenient fo r  t h e  

calorimeter,  thus i t  i s  most probably not a limiting rate. Again, as in Figure 5 t h e  

shape of t h e  hea t  removal r a t e  compares well with t h e  ideal behavior suggested by 

t h e  dashed rectangle. 
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Figure 6 Heat  Removal R a t e  in Run 80 at 3 RPM, 25% Excess Na2S04 

I t  is strongly recommended t h a t  comparisons between la ten t  hea t  s torage 

subsystems be made using diagrams similar t o  Figures 5 and 6. 



Heat Transfer Coefficients: 

Figure 7 shows the calculated values of heat  transfer coefficients on each 

side of the cylinder wall. The outside coefficient is t he  expected value for air  

under the existing conditions. The. inside value is based on the axial temperature 

and the metal wall temperature and thus is an  overall value which includes the  

effects  of mechanical motion or stirring, and diffusion in addition t o  boundary 

layer phenomena. The four distinct steps shown here suggest t he  possible existance 

of four different behavioral regimes inside the cylinder. Other runs provided less 

pronounced steps and many showed fewer than four, however all 
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Figure 7 Heat Transfer Coefficients for Run 44, 3 RPM, 
25% Excess Na2S04, Cycle 10 



showed a t  least one step. The following identifications are tentatively assigned to 

the  four separate behavioral patterns. 

The first  s tep  (L t o  R in Fig. 7) is an  ar t i fact  created by less-than-perfect 

liquid mixing in the cylinder at less than 25% of theoretical latent heat. The 

second s tep then becomes the  initial state of the cylinder contents.. The third s tep  

represents the introduction of a diffusional barrier probably associated with the  

encapsulation of Na2SOq by Na2S0440H20. The fourth s tep  covers the region in 

which the solids cease t o  move relative t o  the cylinder causing internal heat  

transport t o  decline t o  i t s  lowest level. 

Ex- Sodium Sulfate: 

A newly identified encapsulation effect  operates in the rolling cylinder. 

Individual crystals of sodium sulfate decahydrate and anhydrous sodium sulfate 

adhere t o  one another tenaciously when they come into physical contact. Crystals 

of decahydrate formed early in the freezing process gather up a surface coating of 

anhydrous crystals due t o  this mutual adhesive effect. In turn the anhydrous 

crystals a t t r ac t  a coating of decahydrate. As the  freezing process continues 

alternating layers of the two types accumulate on each growing crystal until all of 

the anhydrous sodium sulfate is buried beneath a layer of decahydrate. Since the  

continuing formation of decahydrate (at  constant temperature) is dependent upon 

the availability of some solid anhydrous sodium sulfate i t  is likely tha t  t he  

encapsulating e f fec t  just described will c rea te  a visible resistance t o  the r a t e  of 

crystallization at some point in the  freezing process. In a cylinder containing 

stoichiometric decahydrate rotating at 3 rpm and cooling at 80 Btu/hr/sq f t  this 

resistance becomes significant at about 45% frozen. At this point the  cylinder 

outside wall temperature begins t o  fall rapidly because the combined effects  of 



solid .out-diffusion, water in-diffusion, water in-migration along crystal defects, 

and crystal-crystal grinding is no longer able to provide access to sodium sulfate at  

the required rate. 

The exact details of when this solution starvation point is reached and the 

size and population of growing crystals depend strongly on the degree of super- 

cooling at the time nucleation occurs. Larger degrees of supercooling lead to 

larger and fewer growing crystals with deeper burial of anhydrous sodium sulfate in 

decahydrate. 

It should be pointed out that in a stoichiometric mixture without encap 

sulation the quantity of anhydrous sodium sulfate, and thus its surface area 

available for reaction with solution to form new decahydrate approaches zero as 

the freezing reaction nears completion. Thus another form of anhydrous sodium 

sulfate starvation can be expected to slow down the completion of the reaction. 

Both causes of reactant starvation can be effectively relieved by adding an 

excess of anhydrous sodium sulfate to the system. Figure 8 shows that at 3 rpm a 

25% excess extends the high temperature nominally flat portion of the cylinder 

outside wall temperature to about 75% theoretical latent heat evolved and also 

allows the mixture to ultimately release 99.7% of theoretical latent heat. This 

excess causes about a 10% decrease in volumetric heat storage capacity. 
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Figure 8 The Effect of Excess Sodium Sulfate on Decahydrate Formation. 
Cylinder Outside Wall Temperatures for Run 5, 8,13 

Rotation Rate: 

Cylinder rotation r a t e  determines the amount of stirring and the radial 

mixing of cylinder contents. The cylinder outside wall temperature is the  best 

indicator of how well this internal mixing is being carried out. I t  is  also probable 



that a significant amount of crystal-crystal grinding results from the rotation. 

Figure 9 shows the effect of changing rotation rate on the outside wall temper- 

ature. There is little difference between speeds of 2 and 3 rpm as well as between 

5 and 7 RPM. There is certainly an improvement in performance at the two higher 

speeds and the effect seems highly non-linear. No explanation for this behavior 

other than crystal-crystal grinding can be offered at the present time. Rotation 

rates of 2 or 3 RPM may be usable in working storage systems. 
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Figure 9 The Effect of Cylinder Rotation Rate on the Outisde Wall Temperature 



Commercial M u m  Sulfate: 

All of t h e  ear ly  experiments were done using reagent grade sodium sulfate. 

Later  experiments explored t h e  use of sodium sulfa te  f rom four commercia l  

sources, Prior Chemical  Company, Ashland Chemical  Company, Saskatchewan 

Chemical  Company, and FMC. No differences in behavior were  detected.  T h e  

conclusion is  t h a t  commercially pure sodium sulfa te  f rom most sources will be 

satisfactory for  phase change h e a t  s to rage  in t h e  rolling cylinder. 

pg: 

Aqueous solutions of sodium sulfa te  from dif ferent  sources vary widely in 

hydrogen ion concentration with reagent grade being acid and commercia l  grades  

being usually basic. The e f f e c t  of pH, if any, on t h e  sodium sulfa te  decahydrate - 

sodium sulfa te  - water  system is not  known at t h e  present t ime. pH however i s  

frequently an important  variable in many crystallizing systems. T o  remove t h e  

possibility of a n  uncontrolled variable influencing t h e  exper imental  resul ts  in a n  

unknown way, all sodium sulfa te  was adjusted t o  pH 7.0 before use by adding 

sodium hydroxide or  sulfuric acid as appropriate. 

Melting 

Quantitat ive measurements of t h e  hea t  required t o  mel t  Glauberls salt were  

not considered necessary as long as t h e  system continues t o  yield 100% of t h e  

theoret ica l  l a t en t  h e a t  (within experimental  error)  with each refreezing cycle. The 

melting cycle  is qui te  uneventful  but differs somewhat from t h e  refreezing cycle. 

In cases where refreezing proceeds t o  100.0% init ial  melting produces one  large  



cylinder of solid which rolls with the rotary, motion ,without causing problems. 

After a time it separates into the original constituent crystals and re-establishes 

the same. internal flow patterns observed during refreezing. 

The melting cycle was usually carried out at  about 300 Btulhr which is 3 

times the usual refreezing rate. This high rate was achieved by raising the air 

temperature flowing over the cylinder. With the 40 mil wall thickness at  10% void 

space the maximum allowable air temperature was about 140'~. Higher air 

temperatures caused crystallinzation of Na2SOq adhered to the cylinder wall and 

should be avoided. Presumably these events occurred in the thin liquid film on the 

cylinder wall as it rotates past the void space. Reducing the void space should 

permit even higher air temperatures. 

Melting Na SO *10H20 produces solid Na2S04 particles in colloidal sizes. 2 4 

Recrystallization of Na2S04 occurs rapidly so that the crystals are large enough to 

re-establish the initial solid-liquid flow pattern by the time the melting cycle is 

finished. 

A M  Solids Ramport: 

The behavior of a long thin rolling cylinder when cooling is applied unevenly 

along its length has an important effect on heat storage system design. If 

complete freezing occurs at one end of the cylinder first, then moves progressively 

along the length of the cylinder to the other end, then the cylinder surface area 

available for heat transfer is reduced by the fraction of storage material frozen. 

To meet a selected heating load at a high fraction frozen would require a 

significant increase in storage size (and cost) over that necessary to meet the same 

load at a low fraction frozen. Uniform freezing would minimize storage size and 

cost. 



In the  calor imetry  experiments just described where cylinder 

LengthIDiameter = 2, t h e  freezing process always occurred uniformly throughout - - 
t h e  cylinder. I t  i s  possible t h a t  in some domestic heating systems L/D would have 

a value of 10 or  20. T o  evaluate  t h e  possibility of uniform freezing in such systems 

t h e  apparatus of Figure 10 was constructed. LID was 14. When a s t e p  upset was 

introduced by placing all of t h e  solids at one end of t h e  cylinder t h e  t i m e  required 

t o  establish equilibrium (at 3 RPM) was always 0.5% of s torage discharge time. 

This rapid equilibration of solids inside t h e  cylinder strongly suggests t h a t  cylinders 

with L/D rat ios as large  as 20 or  more will f r e e z e  uniformly due t o  t h e  rapid 

internal  heat  transport  by t h e  axial  flow of solids. 

In a quali tat ive demonstration of internal  heat  transport  i t  proved possible 

t o  maintain t h e  Fig. 10 cylinder in a s teady s t a t e  by heating one  end while cooling 

Figure 10 The Axial Solids Transport Experiment Demonstrated Uniform 
Freezing in Long Cylinders 
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the other at approximately 100 Btulhrlsq f t .  The accompanying axial flow of solids 

was rapid enough tha t  no end t o  end differences in solids levels could be detected 

visually. 

Life Testing: 

Life tests a r e  underway at a ra te  of one freezelmelt  cycle per day, or 5 

cycles per week. Freezing conditions (room air) a r e  imposed from 4 pm t o  8 am 

next day then melting conditions from 8 am until completely melted, usually about 

2 pm. Normally the cylinders a r e  frozen solid without visible amounts of liquid 

phase remaining. 

Calorimetry is done every ten cycles t o  document possible changes in 

freezing performance. At the  t ime this text  was prepared more than 150 cycles 

had been completed. There has been no change in the quantity of latent heat 

evolved upon freezing which remains at 100%. The ability of the  system t o  freeze 

completely has not been adversely'affected by up t o  150 freeze-melt cycles. 

Summary 

The quantity of heat stored and the heat flow rates  achieved have been 

measured in a laboratory sized rolling cylinder. In general the  promises of good 

performance based on earlier qualitative results have been fulfilled. This report 

provides a brief summary of the quantitative evidence which has been accumulated 

t o  support the following statements concerning the rolling cylinder with Glauber's 

salt. 



Complete phase change 

Theoretical latent heat release 

Repeatable performance over 150 cycles 

High heat release rates 

High internal heat transfer rates 

High heat exchanger surface temperatures 

Commercial source salts are satisfactory 

Freezing occurs uniformly 

Carclusion 

The quantitative laboratory scale results suggest that the rolling cylinder 

will  be a high performance low temperature thermal storage device. No technical 

barriers were discovered to the further development of the rolling cylinder thermal 

storage device. 
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THERMAL-ENERGY STORAGE TEST FACILITY* 

Mark P. Ternes 
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SUMMARY 

Two loops making up t h e  Thermal Energy Storage Tes t  (TEST) F a c i l i t y ,  using 
e i t h e r  a i r  o r  l i q u i d  as t h e  thermal t r a n s p o r t  f l u i d ,  a r e  be ing  designed and 
developed. These loops w i l l  be capable of cyc l ing  r e s i d e n t i a l - s i z e  thermal 
energy s t o r a g e  u n i t s  through condi t ions  s imu la t ing  s o l a r  o r  off-peak e l e c t r i -  
c i t y  a p p l i c a t i o n s  t o  eva lua t e  t he  u n i t ' s  performance. To d a t e ,  t h e  d e t a i l e d  
design of t h e  l i q u i d  cyc l ing  loop has been completed and is expected t o  be 
ope ra t iona l  i n  March 1980; t h e  design of t h e  a i r  cyc l ing  loop has been 
i n i t i a t e d .  

DISCUSSION 

The Thermal Energy Storage Test  (TEST) F a c i l i t y  w i l l  be  a  s e t  of two 
loops,  us ing  e i t h e r  a i r  o r  a  l i q u i d  a s  t h e  thermal t r a n s p o r t  f l u i d ,  capable of 
cyc l ing  both h o t  and "cool" r e s i d e n t i a l - s i z e  thermal  energy s t o r a g e  devices  
through a  s e r i e s  of charge and d ischarge  modes which s i m u l a t e e i t h e r s o l a r  o r  
off-peak e l e c t r i c i t y  TES a p p l i c a t i o n s .  The TEST f a c i l i t y  w i l l  be used t o  
(1) independently eva lua t e  t h e  performance of s t o r a g e  systems us ing  t e s t i n g  
procedures which s imu la t e  working environments under which t h e  system w i l l  
ope ra t e  a s  w e l l  a s  using procedures -proposed by ASHRAE and NBS and (2) t o  pro- 
v ide  support  i n  ' f u r t h e r  R&D work r e l a t e d  t o  TES. To ta l  s t o r a g e  capac i ty ,  
charge and d ischarge  r a t e s ,  temperature p r o f i l e s ,  and p re s su re  drop ac ros s  t h e  
s t o r a g e  device a r e ,  among o t h e r s ,  t he  performance c h a r a c t e r i s t i c s  of i n t e r e s t .  

Both cyc l ing  loops w i l l  be capable of f u l l y  charging o r  d i scharg ing  a  
r e s i d e n t i a l - s i z e  s t o r a g e  u n i t  [52,800 t o  528,000 K J  (50,000 t o  500,000 BTU) 

*Research sponsored by t h e  Div is ion  of Energy Storage Systems, U.S. 
Department of Energy under c o n t r a c t  W-7405-eng-26 wi th  t h e  Union Carbide 
Corporation. 

By acceptance of t h i s  a r t i c l e ,  t he  pub l i she r  o r  r e c i p i e n t  acknowledges 
t h e  U.S. Government's r i g h t  t o  r e t a i n  a  nonexclusive, roya l ty - f r ee  l i c e n s e  
i n  and t o  any copyright  covering t h e  a r t i c l e .  



capac i ty ]  w i t h i n  f o u r  hours  [ r equ i r ed  h e a t  rate of 36.6 KW (125,000 BTU/h)]. 
The l i q u i d  loop w i l l  have a  temperature range of O°C t o  140°C (32OF t o  280°F) 
and w i l l  be  a b l e  t o  use  e i t h e r  water ,  e thylene  g lycol ,  o r  salt  b r i n e  a s  t h e  
working f l u i d  a t  flow rates between 7.6 R/min and 76 Elmin (2 and 20 GPM). The 
temperature range of t h e  a i r  loop w i l l  be from O°C (32°F) t o  some maximum 
temperature as y e t  undetermined. The loops w i l l  possess  a  high degree of 
v e r s a t i l i t y  and c o n t r o l a b i l i t y  t o  produce a  v a r i e t y  of i npu t  condi t ions  c a l l e d  
f o r  by t h e  t e s t i n g  procedures; s p e c i f i c a l l y ,  they w i l l  be  capable of providing 
vary ing  temperature,  flow rate, and, f o r  t h e  a i r  loop,  humidity i npu t  sched- 
u l e s  i n  s t e p  func t ion ,  s i n u s o i d a l ,  and s t o c h a s t i c  p a t t e r n s  t o  f u l l y  s imu la t e  
a c t u a l  condi t ions  and usage of s o l a r  and off-peak e l e c t r i c i t y  s t o r a g e  u n i t s .  

Three feedback loops,  one f o r  temperature c o n t r o l ,  one f o r  flow r a t e  
c o n t r o l ,  and one f o r  humidity c o n t r o l  i n  t he  a i r  loop, a l l  capable of sens ing  
loop parameters and making adjustments accordingly,  w i l l  t h e r e f o r e  be  requi red .  
An i n t e g r a l  p a r t  of t hese  feedback systems w i l l  be  an  LSI-11 computer which 
w i l l  i n t e r f a c e  between t h e  sens ing  and c o n t r o l  devices ;  t h e  computer w i l l  a l s o  
se rve  as t h e  main d a t a  a c q u i s i t i o n  system. Twenty-eight K of co re  and two 
floppy d i sks  provide  program and d a t a  s to rage ,  and, fur thermore,  t h e  mini- 
computer w i l l  be  i n t e r f a c e d  wi th  a  remote computer t o  provide a d d i t i o n a l  s t o r -  
age and computational c a p a b i l i t i e s .  

The b a s i c  p ip ing  and ins t rumenta t ion  layout  f o r  t h e  l i q u i d  loop i s  shown 
i n  Fig.  1. Mixing va lue  A, func t ioning  wi th  a  feedback system i n i t i a t i n g  from 
temperature probe D, i n d i r e c t l y  d i v e r t s  t he  necessary amount of r e t u r n  l i q u i d  
through e i t h e r  of t h e  thermostated l i q u i d  holding tanks,  a s  determined by va lve  
B,  and thereby r econd i t i ons  t h e  working f l u i d  t o  i t s  requi red  i n l e t  tempera- 
t u re .  The loop flow r a t e  w i l l  be  monitored by a  t u rb ine  flow meter  C ,  which 
a l s o  feeds  back information t o  t h e  loop flow c o n t r o l  va lve  E. Plat inum 
r e s i s t a n c e  temperature probes,  capable of measuring temperature t o  w i t h i n  a  
few t e n t h s  of a degree F, w i l l  be placed throughout t h e  loop a s  w e l l  a s  i n  t he  
s t o r a g e  device i t s e l f  i n  s u f f i c i e n t  quan t i t y  t o  e f f e c t i v e l y  eva lua t e  t h e  s t o r -  
age system performance and t o  monitor the  loop dynamics. P re s su re  d i f f e r e n t i a l  
c e l l s  complete t h e  major ins t rumenta t ion  requirements of t h e  loop. The a i r  
loop w i l l  be  s i m i l a r  t o  t h e  l i q u i d  loop i n  i t s  b a s i c  l ayou t ,  c o n t r o l  systems, 
and ins t rumenta t ion ,  wi th  t h e  a d d i t i o n a l  requirement of measuring and cont ro l -  
l i n g  humidity. 

The d e t a i l e d  des ign  of t h e  l i q u i d  cyc l ing  loop has been completed, and 
a l l  t h e  i n s t rumen ta t ion  has been ordered.  Spec i f i ca t ions  f o r  t h e  major loop 
components ( tanks  and pump) a r e  c u r r e n t l y  being prepared,  and t h e i r  procurement 
w i l l  then  fol low.  The LSI-11 computer is on hand. It is  expected t h a t  t h e  
loop w i l l  be o p e r a t i o n a l  i n  March 1980. The design of t h e  a i r  cyc l ing  loop has 
been i n i t i a t e d .  
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Mathematical Modeling of Moving Boundary 
Problems i n  Thermal Energy Storage* 

A. D. Solomon 

Union Carbide Corporation 
Nuclear D i  vi s i  on 
P.O. BOX Y, Bldg. 9704-1 
Oak Ridge, Tennessee 37830 

Telephone: 615/574-8696 

To develop and apply computer and mathe- 
matical models in support of the thermal 
energy storage program, emphasizing t h e i r  
application t o  the  moving boundary problem 
in  phase change processes fo r  Latent Heat 
storage.  

a )  The Program TES 

The computer program TES simulating the  behavior of a phase change p,rocess 
in a s ingle  PCM body went through i t s  f ina l  stages of development and 
validation.  The program, applicable in s lab ,  cylinder and spherical 
geometries, was applied t o  a broad family of problems, and i t s  accuracy 
and va l i d i t y  t es ted  wherever possible. A complete documentation i s  
appearing i n  the form of a Union Carbide Report, No. CSD-51 [14]. 

b) Other Computer Codes 

A number of additional codes have been prepared f o r  s i tua t ions  n o t  suited 
fo r  TES, and ' a s  means f o r  verifying the  TES r e su l t s .  These include a 
multi-component version of TES, which i s  t o  be documented during the 
present year ,  and other codes fo r  multidimensional phase change, radiat ion 
boundary conditions, and other cases. The methods upon which these codes 
a re  based, very, so as t o  serve as  additional val idat ion tools  f o r  each 
other.  

c )  Comparison with Experiment 

Comparisons of the  r e su l t s  of various models w i t h  the  experimental 
r e su l t s  of R. Deal have been undertaken [7]. This work has led to  
questions of the accuracy of inverse problem estimates (e.g. of the  
heat t r ans fe r  coef f ic ien t s  and the  conductivity) [ I l l ,  and the  develop- 
ment of additional support codes. An example of the use of a support 

*Research sponsored by the  Division of Basic Energy Sciences and 
the  Division of Energy Storage Systems, U.S. Department of Energy 
under contract  W- 7405-eng-26 w i t h  the Union Carbide Corporation. 
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code i s  given i n  f igure  1, where a two dimensional code was used t o  
judge the  e f f e c t  of the  plexiglass wall i n  the  experiment. 

d )  Scoping of Physical Processes 

Numerical and analyt ical  models were used f o r  a number of scoping 
exercises including a PCM wall simulation 151 and a temperature 
cycling process fo r  a Glaubers s a l t  chub 1131. 

e )  Development - -  -- of computable Analytical Models 

A number of models extending e a r l i e r  reported models f o r  melt time of 
a simple body [3] and melting of a s lab  191 were developed. These 
include a model of a convection surface heat t r ans f e r  process 141. 

f )  Computing Considerations 

In the  course of validating TES.and other programs, a number of 
questions re la ted t o  t h e i r  practical  use arose. These were studied 
i n  [12],  [15], and r e l a t e  t o  the  question of how t o  know i f  the  r e su l t s  
obtained from a phase change simulation scheme a re  actual ly  correct .  

g) Natural Convection Model - ing 

Experiments were made and rough comparisons carr ied out with analyt ical  
and numerical model s f o r  processes which include natural convection of 
the melt [ I ] .  This work i s  t o  continue during the present year. 

h )  - Other Support Ac t iv i t i es  --- 

Other, more peripheral a c t i v i t i e s  performed during the  l a s t  year included 
the preparation of a survey paper on the mathematics of l a t e n t  heat 
thermal energy storage brocesses [ 61 , par t ic ipat ion i n  the preparation 
of a bi bl iography of t h i s  area [16] , and others (121 , 181, 1101 ) .  
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CRAWL SPACE ASSISTED HEAT PUMP* 

Mark P. Ternes 
Oak Ridge National  Laboratory 
Oak Ridge, Tennessee 37830 

SUMMARY 

A v a r i e t y  of experiments and s imula t ions  a r e  c u r r e n t l y  be ing  designed o r  
a r e  underway t o  determine t h e  f e a s i b i l i t y  of condi t ion ing  t h e  sou rce  a i r  of an 
a i r - t o - a i r  h e a t  pump us ing  s t o r e d  ground hea t  o r  "cool" t o  produce h ighe r  
seasonal  COP'S and n e t  energy savings .  The ground would cond i t i on  ambient a i r  
as it is drawn through t h e  crawl space  of a house. T e s t s  have been designed 
t o  eva lua t e  t h e  f e a s i b i l i t y  of t h e  concept,  t o  determine t h e  amount of h e a t  o r  
I I cool" a v a i l a b l e  from t h e  ground, t o  s tudy  the  e f f e c t  of t h e  system on t h e  
hea t ing  and cool ing  loads  of t h e  house, t o  s tudy p o s s i b l e  mechanisms which 
could enhance h e a t  flow through t h e  ground, and t o  determine i f  d i u r n a l  temp- 
e r a t u r e  swings a r e  necessary t o  achieve  succes s fu l  system performance. A l l  
s t u d i e s  a r e  c u r r e n t l y  ope ra t ing  o r  w i l l  be  o p e r a t i o n a l  by t h e  end of 1979. 

DESCRIPTION 

Higher seasonal  COPfs and ou tpu t  capac i ty ,  accompanied by l a r g e  energy 
savings ,  can p o t e n t i a l l y  be r e a l i z e d  by condi t ion ing  t h e  o u t s i d e  a i r  de l ive red  
t o  an  a i r - t o - a i r  h e a t  pump. The concept t o  be considered i s  a crawl space 
a s s i s t e d  h e a t  pump where t h e  a i r  is  condit ioned by s t o r e d  e a r t h  h e a t  o r  "cool" 
a s  i t  is  drawn through t h e  crawl space of a house. A schematic  r e p r e s e n t a t i o n  
of t h i s  concept is shown i n  F ig .  1. 

I n  1977, a graduate  s tuden t  a t  The Univers i ty  of Tennessee conducted a 
f i e l d  experiment a t  a p r i v a t e  res idence  i n  Oak Ridge, Tennessee, wi th  t h e  
h e a t  pump ope ra t ing  i n  t h e  above mode dur ing  t h e  win te r  season  and observed 

*Research sponsored by t h e  Div is ion  of Energy Storage  Systems, U.S. 
Department of Energy under c o n t r a c t  W-7405-eng-26 wi th  t h e  Union Carbide 
Corporation. 

By acceptance of t h i s  a r t i c l e ,  t h e  pub l i she r  o r  r e c i p i e n t  acknowledges 
t h e  U.S. Government's r i g h t  t o  r e t a i n  a nonexclusive, roya l ty - f r ee  l i c e n s e  
i n  and t o  any copyright  covering t h e  a r t i c l e .  



t h a t  s i g n i f i c a n t  i nc reases  i n  a i r  temperature were, i n  f a c t ,  achieved. A 
number of ques t ions  remained which need t o  be  answered, however, be fo re  t h e  
f e a s i b i l i t y  and gene ra l  a p p l i c a b i l i t y  of t h e  concept can be  assured;  i t  is  
unresolved whether t h e  temperature i n c r e a s e  of t h e  a ir  was due t o  h e a t  addi- 
t i o n  from the  ground o r ,  r a t h e r ,  due t o  conduction and/or  a i r  e x f i l t r a t i o n  
through t h e  f l o o r  of t h e  house, and thus  t h e  p o s s i b l e  e f f e c t s  of t h e  system 
on t h e  hea t ing  and cool ing  loads  of t h e  house are unknown. It i s  a l s o  uncer- 
t a i n  what t r a d e o f f s  were involved i f  t h e  t e m p e r a t ~ r ~  change w a s  p a r t i a l l y  due 
t o  house h e a t  l o s s e s  and p a r t i a l l y  due t o  ground h e a t  add i t i on .  I f  t h e  e a r t h  
i n  an enclosed space can, indeed, supply a s i g n i f i c a n t  quan t i t y  of  h e a t  t o  a i r  
flowing above i t ,  then  f u r t h e r  s t u d i e s  of t h e  h e a t  t r a n s f e r  and s t o r a g e  char- 
a c t e r i s t i c s  of t h e  e a r t h  become of  i n t e r e s t ;  namely, whether t he  r equ i r ed  h e a t  
f l u x  through t h e  s o i l  and t o  t h e  a i r  is exp la inab le  by s imple conduction and 
convection of e a r t h  h e a t ,  whether t h e  h e a t  flow r a t e  through s o i l  can be en- 
hanced by moisture d i f f u s i o n  induced by temperature g rad ien t s ,  and whether 
d i u r n a l  temperature swings e f f e c t i v e l y  "charge" t h e  upper-most l a y e r  of t h e  
e a r t h  during t h e  daytime. Three s e p a r a t e  a r e a s  of i n v e s t i g a t i o n  a r e  underway 
t o  address  t h e s e  ques t ions .  

The f i r s t  i n v e s t i g a t i o n  c o n s i s t s  of a f i e l d  t e s t  of a second house mod- 
i f i e d  such t h a t  ambient a i r  i s  drawn through t h e  crawl space and de l ive red  t o  
t h e  h e a t  pump. It i s  s i m i l a r  t o  the  i n i t i a l  f i e l d  t e s t  except  t h a t  a d d i t i o n a l  
ins t rumenta t ion  is be ing  u t i l i z e d .  The o b j e c t i v e  of t h i s  second f i e l d  t e s t  is  
t o  r ea f f i rm  t h e  f e a s i b i l i t y  of t he  concept a s  w e l l  a s  t o  record and understand 
the  t r a n s i e n t  c h a r a c t e r i s t i c s  and responses of t he  crawl space. A p l a s t i c  
moisture b a r r i e r  w i l l  cover t he  e a r t h  s u r f a c e  t o  prevent  moisture evaporat ion.  
Crawl space a i r  temperatures ,  ground s u r f a c e  temperatures ,  and e a r t h  tempera- 
t u r e s  0.15 m (6  i n . )  below t h e  s u r f a c e  w i l l  b e  cont inuously recorded us ing  a 
12-point Honeywell r eco rde r  and type K thermocouples. An event  r eco rde r  w i l l  
a l s o  be  used t o  monitor t h e  d e f r o s t  cyc l e s  of t h e  h e a t  pump. Figure 2 shows 
a schematic of t h e  crawl space and t h e  thermocouple l oca t ions .  

The second i n v e s t i g a t i o n  w i l l  c o n s i s t  of measuring the  temperature r i s e  
of ambient a i r  drawn by po r t ab l e  f ans  through two s p e c i a l l y  b u i l t  i n s u l a t e d  
duc ts  l oca t ed  i n  t h e  crawl space of an experimental  c o n t r o l  house being used 
i n  conjunct ion wi th  energy conserva t ion  p r o j e c t s  a t  ORNL. A plan  view is  
shown i n  Fig. 3. Three s i d e s  of t h e  duc t  w i l l  be  formed of c losed c e l l  poly- 
s t y r e n e  shee t ing  0.30 m (12 i n . )  t h i c k ,  w i th  t h e  remaining s i d e  being open t o  
t he  ground. The f a n  w i l l  be  cycled through d i f f e r e n t  "on/offW sequences wi th  
the  use  of a 24-hr t imer  t o  s imula te  a c t u a l  h e a t  pump opera t ion .  Two duc t s  
w i l l  be  used - one w i t h  a p l a s t i c  moisture b a r r i e r  on t h e  e a r t h  s u r f a c e  and 
t h e  o t h e r  wi thout  - t o  ga in  a q u a n t i t a t i v e  understanding of t h e  d i f f e r e n t  h e a t  
t r a n s f e r  mechanisms occu r r ing  i n  s o i l .  With a l l  j o i n t s  i n  t h e  duc ts  c a r e f u l l y  
s ea l ed ,  t he  duc t s  w i l l  be  thermally i s o l a t e d  from t h e  house a s  w e l l  a s  t h e  
crawl space,  and thus  any temperature r i s e  r e s u l t i n g  from a i r  flowing through 
t h e  duc ts  w i l l  b e  due s o l e l y  t o  hea t  a d d i t i o n  from t h e  ground. It w i l l ,  
t he re fo re ,  be  p o s s i b l e  t o  determine d i r e c t l y  t h e  amount of u s e f u l  h e a t  a v a i l -  
a b l e  from t h e  ground and, from comparisons wi th  f i e l d  experiments,  it w i l l  b e  
p o s s i b l e  t o  determine t h e  sou rce ( s )  of t h e  h e a t  ga ins  experienced i n  a c t u a l  
f i e l d  opera t ion .  Moreover, ques t ions  concerning t h e  n e c e s s i t y  of d i u r n a l  



temperature swings and t h e  impact of t h e  system on t h e  house environment w i l l  
bo th  b e  p a r t i a l l y  addressed.  Duct temperatures ,  ground s u r f a c e  temperatures,  
and e a r t h  temperatures  0.15 m ( 6  i n . )  deep w i l l  be  cont inuously recorded us ing  
a 12-point Honeywell r eco rde r  and type  T thermocouples; a d d i t i o n a l l y ,  a i r  
v e l o c i t y ,  wet-bulb temperatures ,  and s o i l  moisture con ten t  w i l l  be  measured 
p e r i o d i c a l l y .  

The t h i r d  i n v e s t i g a t i o n  w i l l  address  two i s s u e s  p a r t i a l l y  addressed 
beforehand: s p e c i f i c a l l y ,  t h e  e f f e c t . o f  d i u r n a l  temperature swings on t h e  
thermal  condi t ions  of t h e  ground and t h e  e f f e c t  of mois ture  d i f f u s i o n  on t h e  
h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  of s o i l .  Mathematical and computer modeling 
techniques a r e  be ing  employed t o  determine t h e  s t o r a g e  and recovery capabi l-  
i t i e s  of t h e  e a r t h  when exposed t o  c y c l i c  temperatures  and t o  eva lua t e  t h e  
e f f e c t i v e n e s s  and importance of t h e  temperature swings i n  charging the  e a r t h  
system dur ing  t h e  daytime. The enhancement of s o i l  h e a t  t r a n s f e r  is  be ing  
s t u d i e d  i n  a 0.61 m (2  f t )  square  box 0.30 m ( 1  f t )  h igh ,  capable of maintain- 
i n g  a cons tan t  f r e e  s u r f a c e  water  l e v e l  i n  t h e  s o i l  t e s t  s e c t i o n  and an i m -  
posed h e a t  f l u x  through the  bottom. Temperatures a r e  measured throughout t he  
box us ing  type K thermocouples and t h r e e  Honeywell r eco rde r s ;  moisture content  
i s  monitored us ing  f i b e r  g l a s s  encased moisture probes.  A schematic of t he  
t e s t i n g  device  i s  shown i n  Fig.  4. 

STATUS 

The h e a t  pump modif ica t ions  have been made f o r  t h e  second f i e l d  t e s t ,  and 
d a t a  a c q u i s i t i o n  has begun. Prel iminary r e s u l t s  show t h a t  f o r  ambient a i r  a t  
O°C (32OF) and ground s u r f a c e  temperatures  of 10.6OC (51°F),  a i r  was de l ive red  
t o  t h e  h e a t  pump a t  5.0°C (41°F). Acquis i t ion  of m a t e r i a l s  and instrumenta- 
t i o n  f o r  t h e  duc t  experiment i s  underway, and i t  is expected t h a t  t he  duc ts  
w i l l  be  cons t ruc ted  and o p e r a t i o n a l  by t h e  end of 1979. To d a t e ,  t h e  e f f e c t i v e  
thermal conduct iv i ty  of wet c l a y  as measured i n  t he  thermal  conduct iv i ty  ex- 
periment has  been found t o  be  1 .21  W/m O C  (0.7 Bt?u/h f t  OF) which conforms 
wi th  l i t e r a t u r e  va lues ,  and thus  no s i g n i f i c a n t  h e a t  t r a n s f e r  enhancement has  
been found. 
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LIFE AND STABILITY TESTING OF PACKAGED LOW-COST 

ENERGY STORAGE MATERIALS 

Galen R. Frysinger 
Uni vers i t y  o f  Delaware 

PROJECT OUTLINE 

Project  T i t l e :  Life  and S t a b i l i t y  Testing of Packaged Low-Cost Energy 
Storage Materials 

Principal Investigator:  G. R .  Frysi nger 

Orgariizati on: I n s t i t u t e  of Energy Conversion 
University of Delaware 
One Pine Creek 
Wi 1 m i  ngton , DE 19808 
Telephone: (302) 995-7155 

Project  Goals: Verify package i n t eg r i t y  of the "chub" packaged materi a1 s 
system f o r  storage of coolness with application t o  
res i  denti a1 a i r  conditioning; ver i fy  l i f e  and s t a b i l i t y  
of packaged materi a1 by cycling and performance tes t ing.  

Determi ne tha t  the  moisture vapor re ten t  i on 
charac te r i s t i cs  of laminate film developed by DuPont i s  
s a t i s f ac to ry  f o r  1 ong-term chub performance. Determi ne 
s tab i  1 i t y ,  mechanical i ntegri ty ,  and thermal performance 
of chubs following mechanical shock, vibration,  and 
temperature extremes. Carry out thermal performance 
t e s t s  of chubs following accelerated and dirunal thermal 
cycling. 

Project  Status: Activity has been completed. Based on acceptabl e 
moisture retention data, a t h i n  film laminate was 
selected fo r  the  chubs. A 204-lb batch of chubs was 
cycled 405 times on an accelerated schedule. After 
cycling the heat of fusion was about 70 BTU/LB based on a 
300F temperature swing. 

Contract Number: UCC 7585 

Contract Period: September 1978 t o  November 1979 

Funding Level : $146,000 

Funding Source: Oak Ridge National Laboratory 



PROJECT SUMMARY 

P r o j e c t  T i t l e  

" L i f e  and  S t a b i l i t y  T e s t i n g  o f  Packaged Low-Cost Energy 
S t o r a g e  M a t e r i a l s "  

N a m e  o f  C o n t r a c t o r  : 

I n s t i t u t e  o f  Energy  C o n v e r s i o n  
U n i v e r s i t y  o f  Delaware 
Newark, De laware  1 9 7 1 1  

N a m e  o f  P r i n c i p a l  I n v e s t i g a t o r :  

D r .  Ga len  R. F r y s i n g e r ,  Manager,  Energy Sys tems  

C u r r e n t  C o n t r a c t  P e r i o d :  

September 1, 1978 - September 30,  1979 

O b j e c t i v e :  

The package  i n t e g r i t y  o f  t h e  "CHUB" packaged m a t e r i a l s  
was t e s t e d  to  e x p e r i m e n t a l l y  v e r i f y  t h e  a b i l i t y  o f  t h e  
package  to  r e t a i n  t h e  m o i s t u r e  w i t h i n  t h e  s a l t  m i x t u r e .  
The l i f e  and s t a b i l i t y  o f  t h e  packaged m a t e r i a l  was v e r i f i e d  
by t h e r m a l  c y c l i n g  and  pe r fo rmance  measurement .  

P r o j e c t  S t a t u s :  

F i n a l  r e p o r t  was s u b m i t t e d  to  Depar tment  o f  Energy 
on  September 25, 1979 ,  i n  d r a f t  form f o r  r e v i e w .  Expec ted  
to  be a v a i l a b l e  f o r  p u b l i c  d i s t r i b u t i o n  i n  e a r l y  1980.  

Fundinq Level :  

$146,000.00 

Funding Source :  

Depar tment  o f  Energy ,  D i v i s i o n  o f  Energy  S t o r a g e  Systems.  



Concept of Thermal Energy Storage System 

The "CHUB" (see fir st illustration) low-cost thermal 
energy storage component has a wide range of applications 
as an air stream integral heat exchange/storage unit. The 
second illustration indicates examples of storage assisted 
air conditioning and heat pump applications which make 
effective utilization of off-peak electrical power for 
heating/cooling thus saving the utility fuel and generation 
facility costs. The "CHUB" may also be used with active 
air solar collector systems for daytime storage of heat 
to provide extended house heating during periods of no solar 
insolation. Likewise, as a passive solar system, the "CHUBS" 
can be directly irradiated by solar energy, thus storing 
the thermal energy for later use within the dwelling. The 
"CHUBS" also can be used to store heat in the dwelling to 
increase the thermal mass by phase change transition. 

The application which is closest to commercialization 
integrates the thermal energy storage with a conventional 
air conditioner providing the capability of using off-peak 
electrical power for residential cooling. The daily house 
heat gain is removed into thermal storage. The heat is 
rejected at night by the air conditioner using off-peak 
(lower cost electricity) , the heat being more efficiently 
rejected against the lower outside ambient temperature. 
The thermal energy storage capacity is thus renewed to 
absorb the next day's heat gain. The net result from the 
utility's point of view is that the air conditioning compressor's 
electrical demand is shifted from the daytime hours to 
nighttime hours where the utility load demand is reduced. 

CHUB Qualification 

The qualification of the "CHUBn thermal energy storage 
component by the University of Delaware, with the assistance 
of the Du Pont Company, was the objective of this contract 
from 1 September 1978 to 30 September 1979. Based on extensive 
laboratory verification of moisture vapor retention, a thin 
film laminate was specified having the characteristics 
required for successful containment of the Glauber's salt 
(sodium sulfate decahydrate) thermal energy storage materials 
over an operating life of 10-15 years. Significant test 
quantities of the qualified "CHUBSn were prepared at a 



Chub Applications 

u 
Storage Assisted 

Air Conditioning 

Latent Thermal Mass 

tive 

Passive Solar 

Solar 



prototype fabrication facility set up and operated at the 
University of Delaware in June 1979. The "CHUBS" produced 
at this facility met and exceeded the moisture vapor retention 
character istdcs determined in earlier laboratory testing. 
The thin film plastic laminate (4 mils) is capable of retaining 
the thermal energy storage mixture so that extrapolated 
room temperature weight loss is only about 0.92% in ten 
years, corresponding to a theoretical efficiency reduction 
due to water loss of only 2.0% over this operating period. 
The packaging was shown to be capable of meeting fabrication 
quality assurance standards, as well as the package integrity 
tests required to ensure viability during field handling 
and use. The laminate specified has been shown to be successful 
as a thermal energy storage packaging material capable of 
being used in high-speed machinery from the food processing 
industry for the commercial packaging of the "CHUBSn. With 
the availability of the "CHUBSn from the University of 
Delaware's prototype fabrication facility in June 1979, 
long-term performance testing of the packaged thermal energy 
storage materials was possible. This was initiated and 
extended through the duration of the contract to verify 
packaging integrity and also to obtain significant long- 
term performance data for the Glauberls salt behavior. 
Heretofore, this performance data analysis had been obscured 
because of the deficiencies of previously used commercial- 
type packaging. Laboratory results had given indication 
of performance but without the realistic field containment 
methods and a stabilization of the long-term moisture balance 
changes, the data were erroneous because they were taken 
on a constantly changing composition. Since the "CHUB" 
packages eliminate this problem, the results from the present 
tests should have significantly increased validity. 

The daily cycle tests and the accelerated tests (six 
cycles per day) initiated with the availability of the 
qualified material in June 1979 have led to preliminary 
results verifying long-term performance behavior. The 
performance after 400 cycles was verified before the 
completion of the contract work period at the end of September. 
Air calorimeter tests indicated a total thermal energy 
storage capacity at the end of 405 cycles of 70-75 Btuls 
per pound which includes contribution8 for specific heat 
over the normal operating range of 30 F and the latent heat 
at the transition point. 





EVALUATION OF THERMAL ENERGY STORAGE FOR THE PROPOSED 

TWIN CITIES DISTRICT HEATING SYSTEM 

Charles F. Meyer 
General E lec t r i c  Company - TEMPO 

PROJECT OUTLINE 

Project  T i t l e :  Twin  C i t i e s  D i s t r i c t  Heating, Thermal Energy Storage Study 

Principal Investigator:  C. F. Meyer 

Organization: General E lec t r i c  Company - TEMPO 
816 S t a t e  S t ree t  
P. 0. Drawer QQ 
Santa Barbara, CA 93102 
Telephone: (805) 965-0551 

Project  Goals: Evaluate the technical and economic f e a s i b i l i t y  of 
i ncorporati ng thermal energy storage components f primari l y  
based on the annual cycle)  in to  the proposed T w i n  C i t i es  
D i s t r i c t  Heating (DH) Project .  

Review technical s t a t u s  of the Twin C i t i e s  Project ,  
including work done by Studsvik AB. Prepare a conceptual 
design of one or more DH systems which are comparable but 
include TES as an integral  par t  of the  design. Compare t h e  
DH systems w i t h  and without TES i n  terms of estimated 
capital  requirements, fuel consumpti on, delivered energy 
cost ,  and environmental aspects. 

This a c t i v i t y  has been completed. Potenti a1 benef i ts  are  
found t o  be subs tan t ia l ,  including energy conservation, 
favorable economics, and reduced a i r  and thermal pollution.  

Contract Number: Union Carbide Contract No. 7604 

Contract Period: September 1978 - July 1979 

Funding Level : $135,000 

Funding Source: U .  S. Department of Energy 
Divisi on of Energy Storage Systems 



PROJECT SUMMARY 

T i t l e :  Eva lua t ion  o f  Thermal Energy Storage f o r  t h e  Proposed Twin C i t i e s  
D i s t r i c t  Heat ing System 

P r i n c i p a l  I nves t i ga to r :  Charles F. Meyer 

Organizat ion: General E l e c t r i c  Company-TEMPO 
Center f o r  Advanced Studies 
P.O. Drawer QQ 
Santa Barbara, C a l i f o r n i a  93102 
Telephone: (805) 965-0551 

P r o j e c t  Object ives:  To evaluate the  techn ica l  and economic f e a s i b i l i t y  o f  
i nco rpo ra t i ng  thermal energy storage components ( p r i m a r i l y  based on the  
annual cyc le )  i n t o  t h e  d i s t r i c t  heat ing  system proposed f o r  t he  Minneapol i s -  
S t .  Paul metropol i tan  area. 

P r o j e c t  Status: Completed. 
GE79TMP-44). 

F i n a l  r e p o r t  submitted J u l y  1979 (ORNL/Sub-2604-2; 

The n e t  energy savings of t he  proposed c o g e n e r a t i o n / d i s t r i c t  heat ing 
system w i thou t  TES a re  impressive. When TES i s  used, t he  n e t  energy saved 
i s  found t o  be 2 t o  14 percent greater ,  i n  s p i t e  o f  heat  l o s t  du r ing  storage, 
w i t h  f u e l  cos t  savings o f  $14 t o  $16 m i l l  i o n  per  year .  Reduction o f  a i r  and 
thermal p o l l u t i o n  a r e  concomitant bene f i t s .  The c a p i t a l  investment requ i re -  
ments f o r  b o i l e r s ,  cogenerat ion equipment, and t ransmiss ion p-ipelines might 
be reduced by $66 t o  $122 m i l l i o n .  The breakeven c a p i t a l  cos t  of a q u i f e r  
TES i s  found t o  be from $43 t o  $59 per  peak thermal k i l o w a t t  i n p u t  t o  o r  
withdrawal from storage. 

Contract  Number: UCC 7604 

Contract  Period: August 1978 - J u l y  1979 

Funding Level : $1 33,744 

Funding Source: U.S. Department o f  Energy, D i v i s i o n  o f  Energy Storage Systems, 
v i a  Oak Ridge Nat ional  Laboratory. 



PURPOSE 

TEMPO studies beginning i n  1972 have shown that  thermal energy storage (TES) 
in aquifers could greatly improve the opportunities fo r  conserving substantial 
amounts of energy (with concomitant reduction in environmental pol 1 ution) through 
large-scal e cogeneration (Meyer , Hausz, e t  a1 , 1976). If  1 arge-scal e annual - 
cycle TES were available,  i t  could solve the mismatch problem which 1 imits the 
amount of cogenerated heat f o r  which a market can be found. The mismatch problem 
ar i ses  because e l ec t r i c i ty  m u s t  be generated i n  instantaneous response to  demand 
(no feasible way t o  s tore  e l ec t r i c i ty  i s  available);  and demands for  heat seldom 
correspond to  e l ec t r i c  generation in time, location, or magnitude.. The largest  
potential market for  cogenerated heat i s  space heating -an annual-cycle load - 
served by d i s t r i c t  heat. 

Comparing the capital  requirements and fuel consumption of a specific cogen- 
e ra t ion/d is t r ic t  heating system which does not include TES t o  those of a system 
with TES, serving identical loads, provides a measure of the value of the TES. 

BACKGROUND INFORMATION 

A major ser ies  of studies have been undertaken to  evaluate the f eas ib i l i t y  of 
instal l ing a new, large d i s t r i c t  heating (DH) system in the Minneapol is-St.  Paul 
metropolitan area. I t  would be based upon cogeneration of power and heat by 
Northern States Power. Among the leading sponsors and participants in the studies 
a re  the Minnesota Energy Agency, Northern States Power Company, and DOE/ORNL.  
Also participating are  several other governmental agencies, u t i l i t i e s ,  univer- 
s i t i e s ,  and a number of contractors and consultants. 

The proposed new DH system would not send.out steam, as i s  the universal 
practice in large DH systems in the United States,  b u t  hot water, as i s  the common 
practice in Europe. A Swedish firm, Studsvik Energiteknik AB,  under a DOE/ORNL 
contract beginning in 1977, prepared a general description of the system and ana- 
lyzed i t s  economic f eas ib i l i t y ,  based upon the i r  experience with European systems 
(Karni t z  and Rubin, 1978; Jaehne, e t  a1 , 1979; Margen, e t  a1 , 1979a, 1979b). 

Supplying space heating, tap water, a i r  conditioning (absorption cycle),  and 
low-temperature industrial  process heat needs from a central source i s  a more 
ef f ic ien t  way to  use fuel than to  burn i t  in many small furnaces and boilers.  A 
particularly e f f ic ien t  central source i s  a plant cogenerating power'and heat. 

The configurations proposed by Studsvik for  a Twin Cit ies  DH system did not 
include TES except tha t  incidental t o  use of large hot-water pipelines: hot water 
has a high energy density, compared to  steam, and the DH system has s ignif icant  
thermal iner t ia .  

PROJECT DESCRIPTION 

Dis t r ic t  - Heating System Proposed by Studsvi k 
Figure 1 shows an annual load duration curve fo r  space heat and hot tap water 

fo r  the Twin Cit ies  DH system a f t e r  20 years of buildup. The area houses about 
one million people. Two scenarios were developed by Studsvik. Only Scenario A 
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Figure 1. Annual load du ra t i on  curve f o r  space heat, h o t  t ap  water, and p i p e l i n e  
losses, showing load s p l i t  between cogenerat ion and heat-only b o i l e r s .  
( A f t e r  Studsvi k)  

w i l l  be discussed here. It r e s t r i c t s  DH t o  t h e  downtown and industr ial /commercia1 
areas and the  dense r e s i d e n t i a l  areas. Heat l oad  dens i t i es  vary  from 20 MW/km2 
(50 Mw/mi2) t o  more than 70 ~W/km2 (180 Mw/mi2). The peak c o i n c i d i n g  consumer load 
i s  s l i g h t l y  more than 2600 thermal megawatts and heat l o s s  f rom p i p e l i n e s  i s  about 
83 thermal megawatts; 100-percent load on the  v e r t i c a l  sca le  o f  F igure 1 thus cor-  
responds t o  about 2700 thermal megawatts. The DH base load  supply i s  from cogen- 
e r a t i o n  p lants,  which would provide about 56 percent o f  t h e  requ i red  thermal capac- 
i t y  bu t  c lose t o  90 percent o f  the  thermal energy product ion. 

During w in ter t ime peak heat load condi t ions,  1188 MW o f  b o i l e r  capac i ty  would 
be requ i red  i n  a d d i t i o n  t o  1516 MW o f  t o t a l  heat product ion capac i ty  of cogenera- 
t i o n  p lan ts .  For re1 i a b i l  i ty, the  l a r g e s t  cogenerat ion p lan t ,  335 thermal mega- 
watts, i s  discounted and equ iva lent  standby b o i l e r  capac i ty  i s  added, b r ing ing  the  
t o t a l  permanent bo i  1 e r  capac i ty  t o  1523 thermal megawatts. (Temporary, por tab le  
b o i l e r s  would a l so  be used, dur ing  the  DH system bu i l dup  stage, u n t i l  hot-water 
pipe1 ines reach a1 1 heat- load areas .) 

The cogeneration heat product ion capac i ty  i s  obta ined from a t o t a l  o f  e i g h t  
turb ines,  o f  which s i x  a re  e x i s t i n g  machines a t  two Northern States Power Company 
s t a t i o n s  and two would b t  added. I n i t i a l l y ,  t h e  newest th ree  o f  t he  s i x  e x i s t i n g  
tu rb ines  would be converted from single-purpose t o  e x t r a c t i o n  machines by connect- 
i n g  a steam p ipe w i t h  appropr ia te  r e g u l a t i n g  valves t o  t h e  crossover steam l i n e  
between the  intermediate-  and low-pressure tu rb ines .  These connections and appro- 
p r i a t e  heat exchangers would provide ho t  water a t  t h e  DH sendout temperature o f  



about 146°C (295"F), w i t h  a t o t a l  capacity of 727 thermal megawatts. Next, a new 
backpressure turbine of 110 MW thermal capacity would be added, using an exis t ing 
boi ler  and building space. A few years l a t e r ,  the  oldest  three  of the  exis t ing 
turbines would be converted, t o  supply 344 MW of heat extraction.  The backpres- 
sure machine and the  three  older  machines would supply 88°C (190°F) water, w i t h  a 
to ta l  capacity of 454 MW. This intermediate-temperature water would be heated t o  
sendout temperature (146°C) by passing i t  through the  heat exchangers of the  
three l a rger  machines, achieving a two-stage heating process t o  improve thermo- 
dynamic efficiency.  The eighth and f i na l  cogeneration u n i t ,  t o  be i n s t a l l ed  a f t e r  
the  DH system has reached nearly f u l l  growth, would add 335 MW of thermal capacity, 
bringing the  to ta l  cogeneration heat production capacity t o  1516 MW. 

For the  main transmission pipeline,  a design sendout temperature of 146°C 
(295°F) was chosen because i t  can be obtained from the natural point of steam 
extraction from converted turbines.  A lower design temperature would not decrease 
the  amount of e l ec t r i c a l  generation sacr i f i ced .  The nominal return temperature i s  
60°C (140°F) f o r  the  coldest  day. 

The two-way transmission system (sendout and re turn)  fo r  Scenario A i s  shown 
diagramatically in Figure 2. The to ta l  length of dual pipeline i s  about 50 km (30 
miles) .  For Scenario A, the  transmission network terminates a t  29 nodes, indi-  
cated by dots i n  Figure 2. A t  these points, the d i s t r ibu t ion  subsystem i s  con- 
nected to  the  transmission system, via heat exchangers. The d i s t r ibu t ion  subsystem 
operates a t  a temperature of 130°C (266"F), t o  permit the  use of prefabricated 
pipes. Auxiliary peak-load and standby boi lers  a r e  located a t  the  nodes, t o  allow 
the  transmission pipelines t o  be sized to  transport  only cogenerated heat - 
roughly half the  peak load. This approach to  s i t i n g  permits the  boi lers  t o  a c t  as 
reserve uni ts  not only f o r  cogeneration uni ts  but a1 so f o r  transmission pipel ine 
outages. I t  i s  recognized t h a t  su i tab le  s i t e s  may not be found fo r  a l l  boi lers  
and adjustments will be necessary in a deta i led network design. (The same reason- 
ing i s  followed f o r  s i t i n g  TES; Heat Storage Wells would be located a t  the  nodes.) 

Figure 2. Hot-water transmission network 
fo r  Scenario A. ST PAUL 
(Source: Studsvi k )  

Table 1 shows the  estimated capi ta l  investment costs  f o r  the three  subsys- 
tems of the  reference (Studsvik) cogeneration-DH system t h a t  may be affected by 
use of aquifer  TES: the  cogeneration capacity, the  boi lers ,  and the  transmission 
pipelines.  The t o t a l  cos t  of cogeneration plant i s  divided i n to  components which 
a r e  of i n t e r e s t  when TES i s  included in the system. Studsvik t r e a t s  the cos t  of 
the  new 110 MW backpressure turbine  a s  zero f o r  the  following reasons: i t  will be 
ins ta l l ed  in  building space vacated some time ago, and matched t o  an exis t ing 
boiler;  a cos t  est imate of $12 million ($218/kW e l e c t r i c )  was obtained from a tur- 
bine manufacturer, and the  value of the  turbogenerator f o r  peak load e l e c t r i c  gen- 
era t ion is  estimated t o  roughly match t h i s  cost;  therefore,  t he  un i t  involves zero 
net equivalent conversion cost .  
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TABLE 1 . Estimated c a p i t a l  investments (mi 11 ions  o f  1978 $US) . 
Cogeneration p l a n t  (1 516 thermal megawatts capac i ty )  : 

Conversion o f  t h ree  newest machines f o r  e x t r a c t  i o n  
o f  727 MW 14.0 

Adding new backpressure machine, 110 MW -0- 

Conversion o f  t h ree  01 d machines f o r  e x t r a c t i o n  
o f  344 iVlW 12.0 

Adding new t u r b i n e  t o  produce 335 MW - 29.0 

TOTAL 55.0 

B o i l e r s  f o r  peak and standby loads o f  1523 MW a t  
$43 per  thermal k i  1 owat t  66.0 

Transmi ss ion p i  pel i ne network, i n s t a l  1 ed 105.0 

The costs o f  t h e  d i s t r i b u t i o n  subsystem and o f  conver t ing  b u i l d i n g s  t o  use 
hot-water heat a re  subs tan t ia l  b u t  are n o t  shown because they are  not  a f fec ted  by 
use o f  TES. 

For the  mature cogeneration-DH system proposed by Studsvik, the  est imated 
annual f u e l  consumption and savings are  shown i n  Table 2. 

TABLE 2. Annual energy consumption and savings, reference system. 

TWH P J TBtu MBOE* 

Gas saved 9.23 33.2 31.5 4.94 
O i  1 burned -1.20 - 4.3 - 4.1 -0.64 
Coal burned -2.75 - 9.9 - 9.4 -1.47 

NET SAVINGS 5.28 47.4 18.0 2.83 
* 
M i l l i o n  b a r r e l s  o f  o i l ,  equivalent .  

The saving i n  gas shows the  f u e l  saving o f  consumers o f  gas, o i l ,  o r  what- 
ever a l t e r n a t i v e  f u e l  might have been used ins tead o f  d i s t r i c t  heat serv ice.  
Th is  f u e l  saving i s  deduced by Studsvik on the  assumption t h a t  t h e  e f f i c i e n c y  o f  
t he  average consumer's b o i l e r ,  burning gas o r  o i l ,  i s  70 percent: t he  t o t a l  heat 
de l i ve red  t o  consumers by d i s t r i c t  heat ing  serv ice  du r ing  t h e  year, 6,461 TWH, i s  
d i v ided  by 0.7 t o  f i n d  the  energy saved. 

The negat ive saving i n  o i l  consumption i s  t h e  amount o f  o i l  needed t o  f i r e  
the  peak load and standby b o i l e r s  a t  90 percent e f f i c i e n c y .  

The negat ive saving i n  coal  g ives t h e  equ iva lent  increase i n  coal consumption 
i f  coal - f i r e d  p lan ts  a re  used t o  produce the e l e c t r i c i t y  s a c r i f i c e d  due t o  cogen- 
e r a t i o n  o f  h o t  DH water. I t  i s  computed as the  l oss  o f  e l e c t r i c i t y  due t o  cogen- 
e r a t i o n  d i v ided  by an e f f i c i e n c y  f a c t o r  o f  0.4 t o  convert  t o  coal i n p u t  f o r  
e l e c t r i c i t y  product ion i n  a condensing power s t a t i o n .  



The e l e c t r i c i t y  s a c r i f i c e d  i s  found by mu1 ti p l y i n g  t h e  cogenerated heat pro- 
duc t ion  by a f a c t o r  614 which i s  approximately 0.2.; i .e., 200 MWH o f  e l e c t r i c i t y  
i s  l o s t  per  1OOO MWH o f  cogenerated heat. A t  40 percent  e f f i c i e n c y ,  a coal  p l a n t  
(solnewhere i n  t h e  system) would burn 500 HWH o f  coal  t o  rep lace the  e l e c t r i c i t y  
s a c r i f i c e d  i n  cogenerat ing 1000 MWH o f  heat.  A b o i l e r  a t  90 percent e f f i c i e n c y  
would burn 1111 MWH o f  f u e l  t o  produce 1000 MWH o f  heat; t he  t r a d e o f f  i s  a good 
one. 

Anal-ysis - . o f  DH System w i t h  TES 

The c a p i t a l  investment requirements and f u e l  consumption o f  t h e  Twin C i t i e s  
system as proposed, w i t h  no TES, are compared t o  those o f  systems w i t h  TES and 
serv ing  i d e n t i c a l  heat  loads. The comparison prov ides a measure o f  t he  value o f  
TES i n  a s p e c i f i c  system. Some o f  t he  ground r u l e s  and assumptions are: 

The reference c o g e n e r a t i o n - d i s t r i c t  heat ing  system i s  t h a t  proposed by 
Studsvik.  To f a c i l i t a t e  comparison aga ins t  the reference system, Studsv ik 's  data 
on costs and performance, and t h e i r  methodology f o r  ana lys i s  o f  systems, a re  
u t i l i z e d  wherever poss ib le .  

Only the  mature system i s  considered. The assumption i s  t h a t  TES devices 
would have been incorpora ted  i n t o  t h e  system dur ing  t h e  20 years from incep t i on  
t o  ma tu r i t y .  

Annual-cycle TES i s  o f  p r i n c i p a l  i n t e r e s t .  The o n l y  annual-cycle TES 
technology t o  be considered i s  storage o f  h o t  water i n  aqu i fe rs .  

A v a i l a b i l  i t y  o f  s u i t a b l e  aqu i fe rs  f o r  thermal s torage i s  assumed. 

e Because a q u i f e r  TES i s  s t i l l  i n  t he  development stage and i t s  cos t  and 
performance are  speculat ive,  a f u l l  cos t -bene f i t  ana l ys i s  i s  n o t  attempted a t  
t h i s  t ime. Instead, t he  p o t e n t i a l  b e n e f i t s  a re  o f  p r i n c i p a l  i n t e r e s t .  How much 
investment i n  b o i l e r s ,  cogenerat ion equipment, and t ransmiss ion p i p e l i n e s  might  
be avoided i f  TES were used? How much l e s s  o i l  would be burned i f  TES displaced 
some o r  a l l  o f  the  b o i l e r s ?  How much more coal would have t o  be burned? What i s  
t h e  breakeven o r  a l lowab le  cos t  o f  a q u i f e r  TES? 

U t i l i z i n g  the  heat-cogenerat ion p l a n t  a t  as h igh  a capac i ty  f a c t o r *  as 
poss ib le  i s  des i rab le .  

The temperature drop between ho t  water i n t o  and h o t  water o u t  o f  TES does 
n o t  appear t o  be a subs tan t i a l  problem i n  t h e  proposed Twin C i t i e s  system, 
because t h e  system incorporates a drop from 146OC (295°F) t o  130°C (266°F) a t  the  
nodes where most o f  the  TES would be located; and the  r a t i o  o f  s to red  heat t o  
t ransmi t ted  heat  u s u a l l y  i s  f a i r l y  small, so t h a t  b lend ing  w i l l  m i  t i g a t e  the  
temperature drop. 

- *-- -- 

Capacity f a c t o r  i s  de f ined as t h e  r a t i o  o f  average l oad  on a machine o r  equip- 
ment f o r  the  pe r iod  o f  t ime considered t o  the capac i ty  o f  t h e  machine o r  
equipment (IEEE Std. 346-1974). 



Aqu i fe r  TES 

Figure 3 i l l u s t r a t e s  schemat ica l ly  t he  Heat Storage Well concept o f  annual- 
c y c l e  TES a t  low cos t  and low heat  loss .  Two water  w e l l s  a re  d r i l l e d  deep enough 
- say, 500 t o  1000 f e e t  - t o  prov ide  s u f f i c i e n t  h y d r o s t a t i c  heat  t o  main ta in  
superheated water i n  l i q u i d  form, and t o  avo id  a q u i f e r s  used f o r  water supply. 
The two w e l l s  o f  t he  doublet  comprise a c losed h y d r a u l i c  system; water pumped from 
one w e l l  i s  i n j e c t e d  i n t o  the  companion we l l ,  severa l  hundred f e e t  away. The 
heat-storage medium i s  t h e  porous rock  comprising the  a q u i f e r  and t h e  water f i l l -  
i n g  the  pores, together  w i t h  the  r e l a t i v e l y  impervious a q u i f e r  cap and bottom. 
The energy storage capac i t y  i s  very l a r g e  - t h e  a q u i f e r  may be 100 f e e t  t h i c k ,  
and the  h o t  water may extend 300 o r  more f e e t  r a d i a l l y  f rom the  w e l l  - a n d  costs 
e s s e n t i a l l y  nothing. The TES capac i ty  - t h e  r a t e  a t  which heat  can be s to red o r  
withdrawn from storage - i s  determined by t h e  s i z e  o f  t he  we l l s ,  t he  pumps 
employed, and the  f l o w  parameters o f  the  aqu i fe r .  A reasonable est imate i s  t h a t  
a Heat Storage We1 1 doublet  may have a 15-megawatt thermal capac i ty .  Mu1 t i p l e  
w e l l s  a re  employed t o  ob ta in  l a r g e r  capac i t i es .  Thus, i n  con t ras t  t o  most TES 
components, o n l y  the  power capac i ty  determines t h e  cos t  o f  storage. 

HOT WATER TRANSMISSION LOOP 

HEAT EXCHANGER 

I 1 HEAT STORAGE WELL DOUBLET I 1 

FLOW DIRECTION: WITHDRAWING HEAT 

Figure 3. Schematic diagram o f  Heat Storage Well doub le t  opera t ion .  

Somewhat as w i t h  r o o t  c e l l a r s  and i c e  caves, n a t u r a l  rocks and sand i n s u l a t e  
t h e  h o t  water s to red  i n  an aqu i fe r .  Three- four ths o r  more o f  t he  s to red  heat 
would appear t o  be recoverable a f t e r  s i x  months o r  longer  (Meyer, Hausz, e t  a l ,  
1976; AYES NewsZetter, September 1979, repo r t s  by Mol z  and Tsang) . This remains 
t o  be demonstrated on the  necessary scale w i t h  water i n j e c t e d  a t  temperatures 
above 100°C. 



Cases Studied 

Four study cases were developed t o  describe p o t e n t i a l  DH system conf igura-  
t i o n s  which would incorpora te  TES and s a t i s f y  the  same heat loads and p i p e l i n e  
losses as the  reference system. 

Each study case was analyzed month by month t o  f i n d  the  heat product ion 
requ i red  t o  s a t i s f y  consumer heat loads, p i p e l i n e  losses, and a nominal 25 per- 
cent heat l oss  from a q u i f e r  TES. (Losses o f  35 and 15 percent were a l so  consid- 
ered b u t  t h e  r e s u l t s  are n o t  repor ted  here.) 

When heat demand exceeds a v a i l a b l e  cogeneration heat-product ion capacity,  
TES i s  requ i red  t o  d e l i v e r  heat. When ava i lab le-  cogeneration heat-product ion 
capaci ty  exceeds demand, excess capac i ty  i s  used as appropr ia te  to'  produce ho t  
water t o  be stored. Maximum storage i s  scheduled dur ing  months j u s t  preceding 
the  w i n t e r  months o f  peak heat demand. This,min imizes t h e  storage t ime and the  
amount o f  h o t  water stored, hence the  heat l o s t  i n  storage. 

RESULTS 

The f o u r  cases were developed sequent ia l l y .  The r a t i o n a l e  and system conf ig -  
u r a t i o n  f o r  each case are  discussed i n  what fo l lows.  The r e s u l t s  are surmarized 
i n  Table 3. The e f f e c t s  on c a p i t a l  investment requirements and f u e l  consumption, 
and the  a1 lowable (breakeven) cos t  o f  TES, w i l l  then be presented and discussed. 

TABLE 3. Summary o f  e f f e c t s  o f  TES on system con f igu ra t i on  and performance. -- - - - -  - -  

COGENERATION 
Extract ion:  MW Capacity 

Annual TWH 
10-month CF 

Backpressure: MW Capacity 
Annual TWH 
Annual CF 

Total:  MW 
Annual TWH 

Elec. sacr i f iced.  TWH 

BOILERS 
Peak : MW Capacity 
Standby: MW Capacity 
Total : MW Capacity 

Annual TWH 
Annual CF 

HEAT STORAGE WELLS 
At  Nodes : MW Capacity 

Annual TWH 
At  Plant:  MW Capacity 

Annual TWH 
Total:  HW Capacity 
Tota l  annual TWH stored 
Approx. annual TWH l o s t  

( a t  0.75 recovery f r a c t i o n )  

TRANS. PIPELINES (lumped) 
Peak capacity required, M 
Annual capacity fac to r  

.. . -.:. .  .. - - . -- 

Studsvik ' s  
Scenario A 

Reference 
case. 

CASE 1 
Base case. 
No bo i le rs .  
Same cogen. 
capacity as 
r e f .  case. 

CASE 2 CASE 3 
Convert on ly  new 

Reduce cogen. turbines. Add 
capacity by backpressure 
344 W t h  o f  u n i t s .  TES a t  
o l d  turbines. nodes only .  

CASE 4 
Minimize pipe- 
l i n e  s ize.  
TES a t  both 
p l a n t  and 
nodes. 



Case 1  i s  a  s tudy o f  r e p l a c i n g  b o i l e r  capac i t y  w i t h  a q u i f e r  TES capaci ty .  
It shows t h a t  a l l  b o i l e r s  cou ld  be replaced w i t h  a q u i f e r  s torage w i t h o u t  exceed- 
i n g  capac i ty  f a c t o r  c o n s t r a i n t s  on the  reference-system cogenerat ion equipment. 

Case 2 i s  a  s tudy o f  how much heat cogenerat ion capac i t y  may be removed from 
t h e  Case 1  c o n f i g u r a t i o n  w i t h o u t  exceeding capac i ty  f a c t o r  c o n s t r a i n t s  on the  
cogenerat ion p lan t .  I t  shows t h a t  t he  344 MW o f  heat  p roduct ion  capac i ty  
obta ined by conver t ing  the  th ree  o l d  machines could be dispensed w i th .  

Case 3  examines the  b e n e f i t s  o f  us ing  as much backpress'ure capac i ty  as i s  
r e a l i s t i c a l l y  possib le.  Some e x t r a c t i o n  capac i ty  i s  re ta ined:  t h e  th ree  newest 
t u rb ines  are  converted f o r  crossover e x t r a c t i o n  t o  g i ve  727 MW o f  heat capaci ty ,  
needed du r ing  the f i r s t  t h ree  years o f  implementat ion o f  t h e  DH system. 

Using more backpressure capac i ty  than i n  t he  re ference case becomes f e a s i b l e  
w i t h  TES because the  cogenerated heat  can always be e i t h e r  used o r  s tored.  There 
i s  no need f o r  c o l d  condensing. The c a p i t a l  cos t  t o  be amort ized from e l e c t r i c -  
i t y  and heat revenues i s  lower than when e x t r a c t i o n  machines a re  used because 
the re  a re  no low-pressure stages, c o l d  condenser, and c o o l i n g  water f a c i l i t i e s  t o  
s tand i d l e  du r ing  maximum heat  product ion.  F u l l  advantage can be taken o f  the  
i n h e r e n t l y  smal le r  s ize,  lower cost,  and s l i g h t l y  b e t t e r  cogenerat ion e f f i c i e n c y  
o f  t he  backpressure t u r b i n e  as compared t o  the  e x t r a c t i o n  tu rb ine .  (The ex t rac-  
t i o n  mode i s  s l i g h t l y  l ess  e f f i c i e n t  because even a t  f u l l  e x t r a c t i o n  a  small 
amount o f  steam must be b l e d  through t h e  low pressure stages f o r  temperature 
c o n t r o l  , then condensed a t  a l o s s  o f  rough ly  2300 J /kg  (1000 Btulpound) . ) 

A  key p o i n t  t o  be made i s  t h a t  use o f  TES expands the  r o l e  o f  t h e  backpressure 
turbogenerator  used i n  a  DH system. It i s  no longer  t o  be regarded as b a s i c a l l y  a  
source o f  d i s t r i c t  heat  w i t h  e l e c t r i c i t y  as a  byproduct, o r  v i c e  versa. It can be 
operated t o  produce e l e c t r i c i t y  a t  a  lower heat  r a t e  than base-load power p lan ts  
(e.g., 1.29 kwh thermal per  kwh e l e c t r i c ;  4400 Btu/kWhe), w i t h  heat as a  byproduct; 
o r  t o  produce d i s t r i c t  heat  i n  t h e  most e n e r g y - e f f i c i e n t  way w i t h  e l e c t r i c i t y  as a  
byproduct; o r  as a  h i g h - e f f i c i e n c y  low-cost producer o f  e l e c t r i c i t y  and heat as 
j o i n t  products. There i s  a  l i m i t a t i o n :  enough heat must be produced a t  appropr ia te  
t imes t o  charge TES, so t h a t  heat  from TES w i l l  be a v a i l a b l e  when needed. However, 
there  i s  considerable l a t i t u d e  i n  choosing the  appropr ia te  t imes. 

F igure 4  i l l u s t r a t e s  g r a p h i c a l l y  the  use i n  Case 3  o f  l e s s  cogenerat ion capac- 
i t y ,  a t  a  h igher  capac i ty  f ac to r ,  w i t h  TES, and w i t h  no b o i l e r s ,  t o  s a t i s f y  the 
same heat demand as the  reference system shown e a r l i e r  i n  F igure 1. 

Case 4  explores t h e  e f f e c t s  o f  us ing  TES both a t  t h e  p l a n t  and the  nodes, 
r a t h e r  than on l y  a t  the  nodes, i n . o r d e r  t o  minimize the  t ransmiss ion p i p e l i n e  s ize .  
This  i s  a  l i m i t i n g  case: t he  ana lys is  i s  made on the  bas is  o f  a  s i n g l e  p i p e l i n e  
opera t ing  year-round a t  f u l l  capac i ty ,  which obv ious ly  would never be t h e  ac tua l  
s i t u a t i o n .  It shows t h a t  a  subs tan t i a l  reduc t i on  i n  p i p e l i n e  s i z e  i s  poss ib le  (up 
t o  43 percent) ,  saving c a p i t a l  cost ,  pumping power, and heat loss .  

Cap i ta l  Cost Benef i ts  and . A l lowable . - - - . - - - TES - @t _ ( i n  1978 $US) 
Table 4  summarizes the  c a p i t a l  investment cos ts  o f  t h e  reference system t h a t  

may be avoided by  use o f  TES (assuming a  heat  recovery f r a c t i o n  o f  0.75). I n  
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Figure 4. Load curve f o r  Case 3, showing cogeneration and annual-cycle storage. 

TABLE 4. Cap i ta l  cos t  savings and breakeven cos t  o f  TES. 
- --- ---= - - - - -  - - -  - - .. - .. - 

Case: 1 2 3 4 

Cap i ta l  costs avoided, $M 66 9 2 110 122 
TES capacity,  MWt 1523 1867 1872 2253 
Breakeven cos t  o f  TES, $/kWt 

- 
4 3 49 59 54 

-- - - - - - . - -- -- - - - - - - . - -- - . - - - - - - - - - 

Case 1, f o r  example, t he  $66 m i  11 i o n  represents t h e  cos t  o f  bo i  1 ers replaced by 
TES. Other cases inc lude,  i n  a d d i t i o n  t o  t h e  cos t  o f  t h e  b o i l e r s ,  reduced cos t  
o f  cogeneration equipment and o f  t h e  transmission p ipe l i ne .  

Even though the  requ i red  amount o f  a q u i f e r  TES increases f o r  each successive 
case, the breakeven o r  a1 1 owabl e c a p i t a l  cos t  per k i  1 owat t  o f  TES capac i ty  a1 so 
increases, because o f  c a p i t a l  costs avoided. 

Un l ike  o t h e r  TES devices, t he  cos t  o f  a q u i f e r  TES i s  almost e n t i r e l y  deter-  
mined by t h e  megawatt (power-related) capaci ty .  The storage medium (water) , the 
containment (aqu i fe r ) ,  and the  i n s u l a t i o n  (sand and rock)  c o s t  no th ing  once w e l l s  
a re  d r i l l e d ;  t he  on ly  energy-related cost, f o r  pumping, i s  very  low. A very rough 
est imate o f  t h e  c a p i t a l  cos t  o f  t h e  a q u i f e r  storage i s  $23 t o  $50 per  peak thermal 
k i l o w a t t  i n t o  o r  o u t  o f  storage. Th is  rough est imate remains t o  be v e r i f i e d  by 
f i e l d  i n s t a l l a t i o n s  and tes ts .  

Fuel Consumption and Energy Benefi  t s  

For the  reference system and f o r  t h e  systems w i t h  TES, t h e  gas ( o r  o i l ,  o r  
o the r  a1 t e r n a t i v e  f u e l )  n o t  used by consumers o f  d i s t r i c t  heat  amounts t o  9.23 

293 



thermal TWH per year  (31.5 t r i l l  ion Btu) and would cos t  about 1.61 mil 1 ion 1978 
do l la r s .  This is t he  basic energy-conservation benef i t  'of a Twin Ci t i es  
cogeneration-distr ict  heating system. 

Peak load and standby boi lers  required f o r  the reference system would burn 
about 1.20 thermal TWH of o i l  per year (0.64 m i  11 ion ba r r e l s ) .  These boi lers  a re  
not needed i n  the  systems w i t h  TES; the  o i l  i s  replaced by coal used i n  cogenera- 
t ion.  This i s  an important fuel -subst i tu t ion benef i t  of the  TES system. 

Cogeneration plants s ac r i f i c e  some e l ec t r i c a l  generation i n  order t o  produce 
useful heat instead of waste heat. To replace e l e c t r i c i t y  sac r i f i ced  i n  cogener- 
a t ing  heat, the reference system requires burning about 2.75 thermal TWH of coal 
per year (0.39 mill ion tons) ,  a t  a cost  of $11 mil l ion .  The net  annual savings 
in fuel cos t  and energy fo r  the reference system a re  then about $131 mill ion and 
5.28 thermal TWH, equivalent t o  2.83 mill ion barre ls  of o i l .  

Systems with TES burn no o i l  and save the  same amount of gas a s  the  refer-  
ence system. Pa r t i a l l y  o f f se t t ing  the  saving in o i l  i s  the  extra  coal t h a t  must 
be burned t o  provide heat otherwise produced by bo i le r s ,  and t o  nake up t he  heat 
l o s t  i n  s torage.  The net  annual thermal energy and fuel  cos t  savings f o r  the  
cases studied a r e  summarized i n  Table 5. 

The fuel cos t  savings a re  a fac tor  in evaluating the  breakeven operating 
cost  of TES. 

TABLE 5. Net annual energy and fuel cos t  saved by TES. 
- -~ - - -  - - -  I case: I 2 3 4 - - - - 

Net thermal energy savings 
TWHlyr 6.03 5.43 5.46 5.37 
TBtu/yr 20.6 18.5 18.6 18.3 

* MBOE/yr 3.22 2.91 2.92 2.87 

I % over reference system 14 3 3 1 
Fuel cost  saving compared 

t o  reference system, $M/yr 16 14 14 14 
* 1 Mill ion bar re l s  of o i l ,  equivalent 

Concl usions 

The potential  benefi ts  of incorporating aquifer  TES into  the  proposed Twin 
C i t i es  cogeneration-distr ict  heating system include: 

8 Saving the  cost  of i n s t a l l i ng  boi lers  
8 Avoiding problems of s i t i n g  boi lers  a t  each transmission node 
8 Avoiding a i  r-poll ution problems of dispersed boi lers  
8 Replacing o i l  burned in boilers with coal burned a t  central  cogeneration 

pl ants  
8 Reducing net energy consumption and cost  
8 Operating cogeneration equi pment a t  higher capaci t y  fac tor ,  t o  reduce 

cost  of both e l e c t r i c i t y  and heat 



r Permi t t i ng  more economic cogeneration, w i t h  backpressure tu rb ines  ins tead 
o f  e x t r a c t i o n  tu rb ines  

0 Reducing t h e  amount o f  cogeneration capaci ty  requ i red  
Reducing thermal pol  1 u t i o n  from power p lan ts  
Reducing t h e  need f o r  coo l i ng  water o r  towers 
Reducing size, cost, and heat  losses o f  t ransmission p ipe l ines .  

Annual -cyc le  a q u i f e r  storage appears capable o f  p rov id ing  these b e n e f i t s  . 
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SIMULATION AND EVALUATION OF LATENT 

HEAT THERMAL ENERGY STORAGE 

Tony W. Sigmon 
Research T r i a n g l e  I n s t i t u t e  

SUMMARY 

A computer model i s  being developed fo r  t he  purpose o f  eva lua t i ng  t h e  
performance o f  a  number o f  l a t e n t  heat Thermal Energy Storage (TES)/Heat Pump 
systems f o r  r e s i d e n t i a l  heat ing  and coo l i ng  a p p l i c a t i o n s .  The bas is  f o r  t h i s  
eva lua t i on  w i l l  be system annual ized l i f e  c y c l e  cos t .  Annual system perform- 
ance w i l l  be determined a t  var ious  s imu la t i on  s i t e s  across the  con t i nen ta l  
Un i ted  States us ing  manufacturers performance data f o r  t he  bas ic  heat  pump 
components and the  computed performance c h a r a c t e r i s t i c s  o f  a  s i m p l i f i e d  TES 
subsystem design. The systems considered w i l l  be r e q u i r e d  t o  s a t i s f y  b u i l d i n g  
heat ing  and loads c a l c u l a t e d  us ing  TRNSYS (Ref. 1  ) f o r  d i f f e r e n t  imposed 
e l e c t r i c i t y  r a t e  s t ruc tu res .  Both the  TES/Heat Pump system performance and 
the  load s imu la t i on  model w i l l  be d r i v e n  by h o u r l y  weather data prov ided by 
Sandia Nat iona l  Laboratory (Ref. 2 ) .  By i n t e r f a c i n g  TES/Heat Pump performance 
w i t h  these thermal loads, optimum systems w i l l  be se lec ted  f o r  each combi- 
n a t i o n  o f  s i t e  and r a t e  s t r u c t u r e  considered. 

The combination of heat  pump systems combined w i t h  thermal energy storage 
have the  advantage o f :  1) p r o v i d i n g  a  means o f  s u b s t i t u t i n g  lower c o s t  
thermal energy d u r i n g  hea t i ng  opera t ion  f o r  t h a t  which i s  normal ly  suppl ied by 
res i s tance  heaters, 2) improving the  e f f i c i ency  of heat  pump systems du r ing  
both heat ing  and c o o l i n g  opera t ion  and 3) decreasing heat  pump opera t ing  cos t  
by a l l ow ing  the  heat  pump t o  operate p r i m a r i l y  d u r i n g  per iods i n  which low 
c o s t  e l e c t r i c i t y  i s  prov ided under t ime-of-day (TOD) e l e c t r i c i t y  r a t e  s t ruc -  
tu res .  Although the  focus o f  prev ious work has been aimed a t  heat  pumps 
combined w i t h  sens ib le  heat s torage subsystems, t h e  advantages associated w i t h  
l a t e n t  heat  s torage has p r e c i p i t a t e d  research and development e f f o r t s  con- 
s i d e r i n g  l a t e n t  heat  TES/Heat Pump systems as w e l l .  L a t e n t  heat systems i n  
general s t o r e  more energy per  u n i t  volume than do sens ib le  heat  systems, a l l o w  
f o r  s torage a t  constant  temperature and do n o t  r e q u i r e  the  i n t e r n a l  heat 
exchanger needed by many sens ib le  heat  storage systems. 

Th i s  ana lys is  w i l l  consider  s i x  d i f f e r e n t  TES/Heat Pump conf igura t ions .  
These proposed designs inc lude:  1  ) d i r e c t  TES/Heat Pump systems i n  which the 

+ Work performed under con t rac t  t o  U. S. Department- o f  Energy Contract  No. 
DE-AC-01-79ET-26707 



storage subsystem i s  charged w i t h i n  t h e  r e f r i g e r a t i o n  c y c l e  i t s e l f  and d i s -  
charged by d i r e c t  heat exchange between indoor r e t u r n  a i r  and storage 
mater ia l ,  2) i n d i r e c t  systems t h a t  a re  both charged and discharged w i t h i n  the  
r e f r i g e r a t i o n  cyc le  o f  the  heat pump, 3) h y b r i d  systems t h a t  a c t  as d i r e c t  
systems dur ing  c o o l i n g  opera t ion  and i n d i r e c t  systems du r ing  heat ing  and 4)  
hybr id  systems t h a t  a c t  as i n d i r e c t  systems d u r i n g  both heat ing  and coo l ing .  
The storage subsystem considered i s  o f  a rec tangu lar  design which provides f o r  
heat t r a n s f e r  between both storage mate r ia l  and r e f r i g e r a n t  and storage 
mater ia l  and a i r .  

For each combination o f  s imula t ion  s i t e  and e l  e c t r i c i  ty r a t e  s t ruc tu re ,  
spec i f i c  TESIHeat Pump conf igurat ions w i  11 be opt imized t o  determine the  
combination o f  component s izes  t h a t  minimizes l i f e  cyc le  costs.  These i n d i -  
v idua l  opt imized systems w i l l  then be ranked based on both l i f e  cyc le  cos t  
and s p e c i f i c  performance f a c t o r  f o r  t he  combination o f  s imu la t i on  s i t e  and 
r a t e  s t r u c t u r e  under cons ide ra t i  on. 

THERMAL LOAD CHARACTERIZATION 

I n  order  t o  p roper l y  evaluate the performance o f  each TES/Heat Pump 
system, they must be requ i red  t o  s a t i s f y  r e a l i s t i c  heat ing  and coo l i ng  loads. 
These thermal loads w i l l  be computed using the  TRNSYS computer s imula t ion .  
The methodology used i n  t h i s  model fo l lows ASHRAE recommended procedures 
which u t i l i z e  t r a n s f e r  func t ions  f o r  c a l c u l a t i n g  conduct ion heat  gains and 
losses. These heat gains/ losses are then combined w i t h  o the r  s p e c i f i e d  o r  
computed, sens ib le  and l a t e n t  heat  loads t o  determine t h e  t o t a l  hou r l y  l a t e n t  
and sensib le heat l o a d  f o r  the  house. The assumption made i n  t h i s  ana lys is  
i s  t h a t  t he  heat ing /coo l ing  system w i l l  exac t l y  s a t i s f y  these l o a d  requ i re-  
ments. The computation o f  these thermal loads requ i res  t h a t  hou r l y  ( o r  any 
o ther  increment o f  t ime) weather data be provided f o r  the  e n t i r e  s imula t ion  
pe r iod  a long w i t h  a general b u i l d i n g  design and cons t ruc t i on  c h a r a c t e r i s t i c s .  

S i  t e  Se lec t ion  

The f o l l o w i n g  s i x  c i t i e s  have been chosen as s imu la t i on  s i t e s :  Boston, 
MA; F o r t  Worth, TX; Miami, FL; Nashv i l le ,  TN; Phoenix, AZ; and Seat t le ,  WA. 
These c i t i e s  possess a wide range o f  c l imates and the re fo re  o f f e r  t h e  oppor- 
t u n i t y  t o  evaluate the  performance o f  var ious TES/Heat Pump con f igu ra t i ons  
under a wide range o f  opera t ing  cons t ra in ts .  

The choice of s i t e s  has been based p r i m a r i l y  on weather data provided 
through t h e  SOLMET Typical  Meteorological  Year (TMY) weather tapes and work 
completed by t h e  General E l e c t r i c  Corporation. The TMY data cons is t s  o f  
hour ly  weather i n fo rma t ion  f o r  26 c i t i e s  across t h e  Un i ted  States f o r  a 
" t y p i c a l "  year. Th is  t y p i c a l  weather yea r  was developed us ing data t h a t  had 
been c o l l e c t e d  over a number o f  years f o r  each o f  t h e  26 s i t e s .  Using these 
weather data, t h e  number o f  annual heat ing  and coo l i ng  degree-days f o r  each 
o f  t h e  26 s i t e s  was then computed. 

Each o f  these s i t e s  was then i d e n t i f i e d  as be ing w i t h i n  one o f  12 
c l  i m a t i  c  regions o f  t h e  con t inen ta l  Un i ted  States. These reg ions  were def ined 



by t h e  General E l e c t r i c  Corporat ion (Ref. 3) i n  a study e n t i t l e d  "Regional 
Conceptual Design and Ana lys is  Studies f o r  Res ident ia l  Photovo l ta ic  Systems." 
Simulat ion s i t e s  were then chosen based on l o c a t i o n  and t h e  extremes i n  
c l  i m a t i c  cond i t ions  as g iven by the  heat ing  and cool i ng degree-days . 

Bui 1 d i n g  Design 

The TRNSYS model requ i res  on ly  a general d e s c r i p t i o n  of t h e  design 
i t s e l f ;  however, d e t a i l e d  i n fo rmat ion  dea l ing  w i t h  t h e  const ruc t ion ,  o r ien-  
t a t i o n ,  and i n s u l a t i o n  l e v e l s  o f  t h e  b u i l d i n g  must be defined. The b u i l d i n g  
design, o r i e n t a t i o n ,  and cons t ruc t i on  w i l l  be t h e  same f o r  each o f  t h e  s i t e s ;  
however, i n s u l a t i o n  l e v e l s  w i l l  be va r ied  i n  order  t o  charac ter ize  e x i s t i n g  
p rac t i ces  i n  var ious regions o f  t h e  country. 

The basic b u i l d i n g  design w i l l  cons is t  o f  a rec tangu lar ,  s i n g l e  s to ry ,  
140 m2 (1500 f t . 2 )  wood panel residence w i t h  a f u l l  basement. A1 though t h i s  
design i s  n o t  necessar i l y  representa t ive  o f  t h a t  t o  be found a t  a l l  o f  the  
s imula t ion  s i t e s ,  i t  does o f f e r  a reasonable and j u s t i f i a b l e  approximation 
t o  the  design t h a t  might e x i s t  a t  each s i t e .  

TES/HEAT PUMP SIMULATION 

The approach t o  be u t i l i z e d  i n  modeling t h e  TES/Heat Pump system i s  
based on balancing mass and energy f lows w i t h i n  the  r e f r i g e r a t i o n  cyc le .  The 
method t o  be used fo l l ows  the  same general procedures suggested by Oak Ridge 
Nat iona l  Laboratory (Ref. 4).  This procedure i s  as fo l l ows :  

1. assume values f o r  the  thermodynamic s ta tes  a t  var ious p o i n t s  
w i t h i n  t h e  cycle;  

2. f i n d  t h e  f l o w  balance cond i t ions  f o r  these assumed thermodynamic 
s ta tes  us ing compressor and c a p i l l a r y  tube performance data; 

3.  for  these f l o w  balance cond i t ions  use evaporator and condenser 
performance data t o  a r r i v e  a t  new thermodynamic s ta tes ;  and 

4. cont inue u n t i l  agreement i s  reached. 

Manufacturer 's component performance data w i l l  be used f o r  heat  exchangers, 
compressor and expansion valves wh i l e  a simple TES subsystem w i l l  be modeled 
i n  order  t o  compute storage subsystem performance. 

TES/Heat Pump Conf igurat ions 

The s i x  TES/Heat Pump conf igura t ions  t o  be considered a re  c l a s s i f i e d  
depending upon the  method used t o  discharge t h e  TES subsystem. D i r e c t  systems 
are  discharged by t h e  t r a n s f e r  o f  heat between t h e  storage mate r ia l  and the  
indoor  a i r  stream, wh i l e  i n d i r e c t  systems a r e  discharged by  using the  TES 
subsystem as a low temperature s ink  (coo l ing)  o r  h igh  temperature source 
(heat ing)  fo r  the  heat pump. A l l  s i x  con f igu ra t i ons  i n v o l v e  charging the TES 
subsystem w i t h i n  t h e  r e f r i g e r a t i o n  c y c l e  o f  t he  heat pump by us ing  the  storage 



subsystem as e i t h e r  an evaporator o r  condenser as appropriate. 

Figures 1 and 2 show schematically two o f  t he  s i x  conf igurat ions which 
are being considered. Figure 1 i s  a representat ion o f  an i n d i r e c t  system tha t  
stores thermal energy f o r  use on ly  i n  the heat ing mode. The system operates 
as a conventional heat pump dur ing cool ing. During the  charging cyc le  the TES 
subsystem act3 as a condenser, whi le  a t  the same t ime -s to r i ng  energy by means 
o f  the change o f  phase o f  the storage mater ia l  from sol  i d  t o  1 iqu id .  During 
discharge, the TES subsystem then behaves as an evaporator f o r  the heat pump 
cyc le  and re j ec t s  heat t o  the re f r ige ran t  by means o f  the  change o f  phase 
from l i q u i d  t o  so l id .  Th is  system o f f e r s  the advantage o f  prov id ing a re l a -  
t i v e l y  h igh temperature source f o r  the heat pump w i t h  the exact source temper- 
a ture  depending upon the mel t  temperature o f  the storage mater ia l .  A d i r e c t  
system used f o r  storage heat ing would be charged by maintaining the storage 
temperature a t  a l eve l  t h a t  could be used f o r  d i r e c t  heating (40-60°C). 

Figure 2 i s  a schematic o f  an i n d i r e c t  TES/Heat Pump system used f o r  
coo l ing purposes. The system operates as a conventional heat pump dur ing 
heat ing operation. During the  coo l ing  season the storage subsystem i s  charged 
by convert ing the storage mater ia l  from a l i q u i d  t o  a s o l i d  by al lowing the 
TES subsystem t o  a c t  as an evaporator. The subsystem i s  then discharged by 
reversing t h i s  process. This system e f f e c t i v e l y  increases the e f f i c i ency  o f  
the heat pump cycle by a1 lowing the TES subsystem t o  ac t  as a low temperature 
s ink  f o r  the heat pump dur ing discharge operation. A d i r e c t  system used f o r  
storage coo l ing would be charged by maintaining the storage temperature a t  a 
l eve l  t h a t  could be used f o r  d i r e c t  cool ing (-1-10°C). A complete l i s t  o f  
the conf igurat ions t o  be considered i s  given i n  Table 1 . 

TES Subsystem 

Three basic c r i t e r i a  f o r  the se lec t ion  o f  a TES subsystem are: 1 ) the 
subsystem must have the capab i l i t y  t o  t ransfer  heat between the storage 
mater ia l  and re f r i ge ran t  (charging o r  i n d i r e c t  discharging) , 2) the subsystem 
must possess the c a p a b i l i t y  t o  t rans fe r  heat between the  storage mater ia l  and 
a i r  ( d i r e c t  discharging) and 3) the subsystem must be able t o  t r e a t  the 
humid i f ica t ion problems associated w i t h  space cool ing. 

A l l  o f  these c r i t e r i a  may be addressed using the designs shown i n  
Figures 3 and 4. Rectangular volumes contain ing the  storage mater ia l  w i l l  be 
stacked i n  the storage subsystem. Sandwiched between these volumes w i l l  be 
re f r i ge ran t  c o i l s .  Since these c o i l s  w i l l  no t  requ i re  the e n t i r e  volume 
between the  storage containments, a i r  w i l l  be passed through these spaces t o  
a l low f o r  d i r e c t  discharge. A closed form so lu t i on  f o r  the r e s u l t i n g  mel t ing 
and s o l i d i f i c a t i o n  problem has been found by Edwards (Ref. 5) and w i l l  be 
used t o  develop performance curves f o r  the storage subsystem. This procedure 
allows f o r  a stepwise so lu t i on  along the length o f  the  subsystem f o r  both 
the me1 t / f reeze and the re f r ige ran t  ( a i r )  side heat t rans fe r  problems. 

Although the parameters t o  be considered i n  developing performance curves 
have no t  as y e t  been determined, enter ing r e f r i g e r a n t  ( a i r )  temperature, 
r e f r i g e r a n t  ( a i r )  f l ow rate,  thickness o f  the storage mater ia l ,  and length o f  



t he  subsystem appear t o  be o f  prime importance i n  determining both the r a t e  
o f  heat t r ans fe r  and the t o t a l  storage capacity. 

TESIHeat Pump System Performance 

TES/Heat Pump system performance- w i l l  be determined f o r  each s i t e  by 
i n t e r f a c i n g  together the thermal loads computed us ing TRNSYS and t he  r e f r i g -  
e ra t i on  cyc le  performance f o r  each conf igurat ion.  For  each e l e c t r i c i t y  r a t e  
s t ruc tu re  system con t ro l  s t ra teg ies  wil.1 be developed t h a t  w i l l  de f ine the 
operat ing s t ra tegy f o r  each conf igura t ion.  The i n t e n t  o f  these con t ro l  
s t ra teg ies  w i l l  be t o  minimize system l i f e  cyc le  cos t  by charging and 
discharging the TES subsystem a t  the  most opportune times. For each combi- 
nat ion o f  s imula t ion s i t e  and r a t e  s t ruc tu re  considered, various TES/Heat Pump 
systems w i l l  be optimized t o  determine t h a t  combination o f  component sizes 
t h a t  minimizes l i f e  cyc le  costs. These optimized systems w i l l  then be ranked 
based on l i f e  cyc le  cost  and spec i f ic  performance f a c t o r  f o r  each combination 
o f  s imula t ion s i t e  and r a t e  s t ruc tu re  consi dered. 
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EXPERIMENTAL EVALUATION OF THERMAL ENERGY STORAGE: AN INTERIM REPORT 

H.N. Elersh 

Argonne, IL 60439 

1. BACKGROUND 

Early r e s u l t s  from t h e  ANL assessment of energy s t o r a g e  technologies  

i nd ica t ed  t h a t  customer-owned TES u n i t s '  of t h e  type  used in Europe could 

provide a  c o s t - e f f e c t i v e  means f o r  u t i l i t y  load  management i n  t h e  U.S. (1) .  

It was necessary,  t h e r e f o r e ,  t h a t  t h e  t echn ica l  and economic v i a b i l i t y  of 

t h i s  technology be examined under U.S. condi t ions .  These cond i t i ons  now 

inc lude  a changing r egu la to ry  atmosphere encouraging r a t e  reform and, of 

course,  c l i m a t i c  cond i t i ons  more extreme than i n  Europe. The reg ion  s e l e c t e d  

f o r  t h i s  f i e l d  s tudy  was New England, w i th  i ts  s t r o n g  dependence on o i l  and 

s c a r c i t y  of n a t u r a l  gas.  E l e c t r i c  baseboard hea t ing  i s  a  major hea t ing  a l -  

t e r n a t i v e  i n  t h i s  a r e a .  In  Vermont, u t i l i t i e s  had a l r eady  begun t o  i n v e s t i -  

g a t e  thermal energy s t o r a g e  and off-peak r a t e s  as one form of load management 

and had i n s t i t u t e d  programs t o  reduce loads  by d i r e c t  u t i l i t y  c o n t r o l  of s t o r -  

age hot  water hea t e r s .  

2.  SCOPE AND OBJECTIVES 

We r e p o r t  he re  some r e s u l t s  of t h e  f i r s t  y e a r ' s  t e s t s  involv ing  a  co l -  

l a b o r a t i v e  e f f o r t  among ANL, Purdue Univers i ty ,  t h e  U n i v e r s i t i e s  of Maine and 

of Vermont, and s e v e r a l  l o c a l  coopera t ing  e l e c t r i c  u t i l i t y  companies (Cent ra l  

Maine Power Co., Cen t r a l  Vermont Publ ic  Serv ice  Co., Green Mountain Power Co. 

and Vermont E l e c t r i c  Cooperat ive) .  

The p r i n c i p a l  o b j e c t i v e s  of t h e  study a r e  t o :  

Va l ida t e  t h e  t e c h n i c a l  performance of commercially a v a i l -  
a b l e  TES u n i t s  under s eve re  U.S. weather cond i t i ons .  

Assess t h e  b e n e f i t s  and c o s t s  of TES. 

Determine p o t e n t i a l  customer and u t i l i t y  acceptance  of 
customer-owned TES . 

a I d e n t i f y  and d e f i n e  TES i s s u e s ,  RLD needs and b a r r i e r s  t o  
commercialization. 

a E s t a b l i s h  uniform TES t e s t i n g  s tandards .  

The method adopted f o r  achiev ing  each o b j e c t i v e  i s  descr ibed  below. 
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3. FINDINGS 

Since work is  s t i l l  i n  progress  t h e  f i n d i n g s  r epo r t ed  h e r e  must be 

regarded as t e n t a t i v e .  

3.1 Technical Performance 

F ie ld  t e s t s  i n  Vermont and Maine a r e  being c a r r i e d  ou t  t o  eva lua t e  t h e  

performance of TES systems. TES systems a r e  ope ra t ing  i n  45 t e s t  homes, and 

monitor ing equipment r eco rds  t h e  e l e c t r i c  hea t ing  demand and t h e  i n s i d e  and 

o u t s i d e  temperatures  every 15  minutes i n  t h e s e  t e s t  homes and i n  30 c o n t r o l  

homes. A l l  of t h e  p a r t i c i p a t i n g  homes have been energy-audited by an e l e c t r i c  

u t i l i t y .  Most of t h e  TES u n i t s  i n  t h e  t e s t  homes a r e  room-type ceramic s t o r a g e  

h e a t e r s ,  bu t  s i x  hydronic s t o r a g e  h e a t e r s  and one c e n t r a l  ceramic s t o r a g e  fu r -  

nace a r e  a l s o  being t e s t e d .  The c o n t r o l  s i t e s  a r e  heated wi th  convent ional  

r e s i s t a n c e  baseboard u n i t s .  A l l  u n i t s  were s i z e d  by t h e  vendor t o  meet t h e  

f u l l  design-day hea t ing  load and were commercially i n s t a l l e d .  

During the  f i r s t  hea t ing  season, d a t a  were c o l l e c t e d  from 34 t e s t  and 

26 c o n t r o l  s i t e s ,  w i th  some l o s s  of d a t a  and u n c e r t a i n t i e s  due t o  malfunct ions 

i n  monitoring equipment and problems i n  magnetic t a p e  handl ing.  Funct ional  

performance of t h e  TES systems has gene ra l ly  been good, and i t  has been con- 

cluded t h a t  TES u n i t s ,  i f  p roper ly  s i zed  f o r  t h e  home, perform wel l .  This  

pre l iminary  conclusion a p p l i e s  equa l ly  t o  d i spe r sed  and c e n t r a l  ceramic u n i t s  

and t o  hydronic c e n t r a l  u n i t s .  

The major c r i t e r i o n  f o r  t h i s  assessment was t h e  maintenance of e s s e n t i a l l y  

i d e n t i c a l  i n s i d e  temperatures  i n  thermally matched t e s t  and c o n t r o l  homes 

throughout t h e  hea t ing  season,  e.g. ,  on t y p i c a l  win t ry  January days, on 

October days (which have more v o l a t i l e  temperature f l u c t u a t i o n s ) ,  and on 

t h e  c o l d e s t  day of t h e  year .  I n  Vermont t h e  lowest  temperature recorded 

a t  t h e  sites w a s  - 2 8 ' ~  on February 12,  1979; i n  Maine 70 degree-days were 

accumulated on February 14 ,  providing o p p o r t u n i t i e s  t o  observe heating-system 

performance under "design" cond i t i ons  and t o  eva lua t e  shortcomings i n  s i z i n g  

formulas. Graphical r eco rds  of d a i l y  e l e c t r i c a l  demand and i n s i d e  temperatures  

of test homes c l e a r l y  d i s t i n g u i s h  adequately s i z e d  s t o r a g e  h e a t i n g  systems 



t h a t  u se  only off-peak e l e c t r i c i t y  from those  that a d d i t i o n a l l y  r e q u i r e  t h e  

u s e  of e l e c t r i c i t y  generated dur ing  high-use times. 

3.2 Socia l  Bene f i t s  and Costs  

S tud ie s  of t h e  economics of TES i n  Maine and Vermont us ing  a s o c i a l  

we l f a re  approach i n d i c a t e  t h a t  t h e r e  a r e  n e t  s o c i a l  b e n e f i t s  and t h a t  

b e n e f i t s  can accrue  t o  both use r  and u t i l i t y  (2 ,3) .  This  conclusion i s  

based upon a comparison of t h e  est imated c o s t s  and consequent savings.  

Fac tors  taken i n t o  account  inc lude :  

(1) a d d i t i o n a l  customer c o s t s ,  compared t o  d i r e c t  baseboard 
systems, of i n s t a l l e d  TES systems (room u n i t s  and 
c e n t r a l  fu rnaces )  i n  homes having a wide range of hea t  
l o s s ;  

(2) u t i l i t y  c o s t s  of s p e c i a l  c o n t r o l s ,  meters  and t ransformers ;  

(3) u t i l i t y  r e t u r n s  due t o  est imated f u t u r e  sav ings  i n  foregone 
gene ra t ion ,  t ransmiss ion  and d i s t r i b u t i o n  needs (discounted 
t o  p re sen t  va lue .  

In  Vermont, bene f i t - cos t  r a t i o s  a r e  est imated t o  be g r e a t e r  than 3 . 4  f o r  room 

u n i t s  and g r e a t e r  than 5.6 f o r  c e n t r a l  u n i t s  (3) .  The higher  r a t i o  f o r  

c e n t r a l  u n i t s  i s  due t o  t h e i r  lower c a p i t a l  c o s t  per  k i lowa t t  of hea t  l o s s .  

I n  Maine, t h e  t o t a l  sav ings  a r e  est imated t o  be about $344 per k i lowat t  

of hea t  l o s s ,  and t h e  a d d i t i o n a l  c a p i t a l  c o s t  wi th  r e spec t  t o  e l e c t r i c  base- 

board h e a t e r s  is  about $225 per k i lowa t t  of hea t  l o s s .  (The c o s t  of e l e c t r i c  

baseboard h e a t e r s  is about $150/kW.) 

3 . 3  P o t e n t i a l  - -. - Customer .~ - - and U t i l i t y  Acceptance 

A survey of u s e r s  by an  independent r e sea rch  o rgan iza t ion  revea led  

equal  s a t i s f a c t i o n  w i t h  s t o r a g e  h e a t e r s  and w i t h  i n s t a n t  h e a t e r s  (baseboard) .  

The survey was based on 156 households,  of which 1 3 1  a r e  heated v i a  thermal 

s t o r a g e  and 25  by d i r e c t  e l e c t r i c  h e a t i n g  (4) .  Over 95% of t h e  owners of 

homes wi th  TES u n i t s  would recommend TES t o  a f r i e n d  ( t h e  same a s  f o r  u s e r s  

of baseboard h e a t e r s ) .  The improvements most f r equen t ly  suggested were 

decreas ing  t h e  phys i ca l  s i z e  of t h e  room u n i t s  and improving t h e i r  appearance. 



Many u t i l i t i e s  t h a t  have had exposure t o ,  o r  i n t e r e s t  in ,  TES a s  a  load 

management t o o l  f e e l  i t  can have a p o s i t i v e  impact. However, public  concern 

about the  environmental degradation due t o  t h e  use  of nuc lea r  and coal  base- 

load f u e l s  negat ive ly  a f f e c t s  u t i l i t y  planning and i n i t i a t i v e ,  c rea t ing  

uncer t a in t i e s  i n  t h e  s i z e  and s t a b i l i t y  of the  cos t  d i f f e r e n t i a l  of baseload 

and non-baseload e l e c t r i c i t y .  

3.4 I ssues  

Many i s sues  must be i d e n t i f i e d  and resolved before  the re  can be any 

extensive adoption of TES. Among them a r e  c a p i t a l  c o s t  of TES equipment, 

co r rec t  s i z i n g  of the  TES systems and proper r a t e  s t r u c t u r e .  

E l e c t r i c i t y  P r i c i n g  - The problem of inc reas ing  the  use of 

TES i s  that of t r a n s f e r r i n g  some of the  a n t i c i p a t e d  u t i l i t y  

savings t o  t h e  customer so t h a t  TES w i l l  be an a t t r a c t i v e  

investment. The problem is  complex. A t  t h i s  time, based 

on an on-going comparative analys is ,  a  load management 

agreement between customer and u t i l i t y  seems b e t t e r  than 

e i t h e r  a  time-of-use r a t e  format o r  a  time-of-use p lus  

demand-charge r a t e .  Load management agreements insure  

more con t ro l  of u t i l i t y  capacity growth and l e s s  customer 

r i s k  of r a t e  i n s t a b i l i t y .  

How Much Storage? - The adoption of TES w i l l  be very 

s e n s i t i v e  t o  c a l c u l a t i n g  and i n s t a l l i n g  the  proper 

amount of s to rage  heat ing capacity.  Prel iminary energy- 

use s t u d i e s  of TES i n  Maine i n d i c a t e  t h a t  t h e  s i z i n g  

method f o r  an 8-hour charge period i s  marginal f o r  ex- 

treme weather condit ions.  Simulation s t u d i e s  have under- 

scored t h e  p o t e n t i a l  problem of developing a shoulder 

peak of demand of supplemental heat  whish is  required toward 

the  end of t h e  on-peak period. The problem of supplying 

a bui ld ing wi th  optimal thermal s to rage  capaci ty  is  one 

of s k i r t i n g  t h e  Charybdis of inadequate s to rage  capaci ty  

(which may n e i t h e r  cu t  o i l  demand nor s u f f i c i e n t l y  de- 

crease  t h e  need f o r  investments i n  new genera t ing  capaci ty)  



and t h e  Scy l l a  of t oo  much i n s t a l l e d  s t o r a g e  capac i ty  (which 

may be so expensive t h a t  t h e  customer w i l l  n o t  buy t h e  TES 

system). This  s i z i n g  problem has  s e v e r a l  i n t e r r e l a t e d  

elements : 

(1)  t h e  i n c e n t i v e  of t h e  vendor t o  make a s a l e  by 
lowering t h e  c a p i t a l  c o s t  (i.e., recommending 
smal le r  capac i ty  than may be  r equ i r ed ) ,  

(2)  t h e  goal  of t h e  customer o r  real e s t a t e  developer  
who wants TES but  wants t o  minimize i n i t i a l  c o s t  
( thereby  impacting t h e  u t i l i t y  on i ts  peak demand 
days) ,  

(2; d i f f e r e n t  s i z i n g  methods used by d i f f e r e n t  vendors,  
and 

(4)  t h e  i n t r i n s i c  unce r t a in ty  i n  t he  hea t ing  capac i ty  
margin requi red  by d i f f e r e n t  u s e r s  and types  of 
use. 

C a p i t a l  - - . - - . Costs - of - TES - - - - and Control Equipment - Sens ib le  hea t  

s to rage  devices  and c o n t r o l  u n i t s  a r e  e s s e n t i a l l y  simple 

products .  Xeducing the  c a p i t a l  c o s t s  of TES systems by 

cheaper manufacturing methods and more vendor competi t ion 

can amel iora te ,  t o  some e x t e n t ,  some of t h e  above problems 

and provide customer incen t ive  t o  buy TES equipment. 

3.5 T e s t i n g  

TES u n i t s  of d i f f e r e n t  manufacture can have d i f f e r e n t  c h a r a c t e r i s t i c s  

and s to rage  c a p a c i t i e s .  Depending on d e t a i l s  of des ign ,  u n i t s  having the  same 

nominal r a t i n g  and t o t a l  s t o r a g e  capac i ty  may have d i f f e r e n t  r a t e s  of spon- 

taneous r a d i a t i v e  emission, r a t e s  of forced d ischarge ,  hot  a i r  temperatures ,  

s t o r a g e  medium temperatures ,  e t c .  Since t h e  u n i t s  a r e  modular, i t  w i l l  be 

poss ib l e  t o  measure and compare t h e i r  thermal performance by appropr i a t e  

c a l o r i m e t r i c  techniques.  Simple e l e c t r i c - i n p u t  thermal-output r a t i n g s  can 

then be used by customers i n  making buying dec i s ions  and t o t a l  performance 

c h a r a c t e r i s t i c s  can be used by a r c h i t e c t s  and o t h e r s  f o r  heating-system 

design;  such a v a i l a b l e  informat ion  should a c c e l e r a t e  t h e  rate of commerciali- 

za t ion .  For this reason,developing and promulgating s tandard  c a l o r i m e t r i c  

procedures  t h a t  can b e  dup l i ca t ed  i n  o t h e r  l a b o r a t o r i e s  i s  a component of 

t h e  ANL program. A t  Purdue Univers i ty  a ca lo r ime te r  has been b u i l t  fol lowing 
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t h e  German s tandard  as descr ibed  i n  D I N  44572. I n i t i a l  a t t e m p t s  t o  c a l i b r a t e  

and use  t h i s  ca lo r ime te r  i nd i ca t ed  t h e  n e c e s s i t y  f o r  a redes ign .  Severa l  

des ign  mod i f i ca t i ons  were made and i n v e s t i g a t e d  exper imenta l ly .  The p re sen t  

des ign  has  g r e a t l y  improved uni formi ty  i n  t h e  c ros s - sec t iona l  temperature  

d i s t r i b u t i o n  of t h e  o u t l e t  duc t  where t h e  temperature  of  t h e  e x i t i n g a i r  is 

measured. A 2-klJ roon-size TES u n i t  is  soon t o  be i n s t a l l e d  i n  t h e  c a l o r i -  

meter chamber f o r  t e s t i n g .  A t  t h e  same time a 30-kW c e n t r a l  u n i t  is being 

read ied  f o r  i r ~ s t a l l a t i o n  and i n i t i a l  c a l o r i m e t r i c  measurements i n  a l a r g e ,  

environmental ly  c o n t r o l l e d  room. 

4 .  COMMENTS 

The f i n d i n g s  so  f a r  support  t h e  expec ta t ion  of e a r l i e r  s t u d i e s :  

TES i s  t e c h n i c a l l y  and economically v i a b l e  i n  winter-peaking e l e c t r i c  

s e r v i c e  a r e a s  of t h e  U.S. t h a t  r e l y  on e l e c t r i c i t y  f o r  space hea t ing ,  

where t h e  u n d e r u t i l i z e d  baseload energy i s  suppl ied  by c o a l  o r  o t h e r  

cheaper baseload f u e l s .  It i s  probably no t  too  e a r l y  f o r  i n d u s t r y  and 

t h e  government t o  s t a r t  t hose  s t u d i e s  and a c t i v i t i e s  necessary  t o  

a c c e l e r a t e  t h e  i n t r o d u c t i o n  of sens ib le -hea t  thermal  energy s t o r a g e  where 

i t  i s  deemed p o s s i b l e  and d e s i r a b l e .  While f u r t h e r  s t u d i e s  a r e  necessary  

f o r  s o l i d  documentation, t h e r e  is  p r e s e n t l y  a need f o r  TES handbooks, 

seminary f o r  p o t e n t i a l  s u p p l i e r s ,  i n s t a l l e r s  and c o n t r a c t o r s ,  and t h e  d i s -  

seminat ion of t e c h n i c a l  and f i n a n c i a l  information t o  pub l i c  u t i l i t i e s ,  

r egu la to ry  commissions, consumer groups, f i n a n c i a l  i n s t i t u t i o n s ,  e t c .  
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DEVELOPMENT OF OPTIMUM PROCESS FOR ELECTRON BEAM CROSS-LINKING OF HIGH 

DENSITY POLYETHYLENE THERMAL ENERGY STORAGE PELLETS, PROCESS SCALE-UP 

AND PRODUCTION OF APPLICATION QUANTITIES OF MATERIAL 

I v a l  0. Sa lyer  
Uni v e r s i  ty o f  Dayton 

PROJECT OUTLINE 

P r o j e c t  T i t l e :  Development o f  an Optimum Process f o r  EB Cross l i nk ing  o f  
HDPE TES Pel1 e ts  

P r i n c i p a l  I n v e s t i g z t o r :  I. 0. Salyer  

Organizat ion: Dayton Laboratory 
Monsanto Research Corporat i  on 
1515 Nicholas Road 
Dayton, Ohio 45407 
Telephone: (513) 268-341 1 

P r o j e c t  Goals: Develop a thermal energy storage system based on the rma l l y  
form-stable p e l l e t s  o f  c r o s s l i  nked h igh-dens i ty  
po lye thy lene (HDPE) prepared by e l e c t r o n  beam (EB) 
i r r a d i  a t i  on. 

The optimum EB i r r a d i a t i o n  cond i t i ons  f o r  HDPE having the  
h ighes t  poss ib le  heat o f  f u s i o n  w i l l  be i d e n t i f i e d .  A 
250-lb batch o f  the optimum m a t e r i a l  w i l l  be prepared and 
evaluated i n  a 12,000-BTU p i l o t  storage u n i t .  I f  t h e  
eva lua t i on  proves promis i  ng, a 15,000-1 b batch w i l l  be 
prepared, tested, and de l i ve red  t o  DOE (ORNL) f o r  
f u l l - s c a l e  a p p l i c a t i o n  tes ts .  

P r o j e c t  Status: DuPont 7040 and 8 megarads have been se lec ted  as t h e  
optimum HDPE and dose, respec t i ve l y .  The 250-lb batch has 
been prepared. 

Contract  Number: Union Carbide Contract  No. 7641 

Contract  Period: January 1979 - January 1980 

Funding Level:  $55,000 

Funding Source: Oak Ridge N a t i  onal Labora tory  



PROJECT SUMMARY 

Project Title: Development of Optimum Process for Electron Beam 
Crosslinking of High Density Polyethylene Thermal 
Energy Storage Pellets, Process Scale-up and 
Production of Application Quantities of Material. 

Principal Investigator: Ival 0. Salyer 

Organization: University of Dayton 
300 College Park 
Dayton, Ohio 45469 
Telephone: (513) 229-4235 

Project Goals: The objective of this project is to define the 
electron beam irradiation conditions for preparing thermally 
form stable polyethylene pellets for a thermal energy storage 
application in the temperature interval of 120-140° Celsius. 

Project Status: The objective of preparing thermally form stable 
crosslinked polyethylene has been achieved by electron beam 
irradiation. The irradiated polyethylene pellets have 
retained their initial physical form and heat of fusion 
after more than 100 melt-freeze cycles in ethylene glycol. 
Although the pellets adhere to one another at their points 
of contact, the pellet bed has remained porous to the free 
flow of the heat exchange fluid. Tests of the polyethylene 
pellet bed have been completed in the five pound thermal 
energy storage test unit. Sufficient polyethylene has been 
processed by electron beam irradiation to complete the 
planned tests in the 250 pound prototype thermal energy 
storage unit. We plan to complete these tests in the 250 
pound unit and issue a final report in January 1980. 

Contract Number: 9641 

Contract Period: 5 January 1979 - 4 January 1980 

Funding Level: $54,585 

Funding Source: Department of Energy, Division of Energy Storage 
Systems, Oak Ridge National Laboratory 



INTRODUCTION 

The University of.Dayton is conducting a program whose 
purpose is to investigate the crosslinking of high density 
polyethylene by electron beam irradiation. The objective of 
the program is to define the conditions required to prepare 
thermally form stable high density polyethylene by electron 
beam irradiation. High density polyethylene has a melting 
point in the temperature interval of 125-140° Celsius and values 
for the latent heat of fusion has been reported as high as 49 
calories per gram. At its melting point, the high density 
polyethylene changes from a white opaque crystalline solid to a 
clear transparent visco-elastic liquid phase. This property was 
especially useful in visual observations of the pellet bed in 
the thermal energy storage test column. The melting temperature of 
polyethylene makes it especially suited for solar absorption air 
conditioning. Further, polyethylene melts congruently and can be 
cycled repeatedly through its melting point with no decrease in 
the value of the heat of fusion. Although solar air conditioning 
provides an important application and supplied the initial impetus 
for this investigation, the thermal storage capability of high 
density polyethylene should be considered for applications which 
will utilize the off-peak electric generating capacity and/or 
solar heating applications. 

In a previous investigation crosslinking of polyethylene by 
chemical methods were investigated. The crosslinked polyethylene 
products were found to have excellent thermal form stability and 
retained their initial value of the heat of fusion after more than 
400 cycles through the melting point. These chemical methods are 
at least as effective as the polyethylene products crosslinked by 
electron beam irradiation but only at much higher costs per pound 
of finished product. The cost for preparing polyethylene cross- 
linked by electron beam irradiation are estimated to add between 
0.5 and 1.0 cents per pound to the cost of the polyethylene. In 
comparison to other materials being considered for thermal energy 
storage, polyethylene will require a significantly smaller volume 
and weight than systems which utilize only sensible heat as the 
storage mechanism. Importantly, polyethylene can deliver this heat 
energy which is stored in the change of phase at temperatures between 
125O and 140' Celsius. 

EXPERIMENTAL 

The principal objective of this project has been to define the 
irradiation conditions required to prepare thermally form stable 
high density polyethylene (HDPE). This objective has been 
achieved through the following experimental tasks. 



1. Evaluate the heat of fusion and the melting temperature 
of several commercially available HDPE specimens as they are 
delivered by the manufacturer. It should be noted that HDPE prod- 
ucts presently available have not been optimized on the basis of 
the value of their heat of fusion. Values as high as 58 calories 
per gram, or even higher, may be possible in HDPE which is more 
completely crystallizable. 

2. Select HDPE specimens for electron beam irradiation 
exposures, and irradiate the selected materials to several 
different radiation dosage levels. 

3. Evaluate the irradiated HDPE specimens for their thermal 
form stability, retained heat of fusion, and their melting 
temperature. 

4. Select the irradiation conditions for which the HDPE 
specimens are thermally form stable, cycle irradiated HDPE 
samples through the melting point in a five pound thermal energy 
storage test column. 

5. Evaluate the performance of the HDPE specimens in the 
five pound thermal energy storage test column. 

6. Irradiate HDPE pellets for cyclic testing through the 
melting point in the 250 pound prototype thermal energy storage 
test unit. 

7. Evaluate the performance of the irradiated HDPE specimens 
in the 250 pound test unit. 

A total of 13 different commercially available high density 
polyethylene specimens were obtained from five different man- 
ufacturers. Listed in Table 1 are the names of the suppliers, 
the type of high density polyethylene, and the nominal physical 
property values supplied by the manufacturer. The polyethylene 
specimens were supplied in the form of pellets approximately 0.125 
inches in diameter with the single exception of the Phillips Marlex 
TR-885 which was supplied in both pellet and powder forms. 

We conducted experimental measurements of the melting tem- 
perature and the heat of fusion on each of these 13 specimens. 
These measurements were performed in our Perkin-Elmer Differential 
Scanning Calorimeter, Model DSC-2. The HDPE samples were contained 
in the standard Perkin-Elmer aluminum pans and a nitrogen atmosphere 
was maintained around the sample during the measurement. Measurements 
of the melting temperature and the heat of fusion were performed 
between 25 and 150 degrees Celsius at heating and cooling rates 
of 10 degrees Celsius per minute. The instrument was calibrated 
by measuring the area under the time-temperature scan during the 
melting of a measured quantity of high purity indium. 



The melting and freezing of the polyethylene specimens were 
observed to occur over a range of temperatures. The results of 
these measurements are presented in Table 2. The values of the 
temperatures, T1, T2, and T3, are the values respectively, at 
which the transition was observed to begin, the temperature at 
which the maximum displacement was observed in the time-temperature 
plot, and the temperature at the end of the transition. An analysis 
of the time-temperature scans showed'that more than 90 percent of 
heat of the transformation occurred within +2 degrees Celsius of 
the temperature, T2, even though the heating and cooling rates were 
10 degrees Celsius per minute. 

Four of the commercial polyethylene products were selected 
for the electron beam irradiation experiments. These products 
were, the DuPont 7040 pellets, the Phillips TR-885 pellets, the 
U. S. Industrial Chemicals LS-630 pellets, and the Gulf 9606 pellets. 
The three variables associated with the electron beam irradiation which 
were studied in our tests were: 

1. the total radiation dose received by the pellets, 

2. the accelerating potential of the electron beam, 

3. the electron beam current, 

4. the irradiation in inert atmospheres, and 

5. the effects of stirring the pellets during the 
irradiation. 

The HDPE pellets were irradiated at the electron beam facility of 
the Radiation Dynamics Incorporated located in Plainview, New York. 
Samples of the HDPE pellets supplied by the four different 
manufacturers were irradiated with an electron beam accelerating 
potential of three million volts and at an electron beam current 
of 20 milliamperes to radiation doses of 2, 4, 6, 8, 10, or 12 
megarads for a total of 24 irradiated samples. Tests were 
performed at electron beam currents of 10.3 milliamperes and 5.65 
milliamperes. In these two tests the HDPE pellets were irradiated 
to a total dose of eight megarads in the three million volt facility. 
Tests were performed with accelerating potentials of 1.5 and 4.5 
million volts. In these tests HDPE pellets were irradiated to a 
total dose of eight megarads in the 1.5 and 4.5 million volt 
facilities and to 12 megarads in the 1.5 million volt facility. 
The effect of stirring the pellets during the irradiation processing 
was studied at three million volts, 20 milliamperes, and at an 
eight megarad dose. Irradiation exposures were performed with the 
pellets under three different atmospheres, helium, nitrogen, and 
carbon dioxide. Two samples were irradiated under the carbon 
dioxide atmosphere. In one case the HDPE pellets were given 
a pre-irradiation heat treatment at 100° Celsius for 12 hours in 
the carbon dioxide atmosphere and in the other case they were 
irradiated without the benefit of the heat treatment. 



The irradiated polyethylene pellets were evaluated for their 
thermal form stabi1ity;and the values for their melting points and 
their retained heats of fusion were measured in the Differential 
Scanning Calorimeter. The thermal form stability of the irradiated 
pellets was evaluated by placing a small quantity of the pellets, 
approximately 30 gram samples, in refluxing ethylene glycol, 
Prestone 11. The pellets were maintained in the ethylene glycol 
at temperatures between 145O Celsius and 165O Celsius for extended 
time intervals. These tests showed that DuPont 7040 pellets 
maintain satisfactory thermal form stability at radiation dose 
levels of eight megarads. Stirring of the pellets during the 
irradiation process appeared to be beneficial. The thermal form 
stability of the irradiated pellets was unaffected by changes in 
either the electron beam current or the electron beam accelerating 
potential. There was some improvement in the pellets which were 
irradiated under the inert atmospheres. The pre-irradiation heat 
treatment at 100° Celsius under the carbon dioxide atmosphere 
minimized the adhesion of the pellets at their points of contact. 
Typical results of these tests are shown in Figure 1. 

The values for the heats of fusion and melting temperatures 
which were measured on the irradiated pellets are presented in 
Table 3. No significant change was observed in the values of 
the melting temperature of the polyethylene pellets as a function 
of the radiation dose. All of the irradiated pellets show a trend 
toward slightly lower values for the heat of fusion with increasing 
radiation dose levels. 

Three irradiated polyethylene materials were evaluated in the 
five pound thermal energy storage test column. The materials which 
were tested are the DuPont 7040 pellets, the U. S. Industrial 
Chemicals LS-630 pellets, and the Gulf 9606 pellets. All of the 
pellets had received an eight megarad dose in the electron beam. 
The temperatures of the ethylene glycol were measured as a function 
of time at the inlet and outlet ports of the thermal energy storage 
column, and the temperature within the polyethylene pellet bed was 
measured at a point which was located approximately six inches 
from the inlet port. This distance is one third of the length 
of the storage column. The five pound thermal energy storage test 
unit is shown in Figure 2. The polyethylene pellet bed was cycled 
between 100° Celsius and 145O Celsius through more than 100 complete 
cycles. The melting and freezing of the pellet bed was observed 
by the thermal arrest of the thermocouples. The melting and 
freezing of the pellet bed was confirmed by a visual observation 
of the pellet bed through an observation port in the side of the 
storage column. A typical plot during the cooling cycle of the 
temperatures at the inlet and outlet ports and within the pellet 
bed itself is presented in Figure 3. As shown in this figure 
the temperature of the ethylene glycol at the inlet port drops 
rapidly to 100° Celsius. The temperature measured within the 



pellet bed shows the thermal arrest as the pellet bed freezes at 
that point, and #the temperature of the ethylene glycol at the 
outlet port remains at the freezing temperature of the pellet 
bed until the solidification of the polyethylene is completed. 
The completion of the freezing of the pellet bed is observed by 
the rapid drop in temperature of the ethylene glycol at the ' 

outlet port of the storage column. The time-temperature plots 
of the storage column after more than 100 cycles were compared 
to the time-temperature plots which were measured before the 
accumulation of the heating and cooling cycles. This comparison 
of the performance of the storage column before and after the 
cycling tests did not show any significant differences. The 
condition of the pellets after their removal from the storage 
column is shown in Figure 4. Although the pellets had adhered 
to one another at their points of contact, the pellet bed had 
maintained an open porous structure throughout the thbrmal cycling 
tests. The pellet bed did not exhibit any increased resistance 
to the flow of the ethylene glycol as the number of heating and 
cooling cycles increased. 

The DuPont 7040 pellets with a radiation dose of eight 
megarads were selected for evaluation in the 250 pound prototype 
thermal energy storage unit. This unit is shown in Figure 5. 
The apparatus has been installed and is ready for the scaled- 
up tests of the performance of the polyethylene pellet bed. A 
sufficient quantity of the DuPont 7040 pellets have been irradiated 
to a dose of eight megarads to completely fill the 250 pound unit. 
The irradiation of the pellets was accomplished at the Radiation 
Dynamics Incorporated electron beam facility. We expect to begin 
this series of thermal cycling tests this week. 

RESULTS 

During the course of this project we have established: 

1. that the crosslinking of the polyethylene is dependent 
primarily on the total radiation dose of the material and is not 
dependent either on the accelerating potential of the electrons 
or the electron beam current, 

2. that polyethylene pellets irradiated to a dose of eight 
megarads have sufficient thermal form stability and retain'ed heat 
of fusion to be utilized as a thermal energy storage material, 

3. that the polyethylene pellets can be satisfactorily 
irradiated in air. Pellets irradiated in carbon dioxide or 
nitrogen atmospheres show less propensity to adhere together 
after being thermally cycled above their melting point, 



4. that the heat of fusion of the irradiated pellets 
shows a trend toward slightly lower values with increasing value 
of the radiation dose, 

5. no change was observed in the melting point of the 
pellets with increased radiation doses, 

6. that the irradiated pellets will adhere at their points 
of contact in an unstirred pellet bed when heated above their 
melting point; in a stirred bed the pellets do not adhere together 
even when heated above their melting points for extended time 
periods, and 

7. that pellets irradiated to a dose of eight megarads will 
maintain an open porous structure even after repeated thermal 
cycling through their melting point. Free flow of the heat 
transfer fluid through the pellet bed was observed after more 
than 100 cycles through the melting point of polyethylene. 

Future Work: Based on the encouraging results we have obtained 
on the electron beam irradiation of high density polyethylene 
we recommend that Task 3 be implemented. The objective of 
Task 3 is the preparation of 15,000 pounds of electron beam 
crosslinked polyethylene pellets, the evaluation of the cross- 
linked material on a laboratory and pilot plant side, and the 
implementation of a full-scale applications test. 

Acknowledgement: This work was performed at the University of 
Dayton under ORNL Sub 9641 by the following personnel: I. 0 .  
Salyer, J. E. Davison, R. Chartoff, and J. E. Minardi. The 
electron beam irradiation of the polyethylene pellets was 
performed in the facilities of the Radiation Dynamics 
Incorporated at Plainview, New York. 



TABLE 1 

HIGH DENSITY POLYETHYLENE SPECIMENS 
RECEIVED FOR EVALUATION 

Supplier High Density Polyethylene Melt Index* Density* 
dg . /mine g/cc 

Alathon 7040, Pellets 6.0 0.96 
Alathon 7050, Pellets 17.5 0.96 

2. Phillips Petroleum Marlex TR-885, Powder 30 0.964 
Marlex TR-885, Pellets 30 0.964 

6006, Pellets 0.7 0.958 
6030, Pellets 3 0.960 

3. U. S. Industrial LS-556, Pellets 
Chemicals Co. LS-606, Pellets 

LS-630, Pellets 

4. Dow 8064, Pellets 
1-12065, Pellets 
4-2060, Pellets 

5. Gulf 9606, Pellets 

*nominal values supplied by vendor 

TABLE 2 

MELTING TEMPERATURE AND ENTHALPYOF FUSION 
OF HIGH DENSITY POLYETHYLENE SPECIMENS 

Sample 

7040 

7050 

TR-855, Powder 

TR-855, Pellets 

6006 

6030 

LS-556 

LS-606 

LS-630 

8064 

1-12065 

4-2060 

9606 

Heating Cycle Cooling Cycle 

Temp. Enthalpy of Temp. Enthalpy of 
fusion OK 

fusion 
OK 

cal/g cal/g 

T1 T2 T3 T1 T2 T3 



TABLE 3 

THE ENTHALPY OF FUSION AND THE MELTING TEMPERATURE OF 
HDPE PELLETS AS A FUNCTION OF ELECTRON BEZLM IRRADIATION 

Heat ing Cycle  Cool ing Cy-c-le 
Sample R a d i a t i o n  Leve l  Temp. Entha lpy  o f  Entha lpy  o f  

megarad OK Fus ion  Fus ion  
T1 T2 T3 .ca&/g T1 T2 T3 ca l / g  

7040 as r e c e i v e d  
2 
4 
6 
8 

1 0  
12  
8 l  
82 
8 3  

TR-885 as r ece ived  388 407 410 46.6 394 390 377 46 - 0  
2 376 406 409 48.7 394 390 360 48.8 
4 377 406 409 48.7 394 390 362 46.7 
6 373 407 410 51.0 394 390 360 50.2 
8 373 406 411 40.7 392 388 360 40.5 

10  373 406 411 40 - 2  393 388 362 40.2 
1 2  373 405 411 39.7 393 389 364 41.5 

LS-630 as r e c e i v e d  381 407 411 47.3 394 390 367 45.6 
2 372 405 408 45.4 394 390 361 48.3 
4 373 406 409 47.8 393 389 361 45.3 
6 373 406 410 49.0 393 390 360 46.2 
8 373 406 411 43 -6 392 390 360 40.4 

1 0  372 406 411 42.0 392 388 359 40.7 
1 2  373 405 409 42 - 9  393 390 360 38.9 

Gulf 9606 as r e ce ived  370 405 410 45.6 394 389 360 43.3 
2 369 405 409 41.1  393 389 361 39.4 
4 368 405 410 41.8 393 388 360 36.3 
6 371 404 409 35.2 392 387 360 35.0 
8 367 403 407 35.5 392 388 360 33.0 

10  366 401 406 35.7 393 387 360 31.7 
12  367 401 406 37 .O 395 387 360 34.3 

NOTES: 1. e l e c t r o n  beam c u r r e n t  - 10.30 mi l l i ampe re s  
2. e l e c t r o n  beam c u r r e n t  - 5.65 mi l l i ampe re s  
3 .  HDPE s t i r r e d  du r ing  r a d i a t i o n  exposure  



Condition: as received 

Time: 2 hour exposure 

Condition: 4 megarad dose 

Time: 2 hour exposure 

Condition: 8 megarad dose, Condition: 8 megarad dose, 
unstirred This sample was thoroughly 

Time: 72 hour exposure stirred after each 2 megarad 
exposure during the electron 
beam processing 

Time: 96 hour exposure 

Figure 1. DuPont 7040 pellets after exposure in boiling 
ethylene glycol. 



Figure 2. View of the five pound laboratory scale thermal 
energy storage test unit. 

Time - Minutes 
Figure 3. Temperature versus time plot for the 112th cooling cycle of the DUE 

7040 pellets in the five pound thermal energy storage test unit. 



Figure 4. DuPont 7040 HDPE pellets after more than 100 complete 
melting and freezing cycles. The HDPE pellets had 
received an eight megarad dose of radiation. 

Figure 5. View of the 250 pound prototype thermal energy 
storage test unit. 





DISPERSED ENERGY STORAGE ANALYSIS* 

R. A .  Whisnant and J .  W .  Harrison 
Research Triangle I n s t i t u t e  

SUMMARY 

The objective of t h i s  project  i s  twofold: (1)  t o  develop and demonstrate 
a methodology t h a t  may ult imately be used by DOEISTOR i n  the  planning and con- 
t r o l  of storage technologies, and (2)  t o  perform technical and economic anal- 
yses fo r  the  evaluation of spec i f i c  storage systems. The  focus of the  work i s  
on dispersed (primarily customer s ide  of the meter) thermal energy storage w i t h  
pa r t i cu la r  a t t en t ion  being given t o  the  compari son of dispersed storage w i  t h  
centra l ized storage. The contract  f o r  t h i s  study, was i n i t i a t e d  near the  end 
of FY79 and there  a r e  no reportable r e s u l t s  a t  t h i s  time (12/1/79.) An anal- 
y s i s  of l a t en t  thermal energy storage f o r  res ident ia l  heat pump applications 
being carr ied out  under the  same contract  i s  described i n  a separate paper. 

* Work being performed under Contract No. DE-AC-01-79ET-26707 fo r  Division of 
Energy Storage, U .  S. Department of Energy 





RESEARCH AND TECHNOLOGY 

Program Area Synopsis: 

This development program w i l l  e s t a b l i s h  an advanced technology base 
which w i l l  l ead  t o  improved thermal energy storage concepts and designs 
f o r  e x i s t i n g  basel ine storage subsystems. Generic, h igh  r i s k  
techno1 ogies w i  11 be eval  uated and appropri  ate devel o p e n t  e f f o r t s  f o r  
promising technologies w i l l  be i n i t i a t e d .  A c lose l i a i s o n  w i l l  be 
maintained w i t h  SERI  t o  se lec t  and coordinate the  development of those 
technologies t h a t  o f f e r  s i g n i f i c a n t  advancment based upon the  r e s u l t s  o f  
cur rent  SERI  studies. Th is  a c t i v i t y  inc ludes t h e  management o f  cu r ren t  
cont rac ts  and grants, and the NASA-Lewis Research Center in-house 
storage tes ts .  





RESEARCH AND ADVANCED TECHNOLOGY 
OVERVIEW 

Richard W .  Vernon 
NASA-,Lewis Research Center 

Dur ing FY 79-80, NASA Lewis Research Center has served as the  lead center  
f o r  DOE/STOR1s Thermal Energy Storage Program. The a c t i v i t i e s  o f  t h e  l e a d  
center inc lude coo rd ina t i ng  a research and technology development program 
and managing several  o f  t h e  e f f o r t s  w i t h i n  t h a t  program. The program has 
th ree  ob jec t ives .  The f i r s t  o b j e c t i v e  i s  t o  e s t a b l i s h  advanced tech- 
nologies f o r  TES systems t o  improve upon base l ine  system performance 
and/or lower s torage system costs. The second o b j e c t i v e  i s  t o  reso l ve  
problems t h a t  are gener ic  t o  several app l ica t ions .  Typ ica l  examples o f  
these problems are requirements f o r  improved heat t rans fer  and i d e n t i f  i ca- 
t i o n  of s u i t a b l e  storage media o r  appropr ia te  containment mater ia ls .  The 
t h i r d  o b j e c t i v e  i s  t o  p rov ide  any support requ i red  f o r  t he  development o f  
base l i  ne TES systems. 

The research and technology development program cons is ts  o f  several types 
o f  a c t i v i t i e s .  New storage concepts are i d e n t i f i e d  and then assessed t o  
determine performance and cost  p o t e n t i a l s  and i d e n t i f y  requ i red  technology 
developments. Mater i  a1 s t h a t  are candidates f o r  TES media are i n v e s t i -  
gated t o  determine heat t r a n s f e r  and co r ros ion  cha rac te r i s t i cs .  Proof -o f -  
concept experiments are conducted f o r  t he  concepts t h a t  have the  most 
p o t e n t i  a1 . Another a c t i v i t y  i s  the  engineer ing eva lua t i on  o f  p ro to t ype  
storage modules t o  eval uate present techno1 ogy. There are two character-  
i s t i c s  t h a t  are comnon t o  most o f  these a c t i v i t i e s .  The a c t i v i t i e s  are 
re1  a t i v e l y  shor t - te rm p r o j e c t s  and u s u a l l y  i nc lude  1 aboratory or bench 
scale exper iments. 

Many o f  the  p ro jec ts ,  e s p e c i a l l y  those t h a t  are focused on a s p e c i f i c  
app l ica t ion ,  are o r i g i n a t e d  a t  and implemented by t h e  lead l abo ra to r i es .  
The p ro jec ts  may he conducted by a p r i v a t e  organ iza t ion  on con t rac t  t o  t h e  
lead l abo ra to ry  or  may be conducted in-house. The func t i ons  o f  t h e  l e a d  
center are t o  coordinate the  var ious p r o j e c t s  between the organizat ions 
involved, t o  recornend p r o j e c t s  t h a t  are focused on a s p e c i f i c  appl i ca -  
t i o n ,  and t o  conduct i n v e s t i g a t i o n s  t h a t  address issues gener ic  t o  
several app l i ca t i ons .  The i n d i v i d u a l  1 ead 1 abora tor ies  have described t h e  
research and advanced technology p r o j e c t s  they  are managing. The p r o j e c t s  
being managed by NASA Lewis Research Center are shown i n  f i g u r e  1. 
Sumar ies  o f  t h e  p r o j e c t s  being conducted by Honeywell, Inc. and the  Naval 
Research Labora tory  are presented immediately f o l l ow ing  t h i s  p resenta t ion .  
Object ives and the  s ta tus  o f  t h e  remain ing p r o j e c t s  are presented i n  
f i g u r e s  2 through 6. For  f u r t h e r  i n fo rma t ion  r e f e r  t o  t h e  p r o j e c t  
sumnaries t h a t  are inc luded i n  the  compendium d i s t r i b u t e d  a t  t he  meeting 
o r  t o  t h e  r e p o r t s  f o r  each p r o j e c t  t h a t  w i l l  be inc luded i n  t h e  
proceedings o f  t h i s  meeting. 
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ACTIVE HEAT EXCHANGE SYSTEM DEVELOPMENT FOR LATENT HEAT 

THERMAL ENERGY STORAGE 

~ i c h a r d  T. LeFrois 
Honeywell , Inc. 

PROJECT OUTLINE 

Pro ject  T i t l e :  Act ive  Heat Exchanger System Development fo r  Latent  Heat 
Thermal Energy Storage 

P r i  ncipal  Invest igator :  Richard T. LeFrois 

Organization: Honeywell, Inc. 
Energy Resources Center 
2600 Ridgeway Parkway 
M i  nneapol is, MN 55413 
Telephone: (612) 378-4940 

Pro jec t  Goals: Develop an act ive  heat exchange system, u t i l i z i n g  a phase 
change thermal storage medium, where operating 
charac te r i s t i cs  are compatible w i t h  a 2500 t o  3500C 
steam power cycle. 

I d e n t i f y  and se lect  concepts f o r  tes t .  

Design, fabr icate ,  assemble and t e s t  1 aboratory scale 
modu 1 es . 
Eva7 uate resu l t s .  

Recomnend fur ther  development requirements. 

Pro jec t  Status: Heat exchanger tubes coated w i t h  1-2 m i l  e lec t ro less n icke l  
were tested i n a 6000F mol ten/hydroxi de environment. 
Latent heat ex t rac t ion  could not be s a t i s f a c t o r i l y  
demonstrated i n  t h i s  experiment due t o  low heat t rans fe r  
coe f f i c i en t s  (90-250 ~ ~ ~ / h r - f t 2 - o ~  f o r  sal  t - o i  1 TI s 
between 5-500F). 

Contract Number: DEN3-38 

Contract Period: May, 1978 t o  September, 1979. 

Funding Level : $328,701 

Funding Source: NASA Lewis Research Center 



ACTIVE HEAT EXCHANGE SYSTEM 
DEVELOPMENT FOR LATENT HEAT 

THERMAL ENERGY STORAGE 

R. T. LeFrois  
Honeywell Inc . ,  ~ e c h n o l o ~ ~  S t r a t egy  Center 

SUMMARY 

A l t e r n a t i v e  mechanizations of a c t i v e  hea t  exchange concepts  were analyzed 
f o r  u s e  wi th  heat  of fu s ion  Phase Change Mate r i a l s  (PCM's) i n  t h e  temperature 
range of 250' t o  350°C f o r  s o l a r  and convent ional  power p l a n t  a p p l i c a t i o n s .  
Over 24 hea t  exchange concepts  were reviewed, and e i g h t  were s e l e c t e d  f o r  de- 
t a i l e d  assessment.  Two candida tes  were chosen f o r  small-scale  experimentat ion:  
a coated tube  and s h e l l  hea t  exchanger and a d i r e c t  con tac t  r e f l u x  b o i l e r .  

A d i l u t e  e u t e c t i c  mixture of sodium n i t r a t e  and sodium hydroxide was se- 
l e c t e d  a s  t h e  PCM from over f i f t y  inorganic  s a l t  mix tures  i nves t iga t ed .  Based 
on a s a l t  screening process ,  e i g h t  major component s a l t s  were s e l e c t e d  f o r  
f u r t h e r  eva lua t ion .  Using an economic assessment program coupling t h e  candi- 
d a t e  s a l t  mixtures  and hea t  exchange concepts ,  NaN03, NaNO , and NaOH appeared 
t o  be t h e  bes t  major components i n  t h e  temperature range o$ 250 t o  350°C. The 
minor components, s e l e c t e d  i n  s i m i l a r  f a sh ion ,  a r e  NaOH, NaOH, and NaN03, r e -  
spec t  i ve ly .  

Prel iminary experiments wi th  v a r i o u s  tube  coa t ings  ind ica t ed  t h a t  a n i c k e l  
o r  chrome p l a t i n g  o r  Teflon o r  Ryton coa t ing  had promise of being succes s fu l .  
A n  e l e c t r o l e s s  n i c k e l  p l a t i n g  was s e l e c t e d  f o r  f u r t h e r  t e s t i n g .  A s e r i e s  of 
t e s t s  wi th  n icke l -p la ted  hea t  t r a n s f e r  tubes  showed t h a t  t h e  s o l i d i f y i n g  sodium 
n i t r a t e  adhered t o  t h e  tubes  and t h e  experiment f a i l e d  t o  meet t h e  requi red  
d i scha rge  hea t  t r a n s f e r  r a t e  of 10 kW(t). 

Tes t ing  of t h e  r e f l u x  b o i l e r  i s  under way. D i r e c t  i n j e c t i o n  of cool  
high-pressure water a s  a spray  i n t o  t h e  u l l a g e  was accomplished and steam was 
generated.  The i n j e c t e d  water was compatible wi th  t h e  s a l t  mixture under t h e  
cond i t i ons  imposed. An improved i n j e c t o r  and a modified water prehea ter  a r e  
being readied  f o r  " f u l l  up1' t e s t i n g .  

INTRODUCTION 

Thermal energy s t o r a g e  (TES) i s  important f o r  e f f i c i e n t  use  of energy r e -  
sources.  Advanced s to rage  technologies  can improve t h e  ope ra t  ion  and economics 
of e l e c t r i c  power systems by s t o r i n g  excess  off-peak energy f o r  l a t e r  use  i n  
meeting peak demands . 



I n  e l e c t r i c  u t i l i t i e s ,  baseload is  t h e  round-the-clock load t h a t  i s  m e t  
wi th  t h e  most f u e l - e f f i c i e n t  equipment. A s  t h e  d a i l y  load i n c r e a s e s ,  t h e  u t i l -  
i t y  incremental ly  b r ings  t h e  next  most e f f i c i e n t  equipment on-l ine.  For t h e  
near  term, energy s t o r a g e  can e f f e c t i v e l y  inc rease  t h e  u s e  of e x i s t i n g  baseload 
equipment. I n  t h e  longer  term, energy s t o r a g e  can inc rease  t h e  percentage of 
baseload capac i ty .  Thus, t h e r e  i s  an  economic i n c e n t i v e  f o r  u t i l i t i e s  t o  u s e  
baseload p l a n t s  t o  m e e t  t h e  peaking loads  now met by l e s s  f u e l - e f f i c i e n t  equip- 
ment. 

Energy s t o r a g e  i s  a  p r a c t i c a l  n e c e s s i t y  f o r  solar- thermal  genera t ion  of 
e l e c t r i c  power. It i s  necessary  f o r  p l a n t  s t a b i l i t y  and c o n t r o l  i s s u e s  r e l a t e d  
t o  high-frequency s o l a r  t r a n s i e n t s .  Two techniques can be used t o  main ta in  t h e  
r e l i a b i l i t y  of t h e  g r i d  w i th  a  l a r g e  s o l a r  p l a n t  on t h e  l i n e .  I n  t h e  f i r s t  
technique,  t h e  s o l a r  p l a n t  is  backed up wi th  a  convent ional  p l a n t  t h a t  i s  
pressed i n t o  s e r v i c e  a s  needed a f t e r  a v a i l a b l e  ins tan taneous  s o l a r  power has 
been suppl ied t o  t h e  g r i d .  The second technique c o n t r o l s  t h e  d e l i v e r y  of power 
t o  t h e  g r i d  so t h a t  t h e  c o l l e c t e d  energy can be s to red  when it i s  a v a i l a b l e  and 
not  needed t o  meet g r i d  demand. This  s to red  energy becomes a v a i l a b l e  f o r  e lec-  
t r i c  genera t ion  when t h e  demand i s  h igh  and d i r e c t  i n s o l a t i o n  i s  no t  a v a i l a b l e .  

For t h e s e  a p p l i c a t i o n s ,  t h e  s p e c i f i c  opera t ing  cond i t i ons  and machinery 
t y p i c a l l y  used i n  power p l a n t s  needs t o  be considered.  The o p e r a t i o n a l  regime 
of convent ional  turbomachinery i s  shown i n  Figure 1 .  I n  F igure  2 ope ra t ing  
cond i t i ons  f o r  c u r r e n t  and advanced s o l a r  power p l a n t s  and f o r  u t i l i t y  systems 
a r e  shown wi th  corresponding e n t r y  flow temperatures .  Notice t h a t  most of t h e  
steam power p l a n t s  ope ra t e  w i th in  a  band of 4 .1 MPa t o  16.5 ;Pa (600 p s i a  t o  
2400 p ~ i a ) ; ~ t h e  s a t u r a t i o n  temperatures  corresponding t o  t h e s e  p re s su res  a r e  
between 250 and 3 5 0 ~ ~ .  

Heat from s t o r a g e  i s  used t o  b o i l  water and provide high-temperature steam 
0 t o  t h e  p l a n t .  To provide steam a t  250 t o  350°c, hea t  should be s to red  a t  a  

temperature g r e a t e r  than t h e  des i r ed  steam temperature.  With an  assumed tem- 
pe ra tu re  drop of 18OC, t h e  u s e f u l  temperature range f o r  s t o r a g e  media i s  from 
268' t o  368'~. S a l t s  wi th  mel t ing  p o i n t s  up t o  4 0 0 ~ ~  were t h u s  considered i n  
PCM s e l e c t  ion.  

SELECTION OF HEAT EXCHANGE CONCEPTS 

A candida te  h e a t  exchange concept a p p l i c a b l e  t o  l a t e n t  h e a t  thermal 
s to rage  u n i t s  must be  capable of t r a n s f e r r i n g  h e a t  from a source  i n t o  t h e  
f rozen  medium caus ing  i t  t o  melt .  Likewise, t h e  concept must b e  capable  of 
t r a n s f e r r i n g  the  thermal  energy s to red  i n  t h e  medium t o  a s i n k  whi le  t h e  
medium undergoes a  s o l i d i f i c a t i o n  process .  I n  both  cases ,  t h e  concept should 
permit  r e l a t i v e l y  h igh  h e a t  t r a n s f e r  r a t e s  whi le  undergoing t h e  phase changes. 

Because of Honeywell's experience us ing  inorganic  s a l t s  w i th  a c t i v e  hea t  
exchange devices ,  a  d i l u t e  e u t e c t i c  medium w a s  used a s  a  b a s i s  i n  formula t ing  
candida te  concepts .  Experience i n  working wi th  d i l u t e  e u t e c t i c  media i n d i c a t e s  
t h a t  t h e  charging o r  mel t ing  process  is  no t  a  c r i t i c a l  i s sue ;  hea t  t r a n s f e r  
dur ing  s o l i d i f i c a t i o n  from t h e  m e l t  is t h e  major i s s u e .  



A survey of hea t  t r a n s f e r  and chemical process ing  l i t e r a t u r e  was made t o  
determine t h e  equipment used i n d u s t r i a l l y  and t h e  cheniical and phys i ca l  pro- 
c e s s e s  explo i ted  i n  e x t r a c t i n g  t h e  l a t e n t  hea t  of f u s i o n  f r o m ' a  m e l t .  A n  in-  
v e s t i g a t i o n  of c r y s t a l l i z a t i o n  p roces s  w a s  performed t o  determine i f  e x i s t i n g  
i n d u s t r i a l  methods might be d i r e c t l y  a p p l i c a b l e  t o  o r  provide  new i d e a s  f o r  
l a t e n t  hea t  s t o r a g e  des ign .  

The processing l i t e r a t u r e  i s  l i m i t e d  i n  coverage of hea t  exchanger crys-  
t a l l i z e r ~ ,  a s  t h i s  approach has  o f t e n  been d is regarded  i n  favor  of a l t e r n a t i v e s .  
The major des ign  and ope ra t ing  problem of a cool ing  c r y s t a l l i z e r  is  c r y s t a l  de- 
p o s i t s  on t h e  hea t  exchanger tubes .  Once t h i s  t a k e s  p l a c e ,  t h e  accumulation 
can inc rease  r a p i d l y ,  and no t  on ly  does t h e  hea t  t r a n s f e r  from t h e  molten s a l t  
decrease  d rama t i ca l ly ,  but  t h e  s o l i d s  a r e  no t  i n  a mobile form f o r  pumping. 
Following is  a l ist  of d i f f e r e n t  methods used i n  t h e  p a s t  and innovat ive  ideas  
put  f o r t h  by Honeywell engineers  t o  overcome t h e  s o l i d  f i l m  problem. 

Mechanical Solids-removing Techniques: 

- Agi t a t ion  
- Vibra t ion  
- Ul t r a son ic s  
- I n t e r n a l  s u r f a c e  s c r a p e r s  
- Externa l  s u r f a c e  s c r a p e r s  
- Flexing s u r f a c e s  
- Tumbling s o l i d s  
- Fluid ized  beds 

Hydraulic Techniques: 

- Flow v a r i a t i o n s  
- Fluid  puls ing  
- Jet impingement 
- Sprayed surf  a c e  exchanger 
- Freeze-remelt 

Techniques Involving Phys i ca l  P r o p e r t i e s  of t h e  S a l t :  

- Crys t a l  volume change 
- Crys t a l  weakening a d d i t i v e  
- Conduct ivity-enhancing add it i v e s  
- Magnetic s u s c e p t i b i l i t y  
- E l e c t r o s t a t i c  s epa ra t ion  
- Finish ing  and coa t ing  of heat-exchanger s u r f a c e s  
- Delayed nuc lea t ion  and supercool ing 

Other Concepts: 

- Direc t  con tac t  hea t  exchange 
- Shot tower l a t e n t  hea t  of f u s i o n  concept 
- P r i l l i n g  tower c r y s t a l l i z a t i o n  
- Liquid meta ls  s a l t  system 
- Immiscible salts 



- Encapsulat ion (pas s ive  system) 
- Dis t r ibu ted  tube  exchanger (pas s ive  system) 

From t h e  survey, Honeywell s e l e c t e d  t h e  fol lowing concepts  as cand ida t e s  f o r  
f u r t h e r  eva lua t ion .  

I n t e r n a l  Su r face  Scraper  
Ex te rna l  Sur face  Scraper 
Coated Tube and S h e l l  
Jet Impr ingement 
Ref l u x  B o i l e r j S e l f  -pressur iz ing  
Reflux Boiler /Continuous S a l t  Flow 3 Direc t  Contact 
Reflux Boiler/Continuous S a l t  Flow Heat Transfer  
w i th  ~ ~ d r a u l i c  Head Recovery 
Tumbling Abrasive 

These conc,epts embody t h e  most convent ional  and promising hea t  t r a n s f e r  proces- 
s e s .  The pas s ive  tube- in tens ive  system was chosen as a r e f e rence  system 
aga ins t  which c o s t  comparisons could be made. 

A comparative a n a l y s i s  of t h e  a c t i v e  h e a t  exchange systems l i s t e d  ind i -  
c a t e s  t h a t  t he  most economical systems a r e  those  t h a t  employ the  most compact 
hea t  t r a n s f e r  su r f aces .  The compactness of t h e  tube  and s h e l l  h e a t  exchanger 
and t h e  high h e a t  t r a n s f e r  r a t e  a s soc i a t ed  wi th  the  d i r e c t  con tac t  r e f l u x  
b o i l e r  concept a r e  t h e  two f e a t u r e s  t h a t  appear t o  be t h e  most promising f o r  
l a rge - sca l e  implementation, i . e . ,  1000 MW(t) r a t e  and 6-hour capac i ty .  

The coated tube and s h e l l  concept c a p i t a l i z e s  on commercial a v a i l a b i l i t y  
of tube and s h e l l  h e a t  exchangers and assumes succes s fu l  development of a non- 
s t i c k  f i n i s h  f o r  t h e  exchanger tubes.  S tud ie s  and d i scuss ions  wi th  c o n s u l t a n t s  
have ind ica t ed  t h a t  t h e r e  i s  a good p o s s i b i l i t y  of achiev ing  major r educ t ions  i n  
t he  adhesion s t r e n g t h  of s o l i d  s a l t s  t o  t h e  cold metal  su r f aces  of t h e  tubes.  
One technique suggested i s  po l i sh ing  t h e  h e a t  t r a n s f e r  s u r f a c e s  t o  minimize 
the  mechanical bonding of t h e  s a l t  t o  t h e  sur face .  Another technique involves  
t h e  a p p l i c a t i o n  of a t h i n  coa t ing  of an amorphous m a t e r i a l  o r  a m a t e r i a l  w i t h  
a c r y s t a l l i z i n g  s t r u c t u r e  d i f f e r e n t  from, y e t  compatible wi th ,  t he  s a l t .  This  
might reduce bonding s t r e n g t h  of t h e  microscopic s ca l e .  

The second system recommended f o r  f u r t h e r  s tudy  is t h e  d i r e c t  con tac t  re- 
f l u x  b o i l e r .  Although two h e a t  exchange processes  are used ( s a l t  t o  water /  
steam and condensing steam on tubes ) ,  t h e  i n d i v i d u a l  thermal r e s i s t a n c e s  are 
s o  low t h a t  t h e i r  sum is less than  t h e  thermal r e s i s t a n c e  of most l iquid-to-  
pipe-to-pipe-to-liquid exchange processes .  Consequently, a h igh  o v e r a l l  h e a t  
t r a n s f e r  c o e f f i c i e n t  can  be  cont inuously maintained. Furthermore, t h e  system 
can be designed t o  o p e r a t e  without  sal t  t r a n s f e r  pumps. This  is accomplished 
by g r a v i t y  f i l l i n g  t h e  r e f l w i n g  b o i l e r  and subsequent ly expe l l i ng  t h e  s l u r r y  
wi th  r e s i d u a l  s t e a m  pressure .  



Improved thermal  e f f i c i e n c y  through e l imina t ion  of t h e  hea t  exchangers can  
be achieved i n  a system where t h e  hea t  t r a n s f  er medium is t h e  working f l u i d .  
The l i f e t i m e  of t h i s  t y p e  of system i s  d i r e c t l y  r e l a t e d  t o  t h e  content  of salt  
remaining i n  t h e  working f l u i d  as it e n t e r s  t h e  t u r b i n e .  The s a l t  conten t  can  
be minimized by good s e p a r a t o r  des ign .  

COATED TUBE AND SHELL HEAT EXCHANGE CONCEPT MECHANIZATION 

The coated tube  and s h e l l  hea t  exchange system f o r  u s e  wi th  molten s a l t s  
i s  s i m i l a r  t o  any convent iona l  t ube  and s h e l l  hea t  exchange system. The 
d i f f e r e n c e s  l i e  i n  t h e  t u b e  s u r f a c e  proper ty  and t h e  h e a t  s t o r a g e  medium. 
Avai lab le  evidence i n d i c a t e s  t h a t  t h e  proper choice  of t ube  su r f aces ,  s u r f a c e  
p repa ra t ion ,  and medium s e l e c t i o n  w i l l  reduce t h e  sa l t - to- tube  bond s t r e n g t h  
t o  permit t h e  s o l i d  s a l t  t o  be removed by modest hydrodynamic fo rces .  

Analysis  showed that t h e  tube  and s h e l l  hea t  exchange system was t h e  most 
c o s t - e f f e c t i v e  c losed  hea t  t r a n s f e r  system. Only t h e  open-cycle r e f l u x  b o i l e r ,  
which can t a k e  advantage of a h igher  output  temperature,  shows p o s s i b i l i t i e s  
of being more cos t - e f f ec t ive .  From t h e  hardware development s tandpoin t ,  t h e  
tube  and s h e l l  hea t  exchanger technology is b e t t e r  developed and more widely 
used than  any o the r  i n d u s t r i a l  hea t  exchanger technology. The main ques t ions  
t o  be reso lved  i n  i t s  a p p l i c a t i o n  t o  molten s a l t  thermal  s to rage  a r e  t h e  
s u i t a b l e  combinations of s u r f a c e s  and medium, and t h e  temperature,  flow r a t e ,  
and hea t  rate range wi th in  which t h e  system can be opera ted .  

F igure  3 i s  a diagram of a t y p i c a l  counterf low h e a t  exchanger wi th  a n  
enlarged s e c t i o n  of t ube  broken out  t o  i l l u s t r a t e  t h e  d i f f e r e n t  s u r f a c e  condi- 
t i o n s  t o  be explored. F igure  5 is a schematic diagram of a 1000 MW(t) system 
wi th  6 hours  of s t o r a g e  c a p a c i t y  us ing  tube  and s h e l l  h e a t  exchangers t o  e f f e c t  
t h e  removal of t h e  hea t  of f u s i o n  from t h e  molten s a l t  medium thermal s torage .  
For t h i s  system, it i s  expected that t h e  maximum s l u r r y  d e n s i t y  t h a t  is  r e a d i l y  
t r a n s p o r t a b l e  i n  t h e  p i p e  l i n e s  w i l l  be on t h e  o rde r  of 20 percent .  To 
achieve  high l a t e n t  hea t  recovery  from s to rage ,  t h e  s l u r r y  i s  re turned  t o  
s t o r a g e  where g r a v i t y  s e p a r a t i o n  i s  used, causing t h e  s o l i d s  t o  s e t t l e  t o  t h e  
bottom of t h e  tank.  The less dense l i q u i d  rises t o  t h e  top  t o  be r e c i r c u l a t e d  
through t h e  exchanger. 

I n  a l a r g e  hea t  exchanger, a s  was considered f o r  t h e  l a rge - sca l e  system, 
t h e  f l u i d s  i n  t h e  cou r se  of a s i n g l e  pas s  through t h e  exchanger w i l l  f low p a s t  
s e v e r a l  hundred rows of t ubes  a s  d i c t a t e d  by t h e  t u b e  s h e e t s  ( b a f f l e s ) .  It 
becomes a monumental t a s k  t o  bu i ld  a small hea t  exchanger model wi th  hundreds 
of ranks  of tubes ,  but  t h e  e f f e c t  'can be approximated by r e c i r c u l a t i n g  t h e  
f low repea ted ly  over t h e  same tubes .  This  was t h e  approach decided upon f o r  
t h i s  experimental model. 



COATED TUBE AND SHELL EXPERIMENT 

This  experiment,  shown schemat ica l ly  i n  F igure  5, c o n s i s t s  of a n  i n s u l a t e d  
mild steel t ank  t h a t  i s  heated e x t e r n a l l y  w i th  c o n t r o l l a b l e  guard hea t e r s .  A 
sump-type pump i s  mounted i n  t h e  main s t o r a g e  t a n k  such that t h e  pump i s  always 
immersed i n  molten s a l t .  A d i scharge  l i n e  connects  t h e  s a l t  pump t o  t h e  flowby 
module. The module c o n s i s t s  o f sa  r ec t angu la r  chamber w i th  a  t ubu la r  cross-flow 
hea t  exchanger which extends ac ros s  t h e  test chamber. 

The s o l i d  t ubes  a r e  i n a c t i v e ;  i .e.,  t hey  do n o t  t r a n s f e r  hea t  but  are f low 
p a t t e r n s .  F i f t e e n  tubes ,  19 millimeters i n  diameter ,  a r e  arranged t o  t r ansmi t  
hea t  ( p l a i n  t ubes ) .  These tubes  a r e  blanked o f f  a t  t h e  outboard ends and f e d  
wi th  cool ing  o i l  from a manifold through concen t r i c  i n t e r n a l  tubes.  Heated o i l  
f lows out  through t h e  o u t l e t  o i l  manifold. 

The tube  bundle i s  arranged wi th  sepa ra to r  p l a t e s  and, t oge the r  wi th  t h e  
o i l  manifolding,  may be removed as a u n i t  f o r  s e rv i c ing  and changing of coated 
tube elements.  When t h e  u n i t  i s  i n s e r t e d  i n t o  t h e  t e s t  chamber, salt flow, as 
shown by t h e  arrows i n  Figure 5, pas ses  through t h e  tube  bundle t h r e e  t i m e s .  
Turning vanes main ta in  a  proper f low p a t t e r n  t o  s imula te  a  l a r g e  t u b e  bundle. 

A d i scha rge  duc t  l oca t ed  above and a t  t h e  o u t l e t  of t h e  tube  bundle and 
t h e  s a l t  s t ream channels  t h e  flow back t o  t h e  tank.  A b u t t e r f l y  va lve  regu- 
l a t e s  t h e  back p re s su re  and flow l e v e l  i n  t h e  channel.  A f o r c e  guage a t t ached  
t o  a  contoured p i n t l e  measures changes i n  momentum of t h e  s a l t  s l u r r y .  By 
measuring t h e  l i q u i d  he ight  and by knowing t h e  f o r c e ,  t h e  s a l t  s l u r r y  f low can 
be ca l cu la t ed .  An e l e c t r i c a l  contac t  probe was planned t o  determine l i q u i d  
l e v e l s  i n  t h e  flow meter.  A small  q u a n t i t y  of s a l t  w i l l  be  c o n t i n u a l l y  dra ined  
o f f  t h e  channel through a  tube.  This  s a l t  w i l l  f low i n t o  t h e  main s e t t l i n g  
tank.  

REFLUX BOILER CONCEPT MECHANIZATION 

The r e f  l u x  b o i l e r  concept of hea t  exchange i s  depicred  i n  F igure  6. The 
molten s a l t  thermal  s t o r a g e  medium i s  pumped a t  h igh  p re s su re  i n t o  t h e  pres-  
s u r e  v e s s e l ,  where water i s  i n j e c t e d  i n t o  t h e  s a l t .  The water f l a s h e s  t o  
steam, which r a i s e s  t h e  pressure .  The steam f lows t o  a  s h e l l  and t u b e  conden- 
s e r .  H e r e  t h e  steam condenses and t r a n s f e r s  i t s  l a t e n t  hea t  t o  b o i l  t h e  water 
flowing i n s i d e  b o i l e r  tubes.  This  'steam can be de l ive red  t o  a  t u rb ine .  The 
condensate i s  c o l l e c t e d  and r e f l u x e d - i n t o  t h e  b o i l e r  t o  s t a r t  t h e  c y c l e  over.  
Because t h e  condenser and r e f l u x  b o i l e r  both o p e r a t e  a t  n e a r l y  t h e  same 
p re s su re ,  t h e  condensate pump need only supply enough head t o  overcome t h e  
s a l t  h y d r o s t a t i c  head and t h e  t h r o t t l i n g  necessary  t o  achieve  balanced f lows 
through t h e  i n j e c t i o n  nozzles .  

The s a l t  s l u r r y  l eav ing  t h e  r e f l u x  b o i l e r  has  a  l a r g e r  p o t e n t i a l  energy 
due t o  t h e  h igh  pressure .  A hydraul ic  expander can be used t o  recover  t h e  VdP 
energy by d i r e c t l y  coupling t h e  expander t o  t h e  pump. For incompressible  



f l u i d s ,  a w e l l  designed pump can  be  run  i n  reverpe  t o  recover  head. Therefore,  
t h e  expander can be a w e l l  designed motoring pump. S a l t  l e v e l  c o n t r o l  i n  t h e  
r e f l u x  b o i l e r  w i l l  be  maintained by modulating t h e  s l u r r y  d i scha rge  stream. 

A commerc ia l ' s ize  thermal  s t o r a g e  system is shown schemat ica l ly  in Figure  
7.  This  system w a s  s i z e d  t o  d e l i v e r  1000 W ( t )  f o r  6 hours  us ing  e i g h t  r e f lux -  
ing  b o i l e r s  and e i g h t  condenser u n i t s .  Molten s a l t  is  pumped from t h e  t o p  of 
t h e  s t o r a g e  t ank  through t h e  r e f l u x  b o i l e r s ,  and t h e  s a l t  s l u r r y  i s  d i r e c t e d  
back i n t o  t h e  bottom of t h e  s t o r a g e  tanks.  S e t t l i n g ,  w i t h  increased  sepa ra t ion  
of t h e  l i q u i d  and s o l i d  phases,  w i l l  occur  i n  t h e  s t o r a g e  t a n k s  t o  i nc rease  t h e  
percentage of l a t e n t  hea t  recoverable .  

REFLUX BOILER EXPERIMENT 

The experimental  appa ra tus  used t o  model t h e  r e f l u x  b o i l e r  system f o r  a 
10-kWh(t) c a p a c i t y  and 10-kW(t) r a t e  must r e s o l v e  t h e  t e c h n i c a l  i s s u e s . y e t  
circumvent t h e  development of expensive, spec i a l i zed  equipment. This  can be 
done by ope ra t ing  t h e  model i n  a ba tch  mode and us ing  compressed gas  t o  t r a n s f e r  
t h e  molten s a l t  i n t o  t h e  system. Th i s  e l imina te s  t h e  need f o r  a high-pressure 
s a l t  pump. I n  a d d i t i o n ,  t h e  low-head, high-temperature pump necessary  f o r  
feedwater r e f lux ing  i s  rep laced  by a low-temperature, high-pressure pump and 
water p rehea te r .  

The experimental  appa ra tus ,  shown i n  F igure  8 , c o n s i s t s  of a r e f l u x  b o i l e r  
n e a r l y  f i l l e d  wi th  molten s a l t  i n t o  which hot water i s  i n j e c t e d  under high 
pressure .  The molten s a l t  g i v e s  up hea t  t o  b o i l  t h e  water .  The steam bubbles 
t o  t h e  s u r f a c e  of t h e  s a l t  and pas ses  t o  t h e  condenser,  where it condenses on 
t h e  coo l  condenser c o i l s  hea t ing  t h e  secondary hea t  t r a n s f e r  f l u i d .  For t h e  
experiment, t h e  secondary f l u i d  w i l l  be hea t  t r a n s f e r  o i l  Mobiltherm 603 t o  
provide c l o s e  temperature c o n t r o l  and h igh  hea t  t r a n s f e r  rates without us ing  a 
high-pressure r e c i r c u l a t  ing  w a t e r  loop. 

The water-steam c y c l e  w i l l  no t  be operated i n  a r e f l u x i n g  mode, but w i l l  
be operated open-loop t o  provide  an  a c c u r a t e  means of measuring and c o n t r o l l i n g  
t h e  water i n j e c t i o n  r a t e .  This  i s  achieved by measuring t h e  r a t e  of water 
uptake a t  t h e  pump s u c t i o n  p o r t .  The condensate r e c e i v e r  provides  a means of 
c o l l e c t i n g  and s t o r i n g  a nominal 15-minute f low of water, which can l a t e r  be 
cooled and analyzed f o r  s a l t  con ten t  t o  e s t ima te  s a l t  car ryover .  Further  
a n a l y s i s  of s a l t  car ryover  can be made by disassembly of t h e  s h e l l  and tube  
condenser a t  t h e  end of a t e s t  run .  

The advantages of t h i s  mechanization from a modeling s tandpoin t  a r e :  

No high-pressure pumping of s a l t  i s  requi red .  
a No t h r o t t l i n g  of a high-pressure s a l t  o r  s a l t  p l u s  water i s  requi red .  

No va lves  i n  t h e  s a l t  l i n e s  must be opened o r  c losed  whi le  high- 
p re s su re  d i f f e r e n t i a l s  e x i s t  a c r o s s  them. 



EXPERIMENTAL RESULTS 

Coated Tube and S h e l l  Flowby 

Tes t ing  of t h e  coated tube and s h e l l  flowby concept  has  been completed. 
The module was exerc ised  over a  range of AT'S and s a l t  f low v e l o c i t i e s  f o r  a 
given maximum,oil f low r a t e .  The tube bundle was p l a t e d  w i t h  1 t o  2 m i l s  
of e l e c t r o l e s s  n i c k e l  i n  accordance wi th  MIL-C-26074B. The h e a t  exchange 
module f a i l e d  t o  m e e t  t h e  r equ i r ed  10 kW(t) h e a t  e x t  a c t i o n  r a t e .  Overa l l  h e a t  5 0 
t r a n s f e r  c o e f f i c i e n t s  ranged between 500 t o  1500 W/m - K f o r  s a l t  v e l o c i t i e s  
of 0.5 t o  1.5 m / s  and temperature d i f f e r e n c e s  of 2O t o  12c0. For a  given s a l t  
v e l o c i t y  and AT, t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  decreased wi th  time, i n d i c a t i n g  
t h e  bui ldup of a  s a l t  . layer on t h e  tubes.  Inc reas ing  t h e  s a l t  v e l o c i t y  im- 
proved t h e  h e a t  e x t r a c t i o n  r a t e ,  b u t  i nc reas ing  t h e  AT f o r  a  given s a l t  f low 
d id  no t  improve t h e  h e a t  e x t r a c t i o n  r a t e .  

Reflux Boi le r  

Tes t ing  of t he  r e f l u x  b o i l e r  i s  under way. D i r e c t  i n j e c t i o n  of cool ,  high- 
p re s su re  water a s  a  spray  i n t o  t h e  u l l a g e  was accomplished, and steam was 
generated.  The i n j e c t e d  water was compatible with t h e  s a l t  mixture under t h e  
condi t ions  imposed. A n  improved water i n j e c t o r  and modified water prehea ter  
a r e  being readied  f o r  " f u l l  up" t e s t i n g .  
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The o b j e c t i v e  o f  the  Program EC-77-A-31-1024, Heat o f  Fusion Energy 
Storage-Boi ler Tank, i s  t he  demonstrat ion of  heat -o f - fus ion  energy storage i n  
conta iner ized s a l t s .  The smal les t  s i z e  storage u n i t  t h a t  e f f e c t i v e l y  demon- 
s t r a t e s  the heat t r a n s f e r  problems associated w i t h  such storage, i s  about 
2 MWh. A proof-of-concept 2 MWh energy storage tank i s  c u r r e n t l y  under con- 
s t r u c t i o n  on the grounds o f  the Naval Research Laboratory i n  Washington, DC. 
This  energy storage u n i t  i s  the  l a rges t  heat-of- fusion storage u n i t  i n  the 
U. S. program. 

Fig.  1. Energy Storage B o i l e r  Tank a t  the Naval Research Laboratory 

F igure  1 shows the  energy storage s i t e  a t  the Naval Research Laboratory. 
The energy storage tank proper i s  being i n s t a l l e d  i n  the square b u i l d i n g  i n  
the r i g h t  center  o f  the p i c t u r e .  The roof cover ing the tank s i t e  i s  a weather 
s h i e l d  which can be removed by the l i g h t  gantry  crane. The B u t l e r  b u i l d i n g  i s  
used f o r  storage o f  Dacotherm i n s u l a t i o n ,  a l i gh t -we igh t  sodium s i l i c a t e  insu- 
l a t i o n ,  which surrounds the tank du r ing  operat ion.  The smal l  sheds near the 
tank are  e l e c t r i c a l  j u n c t i o n  boxes from which 150 kW o f  heater  power i s  made 
a v a i l a b l e  f o r  energ iz ing  the tank and from which power connect ions are  made t o  
the feedwater pump, the terphenyl  c i r c u l a t i o n  pump, an a i r  compressor used f o r  



Fig.  2. Cutaway view o f  2 MWh Energy Storage B o i l e r  Tank 

conveying the Dacotherm insu la t i on ,  and other  a u x i l i a r y  power purposes. The 
la rger  shed houses the compressor, feedwater pump, and c o n t r o l l e r .  The 
t r a i l e r  i s  used t o  house inst rumentat ion which w i l l  monitor temperatures, 
pressures, f l ow  ra tes ,  etc.,  connected wPth opera t ion  o f  the f a c i l i t y .  

F igure 2 shows the  energy storage b o i l e r  tank design. The tank i s  10.5 
f e e t  i n  diameter and 12 f e e t  h igh  t o  the  l e v e l  o f  the f langed r i ng .  A mating 
domed l i d  i n te r faces  w i t h  t h i s  f lange, increasing the i n t e r i o r  he ight  t o  15 
fee t .  The tank i s  l a r g e l y  f i l l e d  w i t h  conta iner ized s a l t .  The s a l t  cannis- 
t e r s  a re  4" i n  diameter, 19" h igh  and are  racked i n t o  hexagonal baskets f o r  
loading. The tank r e s t s  on a Foamglas base 2 f e e t  t h i c k ,  and i s  surrounded on 
i t s  s ide  by 40+ inches o f  Dacotherm insu la t i on .  I n s u l a t i o n  i s  adequate t o  
permi t  the tank t o  ho ld  i t s  heat f o r  more than 3 weeks. Energizat ion i s  pro- 
vided by e l e c t r i c a l  heater  elements embedded i n  aluminum cast ings.  Twelve 
such cas t ings  r e s t  on the bottom o f  the  tank and prov ide a t o t a l  i npu t  capa- 
c i t y  o f  180 kW. Power i s  brought i n t o  the  tank through h e r m i t i c  e l e c t r i c a l  
feedthroughs (Varian #9545009). I n t e r n a l  heat t r a n s f e r  i s  provided by about 



1600 kg o f  M-terphenyl heat t r a n s f e r  f l u i d  which i s  operated i n  a boi l ing-con- 
densing mode (M-terphenyl i s  the  major cons t i t uen t  o f  Monsanto's Therminol 88 
heat t r a n s f e r  f l u i d ) .  The l i d  o f  the tank contains a boi ler-superheater  
assembly. This assembly receives i t s  energy by condensation o f  M-terphenyl 
vapor. The boi ler-superheater  i s  expected t o  provide a peak power output  o f  
more than 500 kW. 

. A lso shown i n  Figure 2 i s  a p i t  located below tank l e v e l .  This p i t  i s  
the terphenyl pump p i t .  A hot  chemical c i r c u l a t i o n  pump i s  located i n  the 
bottom o f  the  p i t .  I t  receives l i q u i d  terphenyl from the  tank under g r a v i t y  
head. The chemical pump del  i v e r s  the 1 i q u i d  terphenyl t o  shower heads located 
above the s a l t  cans and sprays the  terphenyl over the  s a l t  cans dur ing  energy 
withdrawal periods. Evaporation o f  the l i q u i d  f i l m ' o f  terphenyl which coats 
the s a l t  tanks provides the  means by which heat i s  removed from the s a l t  cans 
dur ing  energy withdrawal.  

F ig.  3. Containment vessel o f  2MWh tank under cons t ruc t i on  
in NRL shop. 

F igure 3 shows the energy storage b o i l e r  tank under const ruc t ion  i n  the 
NRL shop. The tank has a two inch t h i c k  s tee l  base w i t h  r e i n f o r c i n g  r i b s .  
The tank w a l l s  are h a l f  inch m i l d  s tee l .  The tank i s  o f  normal welded con- 
s t r u c t i o n .  



Fig.  4. S a l t  cans f o r  2 MWh tank. 

Steel  cans p lay  an 
important r o l e  i n  the  
energy storage b o i l e r  
tank. These cans, which 
must conta in  molten eu- 
t e c t i c  s a l t ,  make use o f  
welded seams i n  the 
forming o f  the  can 
bodies. The cans t o  be 
used i n  the 2 MWh tank 
were procured from 
El  1 i sco  Corporat ion, 
F ig .  4. The screw-on 
caps prov ide  p r o t e c t i o n  
dur ing  s a l t  warehousing, 
bu t  conta in  breath ing  
holes t h a t  open a t  oper- 
a t i n g  temperature. 

Fi.g, 5.. Calculated temperature growth i:nside 
superheater. 

F ig .  5 shows the  
ca l cu la ted  temperature 
growth i n  the steam as 
i t  f lows through the  
superheater. The f i g u r e  
permi ts  c a l c u l a t i o n  o f  
output  steam temperature 
f o r  var ious energy w i t h -  
drawal ra tes .  The 
superheater i n  the 2MWh 
tank i s  60 f e e t  long. 
A t  1000 kW energy w i t h -  
drawal an output  temper- 
a tu re  o f  350°C i s  pre-  
d ic ted .  The b o i l e r -  
superheater assembly 
cons is ts  o f  12 4- inch 
b o i l e r  tubes i n  p a r a l l e l  
feeding a s i n g l e  super- 
heater 1 i ne. Energy 
t r a n s f e r  t o  the b o i l e r -  
superheater assembly i s  
1 i m i  t ed  p r imar i  l y  by 
thermal conduct ion 
through the f i l m  o f  



TABLE 1 - Speci f icat ions;  2 MWh Tank 

l TEM 
7 

VALUE - 
Storage Characteqi s t  i cs 
Storage ~ a p a c i  t y  [a) 
Max Energy Input  Rate 
Min F i l l  Time 
Design Output Rate 
Design Energy Withdrawal Time 
Heat Loss t o  Environment 
Energy Hal f - L i  f e  

Tank Conf igurat ion 
l ns ide  Diameter 
l ns ide  Height t o  Flange 
lns ide  Height t o  Dome 

Containerized S a l t  
S a l t  Mass 
No. Cans 
Can Diameter 
Can Height 
Can Volume 
S a l t  Mass Per Can 

Heat F lux  I n t o  S a l t  
Can Sidewal l  Area 
Heat Flow Density @ 150 kW a t  Can 

Wall 
Temperature Drop Through 4 cm o f  

sa 1 t (c) 

Terphenyl C i r c u l a t i o n  
Terphenyl Content 
 ask ~ l b w  Rate @ 150 kW 
Condensat ion  Rate @ 15 

Per fec t  Gas Density 
? fW Vapor Pressure @ 3650C 

Gas Volumetr ic Flow 
Flow Ve loc i t y  f o r  10% Open Area 

Steam System 
Steam Pressure 

1.82 MWht = 6.55 G J  = 6 . 2 ~ 1 0 6 ~ ~ ~  
150 kW 
12.1 h 
150 kW 
12.1 h 
3000 W est imated 
25 days 

3.18 m (10.4 f t)  
3.66 m (12.0 f t) 
-4.6 m (-15 f t )  

27 T (metr ic)  
4000 
4" = 10.2 cm 
18.2" = .46 m 
3.75 l i t e r  
6.82 kg ( l i q u i d  dens i ty  = 1.82 

gcm-3) (b) 

1.6 T (metr ic)  
.54 kg s-1 
.68 l i t e r  s-1 o f  l i q u i d  (10.7 gpm) 
100 kPa (1.0 atm, 14.7 ps ia)  
4.40 g l i t e r - 1  
. I23 m3 s'l 
.IS m s-1 (.05 f t  s'l) 

5.4 MPa (800 p s i  ) 
Steam Temperature 3 7 1 0 ~  ( 7 0 0 0 ~ ) '  - 
Steam Output (@ 150 kW Withdrawal) .05 kg  s - I  (393 l b  hr-1) 
Water Feed Temperature 21% (71OF) 
Water Flow Rate .05 l i t e r  s-1 (.8 gpm) 

(a) S a l t  heat-of - fus ion on ly .  
(b) Based on observed pour l e v e l  i n  cans which are  subsequently weighed. 
(c) Based on k = .87 W m-1. Ref. radius = 3 cm. 
(d) Handbook o f  Chemistry and Physics, 48th e d i t i o n ,  p. C-560 (1967). 



terphenyl condensate which c o n t i n u a l l y  forms on the b o i l e r  components; t o  a 
lesser  ex tent  heat t rans fe r  i s  l i m i t e d  by heat f l ow  across the  metal-steam 
i n t e r f a c e  i n  the steam superheater tube. 

Spec i f i ca t ions  f o r  t he  tank are  shown i n  Table 1. Heat-of-fusion storage 
provides 90% o f  the  2 MWh ra ted storage capaci ty .  The spec i f i ed  energy w i t h -  
drawal r a t e  i s  150 kW, corresponding t o  an output  o f  800 p s i  superheated steam 
of  180 kg hr' l  (393 lbs  hr ' l ) .  A maximum steam output  r a t e  o f  more than 600 
kg hr-1, i .e. 500 kW, should be achieved. 

It i s  expected t h a t  the  energy storage b o i l e r  tank w i l l  be i n s t a l l e d  on- 
s i t e  w i t h i n  the  next  couple o f  months. It i s  hoped t o  i n i t i a t e  heat t r a n s f e r  
t e s t s  l a t e r  i n  the  w in ter .  I n s t a l l a t i o n  o f  the  s a l t s  w i l l  probably occur dur- 
i ng  the spr ing  o f  1980, w i t h  energy storage runs beginning s h o r t l y  the rea f te r .  
A d e t a i l e d  repor t  i s  i n  preparat ion.  





THE SERI SOLAR ENERGY STORAGE PROGRAM 

Robert J. Copeland, John D. Wright, and Charles E. Wyman 
So la r  Energy Research I n s t i t u t e  

PROJECT OUTLINE I 

P r o j e c t  T i t 1  e: Ranking Methodology f o r  Comparing Thermal Storage 

P r i n c i p a l  I nves t i ga to r :  R. J. Cope1 and 

Organizat ion: So lar  Energy Research I n s t i t u t e  
1617 Cole Boulevard 
Golden, CO 80401 
Telephone: (303) 231-1012 

P r o j e c t  Goals: The o b j e c t i v e  o f  t h i s  subtask i s  t o  develop a methodology 
t o  i d e n t i f y  thermal s torage concepts f o r  s o l a r  thermal 
appl i c a t i  ons and use t h a t  methodology t o  s e l e c t  thermal 
s torage technologies f o r  development. 

A rank ing  methodology has been developed t o  compare thermal 
s torage concepts when they  are per forming t h e  same 
mission. A compl e te  storage coup1 ed sol  ar thermal system 
which inc ludes c o l l  ec tor  f i  e l  ds, rece iver ,  conversion 
equipment, etc., i s  spec i f ied ,  and a re ference thermal 
s torage concept i s  assigned t o  the  system. A s i n g l e  
miss ion  i s  def ined by spec i f y i ng  c o l l e c t o r  area, 
app l ica t ion ,  etc .  A comparison i s  then made o f  the  
d e l i  vered energy cost  when the  reference thermal storage 
concept i s  employed i n  the  so la r  thermal system t o  t h a t  
when an a l t e r n a t e  storage op t i on  i s  u t i l i z e d  t o  perform t h e  
same mission. This  comparison can be repeated f o r  as many 
storage concepts and so la r  thermal missions as desired. 

The rank ing  methodology employs both the  cost  and 
performance f a c t o r s  associated w i t h  each storage 
a l t e r n a t i v e  t o  determine the  storage concept or  concepts 
most s u i t e d  t o  t h e  def ined mission. The methodology i s  
being developed i n  two forms: a s i m p l i f i e d  vers ion  t o  be 
used t o  q u i c k l y  screen thermal storage concepts and a 
computer vers ion t o  conduct in-depth evaluat ions.  Cost and 
performance data t o  be generated by a c o m p e t i t i v e l y  
se lec ted  subcontractor w i l l  be used i n  the  rank ing  
methodology, and two or t h r e e  thermal storage concepts w i l l  
be recommended as candidates f o r  development i n  FY 80 f o r  
each o f  t h e  so l  ar thermal system targets .  

I n  1 a ter  years, SERI w i  11 make recomnendati ons based on the  
rank ing  method01 ogy f o r  s e l e c t i o n  o f  on l y  one thermal 
s torage concept f o r  development. 



Organization: Sol ar Energy Research I n s t i t u t e  

Pro jec t  Status: The s i m p l i f i e d  rank ing methodology has been developed and 
documented i n  the  repor t  "Prel  imi  nary Requirements f o r  
Thermal Storage Subsystems i n  Sol ar Thermal Appl i c a t i  ons" 
t o  be released i n  the  f a l l  o f  1979. 

Solar thermal system cost  and performance have been 
generated by SERI and a subcontractor f o r  use i n  t he  
ran k i  ng met hod01 ogy. 

Contract Number: EG-77-C-01-4042 

Contract Period: October 1978 t o  September 1979 

FundingLevel :  $172,000 ( ~ n c l u d e s  50%Va lueAna lys is )  

Funding Source: DOE/Thermal Power Systems 
DOE/Energy Storage Systems 



PROJECT OUTLINE I 1  

Pro ject  T i t l e :  Latent  Heat Storage Research 

Pr inc ipa l  Invest igator :  John Wright 

Organization: Solar Energy Research I n s t i t u t e  
1617 Cole Boulevard 
Go1 den, CO 80401 
Telephone (303) 23 1 - 1756 

Pro jec t  Goals: The Latent  Heat Storage Research Subtask seeks t o  
q u a n t i t a t i v e l y  understand the basic hydrodynamic and heat 
t ransfer  processes governing the operat i  on o f  d i r e c t  
contact 1 atent heat storage uni ts.  

The problem i s  approached from both the ana ly t ica l  and 
experimental viewpoints. The proper model t o  co r re la te  
immiscible f l u i d  residence t ime w i th  heat t ransfer  w i l l  be 
determined by an inves t iga t ion  o f  the heat t rans fe r  t o  
s ing le  droplets o f  immiscible f l u id .  The model chosen w i l l  
be used along w i t h  hydrodynamic observations t o  analyze the 
heat t ransfer  data gathered i n  the p i  1 o t  scale mu1 t i - d rop  
un i t .  Other e f fec ts  t o  be invest igated w i l l  be the effect 
o f  immiscible f l u i d  f l ow r a t e  on s a l t  carryover, and a 
determination o f  whether the k i ne t i c s  o f  c r y s t a l i z a t i o n  may 
be the ra te  l i m i t i n g  step i n  the phase change process. The 
i n i t i  a1 research i s  done using low temperature s a l t  
hydrates f o r  heating and cool ing storage; however, t he  
e f f o r t  w i  11 be extended t o  higher temperature ranges. 

Pro jec t  Status: Mathematical models developed t o  p red ic t  heat t rans fe r  
behavior o f  s ing le  and mu1 t i - d rop  systems. 

S i  ng l  e-drop experiment constructed. 

Mul t i -drop experiment designed and under construct ion. 

Prel iminary experiments t o  characterize s u i t a b i l i t y  o f  s a l t  
hydrates f o r  d i rect-contact  experiments underway. 

Economic analysis o f  the value o f  sensible and l a t e n t  heat 
storage f o r  home heat ing completed. 

Contract Number: EG-77-C-01-4042 

Contract Period: October 1978 t o  September 1979 

Funding Level: $127,500 

Funding Source: DOE/Thermal Power Systems 
DOEIEnergy Storage Systems 



THE SERI SOLAR ENERGY STORAGE PROGRAM 

Robert J. Copeland, John D. Wright, and Charles  E. Wyman 
S o l a r  Energy Research I n s t i t u t e  

SUMMARY 

The SERI Solar  Energy Storage Program provides  r e sea rch  on advanced tech- 
no logies ,  systems ana lyses ,  and assessments  of thermal  energy s to rage  f o r  s o l a r  
a p p l i c a t i o n s  i n  support  of t he  Thermal and Chemical Energy Storage Program of 
t h e  DOE Divis ion  of Energy Storage Systems. Curren t ly ,  r e sea rch  is  i n  progress  
on d i r e c t  con tac t  l a t e n t  hea t  s t o r a g e  and thermochemical energy s to rage  and 
t r anspo r t .  Systems ana lyses  a r e  being performed of thermal  energy s to rage  f o r  
s o l a r  thermal a p p l i c a t i o n s ,  and surveys and assessments  a r e  being prepared of 
thermal energy s to rage  i n  s o l a r  app l i ca t i ons .  

INTRODUCTION 

A s  p a r t  of t h e  Thermal and Chemical Energy Storage Program of t he  DOE Divi- 
s i o n  of Energy Storage Systems, thermal energy s to rage  technologies  a r e  devel- 
oped f o r  i d e n t i f i e d  a p p l i c a t i o n  a r e a s  by the  l a b o r a t o r i e s  designated with t h e  
app rop r i a t e  lead  r e s p o n s i b i l i t y .  The SERI So la r  Energy S torage  Program sup- 
po r t s  t he  Thermal Energy Storage Program by r e sea rch ing  advanced technologies  
and performing systems ana lyses  and assessments.  

The gene ra l  o b j e c t i v e  of t h e  SERI Solar  Energy Storage Program i s  t o  
develop a b e t t e r  understanding of advanced thermal energy s t o r a g e  technologies  
f o r  s o l a r  a p p l i c a t i o n s  and t o  o b t a i n  information t h a t  a l lows s to rage  developers  
t o  s e l e c t  promising thermal s t o r a g e  technologies  f o r  s o l a r  app l i ca t i ons .  To 
accomplish t h i s  ob j ec t i ve ,  research  and development a r e  performed on advanced 
thermal s to rage  op t ions  i n  an a t tempt  t o  reso lve  t e c h n i c a l  and economic uncer- 
t a i n t i e s  t h a t  h inder  development. New thermal  s t o r a g e  concepts a l s o  a r e  
def ined  a s  p a r t  of t h i s  e f f o r t .  Systems ana lyses  a r e  conducted f o r  def ined 
s o l a r  a p p l i c a t i o n s  t o  determine thermal s t o r a g e  requirements  and t o  a i d  i n  
s e l e c t i n g  thermal s to rage  concepts. Surveys and assessments  a l s o  a r e  performed 
t o  examine the  match between thermal energy s t o r a g e  technologies  and s o l a r  
a p p l i c a t i o n  a reas .  For FY80, t he  emphasis of these  a c t i v i t i e s  is t o  support  
t he  j o i n t  plan between t h e  DOE Div is ion  of Energy Storage Systems and t h e  Divi- 
s i o n  of Cen t r a l  So l a r  Technology f o r  developing thermal  energy - s to rage  f o r  
s o l a r  thermal a p p l i c a t i o n s  ( r e f .  1). The SERI FY80 s o l a r  energy s to rage  a c t i v -  
i t i es  a r e  discussed i n  t h e  fol lowing n a r r a t i v e ,  wi th  two a r e a s  discussed i n  
some d e t a i l  and the  o the r  two summarized b r i e f l y .  



ADVANCED TECHNOLOGY RESEARCH AND DEVELOPMENT 

Thermochemical Storage and Transport Research 

A new area in the SERI Solar Energy Storage Program for M80 is thermo- 
chemical storage and transport research. Previous studies have raised ques- 
tions as to the efficiency and cost capabilities of. reversible thermochemical 
reactions for energy storage and tralisport (ref. 2). However, reversible reac- 
tions show 'significant technical promise because of their ability to store 
large quantities of heat at ambient conditions, an attribute which makes them 
appear particularly promising for long duration storage and transport. There- 
fore, an effort is in progress to define the efficiency and cost constraints 
for thermochemical storage and transport and to assess quantitatively the per- 
formance of such systems. . The information developed also will be used to 
determine whether there are research opportunities that could make thermo- 
chemical energy storage and transport cost effective. If the cost and effi- 
ciency constraints are not prohibitive, laboratory research will be performed 
to understand the actual behavior of reactton systems. 

Latent Heat Storage Research 

The objective of latent heat storage research at SERI is to provide a 
quantitative understanding of advanced latent heat storage systems which can be 
used to assess their potential. This section of the paper presents the results 
of an economic analysis of latent and sensible heat storage for home heating, a 
heat transfer analysis of a direct contact heat storage system, and a brief 
description of experiments to be undertaken to validate models and determine 
key mechanisms. 

A comparative analysis of sensible and latent heat storage for home heat- 
ing was carried out to define any performance or economic advantages attribut- 
able to the use of latent heat storage. Air/rock, air/salt hydrate, water, and 
water/salt hydrate systems were compared for a range of storage and collector 
sizes for locations of Albuquerque, N. Mex., and Madison, Wis. For a given 
load and size of collector array, increases in storage mass increase the amount 
of solar energy delivered until all the energy collected is used, the load is 
fully supplied, or losses from storage exceed the gains. Curves describing the 
energy delivered to the load as a function of the storage mass for fixed col- 
lector areas, heating loads, and locations were obtained from previous stud- 
ies (ref. 3). The cost of the solar system may be defined as a function of 
collector area and storage size. Dividing the cost of the system by the annual 
delivered energy yields a criterion for judging the relative economics of 
latent and sensible heat storage. 

In this analysis no allowance was made for subcooling or degradation of 
the phase change material. Therefore, the conclusions drawn from the analysis 



are optimistic projections for latent heat storage. The major conclusions, for 
home heating use include: 

Air-based salt-hydrate latent heat storage offers a four to one reduc- 
tion in storage volume over rock bed systems, while liquid-based salt 
hydrate systems offer a two to one reduction over hydronic storage. 

Constant temperature operation during phase change provides no opera- 
tional advantage, and the volume reduction is the only advantage 
afforded by latent heat systems. 

The distinction between air- and liquid-based systems is far more impor- 
tant than that between sensible and latent heat systems. 

These conclusions apply only for the home heating application analyzed, and 
more advantages are anticipated for latent heat storage in hot or cold side air 
conditioning storage or in solar thermal steam generation. 

Latent heat storage must be economically competitive with sensible heat 
storage for home heating unless space is at a premium. One of the major imped- 
iments to successful use of latent heat storage is the expense of providing 
sufficient heat transfer surface to overcome solid phase resistance during heat 
extraction. This problem possibly may be avoided by the use of inexpensive 
containment materials or direct contact heat exchangers as suggested originally 
by Etherington and recently researched by workers at Clemson University and the 
Desert Research Institute (refs. 4,5). Research at SERI has been directed at 
the latter approach since the results may be useful for higher temperature 
operation as well. To date, heat transfer in macroscopic systems has been ana- 
lyzed in terms of volumetric heat transfer coefficients. This method is conve- 
nient for reporting experimental results but, because the fundamental physical 
processes governing heat transfer do not appear explicitly, it is of limited 
value in scaling up or in designing a system with a different geometry, phase 
change material, or immiscible fluid. 

Experiments are being conducted on salt hydrate/oil systems (Figure I) 
such as would be used for space heating. This temperature range was chosen to 
simplify the experimental portion of the work. As the models are developed 
further, it is expected that effort will shift to higher temperature applica- 
tions where constant temperature operation and volume reduction are more criti- 
cal and latent heat storage may be more beneficial. 

Heat transfer in a direct contact system can be described by the familiar 
equation 

q = U A AT, 

where q = heat transfer rate ( J ,  U = overall heat transfer coefficient 
2 (J/S OC cm ), A = surface area (cm ), and T = temperature (OC). However, the 

determination of U and A is not simple. 

The heat transfer area A is equal to the surface area per drop of oil mul- 
tiplied by the number of drops in the system. Surface area per drop is a 



function of drop diameter, which is itself a function of flow rate, distributor 
geometry, and fluid properties. The number of drops in the system is a func- 
tion of dispersed phase flow rate, drop size, and physical properties. 

If fluid flows slowly through a nozzle, drops will form at the surface, 
grow, detach, and rise. When the flow rate increases to a critical velocity, a 
jet forms and the drop diameter suddenly decreases. As flow rate increases the 
jet lengthens. When the Jet length is a maximum, the surface area per unit 
volume of fluid also goes through a maximum. This critical ' flow rate and the 
drop size at this velocity may be determined from theory. The drop size at 
other flow rates must be found by empirical correlations with limited ranges of 
applicability (refs. 6-8). 

If single drops rise through an infinite, quiet, continuous phase, their 
terminal velocities may be predicted from a force balance. When many drops 
rise simultaneously, they decrease the effective free area through which the 
drop rises. This reduction in free area compresses the streamlines around the; 
drop, producing additional drag and dramatically reducing the rise velocity. 
This interaction may be described quantitatively and used to predict the number 
of drops in a storage unit (ref. 9). 

Defining a heat transfer coefficient is a difficult process. Drops with 
diameters greater than 0.7 cm or rising with NRe > 200 are often classified as 
large. They periodically shed their wakes, setting up oscillations within the 
drop which provide internal mixing. Such drops have resistance to heat trans- 
fer only at the surface, and heat transfer is relatively rapid. The fractional 
approach to thermal equilibrium is given by 

where Em = fractional approach to equilibrium [(T - T~)/(T~ - Ti), with 
c referring to the continuous phase and i to the interio 
h = h g t  2 

5 of the drop]; 
transfer coefficient (J/S OC cm ); V = volume (cm ); P = density 

(g/cm ); C = specific heat (J/g "C); and t = time (s). 
P 

In drops with diameters less than 0.3 cm and rising at low velocities, 
surface tension is strong enough to stop all movement within the drop. These 
small drops behave as rigid spheres in which internal conduction is the rate 
limiting mechanism. The fractional .approach to equilibrium is much slower than 
that of mixed drops and is given by 

where a = thermal diffusivity (cm2/s) and a = drop radius' (cm). 



For drops of intermediate size toroidal internal circulation patterns are 
set up. The dominant resistance is again internal but the characteristic dis- 
tance for conduction is approximately half the radius. The fractional approach 
to equilibrium may be approximated as 

Effective heat transf er coefficients may be defined for circulating and rigid 
drops, but they are simply a mathematical convenience (ref. 10). 

The predictions of the model have been compared with heat transfer data 
obtained on a system at Clemson University. The data compare reasonably well 
with results predicted from existing expressions for drop size, holdup, and 
heat transfer to a circulating drop, although a different heat transfer model 
is required at the end of the melting period. While this agreement is encour- 
aging, it is not proof of model validity. As no experimental measurements were 
taken of the effect of drop size or holdup, the choice of heat transfer mecha- 
nism is simply an adjustable parameter in the model, since the drop size is 
such that any one of the three heat mechanisms could apply. Furthermore, 
several of the relations contain constants which were obtained experimentally 
at conditions considerably removed from those found in latent heat thermal 
storage units. Therefore, it is necessary to carry out experiments to 
independently validate or modify the equations for drop size, holdup, and heat 
transfer mechanism. 

To test drop size predictions and to determine whether the rising drops 
behave as rigid spheres, circulating drops, or oscillating drops, a "single 
drop" experiment is being utilized. This experiment allows the measurement of 
drop size and heat transfer rate where flow rate, contact time, and continuous 
phase temperature can be closely controlled. To investigate holdup, a pilot- 
scale, "multi-drop" column is being constructed. This unit will also allow 
assessment of the total model and will be useful in studying continuous phase 
entrainment, phase segregation, and crystallization behavior. 

SYSTEMS ANALYSES AND ASSESSMENTS 

Thermal Storage Survey and Assessment 

The thermal storage technologies under development must fit the intended 
solar applications. Therefore, continual communication is critical among 
researchers developing solar and storage technologies. In this area, SERI con- 
tinually surveys the thermal storage technologies under development within the 
Division of Energy Storage Systems and elsewhere (ref. 11). Communications are 
then developed with the various solar application areas and their needs are 
identified through discussions and analyses. The goal of these activities is 



to arrive at a coordinated plan that will provide timely development of thermal 
storage technologies for defined solar applications. 

Systems Analysis of Thermal Storage 

The systems analysis of thermal storage is being conducted to support 
decision points in the Thermal Energy Storage for Solar Thermal Applications 
Program (ref. 1). In this program, second and third generation thermal storage 
technologies will be developed to provide.lower cost and/or improved perfor- 
mance over the first generation technologies currently being deployed in Solar 
Thermal Large Scale Experiments (LSE). In each of the seven elements of the 
program, thermal storage technologies will be developed that are appropriate 
for different types of solar thermal systems: 

water/steam collector/receiver; 

molten salt collector/receiver; 

liquid metal collector/receiver; 

gas collector/receiver; 

organic fluid collector/receiver; 

liquid metal/salt collector/receiver; and 

advanced technologies (third generation). 

For the first six elements, the second generation technologies developed will 
be verified through a retrofit of a solar thermal LSE (e.g., Barstow, repower- 
ing, Shenandoah, etc.). The last element develops advanced technologies for 
all types of solar thermal systems. 

The objectives of the SERI systems analysis effort are to provide value 
data on thermal storage and rankings of thermal storage concepts. The value 
data are the basis for thermal storage cost goals which are then used to screen 
thermal storage concepts. Those concepts which pass this first screening are 
ranked on a delivered energy unit cost basis (busbar energy cost for electric 
power) within a specified program element. The process is then repeated as 
needed for other elements. In this manner, promising thermal storage concepts 
will be identified for development. 

Value expresses quantitatively the price that a user is willing to pay for 
a system for a given application based on the cost of alternative systems, 
including capital, fuel, and operations and maintenance (OdM). The value of 
solar thermal systems thus depends on the energy supply alternatives (oil, gas, 
coal, nuclear, etc.), assumed future prices and escalation rates, and the per- 
formance of the solar thermal system. For electric power applications, 
Aerospace (ref. 12) and Westinghouse (ref. 13)  have performed calculations of 
value for storage-coupled solar thermal systems. 

For a given collector area, with all other parameters constant except 
storage capacity (H), the contribution to the total system value by thermal 



s t o r a g e  is c a l c u l a t e d  from t h e  storage-coupled s o l a r  thermal  system value as 
fo l lows  : 

T o t a l  Thermal I = 

S o l a r  Thermal I - 
S o l a r  Thermal 

Storage Value System Value System Value H=O, I (5)  

where t he  l a s t  term r e f e r s  t o  t h e  s o l a r  thermal  system with no s t o r a g e  o r  only 
b u f f e r  s to rage .  Th i s  c a l c u l a t i o n  may be repea ted  t o  provide t he  thermal s to r -  
age va lue  a s  a func t ion  of both s o l a r  thermal c o l l e c t o r  a r e a  and loca t ion .  To 
i d e n t i f y  t he  app rop r i a t e  .combinations of s t o r age  and c o l l e c t o r  a r e a ,  t he  r a t i o  
of system cos t  t o  system va lue  must be minimized f o r  t h a t  c o l l e c t o r  a rea .  

The approach descr ibed  by equa t ion  (5)  has been followed t o  c a l c u l a t e  t h e  
va lue  of thermal s t o r a g e  f o r  s o l a r  thermal  e l e c t r i c  power a p p l i c a t i o n s .  
Table I p re sen t s  t he  r e s u l t s  f o r  stand-alone s o l a r  thermal p l a n t s  based on the  
Westinghouse and Aerospace da ta .  The va lues  shown are f o r  a p l an t  s t a r t u p  i n  
t h e  l a t e  1980s and a small s o l a r  thermal pene t r a t i on  i n  t h e  u t i l i t y  g r i d  ( l e s s  
than 10% of t he  peak gene ra t i on  capac i ty ) .  The d a t a  were generated employing 
conserva t ive  t o  average f u e l  p r i c e  assumptions and Barstow technology. For 
more e f f i c i e n t  thermal s to rage  concepts ,  a h igher  va lue  and c o s t  goa l  w i l l  
r e s u l t ;  f o r  less e f f i c i e n t  concepts  t he  va lue  and c o s t  goa l  w i l l  be lower. 

The cos t  goa ls  i n  Table  I a r e  t h e  t o t a l  c a p i t a l i z e d  va lue  of thermal s t o r -  
age, which inc lude  d i r e c t ,  nond i r ec t ,  and O&M cos t s .  D i r ec t  c o s t s  inc lude  
equipment, m a t e r i a l s ,  l abo r ,  i n s t a l l a t i o n ,  e t c .  Nondirect c o s t s  a r e  gene ra l l y  
c a l c u l a t e d  as a percentage of t he  d i r e c t  cos t s .  Based on similarities wi th  
convent iona l  power p l an t s ,  t h e  fol lowing nondi rec t  f a c t o r s  a r e  employed unless  
b e t t e r  da t a  a r e  a v a i l a b l e :  

contingency and spares--15 %; 

i n d i r e c t s  ( l i c e n c e s ,  f ee s ,  s t u d i e s ,  etc.)--10 %; and 

i n t e r e s t  during construction--19 %. 

The t o t a l  i s  a 44 % i nc rease  i n  t he  d i r e c t  cos t s .  

Operat ions and maintenance (O&M) a r e  annual  cos t s .  The c a p i t a l i z e d  equiv- 
a l e n t  i s  : 

Cap i t a l i zed  = 
0 &M 

(Fixed charge Rate)  

Typical  da t a  f o r  e l e c t r i c  u t i l i t i e s  a r e ;  

annual O&M cost--1-2 % d i r e c t  cos t ;  



levelizing factor--1.88; and 

rn fixed charge rate--17 %. 

When available, actual OCM data should be employed. The net effect is to 
increase the cost by an additional 11 % (Om 1 %) to 22 X (OM at 2 X )  of the 
direct capital cost. Combining the nondirect and O&M factors, the total capi- 
talized cost is 1.55 to 1.66 times the direct capital cost. This cost should 
be compared to the cost goals in Table I. 

Once several thermal storage concepts are established to be within the 
cost goals for a program element, SERI will provide comparisons for DOE to 
identify promising candidates for development. For each program element a ref- 
erence solar thermal system and thermal storage concept are defined. Then, the 
delivered energy costs are calculated when the reference thermal storage con- 
cept is replaced by an alternative, with all other parameters constant (i.e., 
storage capacity, collector area, location, dispatch strategy). Each of these 
parameters is then varied systematically over its expected range. This proce- 
dure is repeated for each alternative, and the delivered energy cost for all 
thermal storage concepts are then compared. 

The calculation of the delivered energy cost depends strongly upon the 
cost and performance of the thermal storage concepts. This information will be 
supplied by a subcontractor with experience in this type of analysis. This 
subcontractor will rework the thermal storage developer's data to ensure that 
all data are consistently calculated for the cost and performance analysis. 

In addition to the cost goals and the delivered energy cost of each con- 
cept, other factors will be considered in selecting storage concepts for devel- 
opment. These include: 

rn safety, 

a development status and program schedules, 

rn applicability to several program elements, 

rn development cost, 

rn development risk, and 

rn program priorities. 

The Department of Energy, NASA Lewis Research Center, Sandia Livermore 
Laboratories, and SERI will participate in the selection of the storage con- 
cepts for development. 

CONCLUDING REMARKS 

The SERI Solar Energy Storage Program smmarized in this paper consists of 
activities in advanced technology research and development and in systems anal- 
yses and assessments. Some details were given of the effort in latent heat 
storage research and the systems analysis of thermal storage. The intent of 



all these activities is to provide technical and economic information that will 
aid the rapid selection and development of thermal storage technologies for 
solar applications. At this time, particular emphasis is given to the defini- 
tion of .thermal energy storage for solar thermal applications because of the 
need to provide appropriate storage technologies for the solar thermal systems 
now under development. In the future, SERI's Solar Energy Storage Program will 
assist the rapid development of a variety of storage technologies which will 
augment the displacement of conventional fuels by renewable solar energy 
sources. 
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Table 1. RECOMMENDED COST GOALS~ FOR THERMAL STORAGE IN SOLAR THERMAL 
ELECTRIC PLANTS 

High Medium Low 
Insolation Insolation Insolation 

Storage Capacity (Barstow, CA) (Midland, TX) (Seattle, WA) 

(hours ) ($/kwe) ( $ / k ~ h ~ ) ~  ($/kWe) ( $ / k ~ h ~ ) ~  ($/kWe) ($/kwh,)b 

..- . . . . .  .. . 

a~otal cost of. a thermal storage concept (including power-related, energy- 
related, nondirects, and O&M) must be lower then the value-derived cost 
goal. 

b$/k~e = Total thermal storage value. 

$/kwhe = Average thermal storage value; equal to total thermal storage 
value divided by h, the storage capacity. 

'~ata not available. 
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ACTIVE HEAT EXCHANGE SYSTEM DEVELOPMENT FOR LATENT 

HEAT THERMAL ENERGY STORAGE 

Joseph A la r i o  and Robert Has le t t  
Grumnan Aerospace Corporation 

PROJECT OUTLINE 
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Thermal Energy Storage 
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Pro ject  Goals: Develop an act ive heat exchange system; u t i l i z i n g  a phase 
change thermal storage medium, where operating 
charac te r i s t i cs  are compatible w i t h  a 2500 t o  3500C 
steam power cycle. 

I d e n t i f y  and se lect  concepts f o r  tes t .  

Design, fabr icate,  assemble and t e s t  laboratory-scale 
modul es. 

Eva1 uate resu l ts .  

Recmend fu r t he r  development requirements. 

Pro ject  Status: Coupon adhesion t es t s  usi ng a ch lor ide s a l t  phase change 
media and sample tube mater ia ls indicated s a l t  adhesion t o  
a1 1 su r f  aces. Consequently, concepts designed and 
fabr i ca ted  f o r  1 aboratory-scale tes ts  i ncl  uded a 
direct-contact  heat exchange concept and a r o t a t i n g  drum 
mechanical scraper concept. 

Contract Number: DEN3-39 

Contract ~ e r i  od: June 1978 t o  September 1979 

Funding Level : $225,000 

Funding Source: NASA Lewis Research Center 



ACTIVE BEAT EXCHANGE SYSTEM D E V E I X ) m  

FOR IATENT HEAT TIIERMAL ENERGY STORAGEn 

Joseph Alario and Robert Haslett 
Grumman Aerospace Corporation 

SUMMARY 

The overall  objective of t h i s  program is  the development of an active 
heat exchange process i n  a la tent  heat thermal energy storage (TES) system 
which is suitable f o r  u t i l i t y  applications. Various active heat exchange 
concepts were identif ied from among three generic categories: scrapers, 
agitators/vibrators and s lur r ies .  The more pract ical  ones were given a more 
detailed technical evaluation and an economic comparison with a passive tube- 
she l l  design f o r  a reference application. Two concepts were selected f o r  
hardware development: 1 )  a d i rec t  contact heat exchanger i n  which molten 
salt droplets are injected in to  a cooler counterflowing stream of l iquid 
metal carr ier  f luid,  and 2) a rotating drum scraper i n  which molten salt .is 
sprayed onto the circumference of a rotating drum, which contains the f l u i d  
heat sink i n  an internal  annulus near the surface. A fixed scraper blade 
removes the sol idif ied salt from the surface which has'been nickel plated t o  
decrease adhesion forces. 

An evaluation of suitable Phase Change Material (PCM) storage media with 
melting points i n  the temperature range of in teres t  (250 t o  40O0c) limited 
the candidates t o  molten salts from the chloride, hydroxide and n i t r a t e  
families, based on high storage capacity, good corrosion characteristics and 
avai labi l i ty  i n  large quantit ies at reasonable cost. The specific salt rec- 
ommended f o r  laboratory t e s t s  was  a chloride eutect ic  (20. XCL o 2 4 . p a ~ L  o 
55 -OM@;CL2Q by wt . ), with a nominal melting point of 385Oc. 

A t  t h i s  point i n  time, the hardware has been b u i l t  and is being assem- 
bled and instrumented prior  t o  t e s t  evaluation. 

Thermal energy storage is a promising method f o r  extending the steam 
generating capabil i t ies  of both conventional f o s s i l  f u e l  power plants and 
advanced solar thermal energy conversion systems. Ekcess thermal energy 
available from the steam boiler  (or concentrating solar  collector) can be 
stored during off-peak demand periods and then used t o  increase steam capac- 

*Work performed f o r  NASA/hwis Research Center under Contract DEN 3-39. 



i t y  during peak load periods. I n  a so la r  application, t h i s  s tored energy 
would be subst i tu ted f o r  t he  primary energy source during nonsunlight periods. 

Using the  l a t e n t  heat of fus ion ( ~ h a s e  change) f o r  energy storage is  
pa r t i cu l a r ly  a t t r a c t i v e  because the  heat  absorbed per pound of material is  
r e l a t i ve ly  high, resu l t ing  i n  a more compact system. However, the  performance 
of conventional passive tube and s h e l l  heat  exchangers i s  impeded by the  high 
thermal res i s tance  of s o l i d  deposits  on the  discharge tube surfaces. Signif-  
i can t  performance and cost  benef i t s  can be rea l ized  if ac t ive  heat  exchange 
concepts can be developed which prevent t he  buildup of a so l id  salt l w e r  on 
the  heat  t r ans fe r  surfaces. This program w a s  i n i t i a t e d  t o  design and t e s t  
two ac t ive  heat  exchange concepts f o r  l a t en t  heat thermal energy storage 
systems su i tab le  t o  the  u t i l i t y  industry. 

DESCRIPTION OF DEMONSTRATION CONCEPTS 

Summary of Element Test Results 

I n  support of our concepts evaluation phase, two laboratory scale  element 
t e s t s  were run t o  assess the  capabi l i ty  of removing so l id i f i ed  PCM from the 
surface of a tube t rea ted  with a non-stick coating. Two types of t e s t s  were 
conducted: 1 )  a coupon adhesion t e s t  with sample materials  (mild s tee l ,  
chrome and nickel p la ted  s tee l ,  titanium, g lass )  and the  ac tua l  chloride salt 
eutect ic ,  and 2) a v i sua l  demonstration using an impinging stream of nitrogen 
bubbles t o  break a p m t  so l id i f i ed  PCM around a c001iw tube 

Test r e s u l t s  were negative and discouraged the  fu r the r  development of 
those concepts t h a t  r e l i e d  on non-stick surfaces o r  turbulence within the  PCM 
media. The chloride salt adhered t o  all tube surfaces tes ted,  although the  
highly polished nickel  and chrome plated samples gave bes t  r e s u l t s .  The 
surface turbulence caused by impinging gas bubbles d id  not impede the  build- 
up of PCM mound a Teflon tube - t he  most non-sticking of surfaces. 

System Description 

The act ive  TES heat  exchanger system (Figure 1 )  consis ts  of three  basic  
components: t he  cen t r a l  heat  exchanger module; a salt module; and a l i qu id  
metal module. I n  al l  cases the  storage medium is  a chloride salt eu tec t ic  
(20.5 KCL o 24.5 NaCL o 55.0 Mgc12) and the  heat  t r ans fe r  f l u i d  is  a l i qu id  
metal lead-bismuth eu t ec t i c  (44.5 Pb o 5 5 . 5 ~ i ) .  The nominal melting points  
a r e  385°C ( 7 2 5 " ~ )  f o r  the  salt and 125OC (257°F) f o r  the  metal. Test modules 
have been designed f o r  a storage capacity of 10 KWht and a heat  t r ans fe r  r a t e  
of 10 KWt . 

The cen t r a l  heat  exchanger module can be read i ly  configured t o  contain 
e i t h e r  of t he  heat  exchange concepts.. This is done by simply replacing the  
top ha l f  of t he  tank with t h e  necessary hardware. The bottom half ,  which 
serves as the  storage b in  f o r  the  so l i d i f i ed  salt, is  used by both concepts. 



It a l so  contains e l e c t r i c a l  f i r e r o d  heaters  which are used t o  melt t he  salt 
during the  thermal charging cycle. These heaters  simulate t he  f l u i d  heat  
source of an ac tua l  application.  A s  t he  salt melts, it dra ins  i n t o  t he  salt 
module, which a c t s  as a holding tank f o r  the  molten salt. It a l so  contains 
a submersible pump, driven by an air motor, which is used t o  pump the  molten 
salt t o  t he  heat exchanger module during the  discharge p a r t  of t h e  demo cycle. 
Firerod heaters  a r e  provided t o  control  the  i n i t i a l  salt temperature and t o  
prevent inadvertent so l id i f ica t ion .  

The l i qu id  m e t a l  i s  used as a heat  t r ans fe r  f l u i d  t o  remove the  heat  
from the molten salt, which takes place within t he  heat  exchange module. 
The metal is  s tored i n  the  l i qu id  metal module which a l so  contains t he  pump 
used t o  pump it through the  heat  exchanger. E l ec t r i ca l  heaters  a re  provided 
t o  control  the  l i qu id  metal temperature. 

During the  thermal discharge cycle operation, the  heat  picked up by the  
l i qu id  metal from the  molten salt is  t ransferred t o  an open water cooling 
loop through an annular heat  exchanger. The cooled metal is  then returned 
t o  the  heat exchange module where it can once again serve as an acceptable 
heat  sink. This process continues u n t i l  all of t he  molten salt has been 
so l id i f ied ,  then the  charging cycle can be s t a r t e d  again. 

A l l  tanks and piping a re  made from 1020 mild s t e e l  o r  equivalent, except 
f o r  t he  two charge/drain can is te rs  and the  l i qu id  metaL/water heat  exchanger 
which a re  made from s t a in l e s s  s t e e l .  A gaseous blanket of dry nitzogen at 
34.5 H A  (5  ps ig)  i s  used t o  protect  the  system from moisture and corrosion. 
A l l  of the  tanks and plumbing a re  insulated with high temperature JM Cera- 
blanket insulation,  with thermal losses  estimated at l e s s  than 5 percent. 
Thermocouples a r e  provided both within the  tanks and on the  outside surfaces 
of the  plumbing. Figure 2 shows the  system at an i n i t i a l  assembly stage.  

Direct Contact Heat Exchanger 

This concept is i l l u s t r a t e d  i n  Figure 3. During the  usage cycle, heat  
is removed from the  salt by d i r ec t  contact heat t r ans fe r  with a l i qu id  metal 
c a r r i e r  f l u i d  within the  heat exchange reservoir .  (see Figure 4).  Both t he  
heat  storage and ca r r i e r  f l u i d s  must be completely nonreactive and immiscible 
with each other.  The molten salt is  pmped from the  holding tank i n t o  the  
bottom of the  heat exchange reservoir  where because of i t s  lower density, it 
bubbles through the  metal giving up i ts  heat  as it s o l i d i f i e s .  A t  t h e  sane 
time, the  heated l i qu id  metal re tu rns  t o  i ts  holding tank from where it is 
pumped t o  a conventional external  heat exchanger. Here t he  l i qu id  metal r e -  
leases  i ts  energy t o  the  ultimate heat  s ink f l u i d  (water i n  the  case of t h i s  
demo uni t ) .  The cooled l i qu id  metal is  then returned t o  the  top of t he  heat 
exchange reservoir  where it can once again be heated. A s  the  s o l i d  salt 
agglomeration r i s e s  t o  the  top of the  heat  exchange reservoir ,  it is directed 
over t he  edges and falls t o  the  bottom of the  surrounding tank. It remains 
there  u n t i l  the  next charging cycle, when the  e n t i r e  sequence is  repeated. 



Rotating Drum Scraper 

The ro t a t i ng  d r u m  heat  exchanger concept minimizes the  required heat  
t rans fe r  surface a r ea  by eliminating most of the  thermal res is tance within 
t he  so l i d i f i ed  storage medium (e  .g . , s a l t ) .  This is  accomplished by the  
act ion of a f ixed  scraper blade which continually removes t he  so l i d  salt 
buildup and keeps the  l i qu id  so l i d  in terface close t o  the  heat  exchange 
surface. The concept as proposed f o r  t h i s  demonstration t e s t  module is  
i l l u s t r a t e d  i n  Figure 5 .  

During t h e  usage o r  discharge cycle (heat removal .from storage), t he  
molten salt flows through s l i t  nozzles onto the  circumference of t h e  ro ta t ing  
drum. The l i qu id  m e t &  heat  s ink f l u i d  flows through an annular passage with- 
i n  the  drum, cooling t he  outer surface and freezing the  molten s d t .  The 
so l id i f i ed  l w e r  of salt is  then scraped off  after making' a p a r t i a l  (270 de- 
@;ree) rota t ion,  f a l l i n g  i n t o  a storage bin  which is located beneath t he  drum. 
The storage b in  a l so  contains a source f l u i d  heat  exchanger which i s  used t o  
melt t h e  salt during t he  charging cycle. 

Test E$aluation Plan 

The general  t e s t  objective i s  t o  demonstrate a 10 kWht storage capacity 
and a 10 kWt heat  recovery r a t e  at the  nominal design conditions. However, 
there  w i l l  be spec i f ic  performance c r i t e r i a  tha t  w i l l  be measured i n  order t o  
permit a r e a l i s t i c  assessment of each concept and determine the  v i a b i l i t y  of 
l a rger  scale  demonstration uni ts .  

Multiple charge/discharge cycles w i l l  be run t o  evaluate t h e  following: 

o Percentage energy recovery 
o Energy expended f o r  heat  recovery 
o Efficiency of energy recovery (energy recovered-energy expended) 

/energy recovered 
o H e a t  t r ans fe r  rate as a function of t i m e  
o Effect  of varyi  c r i t i c a l  parameters (flow rates, i n l e t  temperatures, 

drum speed, e t c y  
o Heat losses  from system 
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Fig. 2 Active Heat Exchange System, Preliminary Assy 
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heat, l a t e n t  heat, c o e f f i c i e n t  o f  expansion near t h e  
t r a n s f  ormat i on temperature, and the  volume change du r ing  
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Conduct media - containment m a t e r i a l  c o m p a t i b i l i t y  studies.  

Perform storage system ana lys is  t o  compare performance and 
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A new method employing x- ray  absorp t ion  technique has been 
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been measured. E q u i p e n t  i s  be ing re f i ned .  
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System s tud ies  are p r e s e n t l y  be ing i n i t i a t e d .  
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HEAT STORAGE IN ALLOY TRANSFORMATIONS* 

C. Ernest Birchenall 
University of Delaware 

SUMMARY 

Heats df transformation of eutectic alloys have been measured for many 
binary and ternary systems by differential scanning calorimetry and thermal 
analysis. Only the relatively cheap and plentiful elements Mg, Al, Si, P, Ca, 
Cu, Zn were considered. A new method for measuring volume change during 
transformation has been developed using x-ray absorption in a confined sample. 
Thermal expansion coefficients of both solid and liquid states of aluminum and 
of its eutectics with copper and with silicon also were determined. Prelimi- 
nary evaluation of containment materials lead to the selection of silicon 
carbide as the initial material for study. Possible applications of alloy 
PCMs for heat storage in conventional and solar central power stations, small 
solar receiversand industrial furnace operations will be examined. 

RESEARCH PROGRAM 

The initial purpose of this work was to identify alloys that transform 
by the eutectic mechanism or by congruent melting and that have sufficiently 
large heats of transformation to be considered for heat storage applications. 
Where good precision of calorimetric measurement could be achieved, heat 
capacities of the solid and liquid states were also desired. Because the 
volume change during transformation was considered to be important for the 
design of a reliable and efficient storage system, a new method based on x-ray 
absorption was devised, to be tested and refined for the study of this 
property. It was recognized that the cost of containment is likely to deter- 
mine the feasibility of using heat storage systems in various applications, 
so the emphasis in the program is shifting toward this problem. Although it 
would suffice to find container materials to hold specific alloys in their 
appropriate temperature ranges, silicon carbide is to be investigated as a 
material that might serve for all alloys studied over the whole temperature 
range. 

As alloy characteristics are defined by measurement it becomes possible 
to develop realistic models for system applications. Modeling should permit 
cost comparisons of alloy storage with molten salt storage for the same overall 
system operating parameters. Also some estimates of the feasibility of using 
heat storage on an absolute basis should be possible for some applications 
that offer no technical difficulties. Work of this sort is being initiated 
and the emphasis on it will increase. 

*Under National Aeronautics and Space Agency Grant No. NSG 3184 funded by 
the ~ivisbn of Energy Storage Systems, Department of Energy. 



RESULTS TO DATE 

The quantitative measurements are summarized in Tables 1 (heat of 
transformation and heat capacity) and 2 (volume change during melting and 
coefficients of thermal expansion). For alloys that transform below 970K the 
thermal measurements have been made by differential scanning calorimetry (DSC) 
with an estimated precision of 3 pct. for heats of transformation and 10 pct. 
for heat capacities. Alloys that transform at higher temperature have been 
measured by differential thermal analysis (DTA) with an estimated precision 
of about 5 pct. for heats of transformation. Work is in progress to attempt 
to improve the heat capacity measurements in the high temperature range. 

The alloys with underlined compositions are the best in their respec- 
tive temperature ranges. Between 779 and 852K the alloys do not appear to 
have competition from other materials when comparisons are made on either a 
mass, or especially a volume, basis. The Si-Mg eutectic at 1219K is likely 
to be most advantageous for any applications in that temperature range. Below 
608K metallic storage does not appear to be feasible without the use of more 
expensive metals such as Pb, Sn, Bi and Sb. Inorganic salt eutectics are much 
more likely to be used in this range. 

The volume change measurements show that the aluminum eutectics expand 
about 5 pct. on melting, in contrast with some salts which expand more than 
20 pct. The 7 pct. expansion of pure aluminum is likely to be close to the 
maximum among the alloys being considered for heat storage applications. 

The volume change measurements reported were done by absorption of 
x-rays from a conventional generator for an x-ray diffraction apparatus. The 
characteristic K, radiation from a copper or molybdenum tube was selected 
using absorption filters and an energy dispersive counting system with 
discriminator or by using a graphite crystal monochromator at the source with 
the same detector system. A new system offering greater stability and 
simplicity with some sacrifice in intensity has been assembled in which AgKa 
radiation from radioactive Cd 109 is the x-ray source. With this simpler 
system it is anticipated that higher furnace temperatures can be achieved 
because the furnace does not have to fit on a diffractometer track. 

WORK IN PROGRESS 

A few additional alloys are to be melted in search of new ternary or 
quaternary eutecticsorcongruently melted intermetallic phases. Newly 
discovered ternary eutectic alloys in the Mg-Cu-Ca and Mg-St-Cu systems and 
a new ternary intermetallic phase in Cu-Si-P will have their heats of 
transformation determined by calorimetry. The only additional calorimetric 
measurements that are planned are checks on values that do not appear to be 
consistent with expectations or in which errors may have arisen owing to vapor 
losses of one of the components 

The volume measurements will be extended to cover the most promising 
eutectic systems. It is anticipated that the casting of pore-free samples is 
the most difficult and critical step in the procedure. Several other metals 
and possibly some eutectic salts will be measured for comparison. 



Sic test plates are being prepared for determining chemical compati- 
bility with the eutectic alloys. Wetting angles, weight loss and the 
structures of phases that grow at the interface will be considered in 
assessing the suitability of this material. Some conventional high tempera- 
ture alloys also will be tested for comparison. Later the preparation of 
alloys with coated surfaces will be attempted if the need remains. 

APPLICATIONS APPRAISAL 

Heat storage might offer economic advantages for applications at 
several size levels. Only those applications whose storage might be done 
between 670 and 1220K will be considered. The following types of systems 
applications will be surveyed: 1. Storage to level the heat generating rate 
of fossil- or nuclear-fueled central power stations. 2. Short term storage 
to regulate the temperature of solar receiver surfaces and long term storage 
to match solar input to output demand. 3. Storage with temperature regulation 
by the transformation in industrial furnaces. 4. High temperature storage of 
heat for home comfort control. 

The purpose of 1 is to improve heat generating efficiency of central 
power stations. However, the need for load-following electrical generating 
capacity would not be eliminated. The system load might be leveled if enough 
distributed heat storage of type 3 could be installed. Solar receivers, large 
or small, must absorb heat at high flux density during periods of high 
insolation. They require short term storage to smooth the fluctuations. in 
solar radiation intensity and long term storage to supply energy at night and 
during periods of dense cloud cover. Industrial furnaces often are operated 
isothermally, a condition supplied naturally by eutectic storage. The 
problem in this application is a simple, reliable detector to signal when the 
alloy is nearly completely melted or nearly completely frozen. Economy might 
be achieved in this application if energy is taken during off-peak periods 
for use during peak-load periods when labor is likely to be cheaper. The 
benefit from alloy storage for home comfort conditioning must come from the 
large reduction.in storage volume when compared with storage in hot rocks or 
water. 

One or more specific cases will be chosen for engineering evaluation 
of the potentialities of alloy storage. It appears that the industrial 
furnace storage and control and solar receiver storage may be the most 
favorable cases at this stage of development of the alloy storage technology. 
However, only a few preliminary calculations have been done. 

CONCLUSIONS 

Eutectic alloy systems with good volumetric heat storage density have 
been demonstrated for the temperature range 670 to 1220K. The volume changes 
during transformation appear to be near 5 pct. The alloys that do not contain 
Ca appear to be compatible with graphite as a container material. Sic should 
be less reactive, stronger and a better heat conductor. Containment in coated 
alloys also may be practical. 

Heat storage in alloy transformations should be technically feasible for 
a wide range of applications. Studies are being started to determine which are 



likely to be the most favorable applications economically for the present 
state of understanding. 

Table 1. Thermal Properties of Selected Metal Eutectics 

Alloy 
(Mole Fractions) 

Eutectic Maximum Heat Storage 

Temperature Capacity in kJ/kg 

(OK) 

Heat 
Capacity 
W/kg-OK 

*By Alan Riechman and Diana Farkas 
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IWISCIBLE FLUID - HEAT OF FUSION HEAT STORAGE SYSTEM 

D. D. Edie, S. S. Melsheimer, and J. C. Mul l ins 
Clemson University 

PROJECT OUTLINE 

Project Title: Inmiscible Fluid - Heat of Fusion Heat Storage System 
Principal Investigators: D. D. Edie, S. S. Melsheimer and J. C. Mullins 

Organization: Clernson University 
Department of Chemical Engineering 
Earle Hall 
Clemson, SC 29631 

Project Goals: The primary objective is to evaluate the feasibility of 
direct contact heat transfer in phase change energy storage using 
aqueous salt systems. A secondary objective is to improve knowledge 
and understanding of heat and mass transfer in direct contact aqueous 
crystallizing systems. 

Project Status: In order to facilitate research into this energy storage 
device, the project was divided into four major research areas: 

(1) crystal growth velocity study on selected salts 

(2) selection of salt solutions 

(3) selection of immiscible fluids 

(4) studies of heat transfer and system geometry 

(5) system demonstration. 

The project status is as follows: 

(1) This study is complete. Crystal growth data was previously obtained 
for Na2HP04 ' 7H20, Na2HP04 . 12H20, Na2S04 10H20 and Nap203 
10H20 (1). During the past year data on Na2S203 ' 5H20 were also 
obtained. 

(2) This study is complete. Sodium carbonate and calcium nitrate were 
found unacceptable for this storage system but sodium thiosulfate, 
disodium hydrogen phosphate, sodium sulfate and calcium chloride were 
found to be acceptable (1). 

(3) The two most promising candidates of over 160 potential inmiscible 
fluids were tested in a bench scale direct contact energy storage device. 

(4) This study is complete. It was found that while the number of im- 
miscible fluid diffusers did not change the storage efficiency, in- 
creasing the storage container height did increase the storage effi- 
ciency (1). 

Contract Number: EY-76-S-05-5190 

Contract Period: 6/1/76 - 5/31/79 
Funding Level: $139,000 

Funding Source: Department of Energy, Division of Energy Storage Systems 



Background: 

Thermal energy s torage  i s  c l e a r l y  an  e s s e n t i a l  component of a s o l a r  energy 
system. Indeed, optimizing t h e  o v e r a l l  performance of v i r t u a l l y  any conven- 
t i o n a l  o r  nonconventional energy system, t h e  s torage  of thermal energy is  re- 
quired. Heat of fus ion  systems c l e a r l y  o f f e r  a g rea t  p o t e n t i a l  f o r  high densi ty  
s torage  of thermal energy, .but t h i s  p o t e n t i a l  has been d i f f i c u l t  t o  r e a l i z e  
i n  p rac t i ce  due t o  phase segregation,  slow r a t e s  of energy t r anspor t ,  long term 
degradation, nuclea t ion problenis and t h e  corros ive  na tu re  of t h e  systems. Direct  
contact heat  t r a n s f e r  between the  aqueous c r y s t a l l i z i n g  so lu t ion ' and  an immiscible 
heat  t r a n s f e r  f l u i d  has been proposed a s  a so lu t ion  t o  these  d i f f i c u l t i e s  (2,3, 
4,5). A f e a s i b i l i t y  study of t h i s  technique has been i n  progress a t  Clemson 
s ince  1975. 

The essence of t h e  technique is  t h a t  a f l u i d ,  (lower i n  densi ty  and immi- 
s c i b l e  wtth t h e  aqueous s a l t  so lu t ion)  i s  introduced a t  t h e  bottom of t h e  
s torage  v e s s e l  a s  a dispersed phase. A s  bubbles of t h i s  f l u i d  r i s e  through 
the  vesse l ,  they t r a n s f e r  heat  t o  o r  from the  s a l t  so lu t ion,  and a l s o  a g i t a t e  
the  vesse l  contents .  The heat  t r a n s f e r  f l u i d  is  pumped through t h e  remainder 
of t h e  primary hea t  t r a n s f e r  loop (e.g., s o l a r  c o l l e c t o r s  o r  heat  pump exchanger 
and the  a i r  heating u n i t s  of a r e s i d e n t i a l  heating system.) Figure 1 is  a 
schematic of the  immiscible f luid-heat  of fus ion s torage  system. 

Results  and Discussion: 

1. Crysta l  Growth Velocity Studies 

This fundamental a r e a  of s tudy w a s  reported on a t  t h e  t h i r d  annual thermal 
energy s torage  con t rac to r ' s  information exchange meeting (-1). The same apparatus 
pr.evioo$ly d e t a i l e d  was used t o  c o l l e c t  c r y s t a l  growth da ta  f o r  Na2S203 
5H20. This growth da ta  i s  shown i n  Figure 2. For a given undercooling only 
Na2C03 . 10 Hz0 grew s i g n i f i c a n t l y  f a s t e r .  Na2S04 . HH20, Na2HP04 12H20 and 
Na2HP04 7H20 a l l  had slower growth r a t e s .  Commercially a v a i l a b l e  CaC12 was 
so  impure t h a t  . r e l i a b l e  growth d a t a  could not be obtained f o r  CaC12 6H20. 

2. Select ion of S a l t  Solutions: 

This study was completed i n  1978 and was previously reported (1) .  

3 .  Select ion of I m i s c i b l e  Fluids:  

A l is t  of over 160 p o t e n t i a l  immiscible f l u i d s  was compiled a t  t h e  beginning 
of t h i s  study. Excessively high cos t ,  t o x i c i t y  o r  high densi ty  ru led  out many 
f l u i d s .  Bench s c a l e  tests showed t h a t  f l u i d  v i s c o s i t i e s  g rea te r  than 4-5 cp 
resul ted  i n  excessive carry-over of s a l t  so lu t ion  during cycling of t h e  s torage  
system. Properly placed and s i zed  screens wi th in  the  immiscible f l u i d  extended 
the  v i scos i ty  range t o  about 10cp. Various separa tor  designs were inves t igated  
including Beads f l o a t i n g  a t  t h e  in te r face .  Two of these  f l u i d s ,  Marc01 72 and 
Therminol 60, were se lec ted  f o r  t e s t i n g  i n  t h e  bench s c a l e  apparatus. The f l u i d s  
were evaluated f o r  s o l u t i o n  carry-over, and f o r  system energy s to rage  e f f i c iency ,  
using disodium hydrogen phosphate a s  t h e  s torage  medium. 



Solution carry-over w a s  determined by measuring t h e  aqueous l i q u i d  
volume col lec ted  i n  a separa tor  downstream of t h e  s torage  vesse l  e x i t ,  and 
by monitoring t h e  salt concentrat ion i n  t h e  heat  t r a n s f e r  f l u i d  by means 
of atomic absorptfon spectroscopy. The system was cycled through a s e r i e s  
of consecutive runs C15 with Marcol, 13 with Therminol), and per iodic  mea- 
surements made. The t o t a l  aqueous volume col lec ted  was 20 mR i n  t h e  case 
of Marcol 72, and 7 mR f o r  Therminol 60, This represents  under 2% of t h e  
system volume i n  t h e  former case, and w e l l  under 1% i n  the  l a t t e r .  The 
s a l t  concentrat ion (as  dodecahydrate) i n  t h e  f l u i d  reached a maximum of 
120 pg/mR i n  t h e  case of Marcol, and 32 pg/mR with  Therminol, both w e l l  
under 0.01% by mass. 

The aqueous so lu t ion  entrained i n  t h e  heat  t r a n s f e r  f l u i d  was q u i t e  
f i n e l y  dispersed,  and it seems q u i t e  l i k e l y  t h a t  t h e  separa tor  d id  not 
c o l l e c t  a l l  of it .  Upon shutdown a f t e r  t h e  15  cycle  Marcol run, no ob- 

' 

servable  s a l t  deposi t ion  w a s  found i n  t h e  system, nor w e r e  deposi ts  ob- 
served i n  the  case of the  Therminol run. While t h i s  d id  not  represent  
conclusive proof of t h e  absence of carry-over problems i n  operat ion of 
t h e  d i r e c t  contact  system with these  f l u i d s ,  it c e r t a i n l y  w a s  promising. 

The system thermal e f f i c i ency  was a l s o  monitored during t h e  consecu- 
t i v e  cycles described above t o  a s c e r t a i n  any e f f e c t  of heat  t r a n s f e r  
f l u i d  on system thermal s torage  performance. The average s torage  e f f i c i -  
ency f o r  12 cycles of Marcol 72 was 77.6% and f o r  12 cycles of Therminol 
60 was 74.3%. Thus the  choice of f l u i d  d id  not appear t o  change t h e  
s torage  ef f ic iency.  

It was observed t h a t  the  average s torage  e f f i c i e n c i e s  obtained 
compare w e l l  with t h e  value  obtained e a r l i e r  f o r  disodium hydrogen phos- 
phate and Varsol (1). S ignif icant ly ,  there  was no t rend  of e f f i c i ency  
with extent  of cycling with Marcol 72. That is ,  no degradation of per- 
formance wasevident. With Therminol, only two cycles were monitored f o r  
ef f ic iency.  One aspect  of t h e  system operat ion t h a t  d id  improve s igni -  
f i c a n t l y  with time was the  degree of under-cooling, which decreased ap- 
preciably a s  operat ion of t h e  s torage  system continued. With Therminol 
60 t h e  undercooling (subcooling below t h e  ghase t r a n s i t i o n  temperature 
before t h e  onset of c r y s t a l l i z a t i o n )  w a s  8 on t h e  f i r s t  cycle,  and less 
then 1°c on the  e ighth  and subsequent cycles.  

Based on these  r e s u l t s ,  and considerat ion of t h e  physical  p roper t i e s  
of t h e  fluids,Therminol 44 a l s o  appeared t o  be a n  espec ia l ly  a t t r a c t i v e  
candidate f o r  use i n  d i r e c t  contact  s torage  u n i t s .  Its f l a s h  point  is 
higher than t h a t  of Marcol 72, y e t  i t s  v i s c o s i t y  i s  appreciably lower, 
implying lower carry-over. No opera t ional  da ta  a r e  a v a i l a b l e  a t  present ,  
however. 

4. Studies of Heat Transfer  and System Geometry: 

This study was completed i n  1978 and was previously reported (1) .  

5.. System Demonstration: 

Using t h e  r e s u l t s  of these  four  preliminary s t u d i e s  a p i l o t  s c a l e  
system was constructed and t e s t e d  over a one month period. An o v e r a l l  
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schematic diagram of the apparatus is shown in.Figure 3. The storage vessel 
was constructed from mild steel plate coated with epoxy paint to prevent cor- 
rosion. The tank was 80 cm high by 60.6 cm in diameter, flanged on top to 
allow insertion of the immiscible flufd feed manifold. The tank was insulated 
with 8.9 cm of fiberglass to reduce heat loss to the environment. 

The imiscible fluid diffusers used in this experiment were made from one 
inch (2.54 cm) plexiglass rod. The six diffusers were connected to a feed mani- 
fold which hung from the tank lid and was inserted into the tank as a unit. 

A phase separator was placed into the system below the immiscible fluid 
exit. The basket for the phase separator was constructed from one-quarter 
inch mesh screen. The basket had a depth of five inches (12.72 cm) and a 
width of fourteen inches (35.56 cm). The packing material for the phase sep- 
arator was approximately one inch thick fiberglass. In addition, a layer of 
polyethylene beads approximately 5 cm thick was floated at the solution-fluid 
interface. 

A separator tank was placed on the exit of the storage tank to collect 
any remaining salt solution carry-over by the immiscible fluid. 

In order to have approximately constant flow rates, a positive dis- 
placement gear pump was used. To prevent over-pressurization of the system 
during crystallization, a pressure switch was installed on the tank inlet. 
This switch, set at thirty-five psig, tripped an alarm input to the data- 
logging and control computer which switched the system to heating for a timed 
period to "defrost" the diffuser exit area. 

The tank temperature was monitored with several thermocouples and a three 
junction thermopile was used to determine the temperature difference between 
the inlet and outlet immiscible fluid temperatures. Imiscible fluid flow rates 
were continuously monitored. Further details on the apparatus and experi- 
mental procedure are given by Mills ( 6 ) .  

Calorimetric Studies 

Thermal storage efficiency was measured to detect any salt degradation 
with continuous cycling. Thermal storage efficiency is defined as the amount 
of energy added to or withdrawn from the salt solution divided by that which 
could be obtained if thermodynamic equilibrium was achieved. An efficiency 
of 100% would indicate that equilibrium has been reached. 

Several calorimetric runs were made with water as the storage medium 
in order to calibrate the apparatus. In these runs the "efficiency" should 
always be 100% with deviations from this value indicative of experimental 
error. The overall average efficiency for both heating and cooling was 
97.1%. Possible sources of error include inaccuracies in measuring the flow 
rate and the AT across the thermopile and an error in the overall heat trans- 
fer coefficient for the tank. The 2.9% error in closure was judged to be 
adequate to proceed with the salt studies, 

For the Marcol-disodiun phosphate system cycled for 22 days the average 
cooling and heating efficiencies were 72.0% and 66.4%, respectively. The 
cooling efficiency was lower than the average cooling efficiencies (77.3%) 
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obtained i n  e a r l i e r  bench s c a l e  wogk by Marra (7) ,  Coste l lo  (8), and Kizer (9).  
The e a r l i e r  r e sea rchers  used a n  -2 C (3.6'~) approach (between i n l e t  and out- 
l e t  streams t o  i n d i c a t e  when t h e  cycle  was complete, while i n  t h i s  work i t  
was f e l t  t h a t   OF (2.77O~) approach was the  c l o s e s t  approach t h e  system would 
problbly achieve i n  p r a c t i c a l  operation. Since a t  t h i s  point  some.c rys ta l l i -  
za t ion  was still  occurring i n  t h e  tank, extending t h e  cyc le  should g ive  in- 
c r e a ~ e d ~ e f f i c i e n c i e s .  A cooling run performed subsequently with a AT approach 
of 2.25 C ( 4 . 0 5 ~ ~ )  gave an e f f i c iency  76.0%, only 1.3% lower than t h e  average 
cooling e f f i c i e n c i e s  obtained by t h e  other researchers.  No undercooling was 
observed. 

E f f e c t s  of Carry-Over on System Performance 

The main t h r u s t  of t h i s  research was t o  t e s t  t h e  performance of t h e  
proposed d i r e c t  con tac t - l a t en t  energy s torage  system on a p i l o t  s c a l e .  The 
s i n g l e  most important ques t ion was t h e  e f f e c t  t h a t  carry-over of t h e  s a l t  
s o l u t i o n  by t h e  immiscible f l u i d  would have on t h e  performance of t h e  system. 

Polyethylene beads f l o a t i n g  a t  the  Marcol-salt s o l u t i o n  i n t e r f a c e  served 
a s  a primary phase separa to r .  A second phase separa tor  was then placed i n  
t h e  tank i n  t h e  immiscible f l u i d  above the  f l o a t i n g  bead l ayer .  This phase 
separa tor  w a s  made from f i b e r g l a s s  f i l t e r  ma te r i a l  at tached t o  a quar te r  inch 
screen mesh basket  below t h e  Zlarcol e x i t .  

To monitor t h e  apparent s a l t  concentrat ion buildup, atomic absorpt ion 
ana lys i s  ( t h e  a n a l y t i c a l  procedure is  given by Marra (7 ) )  was used. 

Table I shows t h e  r e s u l t s  of t h e  atomic absorption a n a l y s i s  f o r  days 
13 through 22 of t h e  extended cycle  tests. Note t h a t  t h e  cooling runs had 
a much lower s a l t  concentra t ion than t h e  heating runs,  thus ind ica t ing  t h a t  
s a l t  was depos i t ing  from t h e  Marcol somewhere i n  the  system. The o v e r a l l  
l e v e l  of s a l t  concentra t ion i n  t h e  Marcol rose  on successive runs,  thus  
ind ica t ing  g r e a t e r  p o t e n t i a l s  f o r  s a l t  deposit ion.  The amount of carry-  
over co l l ec ted  i n  t h e  separa t ion  tank a l s o  increased with time a s  can be 
seen i n  Table 11. On t h e  n ineteenth  day of the  extended cycle  tests, 2.85 
gal lons  (10.8 l i t e r s )  c a r r i e d  over i n t o  the  separa tor  tanks,  over a hundred 
times t h e  normal amount. Evidently the  separa tor  beads must have been ag- 
glomerated by c r y s t a l l i z i n g  salt. The Marcol would then c o l l e c t  below t h e  
bead l ayer ,  l i f t  t h e  beads t o  t h e  top of the  tank and pass l a r g e  q u a n t i t i e s  
of t h e  s a l t  so lu t ion .  Such behavior had been observed i n  t h e  bench s c a l e  
apparatus [Marra ( 7 ) l .  Table I1 a l s o  shows t h e  number of "defrost"  cyc les  
per cooling run f o r  t h i s  set of s a l t  runs. The number of "defrost"  cycles  
decreased s i g n i f i c a n t l y  a f t e r  t h e  2.85 gal lons  of s a l t  s o l u t i o n  w a s  c a r r i e d  
over on t h e  n ineteenth  day. Subsequently, t h e  number of cyc les  s t a r t e d  t o  
increase  again  wi th  each succeeding run. 

I n  h i s  s t u d i e s  of Marcol 72 and Therminol 60 Marra found t h a t  t h e  
concentra t ion of s a l t  hydra te  increased i n  t h e  immiscible f l u i d  wi th  time. 



The same behavior was found in this study and suggests that the salt hydrate 
concentration will build up to a level resulting in salt deposition from the 
immiscible fluPd frrespective of the immiscible fluid used. 

On day twenty-four of the run the inlet pressure during a cooling cycle 
failed to drop bel~w twenty-five psig after the "defrost" cycle. Since the 
system was evidently again getting plugged with salt deposits, the system was 
again cleaned out and Varsol used to replace the Marcol as the immiscible fluid 
to investigate the effect of flufd on the fouling problem. Unfortunately, after 
one day a mechanical failure of the pump forced shut-down. Upon opening the 
storage tank, it was found that the salt had backed up partially into the 
d%ffusers, and then crystallized. 

As no suitable replacement pump was available, the study was terminated 
to allow evaluation and redesign of the system before resumption of the in- 
vestigation. 

A simple experiment verified that the salt in the Marc01 was crystal- 
lizing onto cool heat exchange surfaces. Three gallons of hot Marcol that 
had been drained from the surge tank were placed in a bucket with a cooling 
coil immersed in it. Upon examination of the coil after two days salt cry- 
stallized from the Marcol was observable on the coil. 

CONCLUSIONS 

1. The thermal storage efficiencies obtained in this pilot scale study are 
consistent with efficiencies obtained in bench scale studies. 

2. The disodium phosphate showed no signs of degradation during the run. 

3. Salt solution carry-over presents a significant problem to system operability, 
with salt deposition from the immiscible fluid occurring in the heat exchanger 
during the cooling runs. 

4. Modifications to the system design to counteract the detrimental effects 
of salt carry-over and of diffuser plugging must be devised to achieve a 
viable direct contact phase change unit. 

RECOMMENDATIONS 

It is quite clear from this and previous studies that significant salt 
solution carry-over in the immiscible fluid is inevitable, and a successful 
system design must allow for the inevitable salt deposition. In this regard, 
three key principles are evident. First, the surge tank external to the 
storage vessel must be eliminated by allowing expansion volume in the storage 
vessel itself. Second, the heat exchanger design must allow for salt deposi- 
tion during cooling cycles. By using sufficiently large tubes an external 
forced convection heat exchanger system should be feasible. This clearly 
should be closely coupled to the storage tank, and located downstream of the 
pump. Finally, the immiscible fluid feed manifold should be designed to 
allow introduction of the fluid at various levels in the tank depending on 
pressure drop. Thus, as crystallization proceeds and blocks diffusers low 
in the tank, outlets higher in the tank would Become active. On heating 
cycles the tank would then be melted from the top down. 
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One scheme for dealing with the heat exchange problem, proposed by Barlow 
(10) and by Helshoj (ll), is to locate it within the heat transfer fluid layer 
at the top of the storage vessel. Both also proposed means for varying the 
point of flufd introduction with state of crystallization. However, the in- 
ternal heat exchanger, while very attractive from the point of view of mini- 
mizing the effect of deposition, may present severe heat transfer rate limita- 
tions due to the limited heat transfer area and the natural convection mechanism. 
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SEASONAL THERMAL ENERGY STORAGE 

Program Area Synopsis: 

The o b j e c t i v e  o f  t he  STES Program i s  t o  demonstrate the  economic 
storage and r e t r i e v a l  of energy on a seasonal basis, using heat or  c o l d  
ava i l  able from .solar, i n d u s t r i a l  or  u t i l i t y  sources dur ing an energy 
surplus season f o r  use dur ing  peak demand periods. The i n i t i a l  t h r u s t  
o f  the STES program i s  toward u t i l i z a t i o n  o f  aqu i fe rs  f o r  thermal energy 
storage. Seasonal storage i n  aqu i fe rs  w i l l  be evaluated i n  t h e  Aqu i fe r  
Thermal Energy Storage Demonstration Program, beginning w i t h  conceptual 
design o f  s i t e  s p e c i f i c  systems which w i l l  s to re  energy from solar ,  
i n d u s t r i a l ,  or  u t i l i t y  sources and u t i l i z e  energy fo r  d i s t r i c t  space 
condi t ioning,  process or  a g r i c u l t u r a l  purposes, and cont inu ing through 
the  const ruc t ion  and operat ion o f  a smaller number o f  Demonstration 
Projects. A p a r a l l e l  Technical Support Program w i l l  prov ide data on 
aqu i fe r  behavior, data f rom f i  e l  d tes ts ,  economic and mathematical 
modeling data. The program w i l l  a lso  monitor work on pond, lake, and 
ea r th  storage; p r i m a r i l y  under IEA sponsorship and evaluate the  need f o r  
add i t iona l  f i e l d  tes ts .  





AQUIFER THERMAL ENERGY STORAGE PROGRAM 

Kenneth Fox 
P a c i f i c  Northwest Laboratory 

PROJECT OUTLINE 

P r o j e c t  T i t l e :  Aqu i fe r  Thermal Energy Storage Program 

P r i  nc i pa l  I nves t  i gator:  Kenneth Fox 

Organizat ion: Pac ' i f i c  Northwest Laboratory 
P. 0. Box 999 
Rich1 and, WA 99352 
Telephone: (509) 942-0891 FTS: 444-0891 

P r o j e c t  Goals: To s t imu la te  t h e  i n t e r e s t  of i n d u s t r y  by demonstrating 
the  f e a s i b i l i t y  of u t i l i z i n g  an aqu i fe r  f o r  seasonal 
thermal energy storage. Technical, economic, . 

environmental and i n s t i t u t i o n a l  f e a s i b i l i t y  are being 
consi dered. 

This  program i s  d iv ided i n t o  two phases: 

Phase I - Th is  phase cons is ts  o f  t h e  p repa ra t i on  o f  
conceptual designs f o r  f u l l y  i n teg ra ted  thermal energy 
storage systems whi ch inc lude an energy source, thermal 
t ranspor t ,  a s torage aquifer and a user app l ica t ion .  Up 
t o  ten  conceptual designs w i  11 be prepared on a cos t  
re imbursable basis. Each proposal w i l l  be s p e c i f i c  t o  
one o f  t h e  f o l l o w i n g  categories: a) High Temperature 
Heat Storage ( 1000C); b)  Low Temperature Heat Storage 
( 1000C); c )  C h i l l  Storage; d) Combined Heat and C h i l l  
Storage. Proposals are due on December 5. Contractor  
s e l e c t i o n  w i l l  be completed by March and design work 
should s t a r t  Ju ly ,  1980. The nominal t ime  frame f o r  
conceptual design i s  two years. 

Phase I 1  - Upon complet ion o f  t h e  conceptual designs, up 
t o  f i v e  w i l l  be selected f o r  f i n a l  design, construct ion,  
s tar tup,  and operat ion. This  work w i l l  be accomplished 
on a cost  shar ing basis  between DOE and the  opera t ing  
e n t i t y .  The nominal t ime frame f o r  t h i s  phase i s  t h r e e  
years. 



P r o j e c t  Status: RFP Promulgated: September 7, 1979 

Proposer 's Conference Held: October 11, 1979 

Proposal s Recei ved: December 5 ,  1979 

Contractor  Se lec t ion  Due: March, 1980 

Phase I Work Star ts :  Ju ly ,  1980 

Phase I Work Completes: June, 1982 

Phase I1 Work Star ts :  December, 1982 

Phase I1 Work Completes: December, 1985 

Contract  Number: EY-76-C-06-1830 

Contract  Period: June 1979 t o  December 1985 

Funding Level : . $1,800,000 (FY-1980) 

Funding Source: Energy Storage Systems D i v i s i o n  
U.S. Department of Energy 



AQUIFER THERMAL ENERGY STORAGE PROGRAM 

Kenneth Fox 
Pacific Northwest Laboratory 

INTRODUCTION 
I .  

Management of the Aquifer Thermal Energy Storage Demonstration Program is 
a task assigned to Pacific Northwest Laboratory operated by Battelle Memorial 
Institute, under the Seasonal Thermal Energy Storage Program. This Program is 
funded by the Department of Energy, Division of Energy Storage. 

The purpose of the Aquifer Thermal Energy Storage  emo on strati on. Program 
is to stimulate the interest of industry by demonstrating the feasibility of 
utilizing an aquifer for seasonal thermal energy storage, thereby, reducing 
crude oil consumption, minimizing thermal pollution, and significantly reducing 
utility capital investments required to account for peak power requirements. 
This purpose-will be served if several diverse projects can be operated which 
will demonstrate the technical, economic, environmental, and institutional 
feasibility of aquifer thermal energy storage systems. 

DESCRIPTION OF PROGRAM PHASING 

In order to assure that only those programs which have a good probability 
of success are actually constructed and operated, this program has been divided 
into two phases. Phase I consists of conceptual design and Phase I1 consists of 
final design, construction, startup, and operation for a sufficient period to 
demonstrate the feasibility of the system. 

Phase I 

Phase I is actually more than merely preparation of the conceptual design. 
The key element in the storage system is of course, the aquifer itself. No 
artificial energy repository will be accepted. The storage media must be a 
naturally occurring geologic formation. This means that during Phase I, in 
addition to the preparation of a conceptual design for the entire system, "the 
naturally geologic formation'' must be identified and characterized to the 
extent necessary to assure that it is compatible to the other elements in the 
system. This characterization of ' the aquifer will require much more time than 
the preparation of a conceptual design would normally involve. 



The proposers are given freedom in the energy source and user application. 
For the energy source, possibilities include waste heat from an industrial 
source, cogeneration steam from a power plant, a solar collector, a heat pump, 
or chilled water from a winter chill application to be used for summer air 
conditioning. User application might be district heating, agricultural uses, 
such as drying, industrial uses which might require chill or heat for a parti- 
cular process. The entire system is tied together by an energy transport system 
which carries the energy from the source to the aquifer and from the aquifer to 
the user application. In most instances, it is anticipated that the transport 
system will also carry water removed from an aquifer back to the same aquifer 
or a nearby formation for reinjection. 

Phase I will require approximately two years and there will be up to ten 
contracts for conceptual design. It is anticipated that the aquifer characteri- 
zation will take the best part of a year and the remainder of the time will be 
involved preparing a conceptual design which balances the energy source, the 
aquifer for storage and the user application with a suitable transport system. 
During this period, a preliminary environmental assessment will be required 
and an investigation of the institutional restraints will be made. Along with 
conceptual design reports, we will receive a proposal for Phase I1 work. It is 
intended that the timing will be such that all Phase I1 proposals will be 
received together and the choice of Phase I1 contractor will be made in as 
brief a time span as possible so as to minimize disruptions of the working teams 
which are to continue. Phase I work will have been carried out under cost 
reimbursable contracts with entities which will most likely consist of joint 
ventures between an architectlengineer, a user application such as a district 
heating association, an energy source which might be a utility or industrial 
plant, and a municipality in many cases which will manage the system. 

Phase I1 

Up to five of the conceptual designs prepared under Phase I will be chosen 
for continuation in Phase 11. In Phase 11, final design, construction, startup, 
and operation will take place. Phase I1 will be accomplished on a cost sharing 
basis in which the cost of design, construction, and operation will be shared 
between the government and the proposing organization. In the selection process 
for Phase 11, it is hoped that in addition to identifying those projects that 
have the highest prospect for demonstrating the feasibility of the aquifer 
thermal energy storage concept, we will also obtain projects that do not dupli- 
cate work already underway by industry, climatic and geographic distribution, 
and those that have the greatest potential for widespread application through- 
out the country. It is hoped that we obtain a diversity of effort that allows 
the coverage of four basic technical areas. These are high-temperature heat 
storage, low-temperature heat storage, chill storage, and combined heat and 
chill storage. 



MILESTONES 

Figure 1 shows the milestones and the schedules for their achievement 
during the entire program. Of particular importance will be the phasing of 
Phase I contracts such that they all complete in approximately the same time 
frame. We should thereby be able to make a choice of those that are to proceed 
to Phase 11, such that there will be a minimum disruption in existing organi- 
zations. The proposals for Phase I1 work will be submitted along with the 
conceptual design work and therefore, the choice of Phase I1 contracts can be 
accomplished in a relatively short period of time. However, the cost sharing 
arrangements are a negotiable item, and therefore, the negotiation of Phase I1 
contracts could require considerable effort and time. 

INTEREST 

The interest in this program from industry has been most encouraging. The 
Department of Energy first advertised a Request for Expression of Interest in 
January, 1979, and from this an initial core of approximately 40 interested 
companies was received. It is quite clear that from this time on several of 
these companies have been investigating the possibilities for programs of this 
nature. The announcement of the Request for Proposals appeared in the Commerce 
Business Daily on September 7, 1979, and from this nearly 200 requests were 
received. The distribution of the origin of the requests is shown in Figure 2. 
It was interesting to note that many of them were from individual companies that 
recognized the need to form a joint venture in order to propose, and many of 
these individual entities were searching for partners toward such a joint 
venture. We, therefore, decided to provide each requesting organization with 
a copy of our proposer's mailing list. We thus performed a "mating" service 
which, in at least a few cases, has resulted in consultants, geologists, archi- 
tect/engineers, potential user applications, and potential energy sou?ces find- 
ing a match. Since the technical portion of the proposal is not due until 
December 17, it would be premature to describe the nature of the proposals that 
will be evaluated. However, in Figures 3 and 4, I have shown hypothetical but 
typical proposals of the type we expect to be receiving. I will describe these, 
as I think they will give a better understanding of the nature of the potential 
demonstration projects. 

Hypothetical Aquifer Thermal Energy 
Storage Demonstration Projects 

Project ill (Figure 3) 

A mid-western city with a population base of approximately 200,000 is 
undergoing an urban renewal program. As part of this urban renewal program, a 
large section of the downtown area is being supplied with district heat from a 
central power plant. In the industrial area of the town, approximately five 
miles from the center of this urban renewal, there is a large food processing 
plant which currently disposes of waste heat through a heat exchanger which in 



turn discharges into a large river running near the town. The Chamber of 
Commerce has approached the contractor in charge'of the urban renewal program, 
the owner of the food processing plant, and a major engineerlarchitect firm 
headquartered in the mid-west. They have assembled these three organizations 
and propose participating in the Aquifer Thermal Energy Storage Program. These 
three have in turn formed a joint venture and added a geological consulting 
firm to assist them in the aquifer technology. The geologist has given a pre- 
liminary evaluation that indicates a high probability of suitable aquifers in 
the area between the food processing plant and the urban renewal area. Much 
of this land is muncipally owned at this time, and therefore, there is a good 
prospect that the land and water rights will be available. This joint venture 
is now preparing a proposal which will involve diverting all or a portion of 
thewasteheat from the processing plant into an injection system which will 
heat the aquifer through direct injection of waste heat. A withdrawal system 
will be located after the general direction of flow and rate of flow are deter- 
mined and the heat withdrawn from the aquifer will be run through a heat ex- 
changer at the site and then transported to the district application. The 
project manager will be the engineerlarchitect firm who will work with the urban 
renewal contractor on the interface with the heat supply, with the food process- 
ing company on the design and financial arrangements for the waste heat source, 
and will design the transport system, the heat exchangers and the pumping system 
to be used. The geological consultant will prepare a plan for the characteri- 
zation of the aquifer and will pick the sites at which test borings will be 
made to determine the aquifer characteristics. Meanwhile, the geological 
consultant will have assembled sufficient data from Federal and State surveys 
and from well drilling in the immediate area of the municipal land to determine 
that the project is feasible and worth the investment that must be made in order 
to prepare a proposal. Some of the other problems which are currently being 
investigated are these: 

1) Is there an alternate source of heat that can be used in the event 
of a failure of the energy supply system or some loss of the transport 
system during the critical cold winter months? Should redundancy be 
built into the system in the form of an auxiliary boiler? 

2) Must the current design of the district heating system be revised to 
increase piping sizes to allow for the lower temperature to be expected 
from the aquifer fed heat exchanger as compared to direct generation? 

3) Are there any environmental impediments toward implementation of this 
project? For example, are the aquifers in the area being examined 
likely to be those which feed the municipal drinking water system? 

4 )  Does the economic future for the food processing plant and the manage- 
ment of the corporation look stable enough to warrant a five-year 
commitment to this energy source? 



Project /I2 (Figure 4 )  

A large university located on the outskirts of a small mid-Atlantic city 
is currently heated by its own boiler plant, which is obsolescent and must be 
replaced in the near future. At the same time, the university is concerned 
about the increasing electric bill caused by individual air conditioning in- 
stalled in each building of the campus. The university has hired an HVAC 
engineering corporation to make a study of their requirements and to recommend 
a cost efficient means of providing heating and air conditioning for the entire 
campus throughout the year. The engineerlarchitect is currently examining the 
possibility of a combination heat and chill aquifer system which could provide 
heating and cooling to the entire campus through separate aquifer systems. 
Inasmuch as the plan involves replacing the entire heating system for the 
buildings, the HVAC engineer proposes to replace the existing heating system 
with a forced air system in which the air is heated or chilled by water from 
the appropriate aquifer system. One aquifer system would be heated from waste 
heat received from the power plant, while the other would be chilled in the 
winter from a heat exchanger system to be established above ground using winter 
chill to cool the aquifer. The system looks particularly atractive because the 
air conditioning requirements are relatively small as the entire campus is 
seldom gperated throughout the summer. Inasmuch as a new heating system must 
be installed in many of the buildings just by virtue of age, the enlargement of 
the heating system required by the larger volume of flow required from the 
aquifer system does not substantially add to the cost of the renewal. An econo- 
mic analysis is being made of the cost benefits, including the capital cost of 
the aquifer system as compared to the installation of a new boiler and heating 
plant, and the significant reduction in operating costs which will result from 
using waste heat as opposed to burning fossil fuel or relying on an increasingly 
expensive off-campus source of electricity for heating. The same problems 
must be investigated as were investigated in Case 1, namely the environmental 
concerns, reliability of the heat source, alternate means of providing energy 
should there be a failure in the source, the possibility of legal prohibitions 
against injection or removal of large quantities of water, and other "what if" 
concerns. 

CONCLUSION 

Aquifer thermal energy storage as a closed cycle energy efficient system 
is a new, and as yet, an unproven concept in the United States. However, the 
individual elements in the user application, the aquifer storage systems, the 
energy transport system, and the energy source are certainly not beyond current 
technology. While it is still too early to predict the.nature of the projects 
that will be chosen, and therefore, the direction the program will take, we 
have cause for optimism in our ability to seed industry with the demonstrated 
effectiveness of this technique. 
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P a c i f i c  Northwest Laboratory 

INTRODUCTION 

The B a t t e l l e  Technical Subtasks inc lude  t h r e e  major a r eas :  1 )  Compendia 
of Ex i s t i ng  Technology; 2)  Leading Edge Test  F a c i l i t y ( s ) ;  and 3) Advanced 
Analysis Methodologies. These t a s k s  inc lude ,  bu t  a r e  no t  l imi t ed  t o  those  
e f f o r t s  t o  be d iscussed  by Lawrence Berkeley Laboratory, Auburn Univers i ty ,  
Texas A&M Univers i ty ,  and t h e  Tennessee Valley Authori ty .  The e f f o r t s  descr ibed 
he re  a r e  p a r a l l e l  t o  and i n  support  of t h e  ATES Demonstration Program described 
by M r .  Kenneth Fox of PNL. 

COMPENDIA OF EXISTING TECHNOLOGY 

The Seasonal Thermal Energy Storage  Program Compendia is  designed t o  pro- 
v i d e  a  s i n g l e  resource  po in t  f o r  a l l  a s p e c t s  of t h i s  new technology. The STES 
Compendium w i l l  be comprised of s e v e r a l  smal le r  compendia which encompass a  
wide range of t o p i c s  r e l a t e d  t o  t h e  va r ious  a spec t s  of STES, Table 1. Current 
e f f o r t s  a r e  d i r e c t e d  p r imar i ly  a t  a q u i f e r  thermal energy s to rage ,  however, non- 
aqu i f e r  concepts a r e  being considered and included.  

To adequately s e r v i c e  the  needs of t h e  program, a  l i b r a r y  of r e l a t e d  
l i t e r a t u r e  i s  being formed. This  l i b r a r y  c u r r e n t l y  c o n s i s t s  of more than 750 
documents. The l i b r a r y  i s  i n  t h e  process  of being c r o s s  referenced t o  t h e  
s u b j e c t  t i t l e s  c u r r e n t l y  i d e n t i f i e d  f o r  i nd iv idua l  conpendia. Because most of 
t h e  compendia s u b j e c t s  have had l i t t l e  o r  no concern wi th  thermal energy s to rage  
i n  t h e  p a s t ,  t h e  l i t e r a t u r e  i s  being reviewed and STES-related a b s t r a c t s  w r i t t e n  
f o r  i nc lus ion  i n  an  annotated bibl iography.  

The compendium w i l l  c o n s i s t  of a  s e r i e s  of "research papers" and techni-  
c a l  manuals. Research papers w i l l  b e  w r i t t e n  t o  cover developing technologies .  
Typical  s u b j e c t s  t o  be  covered include:  Thermal c o n d u c t i v i t i e s  i n  s o i l s ;  
a q u i f e r  plugging mechanisms; computer models; energy sources;  and numerous 
o the r  t op ic s .  Technical  manuals w i l l  be w r i t t e n  covering developed technologies ,  
a l though some manuals should be a v a i l a b l e  i n  t h e  open l i t e r a t u r e ,  many w i l l  
need t o  be  r e w r i t t e n  s p e c i f i c a l l y  f o r  STES. Poss ib l e  t echn ica l  manual s u b j e c t s  
inc lude  we l l  cons t ruc t ion ,  w e l l  t rea tment ,  and hea t  exchanger s i z i n g .  



LEADING EDGE TEST FACILITY(S) 

A Leading Edge Tes t  F a c i l i t y ( s )  (LETF) i s  envisioned t o  l ead  t h e  way f o r  
f u l l  s c a l e  demonstration of Aquifer Thermal Energy Storage.  To adequately 
accomplish t h i s  t a s k ,  i t  i s  necessary t h a t  t h e  ma jo r i t y  of t h e  problems t o  be 
faced by a f u l l  s c a l e  demonstrat ion,  be  answered by t h e  LETF. Thus, each 
t echn ica l  s t e p  must be taken. These s t e p s  inc lude :  a q u i f e r  c h a r a c t e r i z a t i o n ;  
f a c i l i t y  design;  environmental and r e l a t e d  concerns; and a c t u a l  f i e l d  t e s t i n g  
and experimentat ion.  

Aquifer Cha rac t e r i za t ion  

Current LETF a c t i v i t i e s  c e n t e r  around t h i s  e f f o r t .  L i t e r a t u r e  searches  
were conducted f o r  t h e  Bellingham and Richland s i t e s .  F i e ld  reconnaissance 
was c a r r i e d  ou t ,  l o c a t i n g  e x i s t i n g  w e l l s  and ob ta in ing  a l l  p e r t i n e n t  d a t a  not  
r e a d i l y  a v a i l a b l e  from t h e  l i t e r a t u r e .  S t a t e  Water Resource o f f i c e s  were 
contacted t o  ob ta in  necessary permi ts  p r i o r  t o  i n i t i a t i o n  of t e s t  d r i l l i n g .  
Tes t  d r i l l i n g  ind ica t ed  t h e  ex i s t ence  of a p o t e n t i a l l y  useable  s a l i n e  a q u i f e r  
i n  t h e  Bellingham a r e a ,  whi le  test d r i l l i n g  a t  t h e  proposed Richland S i t e  has 
shown a high v a r i a b i l i t y  i n  t h e  a q u i f e r  l i m i t i n g  i t s  p o t e n t i a l  a s  a low temper- 
a t u r e  s i t e .  Pump t e s t i n g  of t h e  a q u i f e r s  a t  both s i t e s  remains t o  be done. 
I n  a d d i t i o n  t o  t h e s e  s i t e s  c u r r e n t l y  under i n v e s t i g a t i o n ,  s i t e s  a t  Mobile, 
Alabama, College S t a t i o n ,  Texas, and w i t h i n  t h e  TVA s e r v i c e  a r e a  a r e  a l s o  under 
cons ide ra t ion  and w i l l  b e  d iscussed  by c o n t r a c t o r s  i n  subsequent p re sen ta t ions .  

Surface F a c i l i t y  Design 

Prel iminary des ign  of both low and high temperature f a c i l i t i e s  has  been 
done. These f a c i l i t i e s  f e a t u r e  c losed  loop b o i l e r l h e a t  sources and high 
e f f i c i e n c y  hea t  exchangers t o  b r ing  t h e  ground water  up t o  t h e  design tempera- 
t u r e .  The system inc ludes  t e s t  s e c t i o n s  f o r  t h e  examination of t h e  e f f e c t s  
of thermal cyc l ing  on m a t e r i a l s  and automatic  d a t a  systems t o  accu ra t e ly  
monitor t h e  energy being i n j e c t e d .  

Subsurf ace  Designs 

Conceptual des igns  of we l l s  and s i t e  l ayou t s  have been made. It is  con- 
ce ivab le  t h a t  a simple double t  design may n o t  be t h e  b e s t  f o r  a l l  condi t ions ,  
t h e r e f o r e  a l t e r n a t i v e  con f igu ra t ions  have been designed. With adequate  t e s t  
d r i l l i n g  the  most app ropr i a t e  design can be s e l e c t e d  f o r  each LETF s i t e .  
Monitoring we l l s  have been designed t o  provide i n  s i t u  d a t a  on depth dependent 
temperature and h y d r o s t a t i c  head. Provis ion  f o r  sampling of t h e  thermally 
a l t e r e d  ground water has  been made. 



Environmental  and Re la ted  Concerns 

The impact of Seasona l  Thermal Energy S t o r a g e  on t h e  environment is  one of 
t h e  major  f a c t o r s  which w i l l  e f f e c t  t h e  p o t e n t i a l  a p p l i c a t i o n  of t h e  technology. 
One of t h e  pr imary purposes  of t h e  LETF is  t o  a s c e r t a i n  t h e  r e a l i t y  of t h e s e  
p o t e n t i a l  impacts .  Numerous f e d e r a l ,  s t a t e  and l o c a l  r e g u l a t i o n s  cover  t h e  use  
of a q u i f e r s .  The impact of Aqui fe r  Thermal Energy S t o r a g e  on t h e  n a t i v e  
ground w a t e r  may b e  c o n t r o l l e d  a t  t h e  f e d e r a l  l e v e l  by t h e  proposed Underground 
I n j e c t i o n  Cont ro l  Regula t ions  (UIC), t h e  S a f e  Drinking Water Act (SDWA), and 
t h e  N a t i o n a l  Environmental  P r o t e c t i o n  Act ,  a l l  a d m i n i s t e r e d  by t h e  Environmen- 
t a l  P r o t e c t i o n  Agency. 

A t  t h e  s t a t e  l e v e l ,  environmental ,  l e g a l  and i n s t i t u t i o n a l  c o n s t r a i n t s  
i n c l u d e :  S t a t e  Environmental  P r o t e c t i o n  Acts ;  Water R i g h t s  l e g i s l a t i o n ;  Minera l  
R i g h t s ;  D r i l l i n g  Requirements and numerous o t h e r  p o t e n t i a l  r u l e s  and r e g u l a t i o n s .  

A t  t h e  l o c a l  l e v e l ,  impacts  and concerns  as t h e  l o c a l  environment,  l a n d  
u s e  p l a n s ,  economic impact and p u b l i c  r e a c t i o n ,  have been vo iced .  These t o p i c s  
must b e  covered a t  LETF sites t o  l a y  a  p roper  ground work f o r  f u t u r e  Seasona l  
Thermal Energy S t o r a g e  a p p l i c a t i o n s .  

ADVANCED ANALYSIS METHODOLOGIES 

The development of p r e d i c t i v e  and i n t e r p r e t i v e  t o o l s  is  e s s e n t i a l  t o  t h e  
development of Aqui fe r  Thermal Energy S torage .  Three  major t h r u s t s  a r e  be ing  
pursued;  a n  e n e r g y l h y d r o l o g i c  modeling e f f o r t ,  bench s c a l e  l a b o r a t o r y  a n a l y s i s ,  
and development of f i e l d  a n a l y t i c a l  t o o l s .  

Mathemat ical  Ana lys i s  

E x i s t i n g  codes are b e i n g  modif ied t o  i n c l u d e  energy c o n s e r v a t i o n .  I n  t h i s  
e f f o r t  a three-dimensional  hydro log ic  model is  b e i n g  adapted t o  i n c l u d e  energy 
c o n s e r v a t i o n  and t r a n s p o r t  i n  o r d e r  t o  t r a c k  the rmal  r e s p o n s e s  i n  a n  a q u i f e r  
system. The modeling work t o  be  d e s c r i b e d  by D r .  Chin Fu Tsang of Lawrence 
Berkeley L a b o r a t o r i e s  i s  a major  c o n t r i b u t i o n  t o  t h i s  sub task .  A second e f f o r t  
is  d i r e c t e d  a t  development of a n  a n a l y t i c a l  check t o  a s c e r t a i n  i f  t h e  a v a i l a b l e  
codes a r e  " e r r o r  f r e e " .  T h i s  a n a l y t i c a l  check w i l l  a l s o  b e  used i n  code v e r i -  
f i c a t i o n  f o r  t h e  " i d e a l "  problem. 

Labora to ry  A n a l y s i s  

At PNL, T e r r a  Tek, I n c o r p o r a t e d  and t h e  U n i v e r s i t y  o f  Washington, e f f o r t s  
a r e  b e i n g  made t o  d e s c r i b e  t h e  r e s p o n s e s  of t h e  geohydrologic  regime t o  induce  
stress caused by Seasona l  Thermal Energy S t o r a g e  a c t i v i t i e s .  Three  major a r e a s  
have been i d e n t i f i e d :  F l u i d  r e i n j e c t i o n  a t  e l e v a t e d  t empera tu res  and p r e s s u r e s ;  
t h e  d e t e r m i n a t i o n  of the rmal  d i f f u s i v i t y ;  and t h e  d e l i n e a t i o n  of thermo-mechani- 
c a l  p r o p e r t i e s .  A f low f a c i l i t y  c a p a b l e  of d u p l i c a t i n g  i n  s i t u  s t r e s s e s ,  
p r e s s u r e s  and f l o w  r a t e s  i s  under d e s i g n  and scheduled f o r  u s e  d u r i n g  FY 1981. 



Field Analysis 

Work is currently underway at Washington State university and at PNL to 
develop appropriate field analytical tools that will aid in predicting system 
responses Seasonal Thermal Energy Storage activities. These tools inlcude 
modification of existing interpretive techniques as well as the development of 
new tools specifically for Seasonal Thermal Energy Storage application. 



TABLE 1. EXAMPLE COMPENDIA SUBJECTS 

Site selection and regional assessments 

Energy sources 

Fluid flow and energy transport in reservoirs 

Environmental considerations 

Institutional and societal considerations 

Economic feasibility 

STES related experiments 

STES related mathematical and computer modeling 

STES related demonstrations 

Nonaquifer storage methods 

Well drilling and maintenance 

Well casing and screening materials 

Reservoir characterization methods 

Reservoir pretreatment and rehabilitation 

Well field design and operating criteria 

Reservoir consolidation and subsidence 

Corrosion, scaling, and encrustation 

Thermal fatigue of reservoir and well material 

Well bore and piping heat losses 

Heat transfer equipment 

Water treatment and filtering techniques 

Water quality 

Reservoir plugging mechanisms 

Reinjection 



TECHNICAZ, SUPPORT PROGRAM 

Jay R. Eliason 
Pacific Northwest Laboratory 

INTRODUCTION 

The Technical Support Program is designed to provide support to the 
Seasonal Thermal Energy Storage Program which has the overall objective of 
commercially demonstrating the applicability of seasonal thermal energy 
storage. The initial activities of this task are a parallel effort primarily 
directed toward support of the Aquifer Thermal Energy Storage Demonstration 
Program. These activities will include social, economic, environmental assess- 
ment, and technical research and development studies to provide a sound tech- 
nical base for the Demonstration Projects. The long-range task goals include 
investigation and evaluation of other seasonal thermal energy storage concepts 
which may be considered for future emphasis. Studies will be conducted inde- 
pendent of the ATES Program, but will be designed and timed to provide key 
input to the program. 

During FY-1979, the program was established at PNL and several ongoing 
projects initiated by ORNL were being conducted in the aquifer technology area, 
Responsibilities for continuation or termination of these studies were trans- 
ferred to PNL as the contracts expired or at the FY-1979-1980 transition. 
Studies to be continued are now being integrated into the overall Technical 
Support Program. 

APPROACH 

The Technical Support Program has been organized to provide near-term 
support to the ATES Demonstration Program and long-range investigation and 
evaluation of other seasonal thermal energy storage concepts. These goals will 
be accomplished by acquiring needed data from continuation of ongoing ORNL 
projects transferred to PNL, establishing research teams within PNL to coordi- 
nate and provide data and by subcontracting with other DOE National laborato- 
ries, private industry, universities, and other government agencies for required 
data collection and analysis. The program has been organized into the following 
subtasks : 



SUBTASK I 

Management 

Program management will include planning, technical review, and reporting. 
Also, a Technical Consultant Review Team consisting of recognized peers in the 
related technology areas will report directly to the manager and/or his tech- 
nical assistant. This Review Team will meet on an annual basis to overview 
the program. They will also be available for consulting on specific task 
activities. 

SUBTASK I1 

Social Assessment 

The social impact of this technology development results primarily from 
the inherent commitment of the local environment for energy storage, i.e., the 
commitment of a local ground-water aquifer for storage of the heated or cool 
water. These commitments may also cause changes in water quality other than 
thermal which could limit the future uses of the resource. Task activities 
will be addressed by this program to minimize the impact and to assure social 
acceptability of this emerging energy technology. 

SUBTASK I11 

Economic Assessment 

Economic analyses are one of the primary objectives of the overall 
Seasonal Thermal Energy Storage Program. These studies will be conducted in 
all phases of the Technical Support Program and the ATES Demonstration Program 
to assess the economic feasibility of the concepts being evaluated. The pri- 
mary task objectives are to develop a methodology to evaluate the economics of 
various energy storage concepts under the expected range of environmental, 
technical and economic conditions, and to conduct supporting assessments. 

SUBTASK IV 

Environmental Assessment 

The primary task activity is the development of environmental documentation 
support for the STES Program. This activity will include determination and 
meeting environmental documentation requirements for both programmatic and site- 
specific studies. Also, activities will include environmental research priori- 
tization/acquisition of required input, and environmental advisory assistance. 



SUBTASK V 

Technical 

These Technical Support studies are designed to provide a sound base for 
development and evaluation of seasonal thermal energy storage concepts. The 
following subtask descriptions have been identified as key elements of the 
initial STES Program. 

Thermal Energy Sources/Uses 

This subtask is designed to determine the primary sources of heat (or 
chill) that would be suitable for STES systems and determine typical tempera- 
ture and thermal storage capacity requirements for such systems. 

Compendia of Existing Technology 

This task involves the collection of known information pertinent to STES 
summarizing it by topic and incorporating it into a working library at PNL. 
Topics which do not have recent or relevant technical overviews available will 
be identified and these reviews will be conducted to develop working documenta- 
tion which can be utilized as technical support to the Demonstration Program. 
Also, as part of the ongoing Technical Support Program subtasks, basic tech- 
nical design data will be developed which are the end products to be provided 
to the Demonstration Tasks. These data will be summarized and published as 
individual inserts into an ATES technical manual as they are identified to 
expedite technology transfer. 

Leading Edge Test Facility(s) 

In order to obtain needed engineering design data and to conduct sup- 
porting research for the STES Program, sites are being selected and developed 
for this purpose. Research will include development of test facilities to lead 
the Demonstration Programs (Leading Edge Test Facility(s)), in development of 
both unconfined aquifer storage systems and confined aquifer storage systems. 
These Leading Edge Test Facilities will provide research teams with opportun- 
ities to evaluate and develop site-characterization techniques and operational 
experience necessary for siting of aquifer storage systems. Data collected at 
these test sites will provide required calibration and verification of advanced 
analysis methodologies being developed for site characterization and assessment. 

Advanced Analysis Methodologies 

Accurate assessment of STES concepts will require development of advanced 
hydrologic assessment methodologies which have not been required in routine 
hydrologic assessments. Methodology development will include: development of 



models to provide capabilities for analyzing the complex hydrologic systems, 
interactions associated with the storage of energy, development of laboratory 
analysis for characterization of the mineralogy, ground-water chemistry, 
thermal diffusivity, fluid-flow properties and thermomechanical properties, 
and development of field hydrologic analysis techniques for assessing the 
capacity and efficiency of aquifers for energy storage. 

SUBTASK VI 

Non-Aquifer Seasonal Thermal Energy Storage 

The major thrust of the STES Program at the present time is in aquifer 
storage, studies will be conducted to evaluate other proposed STES systems, 
such as large pond storage, earth storage, and other more advanced concepts. 
These concepts will be evaluated with respect to consideration for future pro- 
gram emphasis. 

STATUS 

The STES Program was assigned to PNL late in FY-1979. PNL activities in 
FY-1979 included review and assessment of aquifer-related programs to be trans- 
ferred from ORNL, development of the STES Program plan including obtaining com- 
mitments of management and support staff, and initiation of subcontract activ- 
ities to support the program. 

Aquifer Technology Projects funded during FY-1979 by ORNL have been 
reviewed and selected contracts will be incorporated into the PNL STES Program. 
The following studies were ongoing at ORNL during FY-1979: 

Auburn University Mobile Field Test 

- Continuing program (PNL) 
- Report on second thermal cycle due December 31, 1979 

Texas A&M College Station Field Test 

- Chill storage and recovery cycle completed 
- Data analysis and report due March 31, 1980 

NYSERDA JFK Site 

- Project complete 
- Final report received 

USGS Bellingham Site Review 

- Project complete 
- Report received 



ORNL Techno-Economic Analysis 

- Project complete 
- Report being published 

O W  Generic Environmental Impact Analysis 

- Continuing program - Draft document prepared 
- Task transferred to PNL 

TVA Application Assessment 

- Continuing program (PNL) - Subcontractor Acres American report completed - Scheduled completion date March 31,'1980 

LBL Thermal Hydraulic Analysis 

- Continuing program (PNL) 
- Interim reports received for FY-1979 

PNL Geochemical Analysis 

- Project complete 
- Final report approved for publication 

The STES Program has been developed within PNL and management and support 
staff assigned. The WPAS for the FY-1980 program was prepared and submitted 
to DOE-HQ. 

The Technology Support Program subtask coordinating staff has been 
assigned and the FY-1980 budgets established. Subcontract support for the pro- 
gram is being negotiated with ongoing contractors and is being solicited for 
other subtask requirements. 





PRELIMINARY CONCLUSIONS OF A TECHNICAL FEASIBILITY STUDY OF LOW 

TEMPERATURE THERM4L ENERGY STORAGE IN THE TVA REGION 

A. R. Betbeze 
Tennesee Val 1 ey Authori ty 

PROJECT OUTLINE 

P r o j e c t  T i t l e :  A p p l i c a t i o n  o f  Low-Temperature Thermal Energy Storage i n  t h e  
TVA Region 

P r i n c i p a l  I n v e s t i g a t o r :  J e r r y  J. P h i l l i p s  

Organizat ion:  Tennessee V a l l e y A u t h o r i t y  
350 Comnerce Union Bank B u i l d i n g  
Chattanooga, TN 37401 
Telephone: (615) 755-3251 

P r o j e c t  Goals: The ob jec t i ves  o f  the  study inc lude:  1) t he  i d e n t i f i c a t i o n  
o f  p o t e n t i  a1 sources and users o f  1 ow-temperature thermal 
energy, such as i n s t i t u t i o n a l  heat ing  and c o o l i  ng and 
i ndus t r i a7  processes, i n  add i t i on  t o  TVA f a c i l i t i e s ;  and 2)  
the i d e n t i f i c a t i o n  o f  appropr iate aqu i fe r  s i t e s  f o r  
storage. P a r t i c u l a r  emphasis w i l l  be g iven t o  d e f i n i n g  t h e  
c r i t e r i a  f o r  storage i n  aqui fers.  

Survey t h e  TVA reg i  on f o r  thermal energy producers 

Development o f  c r i t e r i a  f o r  s t o r i n g  thermal energy i n  
aqu i fe rs  

Survey the  TVA reg ion  f o r  aqu i fe r  s torage system s i t e s  

Survey p o t e n t i  a1 thermal energy users i n  t h e  TVA reg ion  

Assess the oppor tun i t i es  f o r  thermal energy storage systems 
i n  t h e  TVA reg ion  

P r o j e c t  Status: Surveys f o r  thermal energy producers, aqu i fe r  s torage 
system s i t es ,  and thermal energy users have been completed 
and are i n  a r e p o r t  prepared by Acres American, Inc .  
P r e l  imi nar,y c r i t e r i a  f o r  s t o r i n g  thermal energy i n  aqu i fe rs  
have been developed. Oppor tun i t ies  f o r  thermal energy 
storage systems i n  t h e  TVA reg ion  are be ing  assessed and 
plans fo r  aqu i fe r  t e s t i n g  and development o f  a t e s t  
f ac i 1 i ty  are be ing  prepared. 

Contract  Number: EN-78-1-05-6112 

Contract  Period: December 1978 t o  September 1979 

Funding Level : $90,000 

Funding Source: U.S. Department o f  Energy 
D i  v i s i  on o f  Energy Storage Systems 



PRELIMINARY CONCLUSIONS OF A TECHNICAL FEASIBILITY STUDY 

OF LOW TEMPERATURE THERMAL ENERGY STORAGE 

I N  THE TVA REGION* 

A. R. Betbeze 
Tennessee Valley Authority 

SUMMARY 

The technology required t o  implement Low Temperature Thermal Energy 
Storage (LTTES) is f u l l y  developed and commercially ava i l ab le ,  and no foresee- 
ab le  technical  b a r r i e r s  t o  implementation i n  t h e  TVA region a r e  apparent. The 
major cons t ra in t  on s y s t e m ' f e a s i b i l i t y  is  a t t r i b u t e d  t o  poss ib le  environmental 
e f f e c t s  and economic p r a c t i c a l i t y  and not t o  t echn ica l  l imi ta t ions .  

The major development work now required is  t h e  determination of t h e  long- 
term e f f e c t s  on the  aqu i fe r  and adjacent  groundwaters from t h e  implementation 
of an LTTES plant .  

DISCUSSION 

The in tegra t ion  of LTTES i n t o  a u t i l i t y  energy supply scheme can a s s i s t  
t h a t  u t i l i t y  i n  meeting t h e  energy demands of its customers. Because of the  
r e l a t i v e  s impl ic i ty  of the  LTTES u t i l i z a t i o n  system and t h e  use  of cur ren t  
state-of-the-art components, u t i l i t y  economic advantages a r e  perceived. The 
primary advantages are:  

(1) A reduction i n  t h e  requirement t o  bui ld  new, add i t iona l  e l e c t r i c a l  
generat ion and transmission f a c i l i t i e s .  

(2) A reduction i n  t h e  growth of e l e c t r i c  power r a t e s .  

Tennessee Valley Authority, through t h e  i n i t i a t i o n  of t h i s  LTTES develop- 
ment program, has prepared a logica1,approach t o  t h e  development of t h e  e n t i r e  
LTTES technology using aqu i fe r  storage. The work, reported herein,  has a s  
i t s  ob jec t ive  t h e  determination of the  technical  f e a s i b i l i t y  of t h e  LTTES 
concept. Technical f e a s i b i l i t y  of the  concept is es tabl ished when: 

(1) S ign i f i can t  technical  parameters have been iden t i f i ed .  

*This r epor t  is  based primari ly on work performed by ACRES American, Inc.,  
M. J. Hobson, P ro jec t  Manager, under contrac t  t o  TVA. 



(2) Technical parameters have been evaluated. 

(3) System components have been iden t i f i ed  and evaluated. 

(4) Parameters o r  components requiring f u r t h e r  development work have been 
iden t i f i ed .  

I n  order t o  l o c a t e  t h e  s i g n i f i c a n t  energy sources and p o t e n t i a l  users ,  i t  
was necessary t o  quickly e s t a b l i s h  t h e  a reas  where aqu i fe r s  were read i ly  
ava i l ab le  f o r  energy storage.  An extensive r w i e w  of t h e  published l i t e r a t u r e  
i n  geology and geohydrology of the  TVA se rv ice  a rea  indicated t h a t  only t h e  
aquifers  wi th in  t h e  c o a s t a l  p l a i n  area  (western Tennessee and northern 
Mississippi)  were cons i s t en t ly  s u i t a b l e  f o r  use f o r  LTTES thermal storage. 

On t h e  b a s i s  of t h e i r  geologic and geohydrologic c h a r a c t e r i s t i c s ,  t h e  
following four  confined aqu i fe r s  i n  unconsolidated sediments were considered 
po ten t i a l ly  s u i t a b l e  t o  s t o r e  t h e  heated and/or c h i l l e d  water: 

Memphis Aquifer (500-Foot Sand) 

Wilcox Group (Lower Wilcox Aquifer) 

Ripley Formation (McNairy Sand) 

Coffee Sand 

Although these aqu i fe r s  seem t o  possess necessary c h a r a c t e r i s t i c s  f o r  an 
e f f i c i e n t  and e f f e c t i v e  s torage ,  severa l  quest ions associated with water 
chemistry, increase  i n  temperature and pressure,  and groundwater flow need t o  
be answered. 

The TVA se rv ice  area ,  i n  p a r t i c u l a r  t h e  coas ta l  p l a i n  region, was 
surveyed t o  determine the  presence of p o t e n t i a l  producers and use r s  of low 
temperature thermal energy. To t h i s  end, the  source of heat  f o r  input  t o  
LTTES is defined a s  t h e  waste heat  from i n d u s t r i a l  f a c i l i t i e s  and t h e  collec- 
t i o n  of thermal energy from s o l a r  arrays.  Solar  a r rays  can provide a v i a b l e  
heat  input  i n  loca t ions  where waste heat  is not  avai lable .  

The work performed during t h i s  survey indicated t h a t  the re  e x i s t s  wi th in  
t h e  des i red  geographical a rea  a l a r g e  quant i ty  of waste hea t  of s u i t a b l e  
qual i ty .  These w a s t e  heat  sources a r e  located i n  c l u s t e r s ,  near metropoli tan 
areas ,  i n  r e l a t i v e l y  c l o s e  proximity t o  p o t e n t i a l  users.  

Aquifer LTTES systems can a l s o  be used f o r  t h e  s torage  of c h i l l e d  water 
f o r  space cooling and/or l i g h t  process cooling. The u l t ima te  source f o r  t h e  
cooling of t h i s  c h i l l e d  water has been determined t o  be t h e  atmosphere during 
t h e  winter  months through the  use of cooling towers. P r i o r  t o  cooling i n  t h e  
tower, precooling of t h e  aqu i fe r  water, using cold su r face  waters a s  t h e  
source, is  t echn ica l ly  feas ib le .  



The uses of low temperature thermal energy are concluded t o  e x i s t  
primari ly i n  t h e  space heatinglcooling of high population dens i ty  r e s i d e n t i a l  
a reas  and i n d u s t r i a l ,  i n s t i t u t i o n a l ,  and commercial f a c i l i t i e s .  The work 
performed during t h e  survey i d e n t i f i e d  var ious  use r s  of low temperature 
thermal energy and speci f ied  t h e i r  geographical locat ion.  User energy 
consumption f o r  space heatinglcooling was a l s o  estimated. 

Because the  survey of producers and use r s  r e s u l t e d  i n  t h e  determination 
t h a t  they a r e  located  i n  c l u s t e r s ,  i n  r e l a t i v e l y  c l o s e  proximity t o  one 
another, the re  e x i s t s  an  excel lent  opportunity t o  continue with t h e  LTTES 
development program. 

P o t e n t i a l  gener ic  systems f o r  t h e  u t i l i z a t i o n  of low temperature thermal 
energy were iden t i f i ed .  Because of t h e  wide range of design p o s s i b i l i t i e s  
t h a t  depend l a rge ly  on si te-specif  i c  considerat ions,  t h e  work emphasized 
major design guidel ines  f o r  t h e  development of u t i l i z a t i o n  schemes. For 
s impl ic i ty  and convenience, the  treatment of u t i l i z a t i o n  systems was divided 
i n t o  four  subsystems t h a t  maintain r e l a t i v e l y  independent functions,  namely 
recovery, s torage,  transmission, and d i s t r i b u t i o n .  

The p r inc ipa l  methods of reclaiming thermal energy from i n d u s t r i a l  and 
power p lan t  waste heat ,  s o l a r  energy, and environmental energy sources make 
use of heat  exchangers. Heat exchangers a r e  a v a i l a b l e  i n  a v a r i e t y  of design 
configurat ions t o  meet a wide range of system appl ica t ions .  For an t i c ipa ted  
operat ing condit ions of low temperature thermal energy u t i l i z a t i o n  systems, 
off-the-shelf exchangers capable of meeting design requirements should be 
r e a d i l y  avai lable .  I n  s i t u a t i o n s  where the  q u a l i t y  of a v a i l a b l e  thermal 
energy is  i n s u f f i c i e n t  f o r  user  needs, heat  pumps can be used o n s i t e  t o  
provide the  needed temperature increase  up t o  about 121° C (2500 F). The use 
of heat  pumps extends considerably t h e  p o t e n t i a l  f o r  waste heat  u t i l i z a t i o n .  

The transmission d i s t ance  between the  points  of supply and use is  one of 
t h e  most important parameters i n  the  thermal energy u t i l i z a t i o n  system. 
Transmission d i s t ance  governs the  acceptable supply temperature and the  
economics of waste heat  u t i l i z a t i o n .  The limits of heat  transmission l i n e  
design a r e  s e t  by c o n s t r a i n t s  of economic f e a s i b i l i t y ,  r a t h e r  than by avai l -  
a b l e  technology. P r a c t i c a l  transmission d i s t ance  now ranges between 8 and 41 
kilometers (5  t o  25 miles) f o r  low temperature systems. 

Several  s torage  w e l l  configurat ions a r e  possible,  but  t h e  doublet s torage  
we l l  concept provides the  most system f l e x i b i l i t y  f o r  aqu i fe r  thermal energy 
storage. This doublet concept o f f e r s  easy changeover between the  charging 
and discharging modes. The use of indigenous groundwater a s  the  f l u i d  medium 
a l s o  minimizes geotechnical  problems. 



CONCLUSIONS 

These conclusions a r e  preliminary a s  the  f e a s i b i l i t y  study is  not  corhplete 
a t  t h i s  time. 

1 The technology required t o  implement a l l  phases of t h e  energy u t i l i z a t i o n  
system is f u l l y  developed and conrmercially a v a i l a b l e  and no foreseeable  
technical  b a r r i e r s  t o  implementation a r e  apparent. The major cons t ra in t  
on system f e a s i b i l i t y  is  a t t r i b u t e d  t o  economic p r a c t i c a l i t y  and not  t o  
technical  l imi ta t ions .  

(2) The preferred  t ranspor t  medium f o r  low temperature thermal energy is 
water, e spec ia l ly  f o r  long d i s t ance  transmission. 

(3) The s torage  w e l l  doublet is  t h e  most f l e x i b l e  and p r a c t i c a l  s torage  
system concept among severa l  a l t e rna t ives .  

The necessary work f o r  the  determination of t h e  technical  f e a s i b i l i t y  of 
LTTES has been performed. Surface LTTES components r e q u i r e  no development f o r  
implementation i n t o  LTTES; state-of-the-art equipment technology is  adequate. 
Present  knowledge of w e l l  d r i l l i n g  and the  present technology of w e l l  pumps 
a r e  s u f f i c i e n t  f o r  t h e  requirements of LTTES. 

The major development work required i s  the  determination of the  long-term 
e f f e c t s  on t h e  aqu i fe r  and adjacent  groundwaters from t h e  implementation of an 
LTTES plant .  
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In t roduc t ion  

Lawrence Berkeley Laboratory (LBL) f i r s t  began working on seasona l  

thermal  energy s t o r a g e  i n  a q u i f e r s  i n  1976. I n i t i a l  s t u d i e s  have included 

comprehensive gene r i c  c a l c u l a t i o n s  based on a numerical  model t o  c a l c u l a t e  

t h e  coupled hea t  and f l u i d  flows i n  a three-dimensional,  complex-geometry 

a q u i f e r  system. Various s i t u a t i o n s  have been considered,  inc luding  hot  

o r  co ld  water s t o r a g e ,  s t o r a g e  f o r  d i f f e r e n t  pe r iods  of t i m e ,  inhomo- 

gene i ty  of t h e  s t o r a g e  a q u i f e r ,  t h e  presence of b a r r i e r s ,  r e g i o n a l  flow, 

and t h e  s i t u a t i o n  of a s t o r a g e  w e l l  p a r t i a l l y  o r  f u l l y  pene t r a t ing  t h e  

aqu i f e r .  Many of t h e  r e s u l t s  have been publ ished i n  a s e r i e s  of papers  

( f o r  example, References 1-3). 

I n  1978, LBL organized and hosted t h e  F i r s t  I n t e r n a t i o n a l  Workshop 

on Aquifer Thermal Energy Storage. Act ive workers from n ine  coun t r i e s  

p a r t i c i p a t e d  i n  t h i s  workshop a n d - t h e i r  c o n t r i b u t i o n s  were publ ished i n  

The Workshop Proceedings (Reference 4 ) .  Since t h e  Workshop, a p e r i o d i c  

Newslet ter  (Reference 5)  has  kept  r e sea rche r s  a b r e a s t  of t h e  c u r r e n t  

s t a t u s  of v a r i o u s  p r o j e c t s  worldwide. Many of t h e s e  p r o j e c t s  a r e  re- 

viewed i n  i n v i t e d  conference review papers  publ ished i n  1979 (References 

6 and 7) .  

During f i s c a l  year  1979 (October 1978 - September 1979) major LBL 

work involved the  numerical modeling of t h e  recently-completed ho t  water 

s t o r a g e  f i e l d  experiments a t  Auburn Universi ty .  This  work w a s  funded by 

t h e  U.S. Department of Energy, Energy Storage  Div is ion ,  through B a t t e l l e  

P a c i f i c  Northwest Laboratory and Oak Ridge Nat iona l  Laboratory. Work was 

a l s o  done, under s e p e r a t e  funding,  on t h e  b a s i c  understanding of thermal  

s t r a t i f i c a t i o n ,  d i spe r s ion ,  and buoyancy f low i n  an  a q u i f e r  used f o r  

ho t  o r  co ld  water s torage .  These ques t ions  are c r u c i a l  i n  determining 

t h e  e f f i c i e n c y  of a q u i f e r  energy s t o r a g e  and w i l l  b e  d iscussed  elsewhere 

(References 8 and 9) .  



The remainder of t h i s  paper w i l l  summarize t h e  r e s u l t s  of t h e  simu- 

l a t i o n  of Auburn f i e l d  experiments. Details of t h e  s imula t ion  w i l l  b e  

publ ished i n  a paper under prepara t ion .  

Simulat ion of Auburn F i e l d  Experiments 

The r ecen t  experiments by Auburn Univers i ty  involved two in j ec t ion -  

s torage-recovery cyc les .  D e t a i l s  may b e  found i n  a companion paper (Ref- 

e rence  10). The f i r s t  six month.injection-storage-production cyc le  

involved t h e  s t o r a g e  of 55000 m3 of water a t  about 55OC. The i n j e c t i o n  

took 79.2 days, a t  t h e  end of which t h e  ho t  water w a s  s t o r e d  f o r  52.5 

days. Product ion was then  s t a r t e d  at an average r a t e  of 245.6 gpm u n t i l  

t h e  recovered water temperature f e l l  t o  32.8OC. A t  t h a t  po in t  66% of t h e  

i n j e c t e d  energy was recovered. The second inject ion-storage-product ion 

cyc le  was c a r r i e d  out  i n  e s s e n t i a l l y  t h e  same manner, using 58,000 m3 of 

water  a t  an average temperature of 55.40C. When t h e  product ion temper- 

a t u r e  had dropped t o  33OC, a recovery of 76% of t he  i n j e c t e d  energy 

was r ea l i zed .  

The f i r s t  s t a g e  of t h e  s imula t ion  involved the  determinat ion of t h e  

hydrau l i c  parameters of t h e  a q u i f e r  ( t h e  t r a n s m i s s i v i t y  and s t o r a t i v i t y ) ,  

and t h e  l o c a t i o n  of a l i n e a r  hydrologic  b a r r i e r  through w e l l  test ana lys i s .  

Conventional w e l l  t e s t  type  curve a n a l y s i s  techniques r e q u i r e  a cons tan t  

o r  c a r e f u l l y  c o n t r o l l e d  flow r a t e .  To g e t  around t h i s  l i m i t a t i o n ,  LBL 

has  developed a computer-assisted a n a l y s i s  method, program ANALYZE 

(References 11 and 12)  t h a t  can handle a system of severa1 ,product ion  

and i n j e c t i o n  w e l l s ,  each flowing a t  an a r b i t r a r i l y  vary ing  flow r a t e .  

This  program was app l i ed  t o  t h e  Auburn case ,  t r e a t i n g  t h e  i n j e c t i o n  

per iod  a l s o  a s  a p a r t  of t h e  w e l l  test d a t a  (Reference 13). 

With parameters  t hus  obta ined ,  t h e  LBL three-dimensional,  complex 

geometry, s ingle-phase model, CCC, was used t o  make d e t a i l e d  modeling 

s tud ie s .  A r a d i a l l y  symmetric mesh was assumed. There is one major 

hydrologic  parameter t h a t  was no t  determined by w e l l  test ana lys i s .  

This  parameter,  t h e  r a t i o  of v e r t i c a l  t o  h o r i z o n t a l  permeabi l i ty ,  has  t o  

be  i n f e r r e d  from f i e l d  exper ience-and  parameter s tud ie s .  Af te r  making a 

pre l iminary  parameter s tudy ,  we decided t o  use a v a l u e  of 0.10 f o r  t h i s  

r a t i o .  The same r a t i o  was suggested by t h e  USGS (Reference 14). 



Because n e i t h e r  t h e  i n j e c t i o n  flow r a t e  nor temperature was held  

cons tant ,  i t  was necessary i n  our s imulat ions t o  break u p ~ b o t h  the  

i n j e c t i o n  (and production) periods i n t o  segments having average flow rate 

and temperature va lues ,  conserving in jec ted  mass and energy (Figure 1). 

Resul ts  of the  simulat ion inc lude  the  recovery f a c t o r ,  p l o t s  of production 

temperatures ve r sus  time, a s  w e l l  a s  temperature contour p l o t s  and 

temperature p r o f i l e s  a t  va r ious  t i m e s  during the  i n j e c t i o n ,  s torage ,  

and production periods. Both t h e  f i r s t  and second cycles have been 

successful ly  simulated. 

For the  f i r s t  cycle ,  t h e  simulated recovery f a c t o r  of 0.68 agrees 

we l l  with the  observed va lue  of 0.66. For the  second cycle  the  simulated 

value  is 0.78, and the  observed value  is 0.76. The d e t a i l s  of the  

comparison between simulated and observed energy recovery can be s tudied  

i n  production temperature versus  time p l o t s  (Figures 2 and 3).  For both 

cycles ,  the  i n i t i a l  simulated and observed temperatures agree (55OC). 

During the  e a r l y  p a r t  of the  production period,  t h e  observed temperatures 

decreases s l i g h t l y  f a s t e r  than the  simulated temperature. During the  

l a t t e r  p a r t ,  t he  simulated temperatures decreases f a s t e r  than t h e  observed 

temperature so  t h a t  by the  end of the  production period the  simulated and 

observed temperatures again agree (33OC). The descrepancy over the  

whole range is, a t  most, 1-2 degress. 

Temperature contour maps of v e r t i c a l  cross-sect ions of the  aqu i fe r  

a t  given times (e.g., Figure 4 )  show the  d e t a i l s  of buoyancy flow, heat  

l o s s  through the  upper and lower confining l aye r s ,  and the  r a d i a l  extent  

of the  hot water i n  the  aquf ier .  Buoyancy flow i s  important i n  t h i s  

r a t h e r  permeable system. Comparison with temperatures recorded i n  obser- 

va t ion  wel ls  throughout the  aqui fer  show t h a t  t h e  simulated temperature 

d i s t r i b u t i o n  agrees genera l ly  with observed temperatures. However, these  

discrepancies a r e  much l a rge r  than t h e  d i f fe rences  between ca lcula ted  

and observed production temperatures. Apparently the re  a r e  l o c a l  

v a r i a t i o n s  i n  the  aqu i fe r  which tend t o  average out. Temperatures 

versus  r a d i a l  d is tance  a t  given depths and t i m e s  a r e  a l s o  p lo t t ed  (e.g. 

Figures 5 and 6)  and, from these  p r o f i l e s ,  the  e f f e c t s  of thermal 

conductivi ty and d ispers ion  on t h e  shape of the  thermal f r o n t  can be 

studied.  



In  order t o  prove t h e  mesh-independence of these r e s u l t s ,  t h e  f i r s t  

cycle has been modeled again, using f i r s t  a coarser  mesh (doubling t h e  

r a d i a l  s t ep )  and then a f i n e r  mesh (half  t h e  r a d i a l  s tep) .  The coarse 

mesh recovery f a c t o r  is 0.65, t o  be compared with a value  of 0.66 using 

our f i r s t  mesh. In te res t ing ly ,  t h e  coarse mesh simulation y ie lds  a 

recovery f a c t o r  s l i g h t l y  c lose r  t o  t h e  observed value than does t h e  

o r i g i n a l  simulation, s o  t h e  increased numerical d ispers ion may be  more 

c lose ly  simulating thermal d ispers ion due t o  l o c a l  he terogenei t ies  i n  

the  aquifer .  Temperature a s  a function of r a d i a l  d is tance  (Figure 7 )  and 

the  production temperature a s  a function of time (Figure 8) show the  

i n s e n s i t i v i t y  of t h e  r e s u l t s  t o  the  mesh chosen. 

Plans f o r  Next Year 

In  the  coming year we have been asked by the  Department of Energy 

through B a t t e l l e  Pac i f i c  NorEhuest Laboratory t o  model the  Texas A and M 

Universi ty c h i l l e d  water s torage  experiment t h a t  was recent ly  completed. 

Further generic and parameter s t u d i e s  w i l l  be made, including ca lcu la t ions  

of e f f e c t s  of varying the  r a t i o  of v e r t i c a l  and hor izonta l  permeabi l i t ies ,  

t h e  s t o r a t i v i t y  parameter, t h e  s torage  temperatures and e f f e c t s  of t h e  

w e l l  p a r t i a l l y  o r  f u l l y  penetrat ing the  aqufier .  The Aquifer Thermal 

Energy Storage Newsletter ed i t ed  and published by Lawrence Berkeley 

Laboratory w i l l  a l s o  be continued. 
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Figure 1. Injection flowrate 
and temperature versus time, 
and the average segments 
used in the simulation. 
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Figure  4. Simulated temperature contours  i n  a v e r t i c a l  c r o s s  
s e c t i o n  of t h e  a q u i f e r  a t  t h e  end of  t h e  i n j e c t i o n  per iod  
of t h e  f i r s t  cyc le ,  observed temperatures  are a l s o  ind ica t ed .  
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l a t e d  va lues  f o r  t h e  f i r s t  cyc l e ,  
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COLD WATER AQUIFER STORAGE 

Donald L. Reddel l ,  Richard R. Davison and 
William B. Harris 

Texas A&M Unive r s i t y  

SUMMARY 

A co ld  water  a q u i f e r  s t o r a g e  experiment was conducted a t  Texas A&M 
Univers i ty  dur ing  t h e  w in t e r  of 1979. Parameters f o r  des ign ing  cool ing  ponds 
t o  c h i l l  water  from 295 K t o  277 K were developed. I n  a d d i t i o n ,  d a t a  on t h e  
movement of c h i l l e d  water  through a  h igh ly  permeable, shal low,  unconfined 
a q u i f e r  were ob ta ined .  This  s tudy  provided a  l e a s t - c o s t  method f o r  ob t a in ing  
d a t a  on c h i l l e d  water  movement i n  a q u i f e r s  t o  v e r i f y  numerical  models and t o  
eva lua t e  problems wi th  c h i l l e d  water  s t o r age .  Regional flow i n  t h e  a q u i f e r  
and n a t u r a l  recharge  t o  t h e  a q u i f e r  dur ing  t h e  second w e t t e s t  year  i n  h i s t o r y  
reduced t h e  thermal energy recovery from an expected 40 percent  t o  20 percent .  
No a q u i f e r  plugging problems were experienced dur ing  i n j e c t i o n  and recovery 
ope ra t i ons .  The cool ing  pond ope ra t i on  was an excep t iona l  success .  

INTRODUCTION 

Ground water  a q u i f e r s  a r e  a v a i l a b l e  i n  most s e c t i o n s  of  t h e  world.  Ap- 
proximately 80 percent  of t h e  po u l a t e d  a r e a s  of t h e  e a r t h  have a q u i f e r s  capa- 
b l e  of d e l i v e r i n g  over  6 . 3  x lo-' m 3 / s .  These a q u i f e r s  a r e  capable  o f  y i e ld -  
i n g  o r  r ece iv ing  water .  Recharge we l l s  have been widely used f o r  y e a r s  a s  a  
water  conserva t ion  measure. 

Space cooi ing ,  o r  a i r  cond i t i on ing ,  i s  a  major energy u s e r  i n  t h i s  coun- 
t r y .  Attempts a t  s o l a r  cool ing  us ing  t h e  summer sun have not  been pa r t i cu -  
l a r l y  succes s fu l .  An a v a i l a b l e  source  of  low c o s t  coo l ing  is  abundant ly  
a v a i l a b l e  i n  most r eg ions  of t h e  country du r ing  t h e  w i n t e r .  I f  a low-cost 
s t o r a g e  system could be  developed, t h i s  n a t u r a l  w i n t e r  co ld  could be s t o r e d  
and recovered f o r  space  cool ing  dur ing  t h e  summer. Aquifers  may be  t h e  
necessary low-cost s t o r a g e  system t o  make t h i s  system work. 

A p r o j e c t  t o  i n v e s t i g a t e  t h e  use  of  a q u i f e r s  f o r  s t o r i n g  cold water  was 
conducted by Texas A&M dur ing  t h e  w in t e r  of 1979. This  p r o j e c t  had t h e  
fol lowing o b j e c t i v e s  : 

(1) Develop and exper imenta l ly  v e r i f y  des ign  c r i t e r i a  f o r  ope ra t i ng  
a  cool ing  pond i n  t h e  295 t o  277 K temperature  range, 



(2) Col l ec t  f i e l d  d a t a  from a  co ld  water  a q u i f e r  i n j e c t i o n  
experiment f o r  u se  i n  v e r i f y i n g  numerical models of a q u i f e r  
thermal  energy s t o r a g e  systems, and 

(3) Evalua te  any w e l l  plugging problems caused by i n j e c t i n g  a  h igh ly  
a e r a t e d  water  i n t o  an aqu i f e r .  

This  p r o j e c t  i s  n o t  a  demonstrat ion p r o j e c t ;  i t  is  a  low budgeted f i e l d  
experiment t o  e v a l u a t e  problems a s soc i a t ed  wi th  co ld  water  a q u i f e r  s t o r age .  
To reduce p r o j e c t  c o s t s ,  t h e  a q u i f e r  s e l e c t e d  i s  a very permeable, shal low 
unconfined a q u i f e r  w i t h  s i g n i f i c a n t  r e g i o n a l  movement and n a t u r a l  recharge.  
A confined slowly-permeable a q u i f e r  is  a v a i l a b l e  a t  a  deeper depth w i t h  
c h a r a c t e r i s t i c s  more conducive f o r  a q u i f e r  thermal energy s t o r a g e . .  However, 
t h e  shal low a q u i f e r  w i t h  less f avo rab l e  c h a r a c t e r i s t i c s  was chosen t o  a l low 
us  t o  s t a y  w i t h i n  a t o t a l  cons t ruc t ion  c o s t  budget of $50,000. 

UNITS 

Values r epo r t ed  i n  t h i s  r e p o r t  a r e  i n  S I  u n i t s .  However, t h e  a c t u a l  
measurements and c a l c u l a t i o n s  were made i n  U.S. Customary Uni t s .  

COOLING POND EVALUATION 

A spray pond 15  m wide, 30 m long and 1.8 m deep was dug and then l i n e d  
wi th  a  32 m i l  Hypalon rubber  l i n e r  t o  prevent  seepage. Spray nozz les  a r e  
mounted on t h r e e  p a r a l l e l  0 . 1  m d i s t r i b u t i o n  p ipes  supported by a  wooden 
frame. The d i s t r i b u t i o n  p ipes  a r e  2 .1  m above t h e  pond bottom. Each d i s t r i -  
bu t ion  p ipe  suppor t s  25 spray  nozz les  on 0.6 m by 0.01 m r i s e r s .  Pond water  
i s  c i r c u l a t e d  by a  0.038 m 3 / s  c e n t r i f u g a l  pump which s u p p l i e s  about 0.010 
m 3 / s  t o  t h e  f i l t e r  and 0.028 m3/s t o  t h e  spray nozz les .  A d r i f t  fence  2.4 m 
h igh  was i n s t a l l e d  a long  each long s i d e  of t h e  pond t o  prevent  d r i f t  of water .  

The spray  pond performance exceeded expec ta t ions  e s p e c i a l l y  a t  low wind 
v e l o c i t i e s .  Data i n d i c a t e d  t h a t  t h e  cool ing  capac i ty  of t h i s  pond increased  
l i n e a r l y  wi th  t h e  water  c i r c u l a t i o n  r a t e .  This  i nd i ca t ed  t h a t  t h e  pond a r e a  
was no t  l i m i t i n g  and t h a t  more cool ing  capac i ty  could be  achieved by increas-  
i n g  t h e  s i z e  of t h e  r e c i r c u l a t i o n  pump. 

With a  water  spray  r a t e  of 6.62 x m3/s pe r  l i n e a r  meter of spray  
header and no wind, t h e  spray  pond produced cool ing  a t  t h e  r a t e  of 



where Q = cool ing  r a t e  (kWm of sp ray  header) ,  

T = temperature of sp ray  water  (K), and 

Twb = w e t  bulb temperature (K). 

A t  t h e  p re sen t  c i r c u l a t i o n  r a t e  (no wind) about  310 kW of cool ing was 
achieved wi th  a 3.9 K approach temperature.  This  h tgh  performance a t  v i r t u a l -  
l y  zero  wind speed i s  e s p e c i a l l y  s i g n i f i c a n t  i n  view of t h e  many cold ,  c l e a r ,  
s t i l l  n i g h t s  i n  t h e  Bryan, Texas a r ea .  Weather r eco rds  i n  Bryan i n d i c a t e  t h a t  
dur ing  an average win te r ,  1300 hours a r e  a v a i l a b l e  when water  averaging 280 K 
could be produced wi th  a  3.9 K approach temperature.  Thus, a  cool ing pond of 
t h e  s i z e  used i n  t h i s  experiment could produce about  1.44 x 1012 J of cool ing  
dur ing  a  t y p i c a l  Bryan, Texas win ter .  

The cool ing  capac i ty  of t h i s  cool ing pond could b e  s i g n i f i c a n t l y  
increased  by en la rg ing  t h e  r e c i r c u l a t i o n  capac i ty  of t h e  pond. We have modi- 
f i e d  t h e  cool ing  pond, en larged  i t s  cool ing  capac i ty ,  and p lan  t o  ope ra t e  t h e  
pond on a  l i m i t e d  b a s i s  dur ing  t h e  win te r  of 1980 t o  e v a l u a t e  i t s  cool ing  
capac i ty  under t h e  modi.fied condi t ions .  

AQUIFER INJECTION EVALUATION 

The f i e l d  experiment i s  loca t ed  about 16 km west of Bryan, Texas. The 
we l l s  a r e  d r i l l e d  i n t o  t h e  Brazos River al luvium a q u i f e r  t o  a  t o t a l  depth of 
1 7  m. The p r i n c i p a l  product ion zone is a coa r se  sand and g rave l  from 12 t o  
17 m. A f i n e  sand 1 . 5  m t h i c k  o v e r l i e s  t h e  sand and g r a v e l  zone. A slowly 
permeable s i l t y  c l ay  o v e r l i e s  t h e  sand and causes a  semi-confined a q u i f e r  
e f f e c t .  However t h i s  s i l t y  c l ay  zone has s u f f i c i e n t  v e r t i c a l  permeabil i ty  t o  
al low s i g n i f i c a n t  q u a n t i t i e s  of n a t u r a l  recharge t o  e n t e r  t h e  aqu i f e r .  The 
normal s t a t i c  water  l e v e l  i s  7.5 m. During 1979, 1 .15  m of r a i n f a l l  occurred 
( t h e  second w e t t e s t  year  on record)  and t h e  s t a t i c  water  l e v e l  increased from 
7.5 m t o  5.8 m. 

A product ion we l l  was d r i l l e d  about 700 m west of t h e  Brazos River ,  and 
an  i n j e c t i o n  we l l  was d r i l l e d  another  408 m w e s t  of t h e  product ion we l l .  The 
product ion we l l  was t e s t  pumped a t  t h e  r a t e  of 0.028 m3/s, and the  i n j e c t i o n  
w e l l  a t  t h e  r a t e  of 0.013 m3/s. The product ion w e l l  had a  hydraul ic  conduc- 
t i v i t y  of 180 m/d and t h e  i n j e c t i o n  we l l  had a  h y d r a u l i c  conduct iv i ty  of 
140 m/d. The hydraul ic  g rad ien t  a t  t h e  i n j e c t i o n  s i t e  has  var ied  from 0.001 
t o  0.005. Thus, r eg iona l  movement of 0.14 t o  0.70 m/d has  probably occurred 
i n  t h i s  a q u i f e r  dur ing  t h e  p a s t  year .  These cond i t i ons  a r e  not  conducive f o r  
demonstrat ing an a q u i f e r  thermal energy s t o r a g e  system i n  which the  recovery 
of i n j e c t e d  energy i s  t h e  primary ob jec t ive .  However, t h e  o b j e c t i v e  of t h i s  
experiment was t o  inexpensively eva lua t e  f i e l d  temperature p r o f i l e s  f o r  use 
i n  ve r i fy ing  numerical models. From t h a t  po in t  of view, t h e  experiment has 
been a  success .  



A system of 10 observa t ion  w e l l s  a r e  l oca t ed  around t h e  i n j e c t i o n .  w e l l  
and another  10 observa t ion  we l l s  a r e  l oca t ed  around t h e  product ion w e l l ;  
These we l l s  were used t o  measure t h e  water  l e v e l s  and temperature p r o f i l e s  a t  
var ious  r a d i i  from t h e  w e l l s .  

The f i r s t  cold water  w a s  i n j e c t e d  on January 4 ,  1979. Water was i n j e c t e d  
on 24 days dur ing  January, 24 days during February, and 11 days dur ing  March. 
The volume of water  i n j e c t e d  dur ing  January, February, and March was 13,625, 
12,490, and 4540 m3, r e spec t ive ly .  A t o t a l  of 30,655 m3 was i n j e c t e d  dur ing  
t h e  e n t i r e  3-month period.  The average i n j e c t i o n  r a t e .  dur ing  t h e . p e r i o d  was 
520 m3/d; exac t ly  equal  t o  t h e  design i n j e c t i o n  r a t e .  

The i n j e c t i o n  temperature f l u c t u a t e d  some dur ing  t h e  experiment bu t  was 
kept  approximately equal  t o  282 K. Colder water  could have been e a s i l y  pro- 
duced. I n  an a c t u a l  demonstration of t h e  cold water  system, i t  would b e  
d e s i r a b l e  t o  i n j e c t  co lde r  water ,  bu t  t h e  o b j e c t i v e  of t h i s  p r o j e c t  w a s  t o  
e s t a b l i s h  a  measurable temperature d i f f e r e n c e  i n  t h e  a q u i f e r ,  and c o l l e c t  d a t a  
f o r  v e r i f y i n g  numerical models. This was accomplished. The average i n j e c t i o n  
temperature throughout t h e  i n j e c t i o n  period was 282 K.  

The r e s u l t i n g  temperature p r o f i l e s  around t h e  i n j e c t i o n  we l l  a r e  shown i n  
f i g u r e s  1 and 2.  F igure  1 shows t h e  temperature p r o f i l e  on January 31, 1979. 
On t h i s  d a t e ,  t h e  temperature p r o f i l e s  appear t o  be  uniform. An upward bulge 
i n  t h e  temperature p r o f i l e  near  t h e  i n j e c t i o n  we l l  is  t h e  r e s u l t  of being an 
unconfined aqu i f e r .  Some upward movement i n t o  t h e  over ly ing  c l a y s  occurred. 

Figure 2 shows t h e  p r o f i l e s  on February 28, 1979. The p r o f i l e s  a r e  not  
mir ror  images of each o the r .  Regional flow occurs  from r i g h t  t o  l e f t  i n  
f i g u r e  2. It can be seen  how t h e  r eg iona l  flow has moved t h e  cold water 
f a r t h e r  i n  t h e  down g rad ien t  d i r e c t i o n .  By J u l y  8 ,  1979, when recovery of 
water  was i n i t i a t e d ,  r eg iona l  flow had moved t h e  cold water zone 30 t o  40 
meters  down g rad ien t  from t h e  i n j e c t i o n  we l l  (Fig.  3 ) .  A zone of co ld  water 
i n  t h e  slowly permeable c l a y s  s t i l l  ex i s t ed  near  t h e  we l l .  But t h i s  had 
l i t t l e  chance of being recovered during t h e  pump ou t  per iod .  

On J u l y  9,  1979, t h e  i n j e c t i o n  we l l  was pumped a t  t h e  r a t e  of 
6.31 x m3/s. This  was continued f o r  30 days and t h e  pumping r a t e  was 
then  increased  t o  9.46 x m3/s. Pumping was stopped on September 6 ,  1979, 
a f t e r  withdrawing 30,655 m3 of water .  This water was re turned  t o  t h e  o r i g i n a l  
pumping we l l  and r e i n j e c t e d  i n t o  t h e  aqu i f e r .  The temperature of t h e  recov- 
ered water  was i n i t i a l l y  290 K and increased  t o  a  f i n a l  temperature of 292 K. 

A t o t a l  of 1.56 x 1012 J was i n j e c t e d  dur ing  t h e  win te r  per iod and 
0.36 x 1012 J was recovered dur ing  t h e  pump out .  This  provided a  23 percent  
thermal recovery e f f i c i e n c y  during t h e  f i r s t  year  of opera t ion .  We had ex- 
pected t o  o b t a i n  a t  l e a s t  a 40 percent  thermal recovery e f f i c i e n c y ;  b u t  t h e  
l a r g e  r eg iona l  flow r a t e  i n  t h e  coa r se  g rave l  zone of t h e  a q u i f e r  prevented 
t h i s  from occurr ing .  



NUMERICAL SIMULATION 

A t  t h e  present  t i m e ,  Texas A M  i s  us ing  two numerical models t o  ana lyze  
t h e  d a t a  from t h i s  i n j e c t i o n  experiment.  One of  t h e s e  is a f i n i t e  d i f f e r e n c e  
a q u i f e r  model and t h e  o t h e r  is  a f i n i t e  element a q u i f e r  model. Work on devel- 
oping t h e  models was i n i t i a t e d  i n  October of 1979 and only  pre l iminary  r e s u l t s  
a r e  ava i l ab l e .  Figure 4 shows r e s u l t s  of a n  i n i t i a l  computer model run  54 
days a f t e r  i n j e c t i o n  w a s  i n i t i a t e d .  Q u a l i t a t i v e l y ,  t h e  p re sen t  numerical 
model shows agreement wi th  t h e  f i e l d  da t a .  However, some ref inement  of i npu t  
d a t a ,  such a s  n a t u r a l  recharge r a t e s  and v e r t i c a l  p e r m e a b i l i t i e s ,  is needed 
be fo re  a f i n a l  match is obtained.  We hope t o  have t h e  two numerical models 
working by March 1, 1980. 

GEOCHEMICAL STUDIES 

The a q u i f e r  used f o r  t h i s  experiment had a very  h igh  i r o n  content  of 
9 .1 ppm. When a e r a t e d  i n  t h e  cool ing  pond, an  i r o n  p r e c i p i t a t e  w a s  formed. 
Much of t h e  i r o n  was p r e c i p i t a t e d  i n  t h e  cool ing  pond. However, p r i o r  t o  
i n j e c t i o n ,  t h e  water  was passed through a sand f i l t e r  t o  remove any remaining 
i ron .  The i r o n  content  of t h e  i n j e c t e d  water  was not  d e t e c t a b l e .  It  w a s  
necessary t o  backwash t h e  f i l t e r  a f t e r  i n j e c t i n g  every 950 m3 of water .  

During t h e  pump o u t ,  we expected t h e  i r o n  content  of t h e  recovered water 
t o  have increased  because of t h e  obvious r eg iona l  flow problem. However, t h e  
i r o n  content  s t a r t e d  out  a t  non-detectable l e v e l s  and had only increased  t o  
about 0.3 t o  0.4 ppm a t  t h e  end of t h e  pump out .  The exac t  reason f o r  t h i s  
is no t  known a t  t h i s  t ime and is  s t i l l  under i n v e s t i g a t i o n .  

The important f a c t o r  is t h a t  t h e  i n j e c t i o n  w e l l  d i d  not  i n d i c a t e  any 
s i g n s  of plugging dur ing  its 3 months of i n j e c t i o n .  The s p e c i f i c  capac i ty  was 
2.69 x 10-3 m3Lm a t  t h e  beginning of t h e  i n j e c t i o n  per iod ,  and i t  was s t i l l  
2.69 x 10-3 m3/m a t  t h e  end of t h e  i n j e c t i o n  period.  What would happen over 
a s e v e r a l  year  per iod  is  unknown, bu t  we were encouraged about t h e  f i r s t  

r e s u l t s .  

To prevent  b i o l o g i c a l  contamination, t h e  water  was ch lo r ina t ed  p r i o r  t o  
i n j e c t i o n .  

During t h e  i n j e c t i o n  phase, a t o t a l  of 29,100 kg of  s o l i d s  were i n j e c t e d  
i n t o  t h e  we l l .  During t h e  pump ou t  a t o t a l  of 28,800 kg of s o l i d s  were re- 
moved. Although t h i s  shows t h a t  some s o l i d s  may b e  l e f t  i n  t h e  a q u i f e r ,  t h e  
r e s u l t s  a r e  w e l l  w i th in  experimental  e r r o r ,  and no s i g n i f i c a n t  s t a t i s t i c a l  
d i f f e r e n c e  e x i s t s  between t h e  two. 



CONCLUSION 

A s  a demonstration of ATES technology, t h e  f i r s t  cooling cycle  a t  Texas 
A&M might be considered marginal because no use fu l  cold w a t e r  was recovered. 
However, a s  an experiment the  p ro jec t  was very encouraging. Every aspect  of 
the  system opera t ion  equaled o r  exceeded expectat ions.  There w e r e  no s igns  of 
w e l l  plugging during t h e  i n j e c t i o n  cycle. The cooling pond proved t o  be  an 
exceptionally e f f i c i e n t  and low-cost method of producing cold water; and with 
the  knowledge gained, a f u r t h e r  increase  i n  the  cooling pond capacity is 
ant ic ipa ted .  

The simple sand f i l t e r  worked pe r fec t ly ,  and i n  conj'unction with the  
oxidat ion i n  t h e  spray pond, completely removed t h e  i ron  from the  water. No 
plugging of the  w e l l  was indica ted  during t h i s  i n i t i a l  i n j e c t i o n  cycle. The 
observation w e l l s  gave a complete hydraulic  and thermal h i s t o r y  of t h e  aqui- 
f e r  during t h e  experiment. 

The poor thermal recovery was due t o  regional  flow. This had been ex- 
pected t o  a degree, but  i t  was made worse by the  second wet tes t  winter  and 
spr ing  on record which ra i sed  t h e  water t a b l e  1.7 m. During the  next few 
months, t h i s  i n j e c t i o n  cycle w i l l  be simulated using computer models of t h e  
aqui fer  system. 



3 
Figure 1. Temperature profiles after injection at 13,625 m of cold water. 

Figure 2 .  Temperature profiles after injection at 26,115 m3 of cold water. 

598 



WELL SOUTH (NE,NW) DATE: JULY 8,1979 
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Figure 3. Temperature profiles after a 90-day injection period and a 90-day 
storage period. 
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Figure 4. Results from initial simulation of temperature profiles following 54 days 
of injection. 
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PROJECT OUTLINE 

'Pro ject  T i t l e :  Thermal Energy Storage i n  Confined Aqui fers  

P r i n c i p a l  Inves t iga to r :  F. J. Molz and A. D. Parr 

Organizat ion: Water Resources Research I n s t i t u t e  
Auburn U n i v e r s i t y  
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P ro j ec t  Goals: To i n j e c t  heated water i n t o  a  conf ined aqui fer ,  s t o r e  i t  
f o r  a  pe r i od  o f  time, and pump i t  out. 

To record water temperatures and hydrau l i c  heads dur ing  
t h e  in ject ion-s torage-recovery cycle. 

To determine t o  the extent  poss ib le  the  f e a s i b i l i t y  o f  
s t o r i n g  thermal energy i n  conf ined aquifers.  

Const ruct ion o f  f a c i l i t i e s :  

o  D r i l l i n g  o f  withdrawal and i n j e c t i o n  wel ls .  
o  D r i l l i n g  and inst rumentat ion o f  ohservat ion wel ls .  
o  I n s t a l l a t i o n  o f  sur face support f a c i l i t i e s .  

Operation, data co l l e c t i on ,  and analysis:  

o  F i r s t  c yc l e  
- I n j e c t i o n  
- Storage 
- Recovery 

o Second cyc l e  
- I n j e c t i o n  
- Storage 
- Recovery 

o Data analys is  and r e p o r t i n g  

P ro j ec t  Status: The second cyc le  has been completed and data are now 
being analyzed. F i n a l  r epo r t s  and pub l i ca t i ons  are a lso  
be ing prepared. Data have been prov ided t o  LBL f o r  
s imu la t ion  modeling analysis.  
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Contract  Period: J u l y  1977 t o  December 1979 

Funding Level: $387,283 
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HOT-WATER AQUIFER STORAGE - A FIELD TEST 

A.D. P a r r ,  F.J. Molz, and P.F. Andersen 
Auburn Univers i ty  

INTRODUCTION 

The s t o r a g e  of h o t  water  i n  a q u i f e r s  is considered one of t h e  most promi- 
s i n g  near-term a l t e r n a t i v e s  f o r  seasonal  s to rage  of thermal  energy. Excess 
h e a t  produced d u r i n g - t h e  summer could be s t o r e d  i n  groundwater regions and 
pumped ou t  during t h e  win te r  months when demand f o r  h e a t  i s  g r e a t e s t .  The 
i n s u l a t i n g  p r o p e r t i e s  of t h e  e a r t h  and t h e  v a s t  vo lumetr ic  capac i ty  of i t s  
a q u i f e r s  make t h i s  concept p a r t i c u l a r l y  a t t r a c t i v e .  Auburn Univers i ty  has 
been involved i n  a l a rge - sca l e  f i e l d  s tudy  of h e a t  s t o r a g e  i n  a confined 
a q u i f e r  near  Mobile, Alabama. Current ly,  two in jec t ion-s torage- recovery  cyc le s  
have been completed. 

The f i r s t  cyc l e  involved t h e  i n j e c t i o n  of 54,800 cub ic  meters  of 5 5 O ~  
water  i n t o  the  confined a q u i f e r .  The ambient temperature of t h e  water i n  t h e  
confined a q u i f e r  and i n  t h e  upper semi-confined a q u i f e r  from which the  supply 

0 
water  i s  pumped was 20 C. A f t e r  a s t o r a g e  per iod  of 5 1  days,  t he  i n j e c t i o n  

0 
w e l l  was pumped u n t i l  t he  temperature of t h e  recovered water  dropped t o  33 C. 
A t  t h a t  p o i n t  55,300 cubic meters  of water  had been withdrawn and 66 percent  
of t h e  i n j e c t e d  energy had been recovered. 

A volume of 58,000 cubic  meters of 5 5 O ~  water  was i n j e c t e d  during t h e  
second cyc le .  The water  w a s  s t o r e d  f o r  63 days and then recovered. When t h e  
recovery temperature equal led  t h e  temperature a t  t h e  end of t h e  recovery per iod  
f o r  t he  f i r s t  cyc le ,  3 3 ' ~ ~  66,400 cubic meters had been pumped from the  a q u i f e r  
and 76 percent  of t h e  i n j e c t e d  energy had been recovered. The recovery per iod  

0 
f o r  t h e  second cyc le  continued u n t i l  t h e  water  temperature w a s  27.5 C and 
100,100 cubic  meters  of water  was recovered. A t  t h e  end of t h e  cyc le  about 
90 percent  of t h e  energy i n j e c t e d  during t h e  cyc l e  had been recovered. 

EXPERIMENTAL SET-UP 

The experimental  s i t e  i s  loca t ed  near  Mobile, Alabama, a t  a s o i l  borrow 
a rea  a t  t h e  Barry Steam P l a n t  of t h e  Alabama Power Company. The b a s i c  i n j ec -  
t i o n  system i s  shown i n  F igure  1. Waterwas pumped from an upper semi-confined 
a q g i f e r ,  passed through a b o i l e r  where i t w a s h e a t e d  t o  a temperature of about 
55 C,  and i n j e c t e d  i n t o  a medium sand confined a q u i f e r .  The i n j e c t i o n  we l l  has 
a 6-inch (15-cm) p a r t i a l l y - p e n e t r a t i n g  s t e e l  sc reen .  The top of t he  s to rage  
formation i s  about 40 meters  below t h e  su r f ace  and t h e  formation thickness  i s  
about 21 meters.  
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Figure  1. Schematic of Hot-Water I n j e c t i o n  System 

The r e l a t i v e  l o c a t i o n  of t h e  supply and i n j e c t i o n  we l l s  and of 14  obser- 
va t ions  we l l s  i s  shown i n  Figure 2. The observa t ion  we l l s  were used t o  monitor 
temperature and p h r e a t i c  s u r f a c e  e l eva t ions  during t h e  experiments. The 
readings were used p r imar i ly  t o  c a l i b r a t e  numerical models desc r ib ing  h e a t  and 
mass t r a n s p o r t  i n  a q u i f e r s .  

P 

0 
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Supply 

0 
InJectlon - 

0 rn l O O M  

i 
Figure 2. Top View of W e l l  F i e ld  a t  Experimental S i t e  

603 



Figure 3 shows a schematic  of .a t y p i c a l  obse rva t ion  w e l l  i n  which tempera- 
t u r e  was measured. The s i x  t he rmis to r s  were equa l ly  spaced over  t h e  a q u i f e r  
thickness .  The w e l l s  were b a c k f i l l e d  wi th  sand i n  o r d e r  t o  prec lude  extraneous 
v e r t i c a l  mixing due t o  convect ion i n  t h e  wel l s .  

Lead Packrr 

4" Slotted Plastic Pipe 

Figure 3. S ide  View of Typical  Observation W e l l  

EXPERIMENTAL PROCEDURE 

Water was i n j e c t e d  i n t o  t h e  a q u i f e r  a t  r a t e s  from 6 .3  t o  12.6 l i t e r s  pe r  
second dur ing  t h e  f i r s t  cycle .  The i n j e c t i o n  per iod  was 79 days. The var ia -  
b i l i t y  of t he  i n j e c t i o n  r a t e  was due t o  clogging of t h e  formation around t h e  
i n j e c t i o n  well .  Near t h e  end of t h e  f i r s t  cyc l e  i n j e c t i o n  per iod  i t  was rea- 
l i z e d  t h a t  backwashing t h e  i n j e c t i o n  w e l l  f o r  a few minutes  immediately in-  
creased t h e  s p e c i f i c  capac i ty  of t h e  w e l l  and helped c o n t r o l  t h e  clogging 
problem. A f t e r  a s t o r a g e  pe r iod  of 51  days water  was recovered from t h e  in j ec -  
t i o n  w e l l  wi th  a submersible  pump a t  a n e a r l y  cons t an t  r a t e  of 15.8 l i t e r s  pe r  
second. The recovered water  was discharged i n t o  a nearby cana l .  

The i n j e c t i o n  per iod  f o r  t h e  second cyc le  l a s t e d  6 3  days and t h e  d ischarge  
r a t e  va r i ed  from 9.8 t o  13.6 l i ters  per  second. The improved d ischarge  r a t e  
w a s  a t t r i b u t e d  t o  p e r i o d i c  i n j e c t i o n  w e l l  backwashing performed throughout t h e  
i n j e c t i o n  period.  A f t e r  a 63-day s t o r a g e  pe r iod ,  t h e  water  was recovered a t  an 
average r a t e  of about 1 4  l i ters  p e r  second. 

Hydraulic heads and temperatures  were recorded i n  t h e  observa t ion  we l l s  
throughout both cyc les .  The measurements provided a method of  observing and 
analyzing t h e  hydrodynamic and thermodynamic behavior  of  t h e  i n j e c t e d  ho t  
water  i n  t h e  confined a q u i f e r  region.  S p e c i f i c  p r e s e n t a t i o n  and d iscuss ion  



of t h i s  da ta  a r e  beyond t h e  scope of  t h i s  paper. 

EXPERIMENTAL RESULTS 

A p l o t  of recovery temperature versus recovery volume i s  shown i n  Figure 4 
f o r  both cycles. The improvement of t h e  second cycle  was due t o  the  r e s idua l  
heat  remaining i n  t h e  aqu i fe r  and t h e  surrounding aqu i t a rds  a f t e r  completion 
of t h e  f i r s t  cycle. 

Recovery Volume ( Y' x l f l )  

Figure 4. Recovery Temperature versus Recovery Volume 

A measure of t h e  e f fec t iveness  of a hea t  s to rage  containment system is the  
f r a c t i o n  of the  energy input-of  thesystem t h a t  can be recovered a t  t h e  end of 
the  s torage  period. This f r a c t i o n ,  c a l l e d  the  recovery f a c t o r ,  is determined 
by d iv id ing the  energy output ,  

Eout , by t h e  energy inpu t ,  E . Figure 5 shows 
the  recovery f a c t o r  versus recovery temperature f o r  both cy&f es.  The recovery 
f a c t o r s f o r  the  f i r s t  and second cycles were 0.66 and 0.76, r e spec t ive ly ,  f o r  
the  same recovery temperature of 33Oc. The second cycle  recovery period was 
continued u n t i l  t h e  recovery temperature reached 27.5Oc, and the  recovery 
f a c t o r  was about 0.90. Figure 6 shows recovery f a c t o r  versus  recovery volume. 
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EQUILIBRIUM GEOCHEMICAL MODELING OF A SEASONAL THERMAL ENERGY 

STORAGE AQUIFER FIELD TEST 

J. S. S to t t lemyre  
P a c i f i c  Northwest Laboratory 

PROJECT OUTLINE I 

P r o j e c t  T i t  1 e: Advanced Analys is  Met hod01 ogi  es (Mat hemat i c a l  Model i ng) 

P r i n c i p a l  I nves t iga to r :  C. T. K inca id  

Organizat ion: P a c i f i c  Northwest Laboratory 
P. 0. Box 999 
Richland, WA 99352 
Telephone: (509) 375-2867 FTS: 444-751 1 

P r o j e c t  Goals: To develop numerical s imula t ion  technology capable o f  
p r e d i c t i n g  t h e  t ranspor t  o f  a s tored thermal resource 
w i t h i n  the  ground-water environment. 

Expand c u r r e n t l y  avai 1 able ground-water models t o  i nc lude  
energy t ranspor t .  

V e r i f y  the  expanded models through use o f  a v a i l a b l e  data 
se ts  (which inc lude energy parameters). 

Apply the  v e r i f i e d  models t o  proposed LETF s i tes .  

Develop an energy t ranspor t  model f o r  unconf i ned aqui fers.  

Apply the  unconfined model t o  a representa t ive  
aqu i f  er/energy storage system. 

Document the  models devel oped. 

Apply data from t h e  labo ra to ry  and f i e l d  experiments t o  
account f o r  observed changes. 

P r o j e c t  Status: P r o j e c t  was i n i t i a t e d  i n  October, 1979. 

Contract  Number: EY -76-C-06-1830 

Contract  Period: October 1979 (Continuing) 

Funding Level: $170,400 (FY 1980) 

Funding Source: Energy Storage Systems Division 
U.S. Department of Energy 



PROJECT OUTLINE I1  

P r o j e c t  T i t l e :  Advanced Analys is  Methodologies (Laboratory) 

P r i n c i p a l  I nves t iga to r :  J. A. S to t t lemyre  

Organization: P a c i f i c  Northwest Laboratory 
P. 0. Box 999 
Richland, WA 99352 
Telephone: (509) 375-2733 FTS: 444-751 1 

P r o j e c t  Goals: To conduct l abo ra to ry  i n v e s t i g a t i o n s  o f  we l l  i n j e c t i o n  
and water q u a l i t y  problems an t i c ipa ted  under ATES 
r e s e r v o i r  opera t ing  condi t ions.  

Develop labo ra to ry  scale equipment capable of c l o s e l y  
"s imula t ing"  i n  s i  t u  ATES mechanical and thermal 
load ing condi t ions.  P r i o r i t i e s  are on e f f e c t i v e  
st ress,  temperature, and f l u i d - f l o w  condi t ions.  Such 
equipment should be a v a i l a b l e  t o  support LETF and 
demonstration s i t es .  

I n v e s t i g a t e  t h e  phenomena o f  t ime and/or temperature- 
dependent changes i n  hyd rau l i c  c o n d u c t i v i t y  and bu lk  
compressi b i  1 i ty. 

Develop a standard s u i t e  o f  t e s t s  app l i cab le  t o  each 
p o t e n t i a l  LETF or  demonstration f a c i l i t y .  Emphasis 
s h a l l  be on i d e n t i f y i n g  opera t i  onal and/or environ- 
mental problems and recomnending m i t i g a t i n g  techniques 

P r o j e c t  Status: P r o j e c t  was i n i t i a t e d  i n  October 1979. 

Contract Number: EY-76-C-06-1830 

Contract  Period: October 1979, Continuing 

Funding Level: $105,000 (FY 1980) 

Funding Source: Energy Storage Systems D i v i s i o n  
U.S. Department o f  Energy 



EQUILIBRIUM GEOCHEMICAL MDDELING OF A SEASONAL THERMAL ENERGY 
STORAGE AQUIFER FIELD TEST 

J. A. Stot t lemyre 
P a c i f i c  Northwest. Laboratory .. 

ABSTRACT 

The repor t  sunmarizes a geochemical mathematical modeling study designed 
t o  inves t iga te  the  wel l  plugging problems encountered a t  t h e  Auburn Universi ty 
experimental f i e l d  t e s t s .  The r e s u l t s ,  primari ly of q u a l i t a t i v e  i n t e r e s t ,  
include: 1 )  l o s s  of i n j e c t i v i t y  was probably due t o  a combination of na t ive  
p a r t i c u l a t e  plugging and c lay  swell ing and d ispers ion ,  2) f lu id - f lu id  
incompatabi l i t ies ,  hydrothermal reac t ions ,  and oxidat ion react ions  were of 
ins ign i f i can t  magnitude or too slow t o  have contr ibuted markedly t o  the  
plugging, and 3) the  p o t e n t i a l  f o r  and contr ibut ions  from temperature-induced 
dissolved gas s o l u b i l i t y  reductions,  c a p i l l a r y  boundary layer  v i s c o s i t y  
increases ,  and micros t ructura l  deformation cannot be deconvolved from the  
ava i l ab le  data. 

INTRODUCTION 

Since 1976, two f i e l d  experiments have been conducted by Auburn Univer- 
s i t y  involving s torage  of heated waters i n  a shallow, confined aquifer  near 
Mobile, Alabama ( r e f .  1 and 2).  The f i r s t  experiment involved i n j e c t i o n  of 
7,570 m3 of 37"C, f i l t e r e d  water from an e l e c t r i c  power p lant  cooling water 
canal.  The s torage  aqu i fe r  is  located between 40 and 62 m below the  land 
surface.  The heated canal  water was s tored  for  37 days and then recovered 
with an o v e r a l l  thermal e f f i c i ency  of 67%. The process was inh ib i t ed  by 
s i g n i f i c a n t  plugging of the  i n j e c t i o n  well.  This has been a t t r i b u t e d  t o  c lay  
and s i l t  p a r t i c l e s  suspended i n  the  canal water; f i l t e r i n g  above the  5-micron 
range improved but  d id  not el iminate the problem. 

A second experiment, u t i l i z i n g  the  same storage aqu i fe r ,  involved a 79-day 
in jec t ion  of 55,345 m3 of 55°C b o i l e r  heated water. The water source was an 
unconfined aquifer  located between 25 m and 34 m below the  land surface.  The 
water was s tored  . f o r  50 days and then re t r i eved  over a 41-day period. The 
recovery e f f i c i ency  was 65% over a temperature range of 55°C and 3°C. Ambient 
groundwater temperature was 20°C. Figure 1 i s  a schematic of t h i s  second 
experiment. It is important t o  note t h a t  the  supply water was ext rac ted  from 
an over lying aquifer  and, therefore ,  the  system did  not represent  a t rue  
doublet con£ igura t ion .  

Clogging of the  i n j e c t i o n  well  again proved t o  be a major opera t ional  
d i f f i c u l t y .  Loss of permeabil i ty r e su l t ed  i n  a decrease i n  the  maximum 



injection rate from 12.6 .k-sec-l (200 gpm) to 6.3 kmsec'l (100 gpm). 
Plugging of the well may have been due to the water sensitive nature of the 
storage aquifer sediments. Montmorillonite clay in combination with low 
cation concentration of the supply water relative to the storage.aquifer water 
may have resulted in swelling and dispersion of clay particles as shown con- 
ceptually in figure 2. Such water sensitivity is a documented phenomenon which 
lends itself to laboratory identification and field pretreatment (ref. 3, 4, 
5 ) .  It is also possible that the supply aquifer water contained suspended 
so lids and/or dissolved gases which may have contributed to the plugging. 

In general, there are other potential reservoir permeability damage mecha- 
nisms including precipitation of minerals due to the mixing of incompatible 
groundwaters, water-rock incompatibility, increased temperatures, boundary 
layer viscosity anomalies (ref. 6 ) ,  and microstructural deformation (ref. 7). 

The primary objective of this study is to investigate fluid-fluid incom- 
patibility, fluid-rock incompatibility, hydrothermal mineral alterations, and 
redox reactions with respect to potential contribution to the loss of well. 
injectivity observed at the Auburn field experiments. This investigation was 
based on equilibrium chemical thermodynamic computer modeling. No laboratory 
and/or post-experimental field data are available for comparison, and there- 
fore the results of this computer study are only of qualitative value. 

Sediment and Groundwater Characterization 

Approximate groundwater chemistry is shown in table 1. Sediment min- 
eralogy and grain size distribution are given in tables 2 and 3. 

Description of Test Cases 

The objective of this study is to analyze some potential alternate causes 
of formation plugging at the Auburn field test. The following observations 
are noted: 

a The shallcm partially confined supply aquifer is low in ionic concentra- 
tion relative to the storage aquifer, and has unknown suspended solid and 
dissolved gas concentrations. 

a The deeper, confined, storage aquifer water is assumed to be in chemical 
equilibrium with the formation mineralogy at a temperature of 19.5OC. 

The supply and storage waters were increased in temperature from 19.5OC 
to approximately 55OC. 



Plugging occurred when the supply aquifer water was used as the working 
fluid. 

Plugging apparently did not occur when the storage formation water was 
injected back into the storage aquifer. This water was not heated however 
(Molz, Auburn University, personal communication). 

Based on these observations and a water sensitivity test conducted at 
Auburn University, (Molz, personal communication), it is probable that the lose 
in well injectivity resulted primarily from particle plugging and clay swelling 
and dispersion. The montmorillonite content is less than a percent by weight; 
however, this is often sufficient to inhibit the flaw of law salinity waters 
(ref. 3). Furthermore, dispersed particles in the micron and submicron range 
can often significantly reduce permeability (ref. 5 ) .  

Other potential reservoir damage mechanisms amenable to chemical 
thermodynamic modeling include: 

mineral precipitation as the working fluid temperature is increased 

mineral precipitation as oxygen is introduced to the system 

mineral precipitation due to the mixing of the potentially incompatible 
supply and storage formation waters 

mineral precipitation due to a chemical incompatibility between the sup- 
ply water and the storage aquifer sediment and/or hydrothermal alteration 
products . 
To study these four potential categories, several computer simulations 

were conducted as listed in table 4. 

Data Analysis and Conclusions 

For each computer simulation, the following equilibrium data were tabu- 
lated: 1) equilibrium mineralogy, 2) type and quantity of new mineral precipi- 
tates, 3) fluid temperature and pH, and 4) aqueous species concentrations. It 
is assumed that if minerals precipitate to any significant degree, decreased 
formation permeability might result. 

Increasing the working fluid. temperature and/or oxygen content (Eh) appar- 
ently has a negligible effect on mineral precipitation. Hematite, a ferric 
(iron) oxide, is the only mineral susceptible to precipitation. Huuever, as 
shovn in table 5, the quantity in moles per kilogram of water is rather insig- 
nificant. In addition, mixing the supply aquifer water and the storage aquifer 
water does not result in deleterious mineral precipitation; therefore, fluid- 
fluid incompatibility should be discounted as a contributing factor in the 
observed formation plugging at the Auburn field tests. 



Altera t ion  of the  s torage  aqui fer  mineralogy was a l s o  inves t iga ted .  This 
scenar io  involves i n t e r a c t i n g  the  heated supply water with ambient temperature 
groundwater and sediments i n  the s torage  aqui fer .  Table 6 shows the  ion ic  con- 
cen t ra t ions  i n  the  groundwater and equil ibrium mineralogy predicted by EQUILIB 
fo r  four d i f f e r e n t  i n j e c t i o n  water temperatures. With respect  t o  the  min- 
eralogy a t  5S°C, i t  can be observed t h a t  EQUILIB p r e d i c t s  t h a t  c a l c i t e ,  musco- 
v i t e ,  and k a o l i n i t e  a l l  r e a c t  t o  some extent  and t h a t  the  minerals adu la r i a  
and calcium montmorillonite would be formed a s  products.  S imi lar ly ,  the  fe ld-  
spars  microcline and law-albite apparently r e a c t  and z o i s i t e  is  a predicted 
reac t ion  product. A s  t he  i n j e c t i o n  water temperature is increased,  there  is a 
ne t  decrease i n  the amount of s o l i d  ma te r i a l  wi th in  any volume of rock equ i l i -  
bra ted  a t  these temperatures. To maintain a mass balance,  the re  is an increase  
i n  the aqueous species concentrat ion of the f l u i d .  This might ind ica te  tha t  
a s  the  temperature decreases with increas ing d is tance  from the  wel l ,  precipi-  
t a t i o n  may occur. I f  the  f l u i d  is sa tu ra ted  with respect  t o  c e r t a i n  mineral 
species  a t  elevated temperature near the  well ,  t r anspor t  of the  f l u i d  t o  a 
lower temperature environment could r e s u l t  i n  p r e c i p i t a t e  formation. The con- 
sequences of such p r e c i p i t a t i o n  would depend, i n  p a r t ,  on the  quant i ty  and 
dens i ty  of the p r e c i p i t a t e  and the i n t e r s t i t i a l  makeup of the sedimentary 
matrix. However, k i n e t i c s  is an add i t iona l  f a c t o r  t h a t  must be considered. 

Based on equil ibrium predic t ions ,  i t  might be argued t h a t  hydrothermal 
mineral a l t e r a t i o n  contr ibuted t o  the  plugging observed a t  the  Auburn t e s t  
s i t e .  However, the computer r e s u l t s  should be viewed with caution and consid- 
ered t o  be q u a l i t a t i v e  only. Because of thermodynamic inconsis tencies  i n  the  
da ta  base and the equil ibrium assumption, r e s u l t s  predic ted  by complex geo- 
chemical canputer codes may not always be accurate. The assumption t h a t  the  
heated supply water, the  s torage  aqui fer  water,  and the  s torage  aqui fer  min- 
eralogy have achieved a s t a b l e  equil ibrium becomes q u i t e  r e s t r i c t i v e  i f  the  
temperature under considerat ion is as  law as 55°C. Reaction r a t e s  of rock- 
forming minerals with aqueous solu t ions  may be extremely slow. Hydrothermal 
reac t ions  probably do not occur rapid ly  enough t o  account f o r  the plugging 
observed i n  the  f i r s t  48 hours of the  Auburn experiment. 

It is concluded tha t  with the poss ib le  exception of c l ay  swelling and 
d ispers ion ,  fluid-rock incompat ib i l i ty  was not a con t r ibu t ing  fac to r  i n  the  
formation damage i n  the Auburn t e s t s .  Furthermore, hea t ing  the supply water, 
introducing oxygen, and mixing the  supply and s torage  formation waters appar- 
e n t l y  had no e f f e c t  on p r e c i p i t a t i o n  of minerals  o r  the  c rea t ion  of a l t e r a t i o n  
products t h a t  could reasonably expla in  the  formation damage. Based on the  
l imi ted  evidence, i t  is assumed tha t  water s e n s i t i v i t y  ( c l a y  swelling and d is -  
pers ion) ,  p a r t i c u l a t e  plugging, and outgassing of d issolved gasses represent  
the  most reasonable explanations fo r  the loss  of i n j e c t i v i t y  i n  t h i s  s p e c i f i c  
case. More de ta i l ed  study might reveal  t h a t  temperature-induced c a p i l l a r y  
boundary layer  v i s c o s i t y  anomalies o r  micros t ructura l  deformation may have been 
contr ibut ing  fac to r s .  Table 7 is a sumnary of the  p o t e n t i a l  formation damage 
mechanisms and a q u a l i t a t i v e  est imate of the r e l a t i v e  l ike l ihood of each having 
occurred a t  the  Auburn f a c i l i t i e s .  
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TABLE 1. GROUNDWATER CHEMISTRIES AS SUPPLIED BY AUBURN UNIVERSITY 

Water Type 

Na 

%a 

Fe 

Si 

CaC03 

pH 

Temper at ure 

Supply Aquifer 
(Unconfined Aquifer) 

mg It 
Sample 1 Sample 2 

Storage Aquifer 
(Confined Aquifer) 

(mgld 
Sample 1 Sample 2 

TABLE 2. INITIAL SAMPLE MINERALOGY BASED ON OPTICAL PETROGRAPHY 
AND X-RAY DIFFRACTION 

Mineral Composition Concentration (VolX) 

Calcite 

Quartz 

Hematite 

Muscovite 

Kao linite 

Alkali Feldspar 

Plagioc lase Feldspar 

Montmorillonite 



TAB= 3. GRAIN SIZE DISTRIBUTION FROM SIEVE ANALYSIS 

S i z e  F r a c t i o n  Weight Percent  Desc r ip t ion  Ph i  S i z e  

18 x 35 0.22 Coarse Sand 0.0-1.0 

35 x 120 86.39 Medium Sand 1.0-3.0 
Fine Sand 

120 x 200 4.82 Very F ine  Sand 3.0-3.7 

4.18 Very. F ine  Sand 3.7-4.5 
Coarse S i l t  

4.39 Coarse S i l t  
and F ine r  

TABLE 4. COMPUTER TEST CASES 

Input  Oxygen 

1) Supply Water Alone - - X X X 

2) Supply Water Alone X X X X X 

3 )  S torage  Water Alone - X X X X 

4) Supply Water P l u s  S torage  
Water X X X X X 

5 )  Supply Water P l u s  S torage  
Water P l u s  Minerals  X - X X X 
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T A B U  7. POTENTIAL DAMAGE MECHANISMS FOR THE AUBURN FIELD TESTS 

Qualitative 
Mechanism Potential 

Temperature-Induced Phenomena 
Mineral precipitation ' Low 
Outgassing Moderate 

Increased quartz-water Unknown 
boundary layer viscosity 

*Microstructural deformation Unknown 

Fluid-Fluid and Fluid-Rock 

Chemical Incompatibility 
Clay swelling and High 
dispersion 

Mineral precipitation Low 
( fluid mixing) 
Mineral precipitation Low 
(oxidation) 

Fluid-Rock Physical Incompatibility 
Suspended solids Moderate 

Existing formation High 

Comments 

Mathematical modeling potential 
for dissolved oxygen in the 
supply aquifer 
Limited available data 

Limited available data 

Significant montmorillonite, 
low salinity water injection 

Mathematical modeling 

Mathematical modeling 

Potential for micron and sub- 
micron particles in the supply 
aquifer water 
Loose clay and silt particles 
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DOE INTERNATIONAL ENERGY 

STORAGE ACTIVITIES 

Through an Implementing Agreement coordinated by the International Energy 
Agency, a program of Research and Development on Energy Conservation through 
Energy Storage was activated September 22, 1978. The Department of Energy 
participates in the program for the Government of the United States. 

Annex I to the Implementing Agreement has the objective of undertaking 
preliminary design studies of a variety of large-scale, low temperature thermal 
storage systems. A second objective is to carry out comparative evaluations 
of the design studies, and to select at least one to be the basis of a proposed, 
jointly funded demonstration project. 

Annex I1 to the Implementing Agreement has the objective of obtaining 
operational experience in the construction and operation of a large-scale in- 
sulated artificial body of water in' which waste heat is stored for seasonal 
use. 

Participants in Annex I and Annex I1 are as follows: 

Country Annex No. - Name Organization 

Belgium I Joseph Brych ~acult; Polytechnique de Mons 

Denmark I&II E. ~jarn Quale Laboratory of Energetics 
The Technical University 
of Denmark 

EEC I Pieter Zegers European Community 
DG XI1 C2 

Germany I&II Reinhard Jank Kernforschungsanlage/P~E 

Netherlands I1 Ir. W.J. Heijnen Delft Soil Mechanics Laboratory 

Sweden I&II Ingvar 6 Board for Energy (NE) 
Andersson 

Switzerland I Andre Burger Centre d'Hydrog6ologie 

United States I&II Dr. George F. Division of Storage Systems 
Pezdirtz Department of Energy 
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INTRODUCTION 

This is the first issue of ATES newsletter, 
which is intended to review the current developments 
in research on thermal energy storage in aquifers. 
We hope to publish bimonthly summaries of the work 
being done at various research centers throughout 
the world, including a description of the goals 
which researchers are pursuing and the present sta- 
tus of various projects in the areas related to 
underground storage of thermal energy. Our purpose 
is not to catalog technical information in detail, 
but rather to provide concise summaries of the pro- 
gress of current projects. 

ABOUT T H I S  PUBLICATION 

This newsletter grew out of the Workshop on 
Thermal Energy Storage in Aquifers held at Lawrence 
Berkeley Laboratory (LBL) in May of this year, in 
which all projects in the U. S. and six European 
countries and Japan were reviewed. At the Workshop 
a need was expressed for the continuing exchange of 
information on various developments in the field of 
energy storage research. After discussions between 
officials of the U. S. Department of Energy, Oak 
Ridge National Laboratory, and foreign participants, 
it was suggested that LBL bear responsibility for 
the publication of a newsletter, under the editor- 
ship of Dr. Chin-Fu Tsang. Of course it is vital 
to the publication that all participating institu- 
tions and individuals contribute summaries of their 
current plans and progress and advise us of any 
significant results and/or accomplishments. In this 
way, all will benefit from a thorough and timely 
review of the latest work in the field of thermal 
energy storage. 

All Newsletter contributions, ideas, and sug- 
gestions should be sent to: 

Dr. Chin-Fu Tsacg, Editor 
ATES Newsletter 
Building 90, Room 1012H 
Lawrence Berkeley Laboratory 
Berkeley, California 94720, U. S. A. 

Telephone: (415) 843-2740, extension 5782 

ABOUT T H I S  ISSUE 

This first edition contains sumnaries of all 
projects reported at the Workshop on Thermal Energy 
Storage in Aquifers held on May 10-12, 1978 at 
Lawrence Berkeley Laboratory. Since sumnaries were 
written by LBL staff, any errors are not the respon- 
sibility of the authors. Please let us know of any 
inaccuracies. 

For each project summarized, a contact author 
is noted, together with his affiliation, so that 
you may write him directly for further information. 

CONFINED AQUIFER EXPERIMENT-HEAT STORAGE 

Contact: Fred J. Molz or James C. Warman, Civil 
Engineering Department, Auburn University, Auburn, 
Alabama. 

The objectives of an experimental program at 
Auburn University included the actual testing of 
hot water storage in aquifers and the provision of 
data for calibration of mathematical models des- 
cribing the transport of heat in groundwater. The 
program consisted of four phases: (1) the drilling 
of an exploratory well at the field site; (2) con- 
struction of the central injection well and three 
observational wells, and preliminary pumping tests; 
(3) completion of the observation well field, per- 
formance of final pumping tests, and the measurement 
of aquifer thermal properties; and (4) a cycle of 
warm water injection, storage, and recovery. 

Considering the relatively small injection 
volume and a partially penetrating injection well, 
the authors were encouraged with an observed ther- 
mal recovery factor of 0.68. The researchers con- 
cluded that clogging would be one of the most seri- 
ous problems in the intermediate to long-term opera- 
tion of heat storage wells, making it necessary to 
use heated water with extremely low suspended solids. 
To minimize the possibility of chemical or mecha- 
nical clogging of an injection well, they suggest 
the use of formation water as an influe'nt to the 
heating system. 

The authors caution that, if a storage aquifer 
contains even small amounts of clay, fluids must not 
be injected that would cause the clay fraction to 
swell. The pH and ion contents of the water must be 
compatible with the particular clay mineral. Expo- 
sure to distilled water can cause some clays to 
swell. It is also important that the injected wa- 
ter not precipitate any chemical compounds in the 
storage aquifer or onto the aquifer matrix. 

MATHEMATICAL MODELJNG OF 
AQUIFER THERMAL ENERGY STORAGE 

Contact: Chin Fu Tsang, Lawrence Berkeley Labora- 
tory, Berkeley, California. 

The goal of the LBL project is to apply nmeri- 
cal models and other techniques: (1) to study and 
understand the hydrodynamic, thermal, and chemical 
behavior of an aquifer when used for hot or chilled 
water storage; ( 2 )  to estimate the percentage of 
stored energy that can later be recovered; and ( 3 )  
to suggest optimal arrangements for implementation. 



We use a numerical model developed a t  LBL, 
c a l l e d  "CCC," which s tands  f o r  "Conduction, Convec- 
t i o n ,  and Compaction." It is based on t h e  so-called 
integrated-finite-difference method. The model com- 
putes  heat  and mass flow i n  three-dimensional water- 
s a tu ra t ed  porous systems. Concurrent with t h e  mass 
and energy flow, t he  v e r t i c a l  deformation of t he  
aqu i f e r  system is  simulated using the  one-dimen- 
s i o n a l  consolidation theory of Terzaghi. Thus, i n  
t h e  same ca lcula t ions  we can simultaneously include 
t h e  e f f e c t s  of temperature.on rock and f l u i d  proper- 
t i e s  (e.9.. hea t  capaci ty ,  v i s cos i ty ,  and dens i ty ) ;  
heat  convection and conduction i n  t he  aquifer ,  cap- 
rock, and bedrock; e f f e c t s  of g rav i ty ;  a s  wel l  a s  
aqu i f e r  inhomogeneity, and poss ib le  compaction and 
t h e  associated land subsidence due t o  pressure chan- 
ges during t h e  injection-withdrawal h is tory .  

Dif ferent  hypothet ica l  cases have been care- 
f u l l y  s tudied ,  including: (1) storage  f o r  annual 
seasonal cycles ,  semiannual seasonal cycles ,  and 
d a i l y  cycles;  (2) s torage  a t  d i f f e r e n t  temperatures; 
( 3 )  e f f e c t s  of f u l l  o r  p a r t i a l  penet ra t ion  i n t o  t he  
aquifer ;  (4 )  e f f e c t s  of a clay l ens  i n  t h e  aquifer ;  
(5) e f f e c t s  of aqu i f e r  inhomogeneity; (6)  c h i l l e d  
water s torage;  (7) t he  p o s s i b i l i t y  of land subsi- 
dence o r  u p l i f t ;  (8) e f f e c t s  of regional  flow; and 
(9) a two-well production-injection system. 

Based on our numerical modeling s tud ie s ,  t he  
concept of aqui fer  thermal energy s torage  appears 
t o  be very promising, w i t h a h i g h  estimated recovery/ 
s torage  r a t i o  ( >  8 0 %  I .  Further ca lcula t ions  a r e  
being performed, and t h e  modeling of a f i e l d  experi- 
ment has a l s o  been planned. 

THERMAL STORAGE OF COLD WATER 
IN GROUNDWATER AQUIFERS 
FOR COOLING PURPOSES 

Contact: Donald L. Reddell, Department of Agricul- 
t u r a l  Engineering, Texas A & M University,  College 
S ta t ion ,  Texas. 

The objec t ives  of a study undertaken a t  Texas 
A & M University a r e  t o  design,  develop, and demon- 
s t r a t e  a working prototype system i n  which ch i l l ed  
water w i l l  be s tored  i n  groundwater aqu i f e r s ,  t o  be 
withdrawn during s m e r  months f o r  use i n  air condi- 
t ioning. Also addressing t h e  question of how much 
thermal energy can be recovered from an aqu i f e r ,  
t he  researchers hope t o  demonstrate t he  econmic .aS 
well  a s  technica l  f e a s i b i l i t y  of cold water s torage  
i n  aquifers .  

Speci f ic  research objec t ives  a r e  (a)  t o  design,  
cons t ruct ,  and opera te  a cooling pond t o  c h i l l  water 
from 70° F t o  l e s s  than 50° F, and t o  evaluate  t h e  
operation of t he  cooling pond when coupled with an 
in j ec t ion  well;  (b) t o  evaluate  i n  d e t a i l  t he  trans- 
m i s s i v i t y , . s t o r a t i v i t y ,  heat  t r a n s f e r  coe f f i c i en t s ,  
and heat  storage p rope r t i e s  of a groundwater aqu i f e r  
located near t he  University;  (c)  t o  perform a f i e l d  
t e s t  i n  which cold water produced by t h e  cooling 
pond i s  in jec ted  i n t o  t he  aquifer ,  s t o r e d f o r s e v e r a l  

months, and then pumped o u t  of t h e  aqu i f e r  f o r  a i r  
conditioning purposes; and (dl t o  monitor t h e  r e su l t -  
ing  water movement and temperature p r o f i l e s  i n  a sys- 
tem of observation we l l s ,  use t h e  r e s u l t s  t o  ve r i fy  
ava i l ab l e  numerical models, and evaluate  t h e  concept 
of cold water storage.  

Based on preliminary heat  t r a n s f e r  models of 
t h e  system, it is expected t h a t  na t ive  groundwater 
and rocks w i l l  be cooled t o  t he  i n j ec t ion  water tem- 
pe ra tu re  wi th in  t h ree  t o  f i v e  i n j e c t i o n  cycles ,  
a f t e r  which approximately 85 percent of t h e  i n j ec t ed  
water can be recovered a t  temperatures of 50° F o r  
l e s s .  Because t h i s  i n i t i a l  cooling is needed t o  
achieve optimum e f f i c i ency ,  it is proposed t h a t  t he  
study be conducted f o r  t h ree  years.  This time per- 
iod  w i l l  a l s o  allow f o r  some s t a t i s t i c a l  va r i a t i on  
of weather da t a  t o  evaluate  t h e  ove ra l l  long-term 
eff ic iency of t h e  system. 

A I R  CONDITIONING KENNEDY AIRPORT WITH WINTER COLD 

Contact: Henry I. Hibshman, Desert Reclamation 
Indus t r i e s ,  Inc.  , Pla in f i e ld ,  New Jersey .  

A f e a s i b i l i t y  study is cu r ren t ly  under way f o r  
a poss ib le  conversion of t h e  a i r  conditioning system 
of t h e  J. F. Kennedy In t e rna t iona l  Airport  (JFK), 
New York Ci ty ,  from a conventional r e f r ige ra t ion  
machine system t o  one using cold water s to red  i n  an 
aquifer  under t he  a i r p o r t .  It is the  f i r s t  phase of 
a four-phase conversion p lan  t h a t  includes na tu ra l  
resources,  engineering,  and economic s tud ie s .  

Based on in t e rpo la t ed  da t a ,  it appears t h a t  t he  
aquifer  under t h e  a i r p o r t  may be s u f f i c i e n t  f o r  
s to r ing  a l l  t h e  c h i l l e d  water needed f o r  t he  system. 
There is ,  however, a l a rge  degree of uncer ta in ty  re- 
garding t h e  aqu i f e r  parameters t h a t  would determine 
t h e  number of wel ls  necessary and the  pumping r a t e s  
per  well. A t e s t  wel l  d r i l l i n g  program i s  planned 
i n  t he  near  fu tu re  t o  reduce t h e  uncertainty.  

The s to red  water would be c h i l l e d  by e i t h e r  
winter a i r  o r  near-freezing Jamaica Bay water. 
Three ways of capturing the  cold from winter a i r  
t h a t  have been considered a r e  cooling towers, dry 
coolers ,  and cooling ponds. Use of cooling ponds 
has been r e j ec t ed  because of space l imi t a t i ons  and 
the  hazard t o  a i r c r a f t  by a t t r a c t e d  b i rds  and the  
crea t ion  of fog. 

JFK is surrounded on th ree  s ides  by Jamaica 
Bay which is, i n  e f f e c t ,  a g i an t  cooling pond with 
t he  complications of t i d a l  flows and a va r i e ty  of 
warm inflows, but with t he  advantage of a f reezing 
po in t  depressed t o  28' F by s a l t y  seawater. Use of 
e i t h e r  bay water o r  water from cooling towers would 
neces s i t a t e  a heat  exchanger t o  avoid clogging. 
Preliminary r e s u l t s  i nd i ca t e  t h a t ,  f o r  t o t a l  con- 
version of a s i t e  such a s  JFK, capture of cold from 
a l a rge  body of water i s  preferable  t o  t he  use of 
cooling towers. However, f o r  one-quarter conversion 
of t h i s  s i t e ,  use of t h e  ex i s t i ng  cooling tawers is 
preferable .  For new i n s t a l l a t i o n s ,  preliminary 
ana lys i s  i nd i ca t e s  t h a t  dry coolers  may be prefer -  
able  t o  cooling towers. 



HIGH TEMPERATURE UNDERGROUND THERMAL E N E X Y  STORAGE 

Contact: R. E.. Col l ins ,  The University of  Houston, 
Houston, Texas. 

The University of Houston and Subsurface, Inc. 
a r e  studying deep aquifer  s torage of very high pres- 
sure  hot water and deep cavern s torage of hot  o i l ,  
using solut ion caverns i n  massive s a l t  deposits.  
O n  t he  bas i s  of ,pre l iminary  s tud ie s ,  cavern s torage 
appears t o  be the  more f eas ib l e  of t he  two methods. 
~ompliter simulators a re  current ly  being developed 
t o  study t h e m 1  los ses  and pumping requirements 
associated w i t h  deep s torage in caverns and aquifers.  
The solut ion and t ranspor t  of minerals and thermo- 
mechanical s t r e s s e s  on e a r t h  and wel l  mmponents 
w i l l  a l s o  be studied. 

Using a working f l u i d  of high temperature and 
pressure,  it has been shown t h a t  deep underground 
storage of thermal energy can be achieved with re la-  
t i v e l y  small conduction losses  f o r  cyc l i c  in j ec t ion  
and withdrawals, provided t h e  system is su f f i c i en t ly  
large.  A mathematical model of  steam in j ec t ion  i n t o  
a permeable ea r th  stratum containing br ine  has been 
developed t o  evaluate thermal losses ,  thermal degra- 
dation of re t r ieved heat ,  and in j ec t ion  and r e t r i e -  
v a l  pumping requirements i n  various operational 
modes. The model has been programmed f o r  computer 
use and is now i n  the  f i n a l  debugging stage.  

A simple mathematical model has a l so  been used 
t o  study the operation of a cavi ty  heat storage sys- 
tem and t o  compute the  temperature, the  r a t e  of heat 
l o s s ,  and the  pressure a s  functions of time. For 
cyc l i c  in j ec t ion  and withdrawal of hot o i l ,  t he  lo s s  
r a t i o  was found t o  f a l l  t o  a reasonably small value 
a f t e r  j u s t  a few weeks. 

AQUIFER STORAGE PROJECTS I N  SWEDEN 

Contact: J. Claesson o r  G. Hellstrom, Lund 
I n s t i t u t e  of Technology, Department of Mathematical 
Physics, Lund, Sweden. 

There are  two thermal energy p ro jec t s  presently 
ongoing i n  Sweden. One inves t iga t e s  the  poss ib i l i t y  
of s tor ing hot water i n  eskers  (long and narrow gla- 
c i a l  deposits of high permeabili ty) and the  other  
examines the  theo re t i ca l  aspects  of underground heat 
storage, including the  development of computer 
programs. 

For storage i n  eskers ,  a computer program has 
been developed t o  obtain an estimation of the  energy 
balance u t i l i z i n g  the  e x p l i c i t  f i n i t e  d i f ference  
method t o  solve the  energy equation. A comparison 
was made between two punping s t r a t eg ie s :  waterflow 
always i n  t h e  pos i t ive  x-direction, and waterflow i n  
the  pos i t ive  x-dire&ion during six months of charg- 
ing and i n  the  opposite d i r ec t ion  during the  follow- 
ing s i x  months of ext ract ion.  The second method was 
found bes t ,  with the  in j ec t ed  water heating the aqui- 
f e r  matrix which then a c t s  as a shie ld .  

A more complex case was then studied i n  which 
thermal veloci ty  was proportional t o  the  ac tua l  
need f o r  o r  supply of energy. Energy eff ic iency 
was calcula ted  f o r  the  f i r s t  s i x  years and reached 
0.79 i n  the  s ix th  year. The authors express reser- 
vations about the  v a l i d i t y  of the  model but f e e l  it 
de f in i t e ly  gives an upper l i m i t  t o  t he  energy 
efficiency. 

The main object ive  of t he  underground storage 
project  is t o  develop computer programs f o r  heat 
and flow processes i n  energy storage systems. Under 
inves t igat ion is  heat s torage i n  groundwater re- 
gions; s torage i n  waterpipes placed underground; 
storage by f reezing i n  s o i l s ;  and coupling with 
heat  pumps and s o l a r  col lec tors .  

AQUIFER STORAGE EFFORTS I N  GEFiMANY 

Contact: Reinhard Jank, Projekt le i tung Energiefor- 
schung i n  der  Kernforshungsanlage, ~ i i l i c h ,  Germany. 

Since 1974, t he  German government has supported 
three  major s tudies  i n  the  f i e l d  of large-scale 
thermal energy storage. In October 1977 a meeting 
was held i n  S t u t t g a r t  t o  review ongoing German ac t i -  
v i t i e s  i n  the  f i e l d s  of warm water storage, aquifer  
heat storage, and l a t e n t  heat  storage, resul t ing i n  
the  publication of a 180-page report .  

From these s tudies  it was concluded t h a t  large  
scale  energy storage is feas ib l e  but,  a t  present ,  
uneconomical. For seasonal heat s torage,  aquifer  
storage systems were found s l i g h t l y  preferable  t o  
storage by hot water lakes,  and both were found 
superior t o  l a t e n t  heat storage. I t  i s  expected 
t h a t  these conclusions may have t o  be changed due 
t o  r e s u l t s  of current  experiements. 

The next phase i n  the  German program now has 
two focuses: lake storage p ro jec t s  and an aquifer 
project .  One lake storage project  has already begun 
i n  Mannheim, and two more a re  scheduled t o  begin 
l a t e r  i n  the  year a t  Wolfsburg and Berlin.  

An aquifer  project  was s l a t ed  t o  begin i n  sum- 
mer, 1978, inves t igat ing chemical t ranspor t ,  corro- 
s ion,  and biology. It requires construction of a 
small-scale p i l o t  p l an t  f o r  t e s t ing  purposes only. 
I f  successful the  p ro jec t ,  due t o  be completed a t  
t he  end of 1979, w i l l  def ine  the  location of a f u l l -  
sca le  aquifer  s torage project  t o  be operated within 
an actual  d i s t r i c t  heating system. 

Research plans  i n  t h e  near fu tu re  include in- 
ves t igat ions  of t he  following: chemical t ranspor t  
of matter using typ ica l  limestones and pr imi t ive  
rocks; the  physical proper t ies  of representa t ive  
s o i l  mater ia l ;  precise  chemical analyses of s o i l  
water; t he  necess i ty  of chemical water treatment;  
t heo re t i ca l  descr ip t ions  of s o l u b i l i t y  a s  a function 
of temperature and other  parameters; t h e  corros ivi ty  
of t he  water t o  t h e  components used; and the biolo- 
g i ca l  processes i n  the  aquifer  and its surroundings. 



UNDERGROUND HEAT STORAGE: DIHMSIONS, CHOICE OF 
A GECUETRY, AND EFFICIENCY 

Contact: Bernard Mathey, Centre d ' ~ ~ d r o g ~ o 1 o g i e  de 
1 vniversi t i ,  Neuchetel 7, Switzerland. 

Different methods for  the calculation of the 
thermai efficiency of underground heat accumulators 
are  examined using the overall  dimensions and geo- 
metrical configurations as  variables. 

Parameters which must be considered when look- 
ing for  a storage s i t e  are the permeability of geo- 
logical formations and natural groundwater flow. 
These c r i t e r i a  are  probably the most constraining 
factors  when determining the advantages o r  disad- 
vantages of underground heat accumulators. 

Three choices of geometry are studied. F i r s t  
considered is a box-shaped accumulator for  a family 
house or  small apartment house heated by solar  
energy. The t h e m 1  balance was calculated by an 
approximate solution t o  a s e t  of equations fo r  
energy production and use, taking into account the 
volume of heat stored and i ts  surface area. The 
second choice of geometry was a sphere whose para- 
meters were calculated from analytical laws i n  a 
stationary regimen for  increasing dimensions. A s  a 
th i rd  choice, the accumulator consists of a large- 
diameter well provided with two horizontal radial  
drainage systems, 50 meters one above Fhe other. 
The choice of t h i s  geometry is intended t o  l i m i t  
loss of heat through natural convection, a pheno- 
menon which causes the efficiency of the storage t o  
decrease. Efficiency was calculated by a numerical 
method. 

Further study is needed so that  natural con- 
vection can be introduced into already existing 
models. 

HEAT -ORAGE I N  A PHRTATIC AQUIFER: 
Campuget Experiment 

Contact: G. de Marsily o r  P. Iris, Ecole Nationale 
Superieure des Mines de Paris,  Fontainbleau, France 

The f i r s t  experiment i n  France with heat 
storage i n  aquifers vas perfomed i n  1976-1977. 
The objectives of the research were t o  make on-site 
measurements of thermal parameters and t o  experi- 
ment with heat storage. Hot water was injected for  
twenty days and withdrawn a f t e r  four months. 
Though only th i r ty  percent of the heat was recovered, 
t h i s  was not considered surprising because of the 
s ize of the experiment. 

The Campuget experiment, which ran from 1977- 
1978, had two focuses: realization of a full-scale 
interseasonal storage project i n  a phreatic aquifer, 
including study of i ts  evolution, measurement of 
the efficiency of recovery, and numerical simulation; 
and u t i l i za t ion  of the stored energy i n  existing 
greenhouses and i n  space heating. 

The main observation was a decrease i n  e f f i -  
ciency between the f i r s t  and second withdrawal 
periods. The decrease was at t r ibuted t o  an accumu- 
la t ion  of r a i n f a l l  between October and March,, re- 
sul t ing i n  a reduction i n  the thickness of the un- 
saturated zone. The authors concluded that  observed 
heat losses were due t o  a preferent ial  circulation 
i n  the upper par t  of the aquifer combined with a 
them21 exchange across the unsaturated zone. 

Quantitative interpretation of the experiment 
by mathematical modeling of the combined flow of 
heat and water i n  the aquifer is .current ly i n  pro- 
gress using a 3-D f i n i t e -  element model of the diffu- 
sion-convection equation. Once the model is cal i -  
brated on the observed s e t  of data, it i s  expected 
t o  provide estimates of: heat losses through the 
unsaturated zone; heat losses i n  the substratum; 
heat losses by convective transport toward the pump- 
ing well; and heat losses by unrecovered heat l e f t  
inside the rock mass. Once ful ly  developed, the 
model w i l l  be able t o  predict the efficiency of 
storage for  a se r ies  of years of operation, fo r  
differ ing amounts of heat stored, and f o r  different 
configurations. 

The two major problems with the project are 
(1) the heat and water t ransfer  i n  the unsaturated 
zone, both of which a re  moisture-content dependent 
and w i l l  require on-site measurements of hydraulic 
and thermal conductivity as a function of satura- 
t ion,  and ( 2 )  the influence of the formation hetero- 
geneities. 

THE DANISH SEASONAL AQUIFER 
WAREI-WATER-STORAGE PROGRAM 

Contact: E. B. p a l e ,  Laboratory for  Energetics, 
Technical University of Denmark, 2800 Lyngby, 
Denmark. 

The FUS0 ~ a t i o n a l  Laboratory is managing a 
four and a half year program conducted primarily by 
the Laboratory for  Energetics a t  the Technical Uni- 
versi ty  of Denmark. The program ca l l s  fo r  the de- 
velopment of mathematical models; the design, con- 
struction, and operation of a demonstration plant; 
and a general nationwide geological and hydrolo- 
g ica l  survey. 

Work t o  develop mathematical models has been 
under way for  about two years and has resulted i n  
one- and two-dimensional models. The one-dimen- 
sional model was used only t o  get f i rs t -order  es t i -  
nates of storage requirements and losses. The two- 
dimensional model gives a rotationally synunetrical 
approximation t o  the reservoir. The condition of 
rotational sytmnetry w i l l  l a t e r  be relaxed t o  expand 
the model into the desired three-dimensional form. 
Both the two- and three-dimensional descriptions 
are finite-element models. This work is expected 
t o  l a s t  another year and a half.  



Geological and hydrological inves t igat ions  w i l l  
be made t o  locate  a s i t e  f o r  t h e  demonstration plant .  
The preliminary object ive  is t o  f ind  and convert a 
closed-down water supply well  located near a dis- 
t r i c t  heating main i n t o  the  demonstration plant .  
The design and construction of the  p l an t  is expected 
t o  run over 18 months. 

Toward the  end of t h e  program, a general geolo- 
g i ca l  and hydrological survey w i l l  be ca r r i ed  out  t o  
iden t i fy  s i t e s  t h a t  a re  both su i t ab le  f o r  aquifer  
s torage and located s u f f i c i e n t l y  c lose  t o  ex i s t ing  
o r  planned d i s t r i c t  heating systems. 

SURVEY OF THERMAL ENERGY STORAGE I N  AQUIFERS 
COUPLED WITH AGRICULTURAL USE OF HEAT 
UNDER SEMIARID CONDITIONS 

Contact: A. N i r ,  Weizmann I n s t i t u t e  of Science, 
Rehovot, I s r ae l .  

Semiarid zones pose d i f f i c u l t y  i n  inland loca- 
t i on  of pcuer s t a t ions  because of l imi ted  water re- 
sources f o r  d i r e d  or  wet t cue r  cooling. A t o t a l  
energy system which u t i l i z e s  the  heat  of t he  cooling 
cycle needs a year-round user  of low hea t ,  which is 
generally unavailable i n  semiarid zones. The only 
Potent ia l  use i s  fo r  winter agr icul ture ,  such a s  
greenhouses and s o i l  heating i n  open areas t o  in- 
crease y ie lds  of present crops and allow introduc- 
t i on  of new ones. The shor t  period of heat u t i l i z a -  
t i on  makes seasonal s torage mandatory, and aquifer  
storage provides a poss ible  solut ion i f  located 
within a reasonable d is tance  t o  a power s t a t i o n  and 
agr icul tura l  areas. A preliminary survey of t h i s  
concept has been undertaken i n  Southern I s r ae l .  The 
outcome of the survey i s  expected t o  lead t o  a deci- 
sion whether t o  undertake a de ta i l ed  f e a s i b i l i t y  
study f o r  a spec i f i c  area . '  

The proposed project  c a l l s  f o r  the  power s t a -  
t i on  t o  withdraw cold water from the  aquifer  and 
return warm water, i n  a closed cycle,  t o  a warm re- 
gion of the  aquifer.  During the  cold season there  
would be an addi t ional  cycle i n  which warm water 
would be withdrawn and delivered t o  users.  

Topics t h a t  need t o  be addressed include p l an t  
response t o  heat input i n  surrounding s o i l ,  water, 
and a i r ;  modeling of aquifers ;  heat d iss ipat ion 

from soi l -  and mater ia ls  and contlguratlons L ~ L  

e f f i c i e n t  heat t r ans fe r  £ran water t o  s o i l .  P i l o t  
operations under consideration include recharge i n  
speci f ied  geological formations; aquifer  operation 
with control led  storage and recovery of heat ;  con- 
t r o l  of greenhouse and uncovered s o i l  temperature; 
and a power p l an t  condenser operation with high 
temperature r i s e  and var iable  water qual i ty .  

SEASONAL REGENERATION THROUGH UNDERGROUND STRATA 

Contact: T. Yokoyama, University of Yamagata, 
Yonezawa, Japan. 

In Japan f i e l d  experiments and numerical anal- 
yses have been conducted with respect t o  thermal 
energy s torage i n  aquifers.  Pa r t i cu la r  a t t en t ion  
has been paid t o  the  spacing of wells i n  order t o  
avoid thermal and chemical pollution. 

The t e s t  s i t e  consis ts  of two dual-purpose 
wells and one observation well. In summer, cool- 
ing water i s  withdrawn; a f t e r  d i r e c t  cooling, waste 
water is sprinkled on the  roof f o r  heat col lec t ion 
by convection and radia t ion.  After passing through 
a f i l t r a t i o n  tower, the  water is  fu r the r  heated by 
a heat exchanger and then recharged througha second 
well. The process is  reversed in  winter. 

Experiments with warm water recharging were 
ca r r i ed  out  from July  16 t o  September 18, 1977. 
Even with da i ly  discharging, researchers were able  
t o  maintain a constant water level .  There was no 
evidence of clogging, and permeability appeared t o  
remain constant. Between September 19 and December 
25,  there  was no recharging. Warm water was then 
withdrawn and used t o  melt snow, while waste cool 
water was recharged. 

The heat recovery coe f f i c i en t  was nearly 40 
percent,  but declined when recharged cool water 
reached the discharge well. There was good agree- 
ment between experimental and numerical r e s u l t s ;  and 
f o r  a l l  seasons, the  qua l i ty  of the recharge water 
remained a t  a near-natural level .  

The authors concluded t h a t  when natura l  flow 
i s  slow compared with well  flow r a t e s ,  hor izonta l  
and v e r t i c a l  thermal d i f fus ion are.not s ign i f i can t ,  
making seasonal regeneration feas ible .  Despite 
rough assumptions f o r  underground s t r a t a ,  numerical 
analyses based on a complex po ten t i a l  function was 
judged su f f i c i en t ly  accurate.  
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INTRODUCTION 

The purpose of the ATES Newsletter i s  t o  review 
current  events i n  the development of thermal ener- 
gy s t o r a g e  i n  a q u i f e r s .  We hope t o  p u b l i s h  b i -  
monthly summaries of work being done throughout the 
world.  Our purpose  i s  n o t  t o  c a t a l o g  t e c h n i c a l  
information i n  d e t a i l ,  but r a the r  t o  provide concise 
r e p o r t s  of t he  g o a l s ,  p r e s e n t  s t a t u s  and major 
r e s u l t s  of p ro j ec t s  r e l a t ed  to  underground s torage  
of thermal energy. 

The f i r s t  i ssue  was sen t  to  130 individuals  and 
agencies i n  13  d i f f e r e n t  countries.  The publ ica t ion  
generated considerable response which we hope w i l l  
l e a d  t o  a v i b r a n t  exchange of i n f o r m a t i o n  and 
ideas.  

The continued success of the Newsletter depends 
on wri t ten  contr ibut ions  from researchers  working 
in t h i s  f i e l d .  Please keep us advised of research 
plans,  s i g n i f i c a n t  r e s u l t s ,  and accomplishments. 
Contributions f o r  the next i s sue  should reach us by 
March 26, 1979. A l l  c o n t r i b u t i o n s ,  i d e a s ,  and 
suggestions should be sen t  to :  

Dr. Chin Fu Tsang, Editor 
ATES Newsletter 
Earth Sciences Division 
Lawrence Berkeley Laboratory 
Berkeley, Cal i fornia  94720 U.S.A. 

Telephone: (415) 486-5782. 

PROCEEDINGS FROM THE A W I F E R  WORKSHOP 

Proceedings from the Workshop on Thermal Energy 
Storage in  Aquifers held May 10-12, 1978, a t  the  
Lawrence Berkeley Laboratory, w i l l  be ava i l ab l e  i n  
l a t e  February. A copy' of the proce'edings w i l l  be 
s en t  to  a l l  workshop pa r t i c ipan t s .  Anyone e l s e  who 
would l i k e  to obta in  a copy should wri te  to  D r .  Chin 
Fu Tsang a t  the above address. 

AqLLideh Stohage Phojects in the United S m e b  

A SUMMARY 

Januarv 1979 

and development program c u r r e n t l y  i n v o l v e s  two 
f i e l d  experiments, two planned large  sca l e  denon- 
s t r a t i o n s ,  and var ious  support s tud ie s  including 
mathematical modeling, economic analys is ,  geochem- 
i s t r y ,  aqui fer  parameter assessment and environmen- 
t a l  impac t  analys is .  

F i e l d  E x p e r i m e n t s  

Auburn U n i v e r s i t y  s u c c e s s f u l l y  completed one 
s t o r a g e  c y c l e  of 5.49 x l o 4  c u b i c  me te r s  (14.5 
x l o 6  g a l . )  of wa te r  hea t ed  t o  5S°C. The temp- 
e r a tu re  of the  discharged water dropped from 55% 
to  33OC. equivalent  t o  a heat  recovery of 65%. A 
second i n j e c t i o n  of 5.68 x lo4  cubic meters (15 x 
l o 6  g a l . )  of 55OC wa te r  has  been completed and 
w i l l  be s tored  f o r  two months. 

Texas AbM completed  c o n s t r u c t i o n  and t e s t i n g  
of a ch i l l ed  water aqu i f e r  s torage  system. Chilled 
water  w i l l  be  s t o r e d  a s  soon a s  w in te r  weather  
begins. i n  southern Texas. 

D e m o n s t r a t i o n  P r o j e c t s  

New York S ta t e  ERDA (Energy Research and Devel- 
opment Administration) has completed a four-bore- 
hole geologica l  explora t ion  program to del ineate  
t he  l a t e r a l  l i m i t s  and t h i c k n e s s  of t h e  sha l low 
confined aquifer  under J F K  Airpor t  i n  New York City. 
The r e s u l t s  of t h i s  program a r e  c u r r e n t l y  be ing  
reviewed. 

A subcontract  f o r  the  development of an aquifer 
s torage  prototype doublet  a t  Bellingham, Washing- 
ton, i s  being negotiated.  This prototype doublet 
w i l l  be  i n t e g r a t e d  i n t o  t h e  planned Bellingham 
d i s t r i c t  heating system. 

S u p p o r t  R e s e a r c h  a n d  D e v e l o p m e n t  

Lawrence Berkeley  Labora to ry  CLBL) w i l l  con- 
t inue to  mathematically model the s torage  of ther- 
mal egergy i n  aqu i f e r s .  They have completed the 
modeling of t he rma l  energy s t o r a g e  by means of 
d a i l y  cycle  i n j ec t ion  of ho t  water i n  a s ing le  well 
aqui fer  system. LBL i s  a l s o  analyzing the r e s u l t s  
of the  f i r s t  thermal s torage  cycle  a t  Auburn Univer- 
s i t y .  

The Energy D i v i s i o n  of ORNL w i l l  complete a 
g e n e r i c  env i ronmen ta l  impact  a n a l y s i s  of aqui -  
f e r  thermal energy s torage  by mid-1979. 

Contact: David M. Eissenberg, Oak Ridge National In 1979, the Engineering Technology Division,  
Laboratory, Oak Ridge. Tennessee 37830. ORNL, w i l l  do  an economic a n a l y s i s  of a q u i f e r  

s torage  with emphasis on ch i l l ed  water s torage  a t  
The U.S. aqui fer  s torage  program is managed by JFK Airpor t ,  New York. 

the Oak Ridge National Laboratory (ORNL) f o r  the 
U.S. Department of Energy (DOE) Division of Ther- ~ a t k e l l e  P a c i f i c  Northwest L a b o r a t o r i e s  w i l l  
ma1 Energy Storage Systems (STOR). This research ma thema t i ca l ly  model t h e  e f f e c t s  of changes of 



geochemical  e q u i l i b r i u n  i n  an a q u i f e r  due t o  the r -  P r e l i m i n a r y  s t u d i e s  of  d r i l l i n g  p rocedures ,  w e l l  
n a l  energy  s t o r a g e .  d e s i g n  and cavern  l e a c h i n g  o p e r a t i o n s  a r e  n e a r i n g  

complet ion and some c o s t  e s t i m a t e s '  have been made. 
The Tennessee Val ley  Author i ty  (TVA) vill com- We e s t i m a t e  t h a t  a  30  megawat t  ( t h e r m a l )  c a v e r n  

p l e t e  a  su rvey  of t h e  the rmal  energy s t o r a g e  po- system would c o s t  a b o u t  $4.6 m i l l i o n .  
t e n t i a l  o f  t h e  TVA s e r v i c e  a r e a  t h i s  y e a r .  TVA 
g e o h y d r o l o g i s t s  a r e  d o i n g  a  g e n e r i c  p a r a m e t r i c  
s t u d y  o f  a q u i f e r s .  The o b j e c t i v e  o f  t h i s  s t u d y  
is t o  de te rmine  what c r i t e r i a ,  i f  any,  may l i m i t  
t h e  s u i t e b i l i t y  of  a n  a q u i f e r  f o r  the rmal  energy  
s t o r a g e .  

CONFINED A W I F E R  EXPERIMENT - HGPT STORAGE 

HIGH TEMPERATURE UNDERGROUND 
THERMAL ENERGY STORAGE 

C o n t a c t :  R. Eugene C o l l i n s .  The U n i v e r s i t y  o f  
Houston, Houston, Texas 77004. 

The U n i v e r s i t y  o f  H o u s t o n ,  w i t h  S u b s u r f a c e  
Disposa l  Corp. and Bovay Engineers ,  Inc. ,  a s  sub- 
c o n t r a c t o r s ,  i s  i n  t h e  second year  of  a  f e a s i b i l -  
i t y  s t u d y  of  s t o r a g e  o f  h igh  t empera tu re  (%600°F) 
w a t e r  i n  d e e p  a q u i f e r s  a n d  h i g h  t e m p e r a t u r e  o i l  
( -60O0F) i n  s o l u t i o n - m i n e d  c a v e r n s  i n  m a s s i v e  
s a l t  d e p o s i t s .  

A  g e o l o g i c a l  f e a s i b i l i t y  s t u d y  has  been com- 
p l e t e d  showing  t h a t  t h e s e  s t o r a g e  m e t h o d s  would 
be p o s s i b l e  i n  abou t  80% of t h e  c o n t i n e n t a l  U.S.; 
o n l y  a r e a s  of  m o u n t a i n  i n t r u s i o n s  a n d  t h e  w e s t  
c o a s t  of t h e  c o n t i n e n t  a r e  deemed t o t a l l y  unsu i t -  
a b l e .  

S t u d i e s ,  u s i n g  computer s i m u l a t o r s ,  have shown 
t h a t  d i u r n a l  s t o r a g e  o f  h e a t  f r o m  a  l a r g e  s c a l e  
c e n t r a l  focus  s o l a r  c o l l e c t o r  can b e  c a r r i e d  o u t  
w i t h  c o n d u c t i o n  l o s s e s  d e c l i n i n g  o n  e a c h  c y c l e  
t o  a  l e v e l  on the  o r d e r  of  one p e r c e n t  of c y c l i c l y  
t r a n s f e r r e d  h e a t  i n  one y e a r  of  o p e r a t i o n .  Energy 
t r a n s f e r  r a t e s  o f  50  t o  5 0 0  m e g a w a t t s  ( t h e r m a l )  
a r e  r e a d i l y  a t t a i n a b l e  and systems of s e v e r a l  days 
c a p a c i t y  a t  these  r a t e s  a r e  p o s s i b l e .  The major  
problem f o r e s e e n  wi th  s a l t  cavern  s t o r a g e  is poss i -  
b l e  d e f o r m a t i o n  o f  t h e  c a v e r n  d u e  t o  " c r e e p "  o r  
p l a s t i c  flow. Computer s i m u l a t o r  s t u d i e s  of  t h i s  
p r o b l e m  a r e  underway and  c r e e p  m e a s u r e m e n t s  on  
s a l t  s a m p l e s  a t  h i g h  t e m p e r a t u r e s  a n d  p r e s s u r e s  
a r e  p l a n n e d  b e c a u s e  n o  m e a s u r e m e n t s  a t  p r o p o s e d  
t empera tu res  have been r e p o r t e d  i n  t h e  l i t e r a t u r e .  

A  s o l u t i o n  t o  t h e  c r e e p  p r o b l e m  may b e ,  t o  
f i l l  t h e  cavern  wi th  g r a v e l  o r  c o a r s e  sand.  Th is  
would a l s o  reduce  o i l  r equ i rements  by 75%. We a r e  
now debugging computer s i m u l a t o r s  of  such  systems 
o p e r a t i n g  i n  a  the rmocl ine  mode wi th  two w e l l s  i n t o  
t h e  cavern ,  one  h o t  and one c o l d .  

S t u d i e s  t o  d a t e  i n d i c a t e  t h a t  a q u i f e r  s t o r -  
a g e  o f  h o t  w a t e r  a t  t e m p e r a t u r e s  a b o v e  a b o u t  
300°F w i l l  n o t  b e  f e a s i b l e  b e c a u s e  o f  downhole  
pumping r e q u i r e m e n t s  and  p r o b l e m s  w i t h  s i l i c a  
d i s s o l u t i o n  and  r e p r e c i p i  t a t i o n .  T h e r e f o r e ,  we 
have reduced our  e f f o r t  i n  t h i s  s tudy .  

C o n t a c t :  F r e d  J. Molz o r  A. David P a r r ,  C i v i l  
Eng ineer ing  Department, Auburn U n i v e r s i t y ,  Auburn, 
Alabama 36830. 

The concept  of  u s i n g  conf ined  groundwater aqu i -  
f e r s  f o r  t h e  temporary s t o r a g e  of l a r g e  q u a n t i t i e s  
of h o t  wa te r  has  been proposed a s  a  f e a s i b l e  c h o i c e  
f o r  t o t a l - e n e r g y  s y s t e m s .  , The Wate r  R e s o u r c e s  
Research I n s t i t u t e  of Auburn U n i v e r s i t y  is  perform- 
i n g  a  s e r i e s  o f  f i e l d  e x p e r i m e n t s  w h e r e i n  t h i s  
concep t  is be ing  t e s t e d .  To d a t e ,  one p r e l i m i n a r y  
e x p e r i m e n t  a n d  o n e  s ix -month  i n j e c t i o n - s t o r a g e -  
recovery  c y c l e  have been completed. 

The p r e l i m i n a r y  e x p e r i m e n t  i n v o l v e d  t h e  i n -  
j e c t i o n  and recovery  of  abou t  7570 m3 (2 m i l l i o n  
g a l l o n s )  o f  w a t e r .  The i n j e c t i o n  w a t e r  was ob- 
t a i n e d  f rom t h e  e f f l u e n t  d i s c h a r g e  c a n a l  of  a  
power p l a n t  a n d  had a n  a v e r a g e  t e m p e r a t u r e  o f  
37OC (98.6OF).  The a m b i e n t  t e m p e r a t u r e  o f  t h e  
f o r m a t i o n  w a t e r  i n  t h e  c o n f i n e d  s t o r a g e  a q u i f e r  
was a b o u t  20°C (68 .0°F) .  The i n j e c t i o n ,  s t o r -  
age,  and recovery  p e r i o d s  were 420, 1416, and 2042 
h o u r s ,  r e s p e c t i v e l y .  The r e c o v e r y  p e r i o d  was 
t e rmina ted  when t h e  wa te r  t empera tu re  reached 21% 
(69.8OF). About 67 p e r c e n t  of t h e  i n j e c t e d  energy 
was r e c o v e r e d .  C l o g g i n g  o f  t h e  s o i l  a r o u n d  t h e  
i n j e c t i o n  w e l l  p o s e d  a  m a j o r  p r o b l e m  d u r i n g  t h e  
i n j e c t i o n  p e r i o d .  The h i g h  l e v e l  of  s u s p e n d e d  
s o l i d s  i n  t h e  i n j e c t i o n  wate r  was judged t o  b e  t h e  
pr imary cause  of t h e  c l o g g i n g ,  a l though  t h i s  was 
a g g r a v a t e d  b y  s w e l l i n g  o f  c l a y s  i n  t h e  s t o r a g e  
fo rmat ion .  

The s e c o n d  e x p e r i m e n t  i n v o l v e d  t h e  i n j e c t i o n  
and  r e c o v e r y  o f  a b o u t  54.900 m3 ( 1 4 . 5  m i l l i o n  
g a l l o n s )  o f  w a t e r .  D u r i n g  t h i s  e x p e r i m e n t ,  t h e  
i n j e c t i o n  w a t e r  was o b t a i n e d  f rom t h e  f o r m a t i o n  
wate r  of  an unconfined a q u i f e r  a t  t h e  experimen- 
t a l  s i t e .  The w a t e r  was pumped f rom t h e  uncon- 
f i n e d  a q u i f e r ,  h e a t e d  t o  a  t e m p e t a t u r e  o f  a b o u t  
55OC (131°F) and i n j e c t e d  i n t o  t h e  conf ined  s t o r a g e  
a q u i f e r  . The i n j e c t i o n ,  s t o r a g e ,  a n d  r e c o v e r y  
p e r i o d s  were 1900, 1213. and 987 hours .  r e s p e c t i v e -  
l y .  The r e c o v e r y  p e r i o d  was t e r m i n a t e d  when t h e  
wa te r  be ing  withdrawn from t h e  s t o r a g e  a q u i f e r  f e l l  
t o  33OC (91.4OF) which  was 130C (23.4OF) a b o v e  
t h e  a m b i e n t  w a t e r  t e m p e r a t u r e  i n  t h e  c o n f i n e d  
a q u i f e r .  At t h i s  p o i n t ,  a b o u t  65 p e r c e n t  of  t h e  
i n j e c t e d  energy was recovered .  The c logg ing  prob- 
lems t h a t  plagued t h e  p r e l i m i n a r y  experiment  were 
s i g n i f i c a n t l y  reduced d u r i n g  t h e  second experiment  
and  w e r e  a p p a r e n t l y  d u e  e n t i r e l y  t o  s w e l l i n g  of  
fo rmat ion  c l a y s .  P e r i o d i c  backwashing of  t h e  in- 
j e c t i o n  w e l l  a l s o  c o n t r i b u t e d  t o  t h e  improvement. 



A second six-month in jec t ion-s to rage- recovery  
c y c l e  is  p r e s e n t l y  underway .  It i s  b e i n g  p e r -  
formed i n  e s s e n t i a l l y  t h e  same manner a s  t h e  f i r s t  
c y c l e .  The i n j e c t i o n  p e r i o d  h a s  j u s t  been comple- 
t e d ,  and t h e  average  s p e c i f i c  c a p a c i t y  o f  t h e  in -  
j e c t i o n  w e l l  was s i g n i f i c a n t l y  b e t t e r  than  i n  t h e  
p rev ious  experiment .  Th i s  is encouraging s i n c e  i t  
a p p e a r s  t h a t  t h e  d e g r e e  of c logg ing  may s t a b i l i z e  
a t  a n  a c c e p t a b l e  l e v e l  when wate r  low i n  suspended 
s o l i d s  is used f o r  i n j e c t i o n .  

THERMAL ENERGY STORAGE FOR A LARGE 
DISTRICT HEATING SYSTEM 

C o n t a c t :  C h a r l e s  F. Meyer.  G e n e r a l  E l e c t r i c -  
TEMPO C e n t e r  f o r  Advanced S t u d i e s ,  P.O. Drawer 
QQ, Santa  Barbara ,  C a l i f o r n i a  93102 

The o b j e c t i v e  of  t h e  TEMPO p r o j e c t  i s  t o  e s t i m a t e  
t h e  v a l u e  of  annua l -cyc le  TES i f  i t  were incorpor -  
a t e d  i n t o  a proposed hot-water  d i s t r i c t  h e a t i n g  (DH) 
system f o r  t h e  Twin C i t i e s  urban a r e a  i n  Minnesota. 

A major  s e r i e s  of  s t u d i e s  is underway t o  e v a l u a t e  
t h e  f e a s i b i l i t y  o f  i n s t a l l i n g  a new, l a r g e ,  DH 
s y s t e m  i n  t h e  M i n n e a p o l i s - S t .  P a u l  m e t r o p o l i t a n  
a r e a .  It would be  based upon c o g e n e r a t i o n  of  power 
and  h e a t  b y  t h e  N o r t h e r n  S t a t e s  Power Company. 
Among t h e  l e a d i n g  sponsors  and p a r t i c i p a n t s  i n  t h e  
s t u d i e s  a r e  t h e  Minnesota Energy Agency, Northern 
S t a t e s  Power Company, and DOEIORNL. Also p a r t i c i -  
p a t i n g  a r e  s e v e r a l  o t h e r  g o v e r n m e n t a l  a g e n c i e s ,  
u t i l i t i e s ,  u n i v e r s i t i e s ,  and a number of  c o n t r a c t o r s  
and c o n s u l t a n t s .  

The proposed new DH system would n o t  send o u t  
s t e a m ,  a s  i s  t h e  u n i v e r s a l  p r a c t i c e  i n  l a r g e  DH 
s y e t e m s  i n  t h e  U n i t e d  S t a t e s ,  b u t  h o t  w a t e r ,  a s  
is t h e  common p r a c t i c e  i n  Europe. A Swedish f i r m ,  
S tudsv ik  Energ i t ekn ik  AB, under DOE~ORNL c o n t r a c t ,  
i s  p r e p a r i n g  t h e  g e n e r a l  d e s c r i p t i o n  of  t h e  proposed 
system based upon t h e i r  exper ience  wi th  European 
systems.  

S u p p l y i n g  s p a c e  h e a t i n g ,  t a p  w a t e r ,  a i r  con-  
d i t i o n i n g  ( a b s o r p t i o n  c y c l e ) ,  a n d  low- tempera -  
t u r e  i n d u s t r i a l  p r o c e s s  h e a t  n e e d s  f rom a cen-  
t r a l  s o u r c e  i s  a more e f f i c i e n t  way t o  u s e  f u e l  
than t o  burn  i t  i n  many s m a l l  f u r n a c e s  and b o i l -  
e r s .  A p a r t i c u l a r l y  e f f i c i e n t  c e n t r a l  s o u r c e  
is a p l a n t  cogenera t ing  power and h e a t .  The sys-  
tem proposed by S t u d s v i k  would employ c o a l - f i r e d  
cogenera t ion  f o r  b a s e  l o a d  and o i l - f i r e d  b o i l e r s  f o r  
p e a k i n g  and  s t a n d b y .  DH c o n f i g u r a t i o n s  s o  f a r  
proposed have n o t  iqc luded  TES e x c e p t  t h a t  which is 
i n c i d e n t a l  t o  use of l a r g e  hot-water  p i p e l i n e s ;  h o t  
wa te r  h a s  a h igh  energy  d e n s i t y  and thermal  i n e r t i a .  

TEMPO'S s t u d y  assumes t h a t  annua l -cyc le  (aqui-  
f e r )  TES i s  f e a s i b l e .  The economic  and  e n v i r o n -  
mental  b e n e f i t s  a r e  be ing  eva lua ted  by comparing 

t h e  c a p i t a l  r equ i rements  and f u e l  consumption of  
a s p e c i f i c  cogenerat ion/DH system which does n o t  
i n c l u d e  TES t o  t h o s e  of  a system wi th  TES, se rv-  
i n g  i d e n t i c a l  h e a t  l o a d s .  T h i s  w i l l  p r o v i d e  a 
m e a s u r e  o f  t h e  v a l u e  o f  TES. A n n u a l - c y c l e  TES 
is  o f  p a r t i c u l a r  i n t e r e s t  b e c a u s e  t h e  l a r g e s t  
p o t e n t i a l  m a r k e t  f o r  d i s t r i c t  h e a t i n g  i s  s p a c e  
h e a t i n g .  

Very p r e l i m i n a r y  r e s u l t s  s u g g e s t  - t h a t  peaking 
and  s t a n d b y  b o i l e r s  may b e  r e p l a c e d  w i t h  h e a t  
s t o r a g e  weLls, and c o g e n e r a t i o n  c a p a c i t y  reduced 
by a b o u t  20 p e r c e n t .  The r e d u c e d  c a p i t a l  r e -  
q u i r e m e n t s  a r e  a m e a s u r e  o f  how much o n e  c o u l d  
a f f o r d  t o  pay f o r  TES. 

DAILY HEAT STORAGE IN  AQUIFERS 
FOR SOLAR ENERGY SYSTEMS 

Contac t :  Chin Fu Tsang, E a r t h  Sc iences  D i v i s i o n ,  
Lawrence Berkeley Labora to ry ,  Berkeley,  C a l i f o r -  
n i a  94720. 

Recen t ly ,  much i n t e r e s t  h a s  been genera ted  by 
t h e  concep t  of long-term s e a s o n a l  s t o r a g e  of  h o t  
w a t e r  i n  a q u i f e r s .  However ,  t h e  p o s s i b i l i t y  of  
d a i l y  s t o r a g e - r e t r i e v a l  c y c l e s  h a s  n o t  b e e n  ex-  
p l o r e d  i n  much d e t a i l .  C a l c u l a t i o n s  h a v e  b e e n  
made t o  e v a l u a t e  t h e  s t o r a g e - r e c o v e r y  r a t i o  f o r  
d a i l y  h o t  wa te r  s t o r a g e  i n  an a q u i f e r .  

For t h i s  s t u d y  we used t h e  numer ica l  model "CCC" 
( f o r  Conduct ion,  Convect ion and Compaction) which 
was developed a t  LBL f o r  three-dimensional ,  l i q u i d  
s a t u r a t e d ,  p o r o u s  s y s t e m s .  Both  t h e  t e m p e r a t u r e  
dependence of f l u i d  p r o p e r t i e s  and g r a v i t a t i o n a l  
e f f e c t s  a r e  taken i n t o  account .  Furthermore,  t h e  
model "CCC" is coupled wi th  a n o t h e r  computer program 
which was developed t o  c a l c u l a t e  t h e  h e a t  conduct ion 
e f f e c t s  a t  t h e  w e l l b o r e  a s  w a t e r  is  i n j e c t e d  o r  
produced from t h e  a q u i f e r .  The coupled model L s  
a p p l i e d  t o  a " t y p i c a l "  a q u i f e r  assuming two d i f f e r -  
e n t  h o t  wa te r  s t o r a g e - r e t r i e v a l  schemes: 

( 1 )  Twelve  h o u r s  o f  i n j e c t i o n  i n t o  t h e  
a q u i f e r  f o l l o w e d  by t w e l v e  h o u r s  of  
p roduc t ion ;  

( 2 )  E i g h t  h o u r s  o f  i n j e c t i o n  i n  t h e  day-  
t i m e ;  f o l l o w e d  by f o u r  h o u r s  o f  p r o -  
d u c t i o n  i n  t h e  e v e n i n g ;  t h e n  s h u t - i n  
f o r  e i g h t  hours  a t  n i g h t ;  and f i n a l l y ,  
a s e c o n d  f o u r - h o u r  p r o d u c t i o n  p e r i o d  
i n  t h e  e a r l y  morning. 

I n  bo th  c a s e s  t h e  a q u i f e r  hydrodynamic and thermal  
behav iors  a r e  ana lyzed .  P r e l i m i n a r y  r e s u l t s  i n d i -  
c a t e  recovery-s to rage  r a t i o s  i n  e x c e s s  of  75 per- 
c e n t .  
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THEORETICAL ANALYSIS AND COMPUTER SIMULATIONS 
OF SOLID-FLUID HEAT STORAGE SYSTEMS IN THE GROUND 

Contac t :  Johan Claesson ,  U n i v e r s i t y  of  Lund, Dept. 
of Mathematical  Phys ics ,  Box 725, S-220 07 Lund. 
Sweden. 

Some r e s u l t s  of  o u r  t h e o r e t i c a l  s t u d i e s  a r e  
p r e s e n t e d  i n  a n  i n t e r i n  r e p o r t  w h i c h  c o n t a i n s  
1 5  p a p e r s  ( 2 4 0  p a g e s ) .  T h i s  r e p o r t  may b e  ob- 
t a i n e d  from t h e  au thor .  

T h r e e  p a p e r s  c o n c e r n  s t a t i o n a r y  h e a t  l o s s e s  
from s t o r a g e  r e g i o n s  of t h e  ground. Another paper  
s t u d i e s  a n a l y t i c a l l y  t h e  buoyancy  t i l t i n g  o f  a  
v e r t i c a l  thermal  f r o n t .  An en t ropy  a n a l y s i s  of  t h e  
s o - c a l l e d  n u m e r i c a l  d i f f u s i o n  i s  p r e s e n t e d .  A 
mathematical  a n a l y s i s  and a  numer ica l  model of  a  
p l a n e ,  two-hole, e x t r a c t i o n - i n j e c t i o n  system a r e  s e t  
ou t .  

A n o t h e r  p a p e r  d e a l s  w i t h  h e a t  s t o r a g e  i n  a  
c y l i n d r i c a l  a q u i f e r  r e g i o n  wi th  e s s e n t i a l l y  ve r -  
t i c a l  water  flow. The dynamic three-dimensional  
d i f f u s i o n - c o n v e c t i o n  p r o b l e m  i n  and  o u t s i d e  t h e  
a q u i f e r  is so lved  numer ica l ly  under t h e  s i m p l i f y i n g  
assumption t h a t  the  wa te r  f low is  p e r f e c t l y  l i n e a r .  
The t h e r m a l  r e c o v e r y  f a c t o r  f o r  t h e  f i r s t  f i v e  
a n n u a l  c y c l e s  h a s  b e e n  computed f o r  some s i x t y  
c a s e s ,  when d i f f e r e n t  pa ramete rs  a r e  v a r i e d .  These 
paramete rs  i n c l u d e  t h e  h e i g h t  and d iamete r  of t h e  
a q u i f e r  r e g i o n ,  t h e  load ing  u t i l i z a t i o n  s t r a t e g y .  
p r o t e c t i v e  i n s u l a t i o n s  a t  t h e  s u r f a c e s  of  t h e  
a q u i f e r ,  and thermal  p r o p e r t i e s  i n  t h e  a q u i f e r  and 
i n  t h e  su r rounding  ground. 

THE EFFECT OF THERMAL DISPERSION ON 
INJECTION OF HOT WATER IN A W I F E R S  

C o n t a c t :  J e a n  P. S a u t y ,  Bureau  d e  R e c h e r c h e s  
G Q o l o g i q u e s  e t  M i n i d r e s .  B.P. 6009.  4 5  ~ r l Q a n s ,  
France. 

Two s e r i e s  of exper iments  on h o t  water  i n j e c -  
t i o n ,  s t o r a g e  and recovery  have been per fo rued  i n  
France i n  1976 and 1977. Ana lys i s  of t empera tu re  
p r o f i l e s  i n  t h e  a q u i f e r  and t empera tu re  s p o t  mea- 
surement i n  t h e  caprock p rov ided  d e t a i l e d  knowledge 
of t h e  thermal  behav ior  of t h e  r e s e r v o i r .  The 1976 
d a t a  were used t o  c a l i b r a t e  a  numer ica l  model t h a t  
was then  a b l e  t o  a c c u r a t e l y  p r e d i c t  t h e  r e s u l t s  of  
t h e  second s e r i e s  of exper iments  performed i n  1977. 

The r e s u l t s  g i v e  s t r o n g  e v i d e n c e  o f  t h e  e x i s -  
t e n c e  of h e a t  d i s p e r s i o n  d u r i n g  i n j e c t i o n  and re -  
covery o p e r a t i o n s  w i t h  a  r e s u l t i n g  a p p a r e n t  the r -  
mal c o n d u c t i v i t y  i n  t h e  a q u i f e r  much h i g h e r  than  
t h e  one measured u s u a l l y  by c o n v e n t i o n a l  methods. 

Th is  phenomenon is impor tan t  f o r  p r e d i c t i n g  t h e  
e f f i c i e n c y  o f  h e a t  s t o r a g e  o r  low tempera tu re  geo- 
thermal  p r o j e c t s  and cannot  b e  n e g l e c t e d .  

SEASONAL THERMAL SXIRAGE IN APVIFERS FOR 
AIR CONDITIONING 

Contact :  Takao Yokoyama. Kechanical  Engineering.  
U n i v e r s i t y  of  Yamagata, Yonezawa 992, Japan. 

I n  our  exper imenta l  f i e l d ,  l o c a t e d  i n  Yamagsta 
B a s i n ,  r e l a t i v e l y  warm w a t e r  ( a v e r a g i n g  18.3OC) 
was repumped up from a  h e a t  s o u r c e  w e l l  and used 
f o r  mel t ing  snow between January  and March, 1978. 
S i m u l t a n e o u s l y .  a b o u t  1 0 , 0 0 0  m3 o f  t h e  m e l t e d  
snow w a t e r  ( a v e r a g i n g  5.3OC) was i n j e c t e d  i n t o  
ano ther  h e a t  s i n k  w e l l .  

Four  months  l a t e r ,  i n  summer. 1 9 7 8 ,  we g o t  
c h i l l e d  water  w i t h  a n  average  t empera tu re  of  14OC 
from t h e  h e a t  s i n k  w e l l .  However, t h e  r e a s o n  ve 
f a i l e d  t o  g e t  c o o l e r  wa te r ,  abou t  i s  cons i -  
d e r e d  t o  b e  d u e  t o  a  s h o r t a g e  o f  t h e  amount  of 
i n j e c t e d  w a t e r  i n  w i n t e r  and  t h e  s h o r t  d i s t a n c e  
between t h e  two w e l l s .  

Now we a r e  e n g a g e d  i n  i n j e c t i n g  c o o l  w a t e r  
s u f f i c i e n t  f o r  c o o l i n g  o u r  b u i l d i n g  i n .  summer. 

I n  a d d i t i o n  t o  g e n e r a l  t h r e e  d imens iona l  analy-  
sis,  we c o n s i d e r  t h e  thermal-convect ion phenomena 
v i t h i n  w e l l s  which e s p e c i a l l y  o c c u r s  i n  h i g h  temp- 
e r a t u r e  s t o r a g e .  Furthermore,  we have e s t i m a t e d  
t h e  d i f f e r e n c e  f o r  t h e r m a l  e n e r g y  s t o r a g e  and  
t h e r m a l  p o l l u t i o n  b e t w e e n  a  p r a c t i c a l  r u n n i n g ,  
i n v o l v i n g  d a i l y  s h u t - i n  p e r i o d s ,  a n d  e q u i v a l e n t  
con t inuous  running.  

AQUIFER STORAGE EFFORTS IN BELGIUM 

Contact :  P r o f e s s o r  Jose f  Brych, F a c u l t i  Polytech-  
nique d e  Mons, r u e  d e  Houdain 9. 7000 Nons. Bel- 
gium. 

I n  o rder  t o  enhance t h e  r e s e a r c h  on s o l u t i o n s  
t o  energy problems,  t h e  Be lg ian  government s t a r -  
t e d  a  n a t i o n a l  r e s e a r c h  a n d  d e v e l o p m e n t  p r o g r a m  
on energy i n  1975. The f i r s t  phase ended i n  Au- 
g u s t ,  1978. 

I n  t h e  second phase.  s t a r t e d  i n  September, 1978, 
one of t h e  p r o j e c t s  i s  an i n t e r e s t i n g  r e s e a r c h  on  
thermal  energy s t o r a g e ,  b e i n g  a  c o l l a b o r a t i o n  of 
s e v e r a l  B e l g i a n  u n i v e r s i t i e s  a n d  i n e t i t u t i o n e .  

The aim o f  t h e  r e s e a r c h  i s  t h r e e f o l d :  f i r s t  
t h e  e v a l u a t i o n ,  f r o m  a  t e c h n i c a l  a n d  e c o n o m i c a l  
v i e w p o i n t ,  o f  t h e  d i f f e r e n t  m e t h o d s  o f  s t o r a g e  
and r e c u p e r a t i o n  of  the rmal  energy i n  t h e  under- 
g r o u n d .  S e c o n d l y ,  t h e  p r e p a r a t i o n  o f  t h e  t e s t s  
w i t h  t h e  mos t  p r o m i s i n g  m e t h o d s .  I n  t h e  t h i r d  
p l a c e .  t h e  r e s e a r c h  of  f a v o r a b l e  p l a c e s  f o r  t e a t s  
and f u l l  s c a l e  implementat ion of  such  systems i n  
combinat ion v i t h  a  thermal  map o f  Belgium. 

Up t o  now, g e n e r a l  b i b l i o g r a p h i c a l  r e s e a r c h  h a s  
been done on warm wate r  s t o r a g e  sys tems  u s i n g  na t -  
u r a l  and a r t i f i c i a l  p l a c e s  above and under ground 
l e v e l ,  a s  t h e r e  a r e :  o l d  s t o n e - p i t s  f i l l e d  w i t h  
w a t e r ,  l a k e s ,  o l d  m i n e s ,  a q u e o u s  p o r o u s  s t o n e s .  
c a v i t i e s  and s p e c i a l l y  dug w e l l s .  



Concerning t h e  l a s t  c a t e g o r y ,  a Be lg ian  pro- 
j e c t  was accepted  by  t h e  Execu t i ve  Committee o f  
t h e  I n t e r n a t i o n a l  Energy Agency,  a t  t h e  mee t ing  
i n  Lausanne t h e  9 t h  and 1 0 t h  o f  Novenber. 1978. 
T h i s  p r o j e c t  w i l l  t r e a t  t h e  s t u d y  and cons t ruc -  
t i o n  o f  v e r t i c a l  underground r e s e r v o i r s  u s i n g  
turbo-boring a t  large  diameters. A semi-indust- 
r i a l  model, o f  which the  technical and economical 
s tudy  has already s t a r t e d ,  w i l l  be  i n s ta l l ed  and 
w i l l  permit us t o  study the  d i f f e r e n t  parameters 
t h a t  i n f l uence  the e f f i c i e n c y  o f  t he  thermal recu- 
peration i n  such reservoirs .  

RECENT DEVELOPMENTS I N  EVALUATION OF 
THE ATES CONCEPT 

Contact: Aharon Nir,  The Weizmann I n s t i t u t e  C 
Science,  P.O. Box 26, Rehovot, I s rae l .  

'Ihe developments discussed below are a re-eval- 
uat ion  o f  previous knowledge through informal d is -  
cussion and outs ide  contacts  created as a r e s u l t  
o f  t he  1978 LBL Mrkshop. (See  A. Nir ,  "Survey o f  
Thermal Energy Storage i n  Aqui fers  Coupled wi th  
Agricultural  Use o f  Heat Under Semi-Arid Condi- 
t ions," ATES Newsletter,  October, 1978.) 

( 1 )  There i s  a need f o r  more s i t e  s p e c i f i c  models 
designed f o r  actual experimental aqu i f e r s .  The 
model should then s e rve ,  i n  the f i r s t  place,  as 
a guide t o  experimental design by  simulating oper- 
a t i ons  f o r  a range o f  uncertain hydrogeological 
da ta ,  parameter values and experimental condi t ions .  
The experimental r e s u l t s  should be used c r i t i c a l l y  
f o r  model va l i da t ion .  

( 2 )  Since several reports issued l a s t  year con f i r -  
med the cons tra in ts  on s i t e s  for' power plants due 
t o  cooling water shortages,  there  i s  a stronger 
case f o r  aqu i f e r s  as elements o f  cooling cyc les .  
When combined w i th  heat  storage and economic heat 
u se ,  i t  i s  the only a l t e rna t i ve  wi th  a pos i t i v e  
energy balance and benign environmental e f f e c t s .  

( 3 )  The major gap o f  knowledge seems t o  be i n  the 
domain o f  optimal heat d i s t r i b u t i o n  under given 
experimental condi t ions .  I t  requires simultan- 
eous consideration o f  several novel subjec ts :  t he  
demand o f  heat o f  d i f f e r e n t  spec ies  o f  plants and 
i t s  d i s t r i b u t i o n  i n  time and space ( s o i l  and a i r ) ;  
the  capacity o f  the  atmosphere t o  d i s s ipa t e  s o i l  
heat under d i f f e r e n t  v ege ta t i ve  and a r t i f i c i a l  
covers;  and the  techniques o f  optimal design f o r  
supply and control  o f  t h i s  hea t .  

( 4 )  Due t o  the nature o f  t he  many uncer ta in t i e s  
which were a l r e a d y  i d e n t i f i e d ,  t h e i r  s o l u t i o n  
extending f a r  i n t o  the  f u t u r e ,  no dec is ion  can be 

expected a t  t h i s  s tage  which i s  based on cos t -  
b e n e f i t  analys is  o f  t he  whole projec t .  Decision 
analys is  can, however, be undertaken which would 
i nd i ca t e  the  scope and sequence o f  par t ia l  deci- 
s i ons ,  condi t ional  on the  increasing knowledge 
o f  c r i t i c a l  components and o f  ex ternal  condi t ions .  
such  a s  demands f o r  p lan t  s i t e s ,  a g r i c u l t u r a l  
markets and f u e l  prices.  

THE " S O I L  THERM" SYSTEM FOR INTERSEASONAL EARTH 
STORAGE OF SOLAR HEAT FOR INDIVIDUAL HOUSING 

Contact : Georges Vachaud or J.Y. Ausseur , I n s t i t u t  
de Mdcanique de Grenoble, Laboratoire ~ s s o c i ;  au 
C.N.R.S.. U n i v e r s i t e  S c i e n t i f i q u e  e t  Medicale 
de Grenoble, B.P. 53 X - 38041, Grenoble, Cedex, 
fiance. 

A d e s i g n  f o r  a p p l i c a t i o n  t o  r e s i d e n t i a l  i n -  
terseasonal solar energy storage has been devel- 
oped. Solar thermal energy i s  stored during t he  
summer by  shallow ear th  storage.  Heat exchangers 
are real i zed  wi th  f l a t  panel radia tors  connected 
t o  solar co l l ec to r s  and in s ta l l ed  v e r t i c a l l y ,  t o  
a depth o f  four meters.  i n  concentric trenches near 
the  house. During the w in t e r ,  the  heat  exchangers 
are i n t e r faced  w i th  hot  water household heat  trans- 
f e r .  The solar c o l l e c t o r s  are furthermore used t o  
preheat  t h e  f l u i d  when i t  reaches  a t empera ture  
lower t han  28OC. Below a t empera ture  o f  20°C. 
an e x t e r n a l  source  o f  energy  ( g a s )  i s  needed.  

A numerical  s t u d y  h a s  been  made o f  t h e  e f f i -  
ciency o f  the  system. This  nodel i s  based on the  
simultaneous so lu t i on  o f  two equations : one equa- 
t i o n  giving the quant i ty  o f  heat  produced by t h e  
co l l ec to r s  as  a funct ion  o f  the  f l u i d  temperature, 
t h e  incoming r a d i a t i o n  and a i r  t empera ture ;  and 
the o ther  equation predicting the  f l u i d  tempera- 
t u re  as a f unc t i on  o f  heat  t rans f e r  i n  the  exchan- 
g e r s  i n  t h e  s o i l ,  u s i n g  a d i f f u s i o n - c o n v e c t i o n  
heat equation ( t rans i en t  and axisymmetric) .  

D i f f e r e n t  geometries have been considered wi th  
t h e  f o l l o w i n g  parameters:  s u r f a c e  o f  exchange,  
d e p t h  o f  e xchanger s ,  number o f  c o n c e n t r i c  t r e n -  
ches ,  and i n f l uence  o f  sur face  and l a t e r a l  ther- 
mal i s o l a t i o n .  I t  i s  shown t h a t  f o r  an i n d i v i -  
dual house, the  ex ternal  source o f  energy t o  pro- 
v i d e  and maintain an in ternal  temperature o f  20°C 
i s  no more than 8 t o  20% o f  the annual need,  de- 
pending upon the  geometry o f  the  system, wi th  50 
m2 o f  solar co l l ec to r s .  

A pract ical  experimentation o f  t h i s  "SOIL THEW 
design i s  ac tua l l y  being pursued f o r  a real  case.  
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INTRODUCTION 

The purpose of t h e  ATZS Newsletter is  t o  re- 
view current  events i n  the  d e v e l o p a n t  of ther-  
mal energy storage i n  aquifers .  Cur purpose is 
not t o  ca ta log technical  information i n  d e t a i l ,  
but  r a the r  to provide concise r epor t s  of t he  
goals, present  s t a t u s  and major r e s u l t s  of ATES 
p ro jec t s  around the  w r l d .  Each a r t i c l e  is  pre- 
ceded by one o r  more contact  persons (with t h e i r  
addresses)fran whom more d e t a i l s  may be obtained 
d i r ec t ly .  

The previous i s sues  were sen t  t o  more than 
140 individuals  and agencies i n  14 d i f f e ren t  
countries.  The publication generated consider- 
ab le  response which we b p e  w i l l  lead t o  a v i -  
brant  exchange of information and ideas.  

Because of t he  length of time required f o r  
i n t e rna t iona l  correspondence, and t h e  time frame 
of s torage p ro jec t s  ncu i n  progress,  we have de- 
cided, a f t e r  consultation with the  U. S. Depart- 
ment of Energy, t o  publish the  newsletter on a 
qua r t e r ly  schedule beginning with t h i s  issue.  

In t h e  present i ssue ,  we included an a r t i c l e  
concerning aquifer  thermal energy s torage ef- 
f o r t s  i n  the Peoples &public of China. It came 
a s  a surpr ise  t o  us t h a t  s ign i f i can t  i ndus t r i a l -  
s ca l e  storage p ro jec t s  have been going on there  
f o r  ove r  t e n  y e a r s ,  mainly  i n  c h i l l e d  water  
storage. We hope t o  have more information about 
t h e i r  work i n  fu tu re  i ssues .  

Please send a l l  contr ibut ions ,  i deas  and sug- 
ges t ions  to :  

Dr .  f i i n  ~1 'Psang, Editor 
ATES ~ a w s l o t t e r  
m r t h  Sciences Division 
Lawrence Bsrkeley Iaboratory 
Bsrkeley, Cal i fornia  94720, U.S.A. 

CONFINED A W I F E R  EXPERIMENT - HEAT STORAGE 

Contact: Fred J. M l z  o r  A. David Parr, C iv i l  
mgineer ing Department, Auburn University, Auburn, 
Alabama 36830. 

Groundwater aquifers  provide one of t h e  most 
promising a l t e rna t ives  f o r  seasonal .storage of 
l a rge  qupn t i t i e s  of waste heat. The Water Ils- 
sources Research I n s t i t u t e  of Auburn University 
is  performing a s e r i e s  of f i e l d  experiments h e r e -  
i n  t h i s  concept is  being tes ted .  Cne preliminary 
experiment and two six-month injection-storage-re- 
covery cycles have been completed. The six-month 
experiments w i l l  be discussed herein. 

The f i r s t  six-month experiment involved the  in-  
jection and recovery of about 55,000 m3 of water. 
The in j ec t ion  water was pumped from an unconfined 
a q u i f e r ,  h e a t e d  t o  an  average t empera tu re  of  
55.2Oc, and in jected i n t o  the  confined storage 
aquifer  through a. p a r t i a l l y  penetra t ing wall. 
The ambient water temperature of the  supply /and 
storage aquifers  was 20°c. The water was s tored 
f o r  about 52.5 ,days and then pumped out  u n t i l  t he  
temperature of  t h e  recovered water f e l l  t o  32.B°C. 
A t  t h a t  point ,  64.62 of the  in jec ted energy was 
recovered. The in j ec t ion ,  s torage,  and recovery 
periods ware 1900, 1213, and 987 hours, respec- 
t ively .  

The second six-month experiment was performed 
i n  e s s e n t i a l l y  t h e  same manner a s  t h e  f i r s t .  
Approximately 58,000 n3 of water, heated t o  an 
average temperature of 55.4O~, was in j ec t ed  in- 
t o  t h e  confined aquifer  and s to red  fo r  about 62.5 
days. Wen the  water temperature reached 32.E°C 
during t h e  recovery period of t h e  second experi-  
r e n t ,  73.82 of  t h e  i n j e c t e d  ene rgy  had been 
recovered a t  a t o t a l  recovery vo lme  of about 
67,000 m3. The recovery per iod f o r  t h i s  experi- 
ment con t inued  u n t i l  t h e  ou t f low t empera tu re  
reached 27.5Oc and t h e  t o t a l  r ecove ry  volume 
was about 100,096 m3. The t o t a l  in jec t ion,  rmco- 
very, and s torage periods were 1521, 1502, and 
1993 hours, respectively.  A de t a i l ed  ana lys i s  of 
t h i s  experiment is  still under way. 



The clogging problem encountered during the  
in j ec t ion  periods of  both of  t h e  experiments was 
control led  by backwashing t h e  in j ec t ion  well. 
The frequency of t h e  backwashing operation was 
increased f o r  t he  second six-month experiment and 
improved i n j e c t i o n  performance was . r e a l i z e d .  
Although t h i s  is  encouraging, it is l i k e l y  t h a t  
gaochemical c logg ing  problems w i l l  n o t  be  s o  
e a s i l y  control led  a t  o ther  aquifer  s i t e s .  Com- 
prehensive inves t igat iona of  t h e  clogging pheno- 
nwnon and poss ible  methods f o r  control l ing it a r e  
i n  order. 

HODELING AUBURN FIELD EXPERIMENTS 

Contact: Chin Fu Tsang, Earth Sciences Division, 
Tawence Berkeley Iaboratory,  Berkeley, California 
94720 

Lawrence Berkeley Iaboratory is current ly  per- 
forming deta i led  calcula t ions  t o  model the  f i r s t  
phase  of  t h e , n e w  s e r i e s  of  Auburn U n i v e r s i t y  
experiments by means of t h e  numerical model "CCC" 
t h a t  was developed a t  LBL. 

The work began with well  t e s t  ana lys i s  on the  
Auburn da ta  t o  obta in  the  a+fer  cha rac te r i s t i c s .  
For t h i s  purpose we have used the  program "ANALYZE" 
which we recent ly  developed t o  ca r ry  ou t  multiple- 
well ,  variable-flow well  t e s t  analysis.  Conven- 
t i o n a l  type curve methods usual ly  require  con- 
s t a n t  f l w  o r  a prescribed, carefully-controlled 
var iable  flow r a t e  f r au  a s ing le  well. The pre- 
s en t  method allowa a r b i t r a r i l y  varying flow r a t e s  
fr-  a n a r  of v e l l s  and thus g rea t ly  enhances 
our capab i l i t y  t o  analyze well  data.  We have 
made a long-term well  t e s t  ana lys i s  including not 
only constant flow pumping t e s t  data ,  but a l s o  
variable-flow data  f r an  t h e  in j ec t ion  period of 
t h e  f i r s t  cycle. We were ab le  t o  determine the  
aqu i fe r  t ransmiss ivi ty ,  s t o r a t i v i t y ,  and the  dis- 
t a n c e  and d i r e c t i o n  o f  t h e  n e a r e s t  b a r r i e r .  

With t h e  aquifer  cha rac te r i s t i c s  thus obtained, 
preliminary modeling calcula t ions  have been done. 
Parameter s tudies  a r e  made by ca l cu la t ing  three  
cases: (1 )  v e r t i c a l  permeabili ty same a s  horizon- 
t a l  permeability, ( 2  ) v e r t i c a l  permeabili ty 1/10 
of the  horizontal  permeability, and (3 )  v e r t i c a l  
permeabili ty 1/10 t h e  horizontal;  thermal conduc- 
t i v i t y  twice the  normal value. 

The v e r t i c a l  permeabili ty value i s  unknown ex- 
perimentally and s o  it is var ied  t o  explore its 
e f fec t s .  A v e r t i c a l  permeabili ty of 1/10 t h e  
hor izonta l  permeabili ty is not an unreasonable 
assumption i n  many f i e l d  cases. The a r b i t r a r y  
i n c r e a s e  i n  the rma l  c o n d u c t i v i t y  i s  used t o  
simulate e f f e c t s  of thermal dispersion. This 
approach was sugges ted  by t h e  r e c e n t  work o f  
Sauty a t  BRM, Rance. 

In  each of  the  th ree  cases,  simulation was 
done up t o  1900 hours ,  c o v e r i n g  t h e  complete  
in j ec t ion  per iod of t h e  f i r s t  cycle. It is  found 
t h a t  r e s u l t s  of  case ( 2 )  a r e  s imi l a r  t o  those of 
case ( 3 ) ,  i nd ica t ing  t h e  i n s e n s i t i v i t y  of r e s u l t s  
t o  a change i n  thermal conductivity of a f ac to r  
of two. A l a r g e r  change is  necessary t o  study 
its e f fec t s .  Results of case  (1) and ( 2 )  a r e  
q u i t e  d i f f e r e n t  due t o  t h e  ease  of buoyancy flow 
when the  v e r t i c a l  permeabili ty is  larger .  After 
some s tud ie s  we decided t o  choose case ( 2 )  a s  the  
most reasonable when compared with experimental 
information. 

In general,  comparison shows a good correspon- 
dence between observed and calcula ted  r e su l t s .  
The e f f e c t s  of t h e  b a r r i e r  a r e  c l e a r l y  demonstra- 
ted. Currently,  t h e  s torage and production per- 
i ods  a r e  being simulated. When t h i s  is  f in ished 
the  ca lcula ted  recovery f a c t o r  w i l l  be checked 
agains t  t h a t  observed. 

TEXAS A & M COLD WATER STORAGE PROJECT 

Contact: Donald L. Reddell, Texas A & M Univer- 
s i t y ,  Department of Agricultural  Engineering, 
College Sta t ion,  Texas 77843. 

The f i r s t  cold water i n j ec t ion  a t  t he  Texas 
A&M p ro jec t  was i n i t i a t e d  on January 4, 1979. A 
t o t a l  of 3.57 mil l ion gallons of 48O~ water was 
i n j e c t e d  i n  Janua ry ,  3.28 m i l l i o n  g a l l o n s  o f  
48% water was in j ec t ed  i n  February, and 1.40 
mill ion gallons of 49% water was in j ec t ed  i n  
March. For the  season a t o t a l  of 8.25 mil l ion 
gallons was in j ec t ed  a t  an average temperature 
of 48O~. 

A major concern with t h i s  p ro jec t  had been 
the  p o s s i b i l i t y  of aqu i fe r  plugging because the  
water was exposed t o  the  atmosphere and aera t ion 
during the  c h i l l i n g  process. However, p r i o r  t o  
in j ec t ion ,  t h e  water went through a sand f i l t e r  
and a l l  t r aces  of chemical p rec ip i t a t e s  and for-  
eign mater ia l  were removed. No evidence of aqui- 
f e r  plugging has occurred up t o  the  present time. 
The aquifer  is st i l l  taking water a t  t h e  r a t e  of 
10 t o  12 g p / f t ,  which was t h e  o r ig ina l  capacity.  

The cold  water is  confined i n  a region from 40 
t o  55 f e e t  below land surface  out  t o  a radius  of 
100 f e e t  from t h e  i n j e c t i o n  we l l .  A s l i g h t  
change i n  temperature has occurred a t  a radius  of 
150 f ee t .  The change i n  temperature with respect  
t o  time is extremely slow a t  t h i s  time. 

The c o l d  wa te r  w i l l  be  s t o r e d  two months 
(April  and May) and then a recovery cycle w i l l  be 
i n i t i a t e d  i n  June. No major problems have 
occurred and the  r e s u l t s  a r e  encouraging. 



THERMAL ENERGY STORAGE FOR A LARGE URBAN 
COGENERATION-DISTRICT HEATING SYSTEM 

Contact: Charles F. h y e r ,  General Elect r ic-  
TEMPO Center f o r  Advanced Studies,  816 S t a t e  St., 
P.O. Drawer QP, Santa Barbara, Cal i fornia  93102 

A general descr ip t ion of the  cogeneration- 
d i s t r i c t  heating system proposed f o r  the  ninne- 
apo l i s  - St .  Paul area i n  Minnesota was given i n  
the  ATES Newsletter f o r  January 1979. TEHPO i 8  

now wri t ing its f i n a l  r e p o r t  on a study of the  
po ten t i a l  cap i t a l  cos t  and f u e l  consumption bene- 
f i t s  i f  TES were incorporated i n t o  the  system. 

The r e s u l t s  i nd ica t e  t h a t  a l l  b o i l e r s  could 
be replaced with heat  s torage wells,  saving f u e l  
o i l ,  concomitant a i r  pol lu t ion,  and the  $66 m i l -  
l i on  cos t  of t h e  boi lers .  The capacity f ac to r  of 
t h e  cogeneration equipment which produces a l l  
heat fo r  t he  system when the re  a r e  no b o i l e r s  i s  
increased. In f a c t ,  t he  t o t a l  cogeneration capa- 
c i t y  could even be reduced by a s  much a s  251, i f  
back-pressure turbines  a r e  i n s t a l l e d  ins tead of 
ext ract ion turbines;  t h i s  is  feas ib l e  when large- 
scale  annual-cycle s torage is  ava i l ab le  t o  accept 
heat when production exceeds demand, and t o  del i -  
ver heat when the  converse is t rue .  Net energy 
savings f o r  various cases s tudied a r e  a s  high a s  
30%. 

HEAT STORAGE IN A PHREATIC UNCONFINED AQUIFER 

Campuget experiment: i n t e rp re t a t ion  by models - 
development of t h e  research. 

Contact: P. Iris and G. de Marsily, Ecole dee 
Mines de Par is ,  Fontainebleau, France. 

In the  Campuget experiment (1977-1978) we rea- 
l i zed  the  storage of 20.000m3 of water a t  33.S0c, 
i n  eummer, i n  an unconfined phreat ic  aquifer  a t  
14Oc (water t a b l e  2 m under the  s o i l  surface)  
and the  seasonal recovery of  t h e  heat i n  winter 
fo r  the  heating of greenhouses. 18.5% of the  en- 
ergy s tored was recovered between November 1977 
and Mrch 1978, a t  a temperature decreasing from 
30°C t o  14Oc. 

For the  in t e rp re t a t ion  we used a two-dimen- 
s ional  f i n i t e  element model (axisymmetric multi- 
layer)  which was well  f i t t e d  t o  the  observed s e t s  
of data (thermal logging i n  the  aquifer ,  tempera- 
t u r e  of recovery). 

The heat losses  t o  t h e  atmosphere, due t o  .a 
p re fe ren t i a l  c i r cu la t ion  i n  the  upper p a r t  of 
t h e  a q u i f e r  combined wi th  the rma l  exchange 
through t h e  u n s a t u r a t e d  zone ( low t h i c k n e s s ,  
h igh  moi s tu re  c o n t e n t ) ,  r e p r e s e n t  30% of t h e  
t o t a l  heat s tored and a r e  the  main causes f o r  
the  low eff ic iency.  

In summary, it appears t h a t  (1) t he  ef f ic iency 
measured i n  the  Campuget experiment is posi t ive ,  
considering the  very bad experimental conditions 
( i n  the  fu ture ,  it w i l l  be necessary t o  s t o r e  i n  
a deeper unconfined aquifer)  r and ( 2 )  t h a t  the  
models (hea t  t r ans fe r  i n t o  porous media with, i n  
pa r t i cu la r ,  t he  e f f e c t  of  kinematic d ispers ion)  
a r e  ab le  t o  represent r e a l i t y  with good preci-  
sion. Some parameters need t o  be measured i n  
s i t u  i n  order t o  p red ic t  t h e  ef f ic iency of  s to r -  
age  ( the rma l  c o n d u c t i v i t y  o f  t h e  c o n f i n i n g  
layers ;  global v e r t i c a l  d i s t r ibu t ion  of permea- 
b i l i t y  i n  order t o  solve the sca l e  e f f e c t  of  t he  
equivalent conductivity of  the  aquifer ,  e t c .  ). 

Three d i r ec t ions  have been assigned t o  our 
research: 

(1) Define a measurement method ( i n  s i t u )  
f o r  the parameters of t he  model i n  order 
to p red ic t  t he  ef f ic iency of  s torage be- 
fo re  its real iza t ion.  

(2 )  Test t he  s e n s i b i l i t y  of t he  s torage 
t o  the  parameters (depth. t h i c h e s s ,  l o c a l  
gradients,  thermal parameters, e t c . )  i n  
order t o  define the  optimal conditions f o r  
a s torage s i t e .  

( 3 )  Study technical ly  and economically 
t h e  s u r f a c e  i n s t a l l a t i o n s  f o r  a g l o b a l  
system of space  h e a t i n g  wi th  s t o r a g e ,  
so l a r  col lec tors ,  and heat  pumps (hel io-  
geothermal heating).  

The f i n a l  aim is  the  r ea l i za t ion  of another 
seasonal s torage project  under good conditions 
and its implementation i n t o  a coherent system of 
space heating. 

SEASONAL THERMAL STORAGE IN AQUIFERS 
FOR A I R  CONDITIONING 

Contact: T. Yokoyama, Department of Precision 
Engineering, University of Yamagata, Yonezawa 
992, Japan. 

Another t e s t  w e l l  has  been d r i l l e d  on t h e  
campus of  Faculty of mgineering a t  the  Univer- 
s i t y  of Yamagata with t h e  cooperation of Japan 
Undergroundwater Ca., Ltd. We s h a l l  i n s t a l l  
piping and co l l ec to r s  before winter. These col- 
l e c t o r s  a r e  not used f o r  heat  co l l ec t ion  a t  high 
temperature but a t  low temperature. Rfter s i x  
months o r  so,  the  s tored warm water w i l l  be used 
f o r  snow melting. 

Storage amount, a s  well  a s  well  d is tance  and 
na tu ra l  underground water flow, w i l l  a f f e c t  t he  
recovery eff ic iency.  In our l a s t  experiment we 
achieved only a 30-405 recovery eff ic iency.  How- 
ever, we have estimated t h a t  recovery e f f i c i ency  
can be increased t o  50-60% i f  well' d is tance  is 
chosen three  times t h a t  of t he  present  value, 
i.e., t he  s torage amount i s  nine times t h a t  of 
t h e  present.  



ARTIFICIAL RECHARGE INTO GROUNDWATER SYSTEMS 

Ci ty  of  Shanghai Hydrogeological Team, Peoples 
Republic of  China. 

[ m i s  is a quick t r a n s l a t i o n  of  major por t ions  
o f ' t h e  summary c h a p t e r  of  a t e c h n i c a l  p u b l i -  
ca t ion ( Ju ly  1977) of t h e  Chinese National Geo- 
logy Department a t  Beijing. Its purpose is t o  
provide general information and it is n o t  t o  be 
t aken  a s  an  e x a c t  t r a n s l a t i o n  -- C.F. Tsang, 
Editor. ] 

In the  l a t e  f i f t i e s ,  i n  the  c i t y  of  Shanghai, 
widespread use  of  groundwater by a number of  
f a c t o r i e s  l ed  t o  subsidence and a s ign i f i can t  
drop i n  the  groundwater level .  In an attempt t o  
remedy these  problems, severa l  f a c t o r i e s  began 
expe r imen t ing  wi th  r e i n j e c t i o n  of c o l d  water  
f r a a  a i r  conditioning systems. Experiments over 
the  next few years were generally successful i n  
res tor ing groundwater l e v e l s  and increas ing out- 
put  from production wells. In addi t ion,  re in jec-  
t i o n  and well  construction methods were conti-  
nually improved through experiments with d i f f e r -  
e n t  techniques, volmes,  and in j ec t ion  periods. 

During t h e  s p r i n g  and summer o f  1965, t h e  
Shanghai Cotton M i l l  Factory i n i t i a t e d  a large- 
sca l e  a r t i f i c i a l  recharge experiment using four 
d i f f e ren t  water sources: deep well  water, indus- 
t r i a l  waste  water ,  f i l t e r e d  i n d u s t r i a l  waste 
water, and t a p  water. Researchers a l s o  experi- 
mented with continuous versus in t e rmi t t en t  with- 
drawal and with d i f f e r e n t  reinjection-shut-in 
cycles.  Temperature changes and water qua l i ty  
were monitored both before and a f t e r  in jec t ion.  
These exper iments  i n d i c a t e d  t h a t  t h e r e  was 
l i t t l e  regional water flow i n  the  aquifer  and 
t h a t  t he re  were only small changes i n  the  tem- 
perature of water stored. These r e s u l t s  became 
the  bas i s  f o r  l a t e r  p ro jec t s  which used winter 

i n j e c t i o n  o f  c o l d  wa te r  f o r  summer use  and 
srmrmer in j ec t ion  of ho t  water f o r  winter us.. 

IXlring the same period, t h e  Slanghai W t e r  
Company conducted extensive experiments using 
va r i e ty  o f  r e in j ec t ion  methods and three  spm- 
c i a l l y  designed r e in j ec t ion  wells,  95 m deep, t o  
study changes i n  groundwater level ,  water qual- 
i t y  and temperature. Their experiments yielded 
r e l a t i v e l y  complete quan t i t a t ive  records which 
conf i rmed t h e  e f f e c t i v e n e s s  o f  u s i n g  g r a v i t y  
recharge and underground production methods t o  
r a i s e  groundwater levels .  

Based on these  large-scale experiments and 
t h e i r  own s tud ie s ,  t h e  City of  Slanghai Hydrogeo- 
l o g i c a l  Group concluded t h a t  r e i n j e c t i o n  was 
ab le  t o  e f f e c t i v e l y  control  subsidence and ground- 
water l e v e l s  and bhat it was poss ible  t o  s to re  
cold water i n  winter f o r  slnsmer use i n  a i r  con- 
dit ioning. These conclusions l e d  t o  a city-ide 
r e in j ec t ion  program i n  which 70 f ac to r i e s  used 
134 deep wells f o r  simultaneous recharge. As a 
r e s u l t ,  t h e  water l eve l  increased by more than 
10 m. 

Groundwater produced during summer had a very 
low temperature and thus  became a new source of 
c h i l l e d  water f o r  i n d u s t r i a l  use. A t  t he  conclu- 
s ion of smmer pumping the re  was a net  averaga 
increase  i n  t h e  land l e v e l  of s i x  centimeters; 
t he  f i r s t  time i n  severa l  decades of continuous 
subs idence  t h a t  any  s u r f a c e  u p l i f t  had been 
observed. 

The program grew i n  subsequent years s o  t h a t  
t he re  a r e  now seve ra l  hundreds of  wells i n  use. 
Production and in j ec t ion  methods have been great-  
l y  improved and the  program has been expanded t o  
include summer in j ec t ion  of hot  water f o r  use i n  
win te r .  Because o f  t h e  s u c c e s s  a t  Shanghai,  
s e v e r a l  i n d u s t r i a l  c i t i e s  and l a r g e  v i l l a g e s  
have adopted s i m i l a r  r e i n j e c t i o n  and the rma l  
energy s torage programs. 
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The purpose of t h e  qua r t e r ly  ATES Newsletter 
is  t o  review current  eveqts i n  the  developnent 
of thermal energy s torage in  aquifers.  (Xlr in- 
t e n t  is t o  present concise r epor t s  of the  goals, 
present  s t a t u s ,  and major r e s u l t s  of ATES pro- 
j e c t s  around the  world. Each a r t i c l e  is pre- 
ceded by one o r  two contact persons and t h e i r  ad- 
dresses ,  from whom more d e t a i l s  may be d i r e c t l y  
obtained. 

Previous issues  of the  Newsletter have been 
sent  t o  more than 178 individuals  and agencies 
i n  16 d i f f e r e n t  countr ies .  W e  hope t h a t  the 
considerable response generated by t h i s  publi- 
ca t ion w i l l  lead t o  a v ibrant  exchange of infor- 
mation and ideas.  

The continued success of t h i s  Newsletter de- 
pends upon wri t ten  contr ibut ions  from researchers 
working in  t h i s  f i e l d .  Please keep us informed 
of research plans,  s i g n i f i c a n t  r e s u l t s ,  and 
accomplishments. Contributions fo r  the  next 
i s sue  should reach us by December 3, 1979. A l l  
contr ibut ions ,  ideas ,  and suggestions should be 
sent  to: 

D r .  Chin R1 Tsang, Editor 
ATES Newsletter 
Earth Sciences Division 
Lawrence Berkeley Laboratory 
Berkeley, Cal i fornia  94720, U.S.A. 

Telephone: (415) 486-5782. 

ATES REFERENCES LIST UPDATE 

The reference list of a r t i c l e s  concerning 
hot and cold water s torage in aquifers  f i r s t  
prepared i n  May, 1978 by Lawrence Berkeley Lab- 
ora tory  has  r ecen t ly  been updated. Over 50 new 
t i t l e s  have been added. Those in t e re s t ed  i n  
obta ining a copy should wri te  to  D r .  Chin Fu 
Tsang a t  t he  above address. We w i l l  a l s o  grate- 
f u l l y  receive any information concerning e r r o r s  
and mis s ions ,  a s  wel l  a s  suggestions f o r  im- 
proving t h e  l i s t i n g .  

SEASONAL THERMAL ENERGY STORAGE: STES 

Contact: J. E. Minor, Pac i f i c  Northwest Labora- 
tory ,  Richland, Washington, 99352. 

The U.S. Seasonal Thermal Energy Storage Pro- 
gram is managed by the  Pac i f i c  Northwest Labor- 
a tory  (PNL) f o r  the  U.S. Department of Energy 
(DOE), Division of Thermal Energy Storage Sys- 
tems (STOR). This program is  t o  demonstrate 
the  economic s torage and r e t r i e v a l  of energy on 
a seasonal bas is ,  using heat o r  cold avai lable  
during a surplus period. Aquifers, ponds, ea r th  
and lakes a r e  typ ica l  media t o  be evaluated f o r  
seasonal storage. The program is  now organized 
t o  conduct a demonstration of Aquifer Thermal 
Energy Storage (ATES) and t o  provide technical  
support f o r  t he  ATES demonstrations and assess- 
ments of t he  non-aquifer STES concepts. 

A q u i f e r  T h e r m a l  E n e r g y  S t o r a g e  
D e m o n s c r a t  ion P r o g r a m  

A Request f o r  Proposals f o r  t he  f i r s t  phase 
of t he  Aquifer Thermal Energy Storage Demonstra- 
t i o n  Program is being mailed t o  in t e re s t ed  or- 
ganizations.  This phase involves t h e  conceptual 
design of an in tegra ted aquifer  s torage system 
involving an energy source, a user appl ica t ion,  
an energy t ranspor t  system, and an aquifer  f o r  
off-season storage. The conceptual designs 
w i l l  take 18 t o  24 months, s ince  an important 
p a r t  of the  work w i l l  be aquifer  characteriza- 
t ion .  Four technological a reas  a r e  being 
conbidered: 

( 1 )  high-temperature heat  s torage (above 
100.C). 

( 2 )  low-temperature heat  s torage (below 
10O0C), 

( 3 )  c h i l l  s torage,  

( 4 )  canbined heat  and c h i l l  storage. 

Up t o  t en  conceptual designs w i l l  be funded 
and from these,  those showing the  most pranise  
f o r  canmercially a t t r a c t i v e  demonstrations w i l l  
be se lec ted f o r  f i n a l  design, construction, and 
operation. While the  conceptual designs a r e  
being funded on a cost-reimbursement bas i s ,  t he  
f i n a l  design, construction and operation w i l l  
be a cost-mharing operation between the  user  
organization and t h e  government. 



This program should provide, i n  l a t e  1985, 
several demonstrations throughout t h e  country 
wherein energy, 'e i ther  a s  a by-product of  an 
ex i s t ing  operation o r  a product of some innova- 
t i v e  process, is  being produced and s to red  i n  
off-season and used when it is needed. The 
mst obvious appl ica t ion appears t o t b e  f o r  use 
i n  d i s t r i c t  heat ing and/or cooling, bu t  o ther  
poss ible  uses may wel l  present themselves. 

Technicd S u g p r t  P r o g r a m  

This program is  designed t o  provide techni- 
c a l  support t o  t h e  Seaaonal Thermal Energy Stor- 
age Program. The i n i t i a l  a c t i v i t i e s  of t h i s  
task  a re  primarily d i rec ted toward support of 
t he  Aquifer Thermal Energy Storage Demonstra- 
t i o n  Program. These a c t i v i t i e s  w i l l  include 
soc ia l ,  economic, and environmental a s sesmen t ,  
technical research, and developnent s tud ie s  t o  
provide a sound technical  base f o r  t h e  demon- 
s t r a t i o n  projects.  The long-range task  goals 
include invest igat ion and evaluation of o ther  
seasonal thermal energy s torage concepts which 
may be considered f o r  fu tu re  emphasis. These 
systems i n  combination with aquifer  s torage a s  
a hybrid system may ul t imate ly  prove t o  be the  
most economical system. 

CONFINED AQUIFER EXPERIMENT HEAT STORAGE 

Contact: R e d  J. Holz o r  A. David Parr,  C i v i l  
Engineering Department, Auburn University, 
Auburn, Alabama 36830. 

In September of 1978, t h e  second s i x  month 
injection-storage-recovery cycle of t he  Auburn 
University Aquifer Thermal Energy Storage Pro- 
j e c t  began. Jus t  a s  i n  the  f i r s t  cycle,  water 
from an upper supply aquifer  was heated t o  an 
average temperature of 55.C with an  o i l  f i r e d  
bo i l e r  and then in jected i n t o  a lower s torage 
aquifer.  In jec t ion and recovery temperatures, 
flow ra t e s ,  temperatures a t  s i x  depths i n  t en  
observation wells,  and hydraulic heads i n  seven 
wells were recorded twice dai ly .  The second 
cycle  experiment was unique because t h e  aquifer  
was st i l l  "warm" when in j ec t ion  of hot water 
began. Two weeks e a r l i e r ,  hot water recovery 
f r au  the  f i r s t  cycle had been concluded a t  a 
production temperatye  of 33.C (13.C above am- 
b ien t ) ,  with 65% of the  in jec ted thermal energy 
recovered. 

Second cycle in j ec t ion  of hot water began on 
September 23 and continued u n t i l  November 25. 
A t  t h a t  time 58,010 m3 of water had been 
punped i n t o  the  s torage aquifer.  The major pro- 
blem experienced during t h e  f i r s t  cycle was a 

clogging in j ec t ion  well ,  which was remedied con- 
s iderably  by weekly *backwashingn. This prac- 
t i c e  consis ted  of pumping approximately 2 m3 
of water f r an  t h e  s torage formation and then 
in j ec t ing  an  equal amount of hot  water. An im- 
mediate increase  i n  t h e  s p e c i f i c  capaci ty  and 
consequently the  in j ec t ion  r a t e  r e su l t ed  when 
this procedure was repeated two o r  th ree  times. 
After backwashing, t h e  fl%w r a t e  would then di-  
minish a t  a f a i r l y  uniform ra t e .  When it had 
dropped 20% (usual ly  one week) t h e  backwashing 
process would be repeated. This was done e igh t  
t imes during t h e  in j ec t ion  phase and resul ted  
i n  an increase of t h e  average in j ec t ion  r a t e  by 
24% canpared t o  t h e  previous cycle. 

A 63-day s torage period ended on January 27, 
1979 and production of hot  water began with an 
i n i t i a l  water temperature of 54-C. By March 23 
t h i s  tem e ra tu re  had dropped t o  33OC. with P 66,400 m of water and 74% of the  in jec ted 
thermal energy recovered. This i l l u s t r a t e s  
well  t h e  gain i n  thermal energy recovery with 
repeated injection-storage-recovery cycles.  
Production of hot water continued u n t i l  April 
20, a t  which time 100,100 m3 of water and 89% 
of the  in jec ted thermal energy were recovered. 
The f i n a l  production temperature was 27.5-C. 

Another unique aspect  of t he  second cycle 
was the  measurement of land subsidence and 
rebound. From a s t a t i o n  located 30 meters from 
the  in j ec t ion  well ,  r e l a t i v e  surface  e levat ions  
of a point  near the  in j ec t ion  well  and tw 
po in t s  beyond the  thermal f r o n t  were measured 
t o  an accuracy approaching 0.1 mm. It was 
found t h a t  t he  surface  e levat ion near the  in- 
jec t ion well  rose  4 mm during in j ec t ion ,  f e l l  
slowly during s torage,  and dropped more rapidly 
toward i ts  o r ig ina l  e levat ion during production. 
This movement appeared t o  be due t o  thermal ex- 
pansion and contract ion r a t h e r  than t o  pressure 
e f f ec t s .  

Water samples were taken on a weekly bas i s  
throughout t h e  production phase. One in t e re s t -  
i n g  f inding was t h a t  approximately 3500 kg of 
c lay  were pumped f r an  the  formation. This 
lends more weight t o  t h e  theory t h a t  c lay  dis-  
persion was causing t h e  clogging problem i n  the  
in j ec t ion  well. 

m)DELING AUBURN ATES FIELD EXPERIMENTS 

Contact: Chin Fu Tsang, Lawrence Berkeley Lab- 
ora tory ,  Berkeley, Cal i fornia  94720. 

Lawrence Berkeley Laboratory is  continuing 
simulation of the  Auburn University f i e l d  ex- 
periments done i n  1978 and 1979. Two inject ion-  
storage-recovery cycles  have been modeled. Pre- 
liminary r e su l t s ,  which a r e  very encouraging, 
a r e  reported here, while fu r the r  ana lys i s  con- 
t inues .  



The parameters used i n  the  nuaerical  simula- 
t i o n  were determined from well  t e s t  analys is ,  
laboratory measurements, and a preliminary par- 
ameter va r i a t ion  study (described i n  ATES News- 
l e t t e r ,  Vol 1, no. 3 ) .  With t h e  aquifer  charac- 
t e r i s t i c s  thus  obtained, a s e r i e s  of i imulat ions  
were made, given the  varying in j ec t ion  flow 
r a t e s  and temperatures, and t h e  subsequent r e s t  
and production flow ra t e s .  & s u l t s  of  t he  sim- 
ula t ion include the  recovery f a c t o r  and p l o t s  
of production tanperature versue time, a s  wel l  
a s  temperature contour p l o t s  and temperature 
p ro f i l e s  taken a t  various t imes during the  s i m -  
ulations.  

For the  f i r s t  cycle,  t h e  simulated recovery 
f ac to r  of 0.66 agrees well  with the  observed. 
value of 0.65. For the  second cycle t h e  simu- 
l a t ed  value is  0.76, and the  observed value is  
0.74. Deta i ls  of t h e  camparison between simu- 
la ted  and observed energy recovery can be stud- 
i e d  i n  production temperature versus time plots .  
For both cycles, t he  i n i t i a l  simulated and ob- 
served temperatures agree (55.C). During the  
ea r ly  p a r t  of t he  production period, t he  obser- 
ved temperature decreases s l i g h t l y  f a s t e r  than 
the  simulated temperature. During the  l a t t e r  
p a r t ,  t he  simulated temperature decreases f a s t e r  
than the  observed temperature so t h a t  by the  
end of the  production period the  simulated and 
observed temperatures again agree (33OC). The 
discrepancy over the  whole range is  a t  most 1 
t o  2 degrees. 

Temperature contour maps of v e r t i c a l  cross- 
sect ions  of t he  aquifer  a t  given t imes show the  
d e t a i l s  of buoyancy flow, heat  l o s s  through the  
upper and lower confining layers ,  and the  rad- 
i a l  extent  of t he  hot water i n  the  aquifer.  
Buoyancy flow i s  important i n  t h i s  r a the r  perm- 
eable system. Comparisons with temperatures 
recorded i n  observation wells throughout the  
aquifer show t h a t  t he  simulated temperature d is-  
t r i bu t ion  generally agrees with observed temper- 
atures.  The discrepancies a r e  much larger  than 
the  differences between calcula ted  and observed 
production temperatures during the  recovery per- 
iod. Apparently the re  a r e  loca l  var ia t ions  i n  
the  aquifer which tend t o  average out.  Temper- 
a tu res  versus r ad ia l  d is tance  a t  given depths 
and times a r e  a l s o  plot ted ,  and from these pro- 
f i l e s ,  t he  e f f e c t s  of thermal conductivity and 
dispersion on the  shape of the  thermal f r o n t  
can be studied. 

In order t o  prove the  mesh-independence of 
these r e su l t s ,  t he  f i r s t  cycle is  being modeled 
again, using f i r s t  a coarser mesh and a then a 
f i n e r  mesh. The coarse mesh recovery f ac to r  i s  
0.65, t o  be canpared with a value of 0.66 using 
our f i r s t  mesh. The f i n e  mesh simulation is  
now i n  progress. Comparison of the  temperature 
contours show thermal f r o n t  spreg-ding decreases 
s l i g h t l y  with increasing mesh fineness.  In ter -  
es t ingly ,  t he  coarse mesh simulation y i e lds  a 

recovery f a c t o r  c loser  t o  the  observed value 
than does the  o r ig ina l  simulation, so the  in- 
creased nuaer ica l  dispersion may be more close- 
l y  simulating modeling thermal dispersion due 
t o  l o c a l  heterogenei t ies  i n  the  aquifer.  

Continuing work includes fu r the r  parameter 
and generic s tudies .  In pa r t i cu la r ,  calcula- 
t i o n s  a r e  being made t o  determine the  s e n s i t i -  
v i t y  of our r e s u l t s  on each of the  major param- 
e t e r s .  

POTENTIAL BENEFITS OF THERMAL ENERGY STORAGE 
I N  THE PROPOSED TWIN C I T I E S  DISTRICT HEATING 
COGENERATION SYSTEM 

Contact: Charles F. Heyer, GE-TPIPO, 816 S t a t e  
S t r ee t ,  P.O. Drawer QQ, Santa Barbara, Califor- 
n i a  93102. 

Under contract  t o  the  U.S. Department of 
Energy v i a  Oak Ridge National Laboratory, 
General Electric-TEMPO has  completed a study of 
Thermal Energy Storage (TES) fo r  a l a rge  urban 
cogeneration-district  heating system i n  Minne- 
sota.  A f i n a l  repor t  has been wri t ten ,  whose 
t i t l e  is  given i n  the  above heading. Currently 
iden t i f i ed  a s  ORNL/SUB-7604-2, GE79TMP-44, it 
w i l l  appear l a t e r  a s  a Department of Energy re- 
por t .  The abs t r ac t  is  given below. (Contact 
D r .  David M. Eissenberg, Building 9204-1, Oak 
Ridge National Laboratory, P.O. Box Y, Oak Ridge, 
Tennessee, 37830, regarding a v a i l a b i l i t y  of 
copies. ) 

A new, large ,  cogeneration-district  heating 
system has been proposed f o r  the  Twin C i t i e s  
area ,  using hot water i n  a closed-loop system. 
The proposed system, a s  described by Studsvik 
Energiteknik AB of Sweden, does not employ ther-  
mal energy s torage (TES). Four cases have been 
developed, describing system configurations 
which would employ TES, t o  evaluate the  poten- 
t i a l  bene f i t s  of incorporating annual-cycle TES 
i n t o  the  Twin C i t i e s  system. The po ten t i a l  ben- 
e f i t s  a r e  found t o  be substant ia l ,  confirming 
r e s u l t s  of e a r l i e r ,  generic s tudies  of aquifer  
TES. 

The reference (Studsvik) system employs o i l -  
f i r e d  bo i l e r s  t o  supplement cogenerated heat  
f o r  handling peak loads and providing standby 
reserve.  TES can serve the  same function, with 
ne t  energy savings i n  s p i t e  of heat l o s s  during 
storage, by making it possible t o  operate the  
cogeneration equipaent a t  higher capacity fac- 
tors .  Coal replaces o i l  a s  t he  f u e l  consumed. 
Energy savings of the  reference system a r e  im- 
press ive;  energy savings with TES a r e  2% t o  22% 
greater.  Capital  cos t  requirements f o r  bo i l e r s ,  



cogeneration equipnent, and p ipe l ines  a r e  re- 
duced by $66 t o  $258 mill ion. The breakeven cap- 
i t a l  cos t  of TES i s  estimated t o  range f r a n  $43 
t o  $76 per kilowatt  peak thermal input  t o  o r  
withdrawal £ran aquifer  TES. A f a c t o r  i n  eval- 
uat ing the  breakeven operat ing cos t  of TES is  
t h e  $14 t o  $31 mil l ion pe r  year saving i n  cos t  
of  fuel .  Abatement of a i r  po l lu t ion  and thermal 
pol lu t ion a r e  addi t ional  benef i t s .  

ELFCTRICAL l lTILITY APPLICATIONS OF 
THERMAL ENERGY STORAGE AND TRANSPORT 

Contact: Walter Hausz, GE-TEMPO, 816 S t a t e  
S t r ee t ,  P.O. Drawer QQ, Santa Barbara, Calif-  
ornia  93102 

A contract  was recent ly  canpleted f o r  the  
E lec t r i c  Power Research I n s t i t u t e  ( W i l l i a m  
Stevens, Project Manager - EPRI RP1199-3) by 
W. Hausz of General Electric-TEMPO. It was an 
in tens ive  study of thermal energy s torage and 
t ranspor t  f o r  e l e c t r i c  u t i l i t y  appl ica t ions .  
Several forms of thermal energy s torage were 
examined, and a number of media f o r  thermal 
energy t ranspor t  were compared, including high 
temperature water (H'PW), Caloria HT43 ( o i l ) ,  
HITEC (molten s a l t ) ,  and steam. Over a l l ,  ex- 
cept  f o r  extremely high temperatures (>3250C), 
HlW was most economic by margins of over tw t o  
one a t  the  lower temperatures. 

Thermal s torage methods considered include 
dual media of hot  o i l  and rock, molten s a l t  and 
rock, and pressurized containment of HTW, inclu- 
ding aquifer  storage. Rnphasis i n  the  study 
was not on the  conventional low-temperature 
d i s t r i c t  heating appl ica t ion (<150°C) but on 
demonstrating the  econcmic bene f i t s  of HlW a t  
higher temperatures (220-280°C) f o r  i n d u s t r i a l  
heating and process steam applications.  

Of most i n t e r e s t  t o  ATES i s  a novel r o l e  
suggested fo r  aquifer  storage. In i n d u s t r i a l  
areas  a t  the  load end of p ipel ine  t r anspor t  of 
50 km or  more, the  consumers have d i f f e ren t  re- 
quirements i n  the  input temperature desired, 
t he  heat r e j ec t ion  temperature, and the  da i ly  
and seasonal pat tern  of thermal energy use. 
Considerable f l e x i b i l i t y  i n  meeting these needs 
a t  t he  lowest cos t  can be gained by using not 
only the  long-distance t r anspor t  sendout pipe 
a t  280°C and cold re turn  pipe a t  80°C, f o r  ex- 
ample, but  a l so  a loca l  p ipel ine  a t  an intermed- 
i a t e  temperature of perhaps 1500C. with aquifer  
storage between the.intermediate and r e tu rn  
pipeline.  Daily s torage i n  oil /rock dual media 
o r  underground s t e e l  l ined caverns can buffer  
the demand pa t t e rn  between t h e  sendout and re- 
t u rn  pipe, and the  various consmers  can ex t r ac t  
energy £ran the  send-out pipe and r e tu rn  it t o  
the  intermediate o r  cold pipe,  depending upon 
t h e i r  needs. Other users ,  pa r t i cu la r ly  d i s t r i c t  
heating with i t s  s t rong seasonal v a r i a b i l i t y ,  
can use the  temperature range between intermed- 
i a t e  and cold pipes. 

HIGH TEMPERATURE UNDERGRWND 
THERMAL ENERGY STORAGE 

Contact: R. Eugene Col l ins ,  Department of 
Pe t ro l em Engineering, The University of Texas, 
Austin, Texas 78705. 

The f e a s i b i l i t y  study of storage of high 
temperature (-600.F) water i n  deep aquifers  and 
high temperature o i l  (-600.F) i n  solution-mined 
caverns i n  massive s a l t  deposi ts  ( s e e  ATES News- 
l e t t e r ,  vol. 1, no. 2) i s  continuing i n t o  the  
t h i r d  year a t  a new locat ion.  As of September, 
1979, t he  new s i t e  i s  t h e  University of Texas 
a t  Austin. New developnents a r e  summarized 
below. 

It now appears t h a t  t he  preferred cavern 
s torage system w i l l  be a s ingle ,  gravel - f i l led  
cavern with two connecting wells operated i n  a 
thermocline mode e s sen t i a l ly  the  same a s  above 
ground tanks using o i l  and rocks. A hot well  
connects t o  the  top of the  cavern, and a cold 
well  connects t o  the  lower end. The gravel f i l l -  
i n g  serves th ree  purposes: 

( 1 )  a s  a s torage medium f o r  sensible  heat and 
t o  reduce the  required o i l  volume, 

( 2 )  t o  r e s t r i c t  thermal convection and 
s t a b i l i z e  the  thermocline, 

( 3 )  t o  provide mechanical support and r ig id-  
i t y  t o  the  cavern t o  prevent cavern deformation 
due t o  creep, o r  p l a s t i c  flow, of t he  s a l t .  

Computer simulations a r e  being used t o  inves- 
t i g a t e  the  thermal lo s ses  and pumping r e q u i r e  
ments of a cavern s torage system. A small- 
s ca l e ,  10 MWe, system with 8 hours storage 
would lose  about 3.8% of the  useful stored heat 
during one d a i l y  cycle  a f t e r  about 3 months of 
continuous operation. 'Ihe r a t e  of l o s s  a t  the 
end of one year of continuous operation is ap- 
proximately 2.6%. For l a rge r  systems (100 MWe 
o r  more) the  long term r a t e  of l o s s  would be 1% 
o r  l e s s  of t he  cyc l i c ly  t r ans fe r red  heat. m e  
pumping power requirement fo r  a m a l l  system is  
about 5% of the  s to red  thermal heat. This in- 
cludes the  pressure d i f ferences  ins ide  the cav- 
ern,  the  po ten t i a l  energy di f ference ,  and f r i c -  
t i o n  losses  i n  the  pipes.  For l a rge r  systems 
the  percentage l o s s  would be l e s s .  

A major problem an t i c ipa ted  f o r  t he  cavern 
storage system was cavern deformation due t o  
creep, o r  p l a s t i c  flow, of t he  s a l t  a t  high tem- 
peratures.  A general equation of s t r e s s  a s  a 
function of s t r a i n ,  r a t e  of s t r a i n  and tempera- 
t u r e s  f o r  uniaxia l  conditions has been developed 
f r an  published data.  Techniques fo r  extending 
t h i s  t o  a r b i t r a r y  t r i a x i a l  conditions a r e  avai l -  
able  and a r e  being used t o  develop a model t o  
make deta i led  s tud ie s  of t he  e f f e c t  of the  gra- 
ve l  f i l l i n g  and cavern shape on deformation a t  
high temperatures. 

Design s tud ie s  have been ca r r i ed  out  to  de- 
termine what heat exchangers and power genera- 
t i o n  equipnent might be required t o  in t e r f ace  
the  so la r  co l l ec to r  with a cavern storage sys- 
tem. For a small  10 MWe system, simple designs 
seem feas ible ,  but l a rge r  systems (100 MWe) 



would require  a much more complex in t e r f ac ing  
of s o l a r  col lec tor ,  cavern s torage and steam- 
e l e c t r i c  turbines.  One poss ible  design is  a 
cross-compound system using steam-electric 
conversion a t  two d i f f e r e n t  temperature levels ,  
one d i r e c t  f r an  the  co l l ec to r  and one d i r e c t  
f r an  the  cavern, with c ross  coupling. 

A c o s t  estimate of $3.4 mi l l ion f o r  t he  com- 
ponents of a cavern system with a t r ans fe r  r a t e  
of 33 M W t  and 8-hour s torage period has been 
developed. This corres'ponds t o  t o t a l  systcm 
cos t s  of $lO3/kWt and $13/kWht. These f igu res  
canpare very favorably with t h e  DOE c o s t  goals 
f o r  near-term sensible  heat  s torage ($lO5/kWt 
and $13.13/kWht converted t o  thermal from elec- 
t r i c  a t  25% eff ic iency and converted t o  8-hour 
s torage f r an  6-hour s torage) .  

Cost f igu res  quoted a r e  f o r  a minimum sized 
underground system. Costs f o r  l a rge r  c-r- 
c ia l -scale  power systems would be l e s s .  There- 
fore ,  cavern czarage appears t o  be an a t t r a c t i v e  
option f o r  near-term sensible  heat s torage f o r  
large-scale so la r  power systems. Cavern s tor-  
age may a l s o  be economically favorable f o r  s tor-  
age periods long enough (16 hours) t o  provide 
basel ine  e l e c t r i c a l  power. 

A THEORETICAL SPUDY OF SENSIBLE ENERGY STORAGE 
I N  AQUIFERS 

Contact: Jean-Pierre Sauty o r  ~ndr; Menjoz, 
BFGM, ~ r l g a n s ,  Rance. 

When considering underground s torage of hot 
water, t he  recovery f ac to r  i s  of major concern 
i n  determining the  economic f e a s i b i l i t y  of a 
project .  It i s  especia l ly  convenient to have 
a t  hand general type-curves by which an engineer 
can quickly decide whether o r  not a pa r t i cu la r  
project  should be ca r r i ed  out.  In t h i s  l i g h t ,  a 
general study using mathematical models has 
been made t o  determine the  e f f e c t . o f  various 
physical parameters and operating conditions on 
the  temperature of water produced a f t e r  a s tor-  
age period i n  a one-well system ( a l t e r n a t i v e  
in j ec t ion  and production through the  same bore- 
hole) .  For each case the  ove ra l l  heat re turn  
has been evaluated. 

A dimensional ana lys i s  has  determined the  
dimensionless parameters governing t h e  behavior 
of t he  system i n  terms of physical f ac to r s  ( r e -  
servoir  t h i c h e s s ,  thermal conduct iv i t ies ,  heat  
capac i t i e s  . . . I  and operat ing conditions (flow 
r a t e ,  duration of in j ec t ion ,  storage, and pro- 
duction periods).  Type curves have been drawn 
and heat recovery f a c t o r s  evaluated f o r  various 
canbinations of these f ac to r s .  

I h i s  study concerns single-phase, thermal 
energy s torage i n  r e l a t i v e l y  deep aqu i fe r s  
( regional  veloci ty  neglected and the  confining 
l aye r s  regarded a s  p rac t i ca l ly  i n f i n i t e  i n  
thickness).  

For our t h e  study, we def ine  the dimension- 
l e s s  parainters Pe and A a s  follows: 

where h is the  aquifer  thickness,  PFCF, pRcR, 
and PACA the  heat capac i t i e s  of the  f l u i d ,  t h e  
confining rocks and the  aquifer ,  respect ively ,  
and and AA t he  respective thermal conductivi- 
t i e s  of the  rock and aquifer .  Ihe Pecle t  number 
Pe represents  heat l o s s  a t  the thermal f ron t ,  
and the A coeff ic ient  the  heat l o s s  through the  
con£ in ing rocks. 

It has been shown t h a t  fo r  these numbers 
higher than 10, the  recovery of a s t ab i l i zed  
cycle is greater  than 75% (still higher, i f  the  
reference temperature a t  the surface i s  lower 
than the  natura l  aquifer temperature, meaning 
l e s s  heat l o s s ) .  However, it should be consi- 
dered t h a t  ove ra l l  energy e f f i c i ency  must take 
i n t o  account various losses  i n  the well  and a t  
the  surface a s  well a s  energy consumption 
(pumping water i n  and out of the wel ls ) .  

A canplementary study has  establiehed the  
p rac t i ca l  storage conditions under which such 
dimensionless parameters can be reached, i.e., 
how t o  choose the  volume stored during a cycle 
and the  duration of a cycle a s  a function of 
the  reservoir  cha rac te r i s t i c s  (pr imar i ly  i t s  
th ickness) .  Par t icular  eaphasis has been 
placed upon the  p o s s i b i l i t y  of preheating the  
system by an i n i t i a l  i n j ec t ion  period p r i o r  t o  
those performed during the  subsequent cycles.  
In a very small number of cycles ,  the condi- 
t i ons  of s t a b i l i z a t i o n  can be reached. 

Ihe pa r t i cu la r  case of asymmetric cycles has 
been studied with the following r e su l t s :  

( 1 )  production of a volume m a l l e r  than t h a t  
in jec ted increases the  temperature l eve l  but 
lowers the heat recovery; 

(2 )  t he  production of a higher volume causes 
opposite e f f ec t s .  

Finally,  these theo re t i ca l  r e s u l t s  have been 
confinned from data  obtained a t  the  Bonnaud S i t e  
(Jura,  France), where a s torage experiment has 
been performed with 4 symmetric cycles (6 days 
in j ec t ion  and 6 days production). The experiment 
yielded a recovery coe f f i c i en t  of g rea t e r  than 
60% a t  t he  end of the  four th  cycle f o r  a Peclet  
number of 5 and a A coeff ic ient  of 13. 



AQUIFER SM,RAGE I N  BELGIUM 

Contact: Profe'ssor Josef Brych, Facu l t i  
Polytechnique de Mons, 9 Rue de Houdain, 
B 7000 Mons, Belgium 

I n  1975, t he  Belgian government began a 
national research and developnent program on 
energy, with the  f i r s t  phase ending i n  August, 
1978. With the  onset  of the  second phase 
September, 1978, a p ro jec t  studying thermal 
energy storage and involving the  col laborat ion 
of several un ive r s i t i e s  and i n s t i t u t i o n s  was 
undertaken. The current  s tages  of deve lopen t  
a r e  summarized below. 

A t  the Facult; Polytechnique de Mons (Pro- 
fessor  Brych, Neerdael, and Sa ro t ) ,  a study in- 
volving t h e  use of l a rge  diameter d r i l l i n g  i n  
"ve r t i ca l  underground reservoirs"  of severa l  
thousand m3 is being made. Preliminary theoret-  
i c a l  modeling is  already complete. A semi-indus- 
t r i a l  model of about 1 m3 i s  a l s o  completed, 
with t e s t ing  t o  begin i n  l a t e  October, 1979. 

Ihe geological aspects  of the  p ro jec t  a r e  be- 
ing studied a t  t h e  ~ n i v e r s i t ;  t e  Liege (Profes- 
sor  Calembert, Professor Monjoie and M. Marchand). 
A f i n a l  repor t  on su i t ab le  Belgian t e s t  s i t e s  
and f u l l  s ca l e  implementation of warm water s to r -  
age w i l l  soon be published. 

A t  the  Ri jksunivers i te i t  t e  Gent (Professor 
Anselin, Nijs,  and Debevere), urban heating i s  
being studied. 

UNDERGROUND COOLING BY GROUNDWATER HEAT PUHPS 

Contact: D r .  K.-D. Balke, Universith't Tiibingen 
I n s t i t u t  und Museum fiLr Geologie und PalXontolo- 
g ie ,  Sigwartstrasse 10, 7400 W i n g e n  1, West 
Germany. 

When a groundwater heat  pump is  used, ground- 
water is removed from an aquifer  through a pump- 
ing well, cooled down within the heat pump, and 
reintroduced i n t o  the  aquifer  through an injec- 
t i on  well. This process c rea t e s  a cooler region 
around the  in j ec t ion  well. The s i ze  and form of 
t h i s  negative thermal anomaly become important 
parameters f o r  wel l  pos i t ions  and groundwater 
qual i ty ,  and determine: 

( 1 ) the  minumum dis tance  t o  be maintained 
between the product4on well  and the  in j ec t ion  
well  t o  avoid a thermal shor t  c i r c u i t ,  

( 2 )  the d is tance  between the  production and 
in j ec t ion  wells required t o  ex t r ac t  thermally 
undisturbed groundwater, 

( 3 )  possible physical,  chemical o r  b iological  
damage t h a t  could occur in the  aquifer.  

Since July ,  1978, two hydrothermal t e s t  f i e l d s  
have been i n  operation in the  Miinsterlander Bucht 
( W e  Germany) to  inves t iga t e  the  growth and s i z e  
of the  negative thermal anomalies caused by in- 
jec t ion wells of heat  pumps. Ihe t e s t  f i e l d s  
each have a metereological s t a t i o n ;  one with a 
5 m deep in j ec t ion  wel l  and 28 groundwater gauges, 
t he  o ther  with a 16 m wel l  and 19 gauges. Ihe 
aquifers  a r e  composed of f i n e  and medium-grained 
sands. The in j ec t ed  cold  water comes from heat  
pumps t h a t  heat single-family houses. 

A t  present,  t h e  connections between the in- 
jected "negative" quant i ty  of heat,  t he  loca l  
hydrogeological and hydrothermal r e l a t ions ,  the  
conditions of the  wells,  and the  growth of the 
thermal anomaly a r e  being quan t i t a t ive ly  inves- 
t igated.  Ihe thermal influences of a i r  tempera- 
t u r e  and p rec ip i t a t ion  a r e ' a l s o  under analysis.  

In addi t ion t o  the  thermal inves t igat ions ,  
chemical and microbiological research w i l l  begin 
i n  the  t e s t  f i e l d s  i n  January, 1980. 

THE UTILIZATION OF SEASONAL HEAT STORAGE 
IN SYSTEMS WITH COMBINED PRODUCTION OF 
HEAT AND P W E R  

Contact: Bjijrn Qvale, Laboratory f o r  Energetics 
Technical University of Denmark, DK-2800 Lyngby, 
Denmark. 

The s torage of heat  i n  an  energy supply sys- 
tem can be of value i n  conserving energy, insur- 
i ng  t h e  dependabili ty of t h e  hea t  supply, and 
increasing the  dependabili ty of  t he  production 
of e l e c t r i c  power. Summarized below a r e  the  re- 
s u l t s  of an evaluation of the  s ignif icance of 
including heat s torage i n  two heat  and power 
supply systems. 

The two locat ions  s tudied a r e  Randers, s i t e  
of a backpressure turbine ,  and Aalborg, where 
an ext ract ion turbine  is t o  be in s t a l l ed .  The 
methods of analys is  applied a r e  q u i t e  d i f f e ren t  
i n  the  two cases. 

In Randers, t he  in t e rac t ion  between the  loca l  
energy supply system and t h e  surrounding supe- 
r i o r  system is  managed ind i r ec t ly ,  but  ef fect ive-  
l y ,  by simple contractual  agreements governing 
t h e  p r i ces  of t he  s a l e  and purchase of e l e c t r i -  
c i t y .  The impact of introducing heat  s torage 
i n t o  this system is  s tudied q u i t e  simply through 
t h e  economics of t h e  l o c a l  county energy supply 
organization. 

In  Aalborg, the  case is more complex. The 
l o c a l  e l e c t r i c  power generation is  in tegra ted 
with the  superior system. The p r i c e  of e l e c t r i -  
c i t y  bought and so ld  is  t h e  same. However, t he  
r a t e  of production of e l e c t r i c i t y  is  managed by 



t h e  surrounding super ior  system. This i n  turn  
i s  governed p a r t l y  by loca l  demand and p a r t l y  by 
t h e  demands of t h e  surrounding system. 

A garbage incinera t ion p l an t  supplements the  
heat produced by t h e  ext ract ion turbine.  The 
introduction of seasonal heat s torage i n t o  t h i s  
system w i l l  have a number of d i r e c t  and ind i r ec t  
consequences: 

( 1 )  it may a f f e c t  t h e  fu tu re  schedule f o r  
e s t ab l i sh ing  and operat ing power p l an t s  i n  the  
superior system; 

(2 )  t he  existence of seasonal heat  storage 
may influence the  choice of power p l an t s  i n  t h e  
system; 

( 3 )  once the  fu tu re  plans have been decided, 
t he  existence of seasonal heat  s torage w i l l  mate- 
r i a l l y  a f f e c t  t h e  performance of t h e  ex i s t ing  
system with respect  t o  econanics, energy u t i l i -  
za t ion and system r e l i a b i l i t y  ( i n  r e l a t ion  both 
t o  heat and power generation).  

The impact of introducing energy storage i n t o  
t h i s  system is  s tudied by e s t ab l i sh ing  de ta i l ed  
energy balances (hour by hour) and ove ra l l  eco- 
nanic balances. 

DANISH AQYIF.FR STORAGE PROJECT 

Contact: J. A. Leth, Risd National Labora- 
tory ,  (Danish Aquifer Storage Project )  DK-4000 
Roskilde, Denmark. 

The Danish aquifer  s torage project  is carr ied  
out j o in t ly  by Technical University of Denmark 
(Laboratory of Energet ics) ,  Geological Survey of 
Denmark and Risd National Laboratory. f i e  goals 
of the  project  are :  

( 1 )  t o  develop mathematical models f o r  simu- 
l a t i o n  of heat t ranspor t  by s to r ing  hot water i n  
porous geological layers ,  

( 2 )  t o  demonstrate the p rac t i ca l  and econo- 
mic aspects of underground heat  storage by means 
of a t e s t  p lant .  

( 3 )  t o  make a survey based on avai lable  
hydrological and geological data i n  order t o  
f ind poss ible  s i t e s  fo r  underground heat storage 
near areas  with d i s t r i c t  heating supplied f run 
combined e l e c t r i c i t y  and heat  generating s ta t ions .  

The demonstration p l an t  f o r  the  project  w i l l  
probably be placed near e i t h e r  a cambined power 
and heat generating s t a t i o n  o r  a garbage burning 
plant .  The well  plan is expected t o  consis t  of 
one center  well  and four surrounding wells,  with 
addi t ional  wells t o  compensate f o r  groundwater 

flow. The expected f l u i d  temperature range is 
80-120.C with a pqwer output of about 1 MW. 

Mdeling e f f o r t s  (J. Reffstrup, Technical Uni- 
ve r s i ty  of Denmark) include the  developnent of a 
two-dimensional ( th ree  dimensional axisymmetric) 
f i n i t e  element model. Based on a numerical solu- 
t i o n  of t h e  governing p a r t i a l  d i f f e r e n t i a l  equa- 
t i ons ,  t he  model simulates coupled hea t  and 
f l u i d  flow through porous media. 

NBVS FROM YAMAGATA UNIVERSITY 

Contact: Takao Yokoyama, Precision Engineering 
Faculty of Technology, Yamagata University,  
Yonezawa 992, Japan. 

A t  Yamagata University i n  Yonezawa, Japan, 
t h ree  p ro jec t s  a r e  current ly  under way. 

Fie ld  experiments 

A t  the  new experimental f i e l d  s t a t i o n  of the  
Yamagata Campus, t h ree  rooftop so la r  co l l ec to r s  
a r e  being ins t a l l ed .  One is  constructed of 
vinyl ace ta t e  r e s in ,  another of aluminm, and 
the  t h i r d  of copper. They a r e  t o  be used both 
f o r  summer heat col lec t ion and winter snow melt- 
ing. Since the  project  is  st i l l  i n  the  construc- 
t i o n  phase, experimentation with thermal aquifer  
s torage has not yet  begun. 

Theoretical  Analysis 

It has been found t h a t  t he  seasonal recovery 
coe f f i c i en t  depends primarily upon natura l  re- 
gional groundwater flow. By studying f l u i d  flow 
streamlines and the  r e l a t ed  stagnant points ,  we 
a r e  able  t o  determine the  areas  of s torage and 
recovery. Theoretical  analys is  is  now being can- 
pared t o  experimental data.  

Measurement of Thermal Proper t ies  

A t  t h i s  time, we have l i t t l e  data  on thermal 
proper t ies  of unconsolidated sand l aye r s  resan- 
b l ing actual  aquifers .  In our specimen, we have 
measured thermal proper t ies  of various kinds of 
sand layers  and compared them with standard 
mater ia l  of a g l a s s  a t  a constant r a t e  of flow. 
In the  fu ture ,  varying flow r a t e s  w i l l  be used. 

Other P ro jec t s  

In the  Yamagata Basin, Nihon Chikasd 
Kaihatsu Co., Ltd. has done experimental work 
with thermal aquifer  s torage ( s e e  ATES Newsletter, 
vol. 1, no. 1 ) .  The experimental data  a r e  now 
being analysed. 



BUOYANCY FIDW AND THEREW STRATIFICATION 
I N  AQVIFER HfJT WATER STORAGE 

Contact: Johan Claesson, University of Lund, 
Department of Wthenat ica l  Physics, Box 725, 
S-220 07 Lund 7, Sweden. 

In ject ion o f h o t  water i n t o  an aquifer ,  where 
t h e  in t e r f ace  between hot  and cold water is pr i -  
marily ve r t i ca l ,  c r ea t e s  an unstable system due 
t o  the  density d i f ference  between the  hot  and 
cold water. The r a t e  a t  which the  system tends 
t o  e q u i l i b r i m ,  i.e., with the  ho t  water on top  
of the  cold water, i s  a decis ive  f ac to r  i n  deter- 
mining the f e a s i b i l i t y  of a system with v e r t i c a l  
i n j ec t ion  and production wells. A strong d i s tu r -  
bance of the  temperature f i e l d  w i l l  lead t o  
higher heat l o s s  ( l a r g e r  surface  area of t he  hot 
region, increased heat d ispers ion) .  It w i l l  a l -  
s o  require  a more complicated ext ract ion system 
i n  order t o  avoid excessive mixing of hot  and 
cold water i n  the  well. 

The aim of our study is t o  f ind  an e x p l i c i t  
order-of-magnitude expression f o r  t he  influence 
of  the  buoyancy flow. It is  then poss ible  t o  
estimate the r a t e  a t  which the  thermal f ron t  
"tilts" without r e so r t ing  t o  numerical models. 
The analys is  is  based on a nlnnber of ana ly t i ca l  
solut ions  f o r  a v e r t i c a l  thermal f r o n t  i n  cylin- 
d r i ca l  and tm-dimensional Cartesian coordinates.  
The diffuseness of t he  thermal f r o n t  i s  a l s o  
taken i n t o  account. Several a s smpt ions  about 
the  behavior of t he  thermal f r o n t  must be made 
i n  order t o  modify the  ana ly t i ca l  solut ions  f o r  
nonvertical  s i t ua t ions .  Final ly ,  the  t i l t i n g  
r a t e  f o r  a given system is  quant i f ied  by a char- 
a c t e r i s t i c  t i l t i n g  time-constant which equals the  
time it takes f o r  an i n i t i a l l y  v e r t i c a l  f r o n t  t o  
tilt 450. The most important parameter is  the  
product of t he  v e r t i c a l  and hor izonta l  permea- 
b i l i t y .  The t i l t i n g  time-constant is  inverse ly  
proportional t o  the  square root 'of  t h i s  product. 
In  order t o  ve r i fy  the  a s smpt ions  made when 
deriving the  ana ly t i ca l  solut ion,  a nunber of 
simulations have been made using the  nlrmerical 
model "CCC" (Conduction, Convection and Compac- 
t i o n ) .  These simulations confirm t h a t  t he  
a s smpt ions  a r e  reasonable. 

A8 an i l l u s t r a t i o n  of t h e  r e s u l t s  we give 
the  following example. Consider a 20 m th ick  
a l l u v i a l  aquifer  with a v e r t i c a l  permeabili ty 
t h a t  is  l/lOth of t h e  hor izonta l  one. The heat 
capacity of t he  aqu i fe r  i s  2.7 M J / m 3 ~ .  'Ihe tem- 
pera ture  of t h e  in j ec t ed  water is  850C, and the  
ambient water is 15.C. The f igu re  shows the  
t i l t i n g  angle ( a s s m i n g  a s t r a i g h t  f r o n t )  a s  a 
function of permeabili ty ( m2 1 and s torage .time 
(days).  Let us require  t h a t  t he  thermal f r o n t  
should not tilt more than 60- during a storage 
period of 90 days. The corresponding maximum a l -  
lowable permeabili ty i s  then about 3 x 10-l1 m2. 
This example does not  include the  e f f e c t s  of a 
superposed forced convection, which w i l l  cause 
a fu r the r  increase i n  the  t i l t i n g  angle. 

In  the  f i e l d  t e s t s  conducted so  f a r ,  water a t  
r a the r  low temperatures (<55OC) have been injec- 
ted  i n t o  aquifers  of r e l a t i v e l y  high permeability. 
The length of t h e  s torage cycle  is  about three  
months. To avoid excessive influence of buoyancy 
flow during an annual s torage cycle with higher 
temperatures ("85*C), it i s  necessary t o  use 
l e s s  permeable aquifers .  
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EXECUTIVE COMMITTEE 
SUMMARY' REPORT 

FOR 
1979 T H E R M A L ~ E R G Y  STORAGE 

PROGRAM REVIEW MEETING 

Annual ly  t he  Thermal Energy Storage Program i s  reviewed by DOE/STOR t o  
assess cu r ren t  e f f o r t s  and de f i ne  f u t u r e  a c t i v i t i e s .  To prov ide  a .broad 
c r i t i q u e  o f  t h e  TES program, an execut ive rev iew comnit tee was es tab l ished 
w i t h  members be ing  s o l i c i t e d  f rom academia, S ta te  energy departments and 
other  non-DOE government organizat ions.  

Committee members were prov ided w i t h  copies o f  t h e  FY-79 Mul t i -Year  
Program Plan, P r o j e c t  Sumnary FACT Sheets, and the  Proceedings f rom the  
1978 TES meeting. The quest ions conta ined i n  t h i s  r e p o r t  served as t h e  
basis  f o r  an execut ive rev iew meeting f o l l o w i n g  the  two days o f  p r o j e c t  
overviews and techn ica l  sumnati on repor ts .  P r i o r  t o  t he  execut ive rev iew 
meeting, t he  committee summarized t h e i r  responses i n  w r i t i n g .  This  r e p o r t  
presents a summary o f  t h e  Committee's responses as w e l l  as a synopsis o f  
the d iscussion o f  the  issues a t  the  execut ive rev iew meeting. A tape 
record ing  o f  t h e  meeting has been re ta ined  f o r  DOE/STOR use as desired. 

Execut ive -- - - - - A  Review -. Committee Meeting Attendees: 

Phi  l i p  J a r v i  nen - L i n c o l n  Laboratory 
Andrew Kource - U.S. A r m y  
Michael 0 '  C a l l  aghan - Massachusetts I n s t i t u t e  o f  Technology 
C. J. Swet - Consultant, Thermal Storage 
M i l o  Belgen - Ohio Department o f  Energy 
Henry Rice - Nebraska P u b l i c  Power 
D. D. Wyatt - Nat ional  Research Counci l 
Br ian  Swaiden - U.S. Navy 

Others Attending: 

Mr .  Marshal l  D i e t r i c h  - Lewis Research Center, NASA 
D r .  David Eissenberg - Oak Ridge Nat iona l  Laboratory 
M r .  W i l l i a m  F r i e r  - D i v i s i o n  o f  Energy Storage Systems, DOE 
Mr .  John Gahimer - D i v i s i o n  o f  Energy Storage Systems, DOE 
M r .  L a r r y  Gordon - Lewis Research Center, NASA 
Dr. James M i  nor - P a c i f i c  Northwest Labora tory  
Mr .  Arno Nice - Lewis Research Center, NASA 
D r .  James Swisher - D i v i s i o n  o f  Energy Storage Systems, DOE 
Dr. Charles Wyman - Solar  Energy Research I n s t i t u t e  



Review Committee's Responses 

The f o l l o w i n g  n a r r a t i v e  i s  a summary response f o r  each o f  t e n  questions 
posed t o  t h e  Committee. These responses are based p r i m a r i l y  on w r i t t e n  
answers generated by the  Committee p r i o r  t o  the  execut ive rev iew meeting. 
To a lesser  extent,  comnents have a lso  been inc luded which were taken f rom 
the taped execut ive rev iew session. 

Each sumnary answer i s  presented i n  b u l l e t i z e d  format and noted as e i t h e r  
a m a j o r i t y  or  m i n o r i t y  opinion. I n  addi t ion,  a b r i e f  n a r r a t i v e  fo l l ows  t o  
document the  respec t i ve  i n d i v i d u a l  discussions as recorded. The reviewers 
name have been i n t e n t i o n a l l y  omi t ted  and i t  should be noted t h a t  not a l l  
o f  the  reviewers p a r t i c i p a t e d  i n  the  Executive Review Session. 



QUESTION (1)  

I F  STOR HAD TWICE THE FUNDING, WHAT PROGRAMS SHOULD BE INCREASED? WHAT 
NEW PROJECTS SHOULD BE INITIATED? 

M a j o r i t y  (no t  p r i o r i t i z e d )  

o  Increase t h e  number o f  aqui fer  demonstrations. 

o  Accel e r a t e  phase change ma te r i  a1 development f o r  b u i  1  d i n g  
mater i a1 appl i c a t  i ons. 

o  Increase development e f f o r t  f o r  "customer s ide  o f  t he  meter" heat 
pump appl i c a t i  ons . 

o Increase e f f o r t s  p e r t a i n i n g  t o  s torage and t ranspor t  o f  heat i n  
thermochemical form. 

o  I n i t i  ate TES demonstrations on f e d e r a l l y  owned proper ty .  

o  Increase fundamental research f o r  d i r e c t  contac t  heat exchanger 
aqu i fe rs .  

o  I n i t i a t e  demonstrations w i t h i n  the  respec t i ve  i n d u s t r i a l  sectors 
( f ood  processing, cement 1. 

Remarks 

o  Although the  use o f  f e d e r a l l y  owned p rope r t y  might  e l im ina te  or  
a l l e v i a t e  c e r t a i n  i n s t i t u t i o n a l  problem areas, t h e  c r e d i b i l i t y  
and the  a c c e s s i b i l i t y  were s e r i o u s l y  questioned. 

o  I n d u s t r i a l  demonstration ( s i n g l e  a p p l i c a t i o n ) ,  i f  v iab le ,  should 
be s u f f i c i e n t  f o r  the  respec t i ve  i n d u s t r y  t o  evaluate and 
i nco rpo ra te  w i thou t  f u r t h e r  government p a r t i c i p a t i o n .  

QUESTION (2)  

I F  STOR PROGRAMS WERE REDUCED BY ONE-HALF, WHAT PROGRAMS SHOULD BE 
REDUCED? WHAT PROGRAMS SHOULD BE DELETED? 

M a j o r i t y  (no t  p r i o r i t i z e d )  

o  Reduce the  e f f o r t s  i n  t he  B u i l d i n g  Heat ing and Cool ing 
appl i c a t i  on area. 

o  Reduce t h e  number o f  aqui fer  s torage p ro jec ts .  



QUESTION ( 2 )  Cont. 

Majority - Cont. 

o Delete the following act ivi t ies:  

- Crawl space a i r  tempering 
- Electr ical ly heat bricks 
- Heinz food processing demonstration 
- Storage for conventional oi l  and gas heat 

Minority 

o Delete projects w i t h  long range payoffs (i .e. ,  concentrate only 
on near term ac t iv i t i e s ) .  

o Delete low temperature solar space heating applications. 

o Delete thromb wall efforts .  

o Delete high temperature solar e lec t r ic  

Remarks 

o Deletions or reductions should be done a t  the individual act ivi ty 
level, rather than a t  the program element (e.g. BHAC, or Solar 
Thermal, Industrial ,  e tc . )  level. 

o Should establish a rationale for  deletion or reduction of 
efforts ;  for  example, lowest cost effectiveness and/or near, mid,  
f a r  term payoffs. 

QUESTION ( 3 )  

ARE STOR PROGRAMS MISSION ORIENTED? DOES THE REVIEW COMMITTEE SEE REAL 
WORLD APPLICATIONS FOR ALL TECHNOLOGIES? 

Majority 

o Generally speaking, the economics are questionable. L i t t l e  or no 
attention was given to market analysis w i t h  respect to th i s  
meeting . 

Minority 

o Real world applications for solar (high and low temperature) are 
not evident. 



QUESTION ( 3 )  Cont. 

Remarks 

o A negat ive r e p o r t  card was issued w i t h  regard t o  the  market ing o f  
thermal energy storage. It was not  ev ident  t o  e i t h e r  t h e  
Committee or  other  attendees (no t  i n t i m a t e  w i t h  the  program) what 
t h e  Nat iona l  thermal.  storage needs are. STOR should use these 
meetings t o  market t h e i r  product  w h i l e  s imul taneously rev iewing 
t h e  goals, etc.  I n  add i t ion ,  t he re  should be inforrnati.on 
presented by DOE r e l a t i n g  t h e  STOR e f f o r t  t o  the  end-users 
needs. What i n t e r a c t i o n s  are occurr ing? I n  other  words., why i s  
STOR pursuing some o f  the  a c t i v i t i e s  as repor ted  i n  t h e  past  two 
days. 

o I n  summary, t he  market ing ( l a c k  o f )  fo r  TES i s  t he  p r i m a r . ~  area 
f o r  STOR t o  address immediately. 

QUESTION ( 4 )  

NEAR-TERM PROJECTS IN THE INDUSTRIAL, SOLAR THERMAL ELECTRIC, AND BUILDING 
HEATING/COOLING APPLICATION SECTORS REQUIRE HEAVY BUDGET OUTLAYS RESULTING 
I N  DE-EMPHASIZING LONG-TERM, BASE TECHNOLOGY WORK. 

A. DO WE HAVE A PROPER FUNDING BALANCE OF LONG-TERM VS. NEAR- 
TERM? IF NOT, WHAT SHOULD BE CHANGED? 

B. I S  THERE A PROPER FUNDING BALANCE AMONG THE NEAR-TERM PROJECTS? 

C. DO YOU PERCEIVE AN ADEQUATE DEVELOPMENT TECHNOLOGY BASE THAT 
WILL LEAD TO DEVELOPMENT OF NEW TECHNOLOGY INITIATIVES I N  THE 
FUTURE? I F  NOT, WHAT SUGGESTIONS? 

Remarks 

Dur ing the  presenta t ion  there  was l i t t l e ,  i f  any, i n fo rma t ion  presented on 
t h e  f i  nanci a1 resources f o r  t h e  STOR-TES program. Consequently, t h e  
comnit tee cou ld  on l y  comnent i n  a very  general nature as fo l lows:  

o The TES program i s  weighted heav i l y  toward near-term a c t i v i t i e s ;  
hence, poor ba l  ance. 

o A broader technology base should e x i s t .  

o STOR and the  Energy Research O f f i ce  should e s t a b l i s h  b e t t e r  
communi ca t  i ons . 



QUESTION (5)  

WHAT SHOULD STOR BE LOOKING FOR IN INTERNATIONAL 'COOPERATIVE PROGRAMS? 
WHAT SHOULD STOR BE PROTECTING I N  INTERNATIONAL NEGOTIATIONS? 

M a j o r i t y  (not  p r i o r i t i z e d )  

o STOR should i n v e s t i g a t e  those oppor tun i t i es  t o  use f o r e i g n  
f a c i l i t i e s  which have unique fea tures  not a v a i l a b l e  w i t h i n  t h e  
U.S. (e.g. very  h igh  temperature so lar  systems). 

o Funding should emphasize those p r o j e c t s  t h a t  have a l a r g e  f o r e i g n  
market potent  i a1 f o r  U. S. indust ry .  

o STOR should i n s u l a t e  domestic TES program fund ing f rom 
i n t e r n a t i o n a l  cos t  overruns. 

o STOR should exp lore  oppor tun i t i es  t o  p a r t i c i p a t e  i n  storage 
e f f o r t s  o f  DOE end-user fo re ign  p r o j e c t  i n i t i a t i v e s  (e.g. so la r  
thermal ) . 

QUESTION ( 6 )  

WHAT ARE THE BEST MECHANISMS FOR TRANSFERRING TECHNOLOGY TO THE COMMERCIAL 
BASE? 

M a j o r i t y  (no t  p r i o r i t i z e d )  

o Primary emphasis should be d i rec ted  t o  p r i v a t e  sector  r a t h e r  than 
"end-use DOE Div is ions .  

o Level o f  technology t rans fer  must be o f  s u f f i c i e n t  sca le  t o  prove 
both techn ica l  and economic f e a s i b i l i t y .  

o Improvements should be made i n  - a l l  s t a t e  energy l i a i s o n  
a c t i v i t i e s .  

o P r i v a t e  sector  can be reached best by use o f  t rade  organizat ions, 
techn ica l  journals,  and pub l i c  d isp lays  o f  concepts (models, 
etc. ) . 

Remarks 

o DOE/STOR must improve t h e  " s e l l i n g "  o f  TES. When a DOE "end-use" 
D i v i s i o n  does not  have a planned commercial izat ion e f f o r t  STOR 
should provide t h e  "marketing" a c t i v i t i e s .  To promote government 
and s t a t e  cooperation, cons idera t ion  should be given t o  t h e  
annual governors conference as we l l  as charging t h i s  1 i aison 
a c t i v i t y  t o  a s p e c i f i c  f i e l d  laboratory.  I n t e r f a c e  between 
DOE/STOR s t a t e  energy o f f  i ces  have been minimal i f  not  
non-ex i stent.  



QUESTION ( 7 )  

HOW DO WE (STOR) DECIDE WHEN ACTIVITIES ARE READY FOR TRANSFER? 

Remarks 

o By keeping "end-users" informed throughout the  developments, t he  
t r a n s f e r  should occur na tu ra l l y .  The lack o f  "end-users" a t  t h e  
meeting (both government and the  p r i v a t e  sectors)  should be 
corrected. 

o The p r i v a t e  sector "end-usersn should be the  best  i n d i c a t o r s  f o r  
d i r e c t i n g  techn ica l  i n t e r e s t  (i.e., i s  or  i s  not  a market 
a v a i l  able). 

o Decisions t o  d iscont inue a technology t h r u s t  must be on a "case 
by case" basis. General ly  speaking, i f  t h e  p r i v a t e  sec tor  
i n t e r e s t  i s  not  there, f o r g e t  it. 

QUESTION (8)  

WHAT ARE YOUR OVERALL IMPRESSIONS OF THE PROGRAM? 

o FOCUS, BALANCE, DIRECTION 

o TIMELINESS 

o USEFULNESS 

Remarks: 

o As presented, the  TES program appears t o  be i n s u f f i c i e n t  (should 
move f a s t e r ) .  With t h e  d o l l a r s  p resen t l y  avai lable,  more 
(hardware-wise) should have been accomplished. 

o There are few t a n g i b l e  items (TES modules, subsystems, etc. )  f o r  
t h i s  program. More demonstrations (Itshow and t e l l " )  are s t r o n g l y  
advocated. 

QUESTION (9 )  

WHAT OTHER KEY QUESTIONS DO YOU THINK THIS REVIEW COMMITTEE SHOULD 
ADDRESS? DO YOU THINK THERE ARE BETTER WAYS TO RUN THIS REVIEW COMMITTEE? 

Remarks 

o A permanent TES review c o m i t t e e  (10-15 members) .was advocated. 
Members h i p  should consi  s t  o f  academi a, i ndus t r i  a1 , and non-DOE 
government personnel evenly d i s t r i b u t e d .  

o The c o m i  t t e e  should be invo lved i n  both t h e  annual and 
semi-annual DOE rev iew meetings. And, i f  possible, add i t i ona l  
t ime (1-2 days) should be a l l o t t e d  t o  t h e  Committee f o r  
d iscussion/preparat ion o f  t h e i r  review. 
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QUESTION (10) 

DO YOU (COMMITTEE) HAVE ANY SUGGESTIONS FOR IMPROVING THIS CONFERENCE AND 
OTHER INFORMATION EXCHANGE MEETINGS? 

Remarks 

o S l i des  ( v i s u a l  ai.ds) should be standardized t o  a format  which 
would bes t  serve DOE i n t e r e s t s .  

o More ' technical  concepts (poster  session) should be presented 
which would a1 so prov ide  more in terchange o f  t echn ica l  
in format ion.  

o The rev iew cannot serve two ob jec t i ves  simultaneously. I n  other  
words, i t  must be reso lved whether t h e  i n t e n t  i s  a management 
rev iew or  a techn ica l  review. 

o Management review meeting must be he ld  i n  Washington, D. C. 
area. Technical meetings are op t i ona l  as t o  l oca t i on .  Focusing 
on a s p e c i f i c  1 aboratory or  subsystems research experiment cou ld  
prov ide  a t t r a c t i v e  i ncen t i ves  f o r  non-Washington area meetings. 

o To promote market ing o f  TES and t o  improve STOR1s market ing 
image, t he  annual t echn ica l  rev iew meeting should be w ide ly  
pub l i c i zed  (e.g. CBD). 

o The STOR/TEA r o l e  and i n t e r f a c i n g  w i t h  TES should be an important 
p a r t  o f  t he  review meeting. 

o The o v e r a l l  meeting arrangements were t o o  regimented. A t h ree  
day meeting may a l l e v i a t e  t h i s .  

CONCLUDING REMARKS PERTAINING TO: 

PROGRAM EVALUATION 

It i s  d isappo in t ing  t o  r e a l i z e  t h a t  no th ing  has been 
commercialized. I n  f a c t ,  no r e a l  t e s t  hardware fTES modules) has 
been deve 1 oped. 

PROJECT EVALUATION 

Value der ived cost  goals are genera l l y  l a c k i n g  except i n  so la r  
thermal power app l ica t ions .  These value der ived cos t  goals should 
be based on basel ine a l t e r n a t i v e s  o f  t he  best technology c u r r e n t l y  
avai 1 able. 



PROJECT EVALUATION - Cont. 

Pro jec t  area must emphasize so lv ing spec i f ic  problem area p r i o r  t o  a 
mu1 t i t u d e  o f  demonstrations. As an example, STOR should es tab l i sh  
competence i n  aqui fer  technology (Leading Edge Test F a c i l i t y  
a c i t i v i t i e s )  before i n i t i a t i n g  many demonstrations. 

For i n d u s t r i a l  r e t r o f i t ,  it would be unwise f o r  the government t o  
consider other methods (regul  a tory)  ra ther  than technical  and 
economics benef i ts  t o  make TES a r e a l i t y .  However, State support i n  
t h i s  app l ica t ion area could be a v iab le  approach i n  marketing, etc. 
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