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The Advanced Cogeneration Technology Economic Optimizat ion Study 

(ACTEOS) was undertaken t o  extend the  r e s u l t s  of t h e  Cogeneration 

-1-y Al terna t ives  Study (mAS). BXh s tudies  were aimed a t  praridirq 

d a t a  which would a s s i s t  t h e  Department of Energy i n  e s t a b l i s h i n g  R&D 

f mdiw piorities in the area of advanced energy amversion systems for 

industrial  cogeneration a@plications. ACTEOS, i n  p a r t i c u l a r ,  employed a 

mixed i n t e g e r  l i n e a r  programming model to develop economically op t imal  

cogeneration system des igns  f o r  r ep re sen ta t ive  p l a n t s  i n  s e l e c t e d  

industries (newsprint, writing paper, chlorine and ptroleum refineries).  

Cost comparisons were then made be tween des  igns  involving advanced 

cogeneration technologies  and des igns  involving e i t h e r  conventional 

w e n e r a t i a n  te-logies or not i n w l v i q  cogeneration. For the spec i f ic  

equipment cost and fuel  price assumptions made i n  the study, it was found 

that:  (1) coal-based cqonerat ion systems (both advanced and c o n m t l o n a l )  

o f f e r e d  apprec iab le  cost savings over  t h e  no coyenerat ion case,  whi le  

systems using coal-derived 1 iquids  o f f e red  no c o s t s  sav ings ;  and ( 2 )  t h e  

advance2 cxqeneratlon syster, + ; provided somewhat larger cost savirqs than 

the  conventional systems. Among t h e  i s sues  considered i n  t h e  s tudy  

included: (1) temporal v a r i a t i o n s  i n  steam and electric demands; ( 2 )  

rquiremsnts for reliabil i ty/stardby capacity; (3)  ava i lab i l i ty  of discrete  

equipment s i z e s ;  ( 4 )  reg iona l  v a r i a t i o n s  i n  f u e l  and e l e c t r i c i t y  p r i ce s ;  

( 5 )  of i-des ign system performance; and ( 6 )  s epa ra t e  demand and energy 

charges for  purchased e lec t r ic i ty .  
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A. Cblectives and Scope of the Study 

This  r e p o r t  p r e sen t s  the f i nd ings  of t h e  Advanced Cogeneration 

TecMolcgy Ecamric Cpttimization Study (AaEOS). This study was undertaken 

to  extend the r e s u l t s  of the Cogeneration Techno lgy  A l t e r n a t i v e s  Study 

(CTAS), which was performed for DOE'S Office of C t d  Uti l izat ion Systems ky 

m ' s  L e w i s  Research Center (W) w i t h  s~ipprt f r an  JPL. CI!AS was a i w d  

a t  pruvidirq a data base which wculd a s s i s t  D3E i n  estabilshixq R6D fmding 

p r io r i t i e s  in tne area of advanced eneryy amversion systems f o r  i m u s t r i d  

cogeneration applications. Under the  CllAS ef for t ,  two D3Espnsorea/NSA- 

contract& studies were carried ou t  by i m u s t r i a l  teams led by tile Gereral 

Electric Company and t h e  United Technologies Corporation. In-house 

evaluations of the contractea activities a re  h i %  comucted by NASA k R C o  

The broad scope of t h i s  p r e sen t  s t u a y  (ACTEOS) is t o  a s s i s t  i n  t he se  

eval ua t lons . 
The prinlary objectives of t h i s  study have been twofolo: 

a 'Xb prwide information t o  NASA M C  which w i l l  a s s i s t  them 
i n  eva lua t ing  advanced energy conversion systems f o r  
implementation i n  o p t i m i z e d  i n d u s t r i a l  c o g e n e r a t i o n  
~?pl ica t ions .  

a To a s s i s t  NASA LeRC i n  quantlfyirig and a s se s s ing  t h e  
advantages of advanced energy conversion system technoiogies 
r e l a t i v e  t o  tne use of today's cominercially a v a i l a b l e  
technology. 

The primary ou tpu t s  of this s tudy are: 

Mathematical models f o r  each advanced energy conversion 
tecnnol%y cons iderm. 



a A cataloged comparison of each i n d u s t ~ i a l  process cansidered 
under the s ce~r i a s  of: 

- Cogeneration assuming the use of c u r r e n t l y  a v a i l a l i e  
cogemration technologies. 

- Qyeneration assuminq the use of advanced q e n e r a t i o n  
tecfinologies . 

Operating summaries f o r  each indus t ry / scenar io  analyzed 
incl  udi rrg : 

- Cogeneration system descriptions. 

- Operatixq c h a r a c t e r i s t i c s .  

- AMual cost. 

While an e f f o r t  was made to oonsider industr ia l  processes which woulo be 

representative of variaus dif ferent  industries, it is not intended t h a t  the  

economically optimal designs &velaped fo r  each process would necessarily 

be applicable to a l l  slants i n  a given industry. 

I n  o rde r  to  extend t h e  r e s u l t s  of CTAS, t he  p re sen t  s tudy has  been 

designed to give increased consideration to the followirq issues, and to 

provide i n s i g h t  as t o  t h e i r  e f f e c t  on t h e  a t t r a c t l v e n e s s  of i n d u s t r i a l  

cogeneration w i t h  advanced systems: 

System des igns  based on c o s t  minimization,  a s  coinpared to  
other design c r i t e r i a  (e.9 ., heat matdiny ) . 
Terrypral variations in  process steam and e l ec t r i c  derrrams. 

Requiremnts for r e i i a b i l i  ty/stardby capacity . 
Availability of discrete  unit  sizes.  

Recent fuel  pr ice  chanyes. 

Regional variations in fuel and e l ec t r i c i t y  prices. 

Otf-design (part load) systemperformance. 



Separate demand (dollars/kW) and energy ( c e n t s m )  cfiarges 
for  purchased e l e c t r i c i t y  . 

B. Ckganization of the R e p o r t  

The main f ind ings  and conclusions of t h i s  s tudy  are provided i n  

Chapter 11. I n  Chapter 111, we p resen t  an overview of the op t imiza t ion  

model used t o  conduct t h e  ana lyses  i n  t h i s  study. In Chapter N, d e t a i l s  

on the performance, costs, anJ modeling of the energy con\~ersion systems 

considered i n  the s tudy a r e  de l inea ted ,  w h i l e  i n  Chapter V, assumptions 

about costs ard prices of the va r ims  elements in  the cptimization model 

a r e  presented. In  Chapter V I ,  c h a r a c t e r i s t i c s  of t h e  i n d u s t r i e s  and 

r g i o n s  a re  provided. Chapter VII prwides  details about the q t i m i m t i o n  

results ,  operating summaries fo r  each case studied and detailed e n e q y  flow 

c h a r t s  f o r  some of t h e  more i n t e r e s t i n g  cases. Appendix A con ta ins  c o s t  

and performance d a t a  f o r  each c;' t h e  advanced cajeneration technologies, 

while Appendix B prwides  de t a i l s  about the q t imiza t ion  methodology used 

in  the &l. 



A. Overview of Methods 

The goal  of this study has been t o  develop economically optimized 

cogenerrticn system desigrs for representative plants i n  each of f a o  typs 

of indus t r ies .  For a given i n d u s t r i a l  f a c i l i t y ,  the  number of design 

a l t e r n a t i v e s  to be evaluated may be r a t h e r  l a rge ,  and t h e  number of 

poss ib l e  opera t ing  condi t ions  may be essen t ia l ly  infinite. Thus, d i r ec t  

enumeration of all possible design al ternat ives  would not be an e f f i c i en t  

way to identify the optimal design, 

A s  an a l t e r n a t i v e ,  i n  this  s tudy we have used a mixed in t ege r  

programmiq model (HIP) to determine the minimum cost design. The model 

cons iders  t he  problems of equipment s e l e c t i o n  and opera t ion ,  f u e l  

selection, ard purchase or cogeneratian of e l e c t r i c i q  in any combination. 

Of p a r t i c u l a r  i n t e r e s t  is the  model's a b i l i t y  t o  take i n t o  accor;nt u n i t  

s i z e  a v a i l a b i l i t y  i n  developing t h e  op t imal  design. The model can a l s o  

consider the details of the applicable e l ec t r i c  u t i l i t y  t a r i f f ,  including 

ra tes  for  purchased e lec t r ic i ty ,  purchased standby capacity, a d  buy-back 

ra tes  for excess aqenerated e lec t r ic i ty .  

In  d y z i n g  a specific manufacturing p l a ~ t ,  it is convenient to view 

tSe plant as misting of t w o  parts, viz., energy producirg equijiment an3 

process  equipment. This  dichotomy is exhib i ted  i n  Figure 11-1. The 

energy-prcducirq equipment supplies process steam a d  e l ec t r i c i t y  (some or 

1 a l l  of which may be plrchased) to the process equipment in the p l a n t  The 
i 

steam may be required a t  seve ra l  p ressures  (P), and both the  steam and 

e l ec t r i c i t y  requirements may vary w i t h  time (t). For plrposes of the MIP 
1 
I model, the  process  equipment is t r e a t e d  a s  a "black box", which must be 
I 





supplied w i t h  known quant i t ies  of steam and electr ic i ty .  'Ihis "bxn may 

return densate arrd/oc process residuals which may I=t used by the energy 

s i d e  of the plant.  The focus of the MIP model is on the  energy-producing 

equipment i n  t he  p l a n t ,  as ind ica ted  by the dashed l i n e  in t h e  f igure .  

That is, t h e  MIP model cons iders  the  problem of equipment and f u e l  

selectim ard equipment operation. 

I n  c o n t r a s t  to t r a d i t i o n a l  design approaches, the  model does not 

necessarily attempt to match either steam ar e l ec t r i c i t y  loads. Rather, it 

selects the equipnent and -rating ptogram which can supply the required 

process steam am3 e l ec t r i c i t y  a t  lowest cost The cost  concept emplayed is 

that of an annualize3 ast which includes the annualized cost of -ration 

and maintenance, f u e l ,  and purchased e l e c t r i c i t y  wer the l i f e  of t h e  

equipment, plus an annual fixed charge for the capi ta l  cost of purchasing 

ard insta l l ing any equipment A 6esign which minimizes the annualized cost 

would also minimize the discounted present value of a l l  costs. Thus, use 

of e i ther  cost concept would produce the same r e su l t s  and we have used the 

former concept for  oonvenience reasons. 

I n  order  t o  make a run of t he  MIP model, t h ree  kinds of input  d a t a  

must be provided, as shown i n  Figure 11-2. The f i r s t  phase of t h i s  s tudy 

called for  developing models or characterizations of the different  advanced 

energy conversion systems using da t a  provided by NASA's L e w i s  Research 

Center (LeRC). A l i s t  of t h e  advanced systems considered is provided i n  

Table 11-1. A l s o  shown i n  Table 11-1 a r e  t h e  s ta te-of- the-ar t  (SOA) 

systems included i n  the  model. Data and models f o r  these systems were 



Figure 11-2 

Elarrents of the Analysis 

a 'Ib identify eoonanically optimized aqeneratim systan designs far mpmsmtative plants 
in di f lerent industries. 

1m 

A description of the energy requimts for the mumfactwing plant tn be a n a l m  (i-e., 
the tmporal pattern of its steam and electric denrands) . 

IR A description of tile cost 4 performance characteristics of the energy amversion 
technologies available for use or installation by the plant. 

a A set of prices for the different fuels, pudxmd electricity, equiplrent and mxley. 

m 

a Which technologies should be installed (or used). 

a Haw m y  devices of each type should be installed. 

a How the equipnent shmld be operated in each time period. 

How nuch the system and its operatian will oost. 

How nuch fuel and plrchased electricity will be a m s m d .  



Table 11-1 

AFB S t e a m ~ t U r S  

PFS steamgene~~~tors** 

Open cycle gas turbines with AFB 

@en cycle gas W ~ S  w i t h  PFB** 

Cyc1.e gas turbims w i t h  d-derived residul 

Open cycle gas tazbkres w i t h  inwated g a s i f i w  

a cycle gas turbines with - d i v e d  residual for d i n e d  
qc le  application 
Closed cycle ges Wires with AF'B 

m l m  arkmate fuel cells with coal4erived distillafz** 
mlten arkmate fuel cells with integrated gasifier** 

sTmEmMEAKTsYsm= 

( --ti- steam -=tars (toilen) with d, oil or gas I 
I Steamturbines 

Gas turb- with natural  gas or distillate 

Diesel errgines 

a 

Notes: 

*A mre detailed descriptian of the technologies can be f& in 
Chapter IV. 

*~Fkdels m e  develm for these techmlogies bit w e  mt analyzed 
during the s h d y  due to the and r e s u m  mtra in t s .  

AFB = Atmospheric fluidized bed. 

PFB = Pressurized fluidized bed. 



devL loped as p a r t  of an e a r l i e r  s tudy for EPRI.* To ensure  consis tency 

between the advanced and SOA systems, the ccst arrd prformance data for  the 

latter were reviewed and revised as p a r t  of this study. The models f o r  

both types of systems incorporate electric and/or thermal conversion 

e f f i c i e n c i e s  f o r  operat ion a t  both r a t ed  capac i ty  and a t  less than  r a t ed  

capacity. 

B e  Major A s s m p t i m  i n  the Study 

1. Industrial  Processes Considered 

The cogeneration systems l isted previously were evaluated f o r  

representative plant energy requirements in each of four industries. Ihe 

industries included: newsprint, writing paper (bleached kraf t) , chlorine, 

and petroleum ref ining.  Process steam and e l e c t r i c i t y  demands f o r  t he  

r ep re sen ta t ive  p l a n t s  were p r w i d e d  by JPL i n  t h e  form of load du ra t ion  

curves. I n  the  f i r s t  t h r ee  i n d u s t r i e s  above, the  load dura t ion  curves 

suggested that time variations in demand d d  be ch ~rac t e r i zed  by three 

Jiffet-c..- load conditions: mrmal, peak, and of £-peak. For the petroleum 

ref ininq industry, four - demand conditions were required. To i l l u s t r a t e  the 

process demard asssumptions used in the study, demard conditions d u r i q  t h e  

"normal" period a r e  summarized i n  Table 11-2. Demand condi t ions  i n  the 

other time periods can be fourd in Chapter VI. 

*E. H. Manuel, Jr., M. C. Duff, D. E. Cullen and P. Nanda, Forecasting - .. ...- Inplant Electr ic i ty  a n e r a t i o n  i n  the Industrial  Sector, 1975-2000, Kt' 
942-1, a r epo r t  t o  the E l e c t r i c  Fawer Research I n s t i t u t e  by MATHTECH, 
Inc., 1980. 





2. Fuel and Electricity Prices 

me1 ard e l ec t r i c i t y  prices were calculated fo r  s i x  +ographic regions 

i n  the U.S. i n  which t h e r e  a r e  concent ra t ions  of i n d u s t r i a l  p l a n t s  of t h e  

type midered  i n  t h i s  study. Caldatlons were also mde for  nat1ona.l 

(average) prices for analysis a t  the n a t i o n d  level. All prices  are for  a 

base year of 1990 stated i n  1976 dollars. lhtse cdcu la t ions  were based on 

the  most r e c e n t  Departiient of Energy forecast of r eg iona l  and na t iona l  

prices for  fuels  and e l ec t r i c i t y  as mntained i n  the report  Historical and 

lbrecasted Energy Prices by DOE Pegion and Ebel T y p  f o r  'Ihree Ma- 

ecomxnic Scenarios (DOE/EIA-0184/15], July 1979.* 

?he levelized price for  eaol fuel and for e l e c t r i c i t y  is calculated by 

multiplyiry the present vaiue of expenses on each tuel or e l e c t r i c i t y  by an 

annualization o r  capital recovery factor,  de t a i l s  of which are provided i n  

Chapter V of the report .  The r e s u l t i n 5  p r i c e s  for t h e  na t iona l  l e v e l  are 

provided i n  Table 11-3. Pr i ces  f o r  each geographic reg ion  considered i n  

this SUA* can be found in  Chapter V. 

3. E q u i p n t  msts 

The installed cost for  each type of equipment is part of our startiny 

data.  Cost d a t a  for t h e  advanced equiplnent were suppl ied by NASA k R C ,  

based on data f r o m  the CTAS study,** while those for the s t a t e d - t h e a r t  

equipment were updated from our precursor  EPRI model. We assume t h a t  

operations start in  1990, and installed cost is qwtea  with respect ia this 

date ,  A l l  c o s t s  and revenues i n  the moael a r e  expressed i n  t-.rms of ; 978 

---- 
* P r ~ c e s  i n  t h i s  r e p o r t  were ln 1980 d o l l a r s  and were converted to  1978 

doliars to k! consist-ent with the equiplent prices. 

**~hese cost &ta are pravided i n  Appendix A. 



Uvdized Fuel and Electticitq Prices in 1990 
U.S. Average* 

(in 1978 

EUEL 

Gas, Natural or Coal-Derived $5.28 per lo6 Btu 

Distillate, Petrolem or --Derived 6.84 

Wsidual, Petrolem or Codl.-Wived 5.38 

Coal, B i t u n i m W  2.12 - 

~ a ~ p t l d  Charge 

WrsY w e  

STANDBY CAP- 

BUY BACK PXCE 

$2.43 per kw per month 

2.99 cents per IcWh 

$2.00 per )&J per mnth 

2.05 cents per kwh 

I (60 percent of selling price at an 
80 percent load factor) 
1 

*Prices for each region can be found in Chapter V. 



expenditure an equipment purchase, specific values for various parameters 

had to  be assumed. These are l i s ted  in Table 11-4. I n  a l l  cases, the I 
values used were supplied by NASA Lea Details of the calculations of the I 
fixed charges are prwided in Chapter V. 

! 

C . Overview of Results 

A t o t a l  of approximately 50 cases (i.e., industry/region/technology 

combinations) were analyzed during the study. A summary of the cases 

considered is shown in Table 11-5. The cases were selected by NASA LeRC 

based on combinations which appeared potentially promising in the CTAS 

study. 
I 

A summary of the resul ts  for these cases is provided in the vsrious I 

tables which follow. Tables 11-6 to 11-10 summarize the total annual cost 

for each of the cases examined. The to ta l  annual cost includes fixed 

capital charges, O&M cost, fuel cost, purchased electricty a d  purchased 

standby electricity costs, less any revenues from the sale af electricity. 

Tables 11-11 to  11-15 summarize the components of e lec t r ic i ty  supply i n  

each case. That is, they show the proportionate use of purchased vs. 

cogenerated electricity in supplyirq plant electric demands. 

I n  reviewirrg the tables which follow, several p i n t s  should be kept in 

mind. F i r s t ,  the results shown ref lec t  t h e  specific se t  of fuel and 

electricity price assumptions, prwided prwiously in Table 11-3. Under a 

different se t  of assumptions, the results could of course b~ qulte 

different .  We believe, however, that the price assumptions are realistic. I 
Second, while an effort was made to consider representative plants in each 

of the four industries, the economically qt imal  systems identified i n  this 
I 



Table 11-4 

Parameters Used in the Calculaticm of Fixed Capital Qlarges 

1 

P m t e r  value 

Cost of Capital 5.4 percent 

Book Life of -pent 30 years 

Tax Life of Quipm~t 15 years 

wined  Federal, State  ard 
L a A  I m a ~  Tax Rate 50 percent 

OtherTaxesardInsurance  3 percent 

Inves-t Tax Credit 10 percent 

Length of Construction Period V a r i e s  w i t h  Type of ESuipnwt 
* 





study may not m s s a r i l y  be applicable to a l l  of the actual plants  in each 

industry. 

Third, the optimization ;nodel used in t h i s  study emplays an i t e r a t ive  

s o l u t i o n  procedure. This  means t h a t  a l t e r n a t i v e  cogenerat ion system 

designs are evaluated sequentially, keeping tradc of the best  design favd 

aloq the way, am3 endirq when one desiw is proven optimal. It turned out 

that i n  evaluating the various steam tu rb im cogeneration systems, far more 

computer time was required to prove optimality than ha3 been Mgeted.  As 

a r e s u l t ,  i n  these  cases t h e  computer runs  were terminated before  

cptimality was p r w e h  The results shown for  the steam turbirre cases are 

thus  f o r  the best steam turbine-based system found, bu t  the p o s s i b i l i t y  

r6nains tha t  an even bet te r  stem turbine design may exist.* 

1. Cost Canparisons 

In rwiewing Tables 11-6 to  11-10, the annual c a t  summaries, =era 

general patterns appear. F i r s t ,  because of the high price of coal-derived 

residual (CDR), r e la t ive  to the price of cadl, neither of the systems which 

use CDR appear compet i t ive  on the b a s i s  of annualized cost.** These I 
systems include both the cpen cycle gas turbine with CDR and the combined 

I * In  cases  where o p t i m a l i t y  has not  y e t  been proven, the  model provides 
both the annual cost for the best system f m  so far ,  an3 a lower bound 
on the annual cost for  a l l  remaining alternatives not yet evaluated. The 

I i n t e r p r e t a t i o n  t h a t  should be made is t h a t  a lower cost design may 
p s i b l y  exist ,  bt i f  one does exist ,  its annual cost w l d  be no lower 
than the  lower bound. In  t he  t a b l e s  which fol low,  the  lower bound is 

I given i n  parentheses f o r  those systems not y e t  proven optimal.  A more 
detailed discussion of the interpretation of the lower bow3 can be found 
i n  Apperdix B. 

I **1n contrast, the CTAS study reported favorable findings for the systems 
using coal-derived l iqu ids .  The r e s u l t s  a r e  d i f f e r e n t  here because a 
more recent  s e t  of f u e l  p r i c e  fo recas t s  was used and a s  a r e s u l t  t h e  
prices assumed for coal-derived liquids are much higher. 

I 
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Table 11-8 

-1 Anmalized Cmt in $1,000,000 (1978 $) 

I m k ~ ~ t r y :  Writing Paper, Bleadred Kraft 

1 

U.S. Amage State  of 
-10%' P r i e s  Whansin Priaes 

60% 8uy-Back Rate 60% wly& Rate 

No Cbcpmration 42.21 - 
!3Xi Stean Turbines 25.84 - 

(17.67) * 

AFT3 Stem\ Turbines 23.90 - 
(18.92) * 

Closed Cycle Gas mbes w/AFB 23.17 22.76 

Open Cycle Gas Mines w/mR - - 
Qxxi Cycle Gas Tbxbines w/AFB 26.92 26.51 

m i n e d  Cycle Gas m i n e s  w/(JIR 41.55*** 47.31 
(38.85) * (46.84) * 

L - 
* = Optimal solution not yet at-; lower baud is given in mm. 

** = No Cogeneration solution was superior. 

** = Sarne solution as NO -ration case, but no= package boilers allowed. 

SOA = Sbdte-of-the-& . 
AFB = A b m s p h e r i c  fluidized bed. 
Q>R = Coal-derived residual. 



Table 11-9 

mtal m l i z e d  wt in S1,00O,oOo (1978 $1 

1nrl8.su-y : Chlorine 

* = Optimal solutim not yet attained; 1-r baurd is given in pa~enthaes. 

** = No Coqeneration solution was superior. 

lkxas Priop*~ 

60a By Badr 

37 57 

- 
- 

32.73 

- 
34.69 

** 

-1w 
i 

No Cogeneraticm 

SQA seean 'hrblnes 

AFB steam mrbines 

C l d  Cycle Gas mrbines w/AEB 

C;llpen Cycle Gas 'Rarbines w/(llR 

Open Cycle Gas l\lrbines w/AFB 

m i n e d  Cycle Gas mrbine w/CDR 

SCM = State-of-*-art. 
A m  = Atnospheric fluidized bed. 

= Oaal-derived residuai. 

U.S. Average Prim 

60% Buy Badr 

- - -.;.I9 

32.97 
(27.18) 

31.28 
(27.63) * 
30.48 

- 
31.67 

* 



Table 11-10 

'Ibtal Anmtalized Omst in $1,000,000 (1978 $) 

Industry: PetmleunIefLring 

i 

-logy 
U.S. Average Prices S t a t e  of Prioes 

60% aUy-Badr Rate 60% B u y - B d ~  Rate 
b 

No Cbg.. -4- ratim 66.62 - 
saA Stean Turbines 65.70 - 

(47.57) * 
AFB Steam lbrbines 59.26 - 

(49.87) * 
Closed Cycle Cas 'narbines w/AFB - 58.64 

(56.55) * 
Open Cycle Gas m i n e s  w/mR -- - 
Open Cycle Gas m i n e s  w/AFB 60.11 56.64 

mined Cycle Gas TWbines w/OR ** 
C 

= Optimal solution not yet attained; 1-r hound is given in parmtheses. 

** = No Oogeneration solution was superior. 

SOA = Statmf-the-art. 
AFB = Atmspberic fluidized bed. 
CDR = -1-derived residual. 



cycle system which uses basically the same gas turbine. I n  bth cases, it 

wa9 almost always less expensive to buy a l l  electricity a d  generate the 

required steam with package boilers (the rr, q n e r a t i o n  case). We expect 

that tk results for the combined cycle wauld imptwe if  it employed are of 

the gas turbine systems whio'l uses coal directly. 

In m t r a s t ,  far the other fwr  types of systems, I t  was always found 

t o  be the case that  cogeneration of a t  leas t  some of the required plant 

e lec t r ic i ty  produced cost savings compared to t b e  no cogeneration ccse 

(buying a l l  electricity). In particular, the steam turbine systems (using 

ei ther  conventional or AFB boilers) and the open and closed cycle gas 

turbines w i t h  AFB, all provide cost scnrirqs wer the no oogeneration case. 

T h i s  was found to  be true i n  a l l  industries and regions examined. These 

systems all use codl directly rather than in liquified form. 

In the case of the steam turbine systems, the resul ts  for the two 

types are quite similar. One system uses conventional d - f  ired boilers 

w i t h  scrubbers, the other uses an AFB f urnace. ?he annual cost w i t h  the 

AFB furnace appears to be sl ightly lower i n  a l l  industries and regions 

examined. However, none of these cases ran to f u l l  optimality and so a 

definitive cost d a n t q e  cannot be claimed. 

?he two AFB gas turbines also pmide cclrst savings wer the base case. 

Generally, the ciosed cycle gas turbine exhibited sl ightly lower annual 

mts canpared to the cpen cycle systen i n  a l l  industries a d  regions. 

2. Electricity Supply Carparisow 

Tables 11-11 to  11-15 prruide a breakdown of how the electric demads 

were satisfied in each of the cases examined. In rwiewiq these tablzs, 

we w i l l  focus on the four systems which showed a cost advantzge w e r  the 



Table 11-11 

-ts of Electricity Supply 
(As a percent of annual daMnd) 

caa~: U.S. Average Prices; 60% Buy-Back Rate 

P = Purchased Electricity 
G = Self-gerrerated Electricity 
S = Electricity Sold to Grid 
* = solution mt yet attained: figures are for best solution f a u d  

** = No Cogeneration solution was superior. 

r 

Petrol. 
Refining 

100% 

47* 
53 
0 

64* 
36 
0 

- 

- 

0 
292 
192 

** 

334.5 

- 

'I-u=10gy 
morine 

100% 

38* 
12 
0 

95* 
5 
0 

70 
30 
0 

- 

89 
11 
0 

** 

764.7 

-kR 

100% 

80* 
20 
0 

78* 
22 
0 

48 
52 
0 

98 
2 
0 

7 1 
29 
0 

82* 
18 
0.07 

592.0 

NO cogenemtion 

SOA Steam lkrbines 

AE'Bsteam7WA=~ 

Closed Cycle Gas 
~ u r b h s  w/AFB 

open Cycle Gas 
W i n e s  w/CDR 

@en Cycle G3.s 
M i n e s  w/AFB 

CcmD:&Cycle Cas 
'rurbhes w/CDR 

-try 

Writing 
pa~er 

100% 

33* 
67 
0 

33* 
67 
0 

0 
148 
48 

- 

4 
96 
0 

loo* 
0 
9 

350.4 

P 

P 
G 
S 

? 
G 
S 

P 
G 
S 

P 
G 
S 

P 
G 
S 

P 
G 
S 

~nnual Electric 
Demand in 
Million kWh 



Table 11-12 

Industry: Newsprint 

I U.S. Average Pr ies  I S t a t e  of Was- Prices 

60% Buy Back 60% Buy Back 

AFB steam mrbines P 461.9 = 78%* 
G 130.1 = 22% 
S 0.0 = 0% 

I Closed Cycle Gas P 285.4 = 48% 287.8 = 49% 

Turbines w/AFB G 306.6 = 52% 306.6 = 51% 

I S 0.0 = 0% 2 . 4  = 0% 

Open Cycle Gas P 
Wines w/mR G 

S 

 pen Cycle Gas P 418.3 = 71% 
'mrbines w/AFB G 173.7 = 29% 

S 0.0 = 0% 

P = Purchased Electricity * = OptimdL solution not yet attained; 

G = Self-generated Electricity figures are for best solutim found. 
s = ~lectricit~ sold to a i d  ** = NO -ration solution was superior. 
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Table 11-14 

0mponent.s of Electricity supply (lo6 i r ~ u )  

Idustry: Qllorine 

U.S.  Average Prices I State  of lbm Prioes 

60% Buy Back 60% Buy Back I 
sol4 Steam Turbines 

Closed Cycle Gas 
Turbines w/AFB 

Open C y c l e  
lhrbines w/alR 

Open C y c l e  Gas 
'Xbrbines w/AFB 

P = Purchased Electricity * = optimal solution not yet attained; figures 
G = Self-generated E l e c t r i c i t y  are for best solution found. 
S = Electricity Sold to a i d  ** = NO Oogeneratim solution was superior. 

ccrrbind Cycle G a s  
Turbines w/CDR 

P 
G 
S 

* * * * 



Table 11-15 

6 
wts of Electricity supply (10 I&Jhr) 

~ndustry: petroleum Pef ining 

U.S. Average Prices Sta te  of Texas Pri- 
-logy 

60% l3uy Back 60% Buy Badc 

No Cogeneration P 334.5 = 100% 334.5 = 100% 

SOA Steam Turbines P 156.4 = 47%* - 
G 178.1 = 53% 
S 0.0 = 0% 

AFB Steam Ttxbines P 213.8 = 64%* - 
G 120.7 = 36% 
S 0.0 = 0% 

P - Closed Cycle Gas 0.0 = 520%* 
TUrbines w/AFB G 1748.6 = 523% 

S 1414.1 = 423% 

Open Cycle Gas P -- - 
Turbines w/CDR G 

S 

Open Cycle Gas P 0.0 = 0% 0.0 = 0% 
Turbines w/AFB G 975.3 = 292% 975.3 = 292% 

S 640.8 = 192% 640.8 = 192% 

ambind Cycle Gas P ** ** 
Turbines w/CDR G 

S 

P = Purchased Electricity * = Optirrral solution not yet attained; figures 
G = Self-generated ~lectricity are for best solutia? found. 
S = ~lectricity Sold to Grid ** = ~0 Cogerreration solutian was superior. 

0 - - - -  



base case; t h a t  is, a aost savings result ing from cogenerating pa r t  of the 

electric power required. 

The f i r s t  two systems of interest are the steam turbine systems, one 

using conventional coal-fired boi lers  w i t h  scrubbers arwl the other u s i q  an 

AFB furnace. The p a t t e r n  which appears  is t h a t  w i th in  a given indus t ry ,  

t he  t w o  systems are very similar i n  terms of the  mix of purchased and 

coqenerated electr ic i ty .  This is what me would expect since the heat .LO 

power output ratios for  the two systems are similar. The main differences 

that arise are  due to differences among industries. Thus, industries with 

small steam demands had l i t t le cogeneration since it is not eanomical t o  

52nerate excess steam. For example, production of cogenerated e l ec t r i c i t y  

is lowest in the c h l o r h  industry which has the lowest steam demand among 

t he  four  industr ies .  The next l a r g e r  amount of cogenerated e l e c t r i c i t y  

occurs i n  t he  newsprint  indus t ry  which a l s o  has the  next l a r g e s t  steam 

demand. S t i l l  larger amclunts of both w e n e r a t i o n  and stea;n demand cccur 

in the writing paper industry. 

The one unique case i n  th? steam tu rb ine  ca ses  is the petroleum 

industry.  T h i s  indus t ry  has the  h ighes t  l e v e l  of steam demand amoq  the  

four industries. However, 77 percent of the steam is required a t  450 psig 

which makes it unsuitable for  cogeneration w i t h  the steam turbines included 

i n  the model.* The s t e m  demard a t  o r  below 150 psig is comparable to that 

fourd in the newsprint irdustry, ard thus, as one might expect, the lwels 

of cogeneration i n  these two i n d u s t r i e s  (petroleum and newsprint)  a r e  

s imi l a r .  We expect t h a t  the  r e s u l t s  f o r  the  petroleum industry  would 

imprwe if  an extraction point a t  450 psig was added to the steam turbines. 

*The highest extraction pressure for steam turbines included in t h e  d e l  
is 150 psi?. 



The other two systems of par t icular  interest  are the cpen and closed 

cyc le  gas  t u rb ines  with AFB. Compared to the  steam tu rb ine  systems, t he  

g a s  t u r b i n e s  have a higher  r a t i o  of  power to hea t  w tpu t .  As might be 

expected, then, when the  steam requirement is matched, t h e  gas t u rb ine  

systems result in a larger mount of mgenerated electricity in all four 

i ndus t r i e s ,  compared to t h e  steam tu rb ine  systems. Between t h e  t w o  gas 

turbine systeins, the closed cycle system exceeds the apen cycle system in 

t h e  amount. of cogeneration. This  was found to be t r u e  i n  a l l  i n d u s t r i e s  

and regions. Again, this r e su l t  might te expected since the closed cycle 

system has a higher power to heat: output ratio. 

3. Electr ic i ty  Sales to the Grid 

Another point of in te res t  is the quantity of e l ec t r i c i t y  sold to the 

grid when usirg ea& of the four cast competitive systems. Note tha t  with 

the two steam turbine systems, sales back to the grid did not occur in  any 

of the four industries, With the steam turbines, given their low power to 

hea t  output  r a t i o ,  t he  required steam demand i n  each industry  did not  

support  f u l l  cogeneration of the  p lan ts '  own e l e c t r i c i t y  requirements. 

Hence, no e l e c t r i c i t y  was produced f o r  sale.  This  r e s u l t  is cont ingent  

upon two c r i t i c a l  assumptions, however. The f i r s t  is t h a t  the  buy-back 

r a t e  is 60 percent  of t h e  g r i d  s e l l i n g  pr ice ;  a higher buy-back r a t e  may 

encourage generat ion f o r  sa le .  The second assumption is t h a t  steam and 

electric demams f a l l  off a t  equal ra tes  at lower levels of production by 

the firm. I f  it is a c t u a l l y  t he  case t h a t  e l e c t r i c  demands dec l ine  

somewhat f a s t e r  ( f o r  example, because steam is used in  p a r t  f o r  space 

hea t ing) ,  then oppor tun i t i e s  for e l e c t r i c i t y  s a l e s  ma:: a r i s e  In tho ~f f- 

peak periods. 



With the two gas turbine systems, we observe f a i r l y  s u h t a n t i a l  levels  

of e l e c t r i c i t y  s a l e s  i n  t h e  wr i t i ng  paper and petroleum r e f i n i n g  

industries. The closed cycle system produces e l ec t r i c i t y  for sale in both 

indus t r ies .  The open cyc le  system genera tes  e l e c t r i c i t y  f o r  s a l e  i n  t he  

petroleum refining industry. These resu l t s  are aonsistent with the r a t i o  

of power to stearn required i n  t he  four  indus t r ies .  The lowest power t o  

steam r a t i o  occurs ir; the petroleum refining irdustry and hence it would be 

the f i r s t  industry where orre would expect to see sales occurring. The next 

higher p e r  to steam ratio is fowj in  the writing paper industry. This 

is followed ty the newsprint indmtry an3 then the chlorine industry. 

4. Load Following Characterist ics and Unit Sizes 

It is of ten common practice to design a cogeneration system by sizing 

the equipment to meet the steam demand. The difference between the plant's 

electric demard ard the e l ec t r i c i t y  available by cogeneration is then met 

by purchases from the  gr id .  O r  a l t e r n a t i v e l y ,  i f  excess  cogenerated 

e l e c t r i c i t v  is ava i l ab l e ,  it may be so ld  to the  gr id .  The MIP model does 

no t  fol low this pract ice .  Rather, it examines a l l  pos s ib l e  design 

configurations and selects the o m  which minimizes t o t a l  annualized cost 

I t  is i n t e r e s t i n g  to note, however, t h a t  t he  cost-minimizing designs i n  

about half of the cases examined are in fac t  ones in  which the equipment is 

sized to meet the peak steam demand. 

Exceptions to the general pattern described above mually occurred as 

a r e s u l t  of t he  equipment being ava i l ab l e  only in a s e l ec t ed  number of 

discrete  sizes. ?he case involving open cycle gas turbines w i t h  AFB in the 

ch1ori.w industry is typical of t h i s  s i t u a t i o n  In tha t  par t icular  case, 

t h e  peak demand f o r  steam and hot  water t o t a l s  211.5 MBtu Fer hour. The 

open cyc le  AFB systems in  the  model a r e  ra ted  a t  10 ?",WI?), 30 MW(e), 50 



MW(e) ard 100 MW(e). Tfre peak electric demand is 99 MW. When aperated at  

rated capacity, the 10 MW turbine produces 157 MBtu/hr of process heat; two 

of the 10 HW mits or ane of the 30 MW rnits wuld thus generate an excess 

of steam compared to  the required steam demand. The model, as a resul t ,  

determined that it wuld  be less expensive install the 10 MW device and 

supply the remainirq steam demard with package t o i l e r s  The alternative 

would have been to ins ta l l  two 10 MW units and run them a t  part load, or 

run them a t  full load and dump waste steam. Thus, in this par t ia la r  case, 

the cptimal design is wcustam-tailoredn to unit size availability and the 

sizing matches neither the peak steam nor e lec t r ic  demand, although the 

peak stem demand influences the design. 

The fact  t ha t  unit size availabil i ty dictated the specifics of the 

design i n  a f a i r  number of cases has  an important implication. I n  

particular, it means tha t  the lwel  of qenerat ion likely to develop w i l l  

depend in part cn insurirq that the advanced aqeneration systems are made 

camercially available in a full complement of unit sizes. E'urthennore, it 

means that our resul ts  are to  some extent influenced by the sizes we 

assumed in the model. Tbese sizes, which were chosen to be representative, 

do not necessarily iiclude a l l  of the sizes that might  be commercially 

available in the future. Our specific assumptions are detailed in olapter 

N. 

5. Stardby Electric Capacity 

I n  30 of the cases examined, e lec t r ic i ty  was cogenerated i n  some 

amount. In 23 of those cases, standby electric capacity was purchased to 

back up the weneration system. Thus, in more thzn three-fourths of the 

cases, the availability of standby service contributed to the decision to 



Of the swen where no stan3by c a p c i t y  was purchased, f ive  were 

petroleum r e f i n i q  cases i m o l v i q  gas t u rb ines  The high level of stem 

demand i n  t h i s  indus t ry  supported a more than adequate on-s i te  electric 

generati- Ihus, rp stad& service was required, rn purchase3 pmer was 

required, cad in fact ,  m h t a n t i a l  sales back lm the q r ~ d  were pssible 

D Zonclusiorrs 

The f i nd ings  and conclusions of t h i s  stuSW, f o r  the r ep re sen ta t ive  

plants assumed, a= summarized below. It should be kept in m i d  that as we 

have noted e a r l i e r ,  t he se  f i nd ings  a r e  c r i t i c a l l y  dependent upon the 

specific price ard process demard relationships assumed in the study. The 

f ind ings  may be s u b s t a n t i a l l y  d i f f e r e n t  under a d i f f e r e n t  set of 

Cogene ra t ion  s y s t e m s  which u s e  c o a l  d i r e c t l y  o f f e r  
appreciable  cost sav ings  over t he  no cogeneration case; 
systems which use coal-derived l i q u i d s  o f f e r  no cost 
advantaqes with the fuel  a d  e l ec t r i c i t y  price assumptions 
used in- this study. 

Among t h e  four  systems which o f f e r  cost savings,  t h e  cost 
d i f f e r ences  among the  systems a r e  small .  The AFB steam 
turbine systems prwided m e w h a t  larger cxst savirqs than 
t h e  SOA steam systems ( r e c a l l ,  however, t h a t  t h e  steam 
tu rb ine  ca ses  d id  not  tun to  cp t ima l i t y ) :  t h e  c losed cyc le  
gas turbines-with AFB provided somewhat larger ccst sav iws  
than the cpen cycle gas turbines with AFB. 

Across i ndus t r i e s ,  the  rankings of t h e  systems based on 
annual axt do rot change appreciably. The main variation 
observed ac ros s  i n d u s t r i e s  is i n  t h e  r e l a t i v e  mix of 
purchased vs. ccgenerated electr ic i ty .  That is, as the heat 
to power demand r a t i o  increases ,  t h e  p ropor t iona te  use of 
cogenerated e l e c t r i c i t y  increases.  Equipment s i z i n g  and 
cperatirg s t ra tegies  also varied across industries. 



The AFB gas turbine systems resul t  i n  a larger quantity of 
aqenerated electricity than the steam turbine systems in 
a l l  industries. The AFB gas turbine system more often 
resulted i n  sales of e lec t r ic i ty  to the grid. No sales 
occurred w i t h  e i ther  steam turbine system i n  any industry 
examined. 

e Variatiars in grocess energy requirements appear to be mno 
important than variations in regional energy prices in 
determining the relative m i x  of purchased am3 cogemrated 
electricity. 

I n  amut half or" the cases, the best system turned out to be 
one which was sized tm match the peak steam demand, In the 
other cases, the aptimal system generally produced less than 
the peak steam demand and less  than the peak elec t r ic  
demand. The remaining energy requirements were met by 
package boilers and purchased electricity.  In the l a t t e r  
cases, m i t  size availability dictated the specifics of the 
design. Hence, the commercial attractiveness of advanced 
cogeneration systems may depend importantly an making a full  
complement of unit sizes available 

In cases where the steam demard was m t  sufzicient to allow 
cogeneration of the f u l l  electric demand, it was cheaper to 
buy the extra e lec t r ic i ty  required. That is, it was not 
economical to generate excess steam that was not required to 
sat isfy steam demands. Or equivalently, it was .'lot 
economical to  s ize the system to  match the peak e lec t r ic  
demand. 

o I n  cases where cageneration was economical, and where the 
steam demand was more than adequate to support cogeneration 
of the f u l l  e lec t r ic  demand, sales back to  the g r i d  
occurred. 

The optimal-design generally involved the purchase of 
standby e lec t r ic  capacity rather than the installation of 
redundant capacity on si te .  Hence, the avai labi l i ty  of 
standby service a t  reasonable rates appears to  be of 
considerable importance. 

Cases w i t h  buy-back prices se t  a t  100 percent of the g r i d  
s e l l i g  price showed laryer sales of ccqenerated electricity 
to the grit. However, this may be an artifact of the model 
(it allows standby charges rn be mroided) . 



mi$ chapter provides a non-mathematical description of t h e  mixed 

integer pgrunming ( M P )  laode1 that was used to d u c t  the analyses in  

t h i s  report. The HIP model was one product of an ea r l i e r  study for  the 

Electric Power Research Ins t i tu te  ( L P R I ) ,  as referenced previously i n  

Olapter 11. 2he mdel used in the current s t d y  is similar to the wnion  

&vela@ for EPRI except for primarily the following charges: mst  and 

performance dab on advanced cogeneration systans have been inmrprated; 

e l ec t r i c i ty  t a r i f f s  have been simplified; and t h e  solution variables 

defining the number of units of each e q u i p n t  t p  have been constrained 

t o  be in teger  r a the r  than continuous. The detailed mathematical 

formulation of the MIP can be found i n  Section 12 of the  report cited 

above. This chapter draws lleavily on Sectior? 4 of that report. 

As discussed ~ e v i a r s l y  i n  Chapter 11, the HIP model is able to select 

the cost-minimizing combination of equipment from s t a t e  of the a r t  and 

advanced equipnent qtions.  Ihe fuels and pmbased electricity required 

to supply a manufacturiq plant's demards for process steam and electricity 

are also selected. me model considers the p-oblems of equipnent selection 

and operation, fuel selection, and purchase or self-generation of 

electricity. The model w take into accant the details of the applicable 

electric uti l i ty tariff,  incl~dirq the existence of separate peak t i a n d  

and energy charges, ard declinig block ra t e r  The model can alm consider 

whetner to plrchase stanlby electric capacity &/or sel l  excess p e r  back 

t o  the gr id .  



A. R m s  of the MIP m e 1  - 
m analyzirq a specific manufacturing plant, i t  is corwenient to view 

the plant a s  consisting o f  two parts. As shown i n  Figure I :I-1, one side 

of the plant contains e~crgy-producing equipment. I t  sup,?lies process 

steam and e lec t r i c i ty  (some of a l l  of which may be purchased), to tha 

process equipment in the plant .  As ahown in the figure, the steam may be 

required a t  several pressures (P) ,  atid both the steam and e lec t r ic i ty  

requirements may vary w i t h  time (t). 

The other side ~f the plant contains the process equipne~t. Leperding 

on the type of industry, the equipment..may include devices ranging from 

digesters u d  dryers in a pulp a d  p.Tr m i l l  to distillation columns in a 

petrolernr. refinery or ptmchemical plant FDr p u p x e s  of the M I P  rodel, 

we treat dl prucess q u i p n e n t  as contained in a bhck box. The *boxm m u s t  

be supplied with some known quantities of steam and electricity. It ntay 

return codersate ard/or pmcess residuals which can be used by the energy 

side of the plant. However, the inner workinas of the black box are not 

ansidered in the HIP. 

The focus of the MIP model is on the enerqy-producing equipment i n  the 

plant I t  considers the problem of equipment selection, fuel selection, 

B. Data Input and W e 1  (Xltput 

I n  order to  make a run of the MIP model, the model m u s t  f i rs t  be 

~ w i d e d  with three kinds of input data: 

A descr ip t ion  of t h e  energy requirements for t h e  
manufactirring plant to be analyzed (i.e., the  tempra l  
pattern of its stem ard electric cbrards). 





A descript ion of the energy conversion technologies 
available f ~ r  use or installation by the plant in terms of 
performance a d  capital costs. 

o, A s e t  of pr ices  fo r  the d i f f e r e n t  fue l s ,  purchabed 
electricity, equpmnt, and mney. 

Ime Mn, mdel is then able to determine: 

Which technologies Wuld be installed (or used). 

Hew the q i p m t :  should be aperated in ea& tim period, 

~owrnuct- U.2qstemand i tscperationwillcast .  

mw much fuel  and purchased electricity w i l l  be conswcid. - 

As currently formulated, the MIP model selects t h e  equipment and 

operating program which can supply the required process steam and 

electr ic i ty  a t  lowest cost. The cost concept employed is that of a 

levelined annual cas t  The levelized annual cost includes the followin5 

components: the levelized annual cost of operation ani maintenance, fuel, 

and purchased electric1 t y  over the l i f e  of t h e  equipment; plus an annual 

fixed charge for the capital cost of purchasing and install ing any 

equipment. Investment decisions based on annualized cost w i l l  be 
* 

equivalent to decisions based on discounted yresent value methds. 

C. Formulation of the W e 1  

Without going into great detai l ,  it is possible t o  i l lus t r a t e  the 

general structure of the optimization model. %e model includes primary 

variables for the type of equipment and number of u n i t s  selected. There 

are also variables for m u c t i o n  of steam and electricity and purchases of 

electr ic i ty  and fuel. A solution of the MIP rnoael would consist of a 

spc i f i c  settinj sf value for each of these variables. 



The Mfp model a l s o  incorpora tes  primary constants .  The cons t an t s  

include the p r i c e s  a t  which f u e l s ,  e l e c t r i c i t y  and equipment can be 

purchased or sold. They also include t h e  q u a n t i t i e s  of steam and 

e l e c t r i c i t y  required by t h e  p l a n t  i n  each time period as well as the 

c a p a c i t i e s  and conversion e f f i c i e n c i e s  of each equipment type available. 

These i ~ d r s  are constant fir a given n m  of the M f P ,  although they can of 

course be cfianged frun run to run. 

Fina l ly ,  the MIP mode 1 incorpora tes  l?r imary cons t r a in t s .  The 

c o n s t r a i n t s  ensure  t h a t  equipment is operated wi th in  t h e  phys ica l  

l i m i t a t i o n s  of each device. They ensure  t h a t  capac i ty  is s u f f i c i e n t  t o  

meet demand and that energy balances are satisfied.  The constraints a r e  1 
11 

also usid to incorporate the declining block structure of e l ec t r i c  u t i l i t y  1 

t a r i f f s .  

As currently fozmdatlad, the objective function of the MIP represents 

the  annualized t o t a l  cost of energy f o r  t he  plant. It inc ludes  t he  cost 

of :  f u e l ,  any purchased e l e c t r i c i t y ,  any purchased standby capac i ty ,  

ins ta l led equipment, operation ard maintenance, less any revenues from the 

s a l e  of excess  e l e c t r i c i t y .  A solutior! of the MIP thus  i d e n t l f l e s  t he  

system and operating -am which is cptimal m terms of havirrg the l o e s t  

annualized cost. &st minimization is used as the decislon c r i te r ion  since 

it most likely r e f l ec t s  the bellavior of individual f i r m s  Howe-r, other 

criteria, such as cost minimization, sublect t o  a cap i ta l  budget constraint  

can eas l ly  be i n c o w r a t e d  in  the -1. 

I n  a l a t e r  s ec t ion ,  an example run of t h e  MIP model is presented. 

Before discussing the example, however, we w i l l  b r le r ly  summarize the types 

of data ueed i n  the &el. Ihe data include: price and yertonnance data  

for energy conversion technologies, prices for fue ls  and e l ec t r i c i t y ,  and 



pmcess delnands for steam Md electr ic i ty .  These three group of data a : ~  

summarized in  the next three sections, and discussed more fu l ly  i n  l a t e r  

chapters. 

D. Wchnology Data 

In this section, = w i l l  b r ie f ly  sununarize the type of technology data 

included i n  t h e  MIP. A more d e t a i l e d  d e s c r i p t i o n  of  how the d a t a  are 

represented in the -1 can be found i n  Olapter IV. 

1. E v i c e  Types 

The MIP model inc ludes  two s e t s o f  technologies:  s ta te -of - the-ar t  

(SOA) technologies  and advanced technolog i e s. I n c l  uded among t h e  SOA 

technoiogies  are roost of the  commonly used types of pwer-producing 

equipment, and commonly used des ign  con f igu ra t ions  for  each of t h e  

equiprent types. Ple SCIl technologies included are: 

a Fssil-fuel-f  xed steam gererators (boilers) , 
Steam turbine generators, 

Ombustion turbine generators, and 

a Dies1  engine generators. 

The design opt ions  a v a i l a b l e  to  the MIP f o r  these devices  a r e  

summarized l a t e r  i n  Table IV-1. Note that the sizes a v a i i a b l e  would 

a c m n o d a t e  the f u l l  spctrum of Fower demams that  one now f i d s  i n  the 

i n d u s t r i a l  sector. Demands a s  low a s  50 kW or 5,000 lb/h  of steam can be 

met, as can demands i n  excess  of 500 MW or 5,000,000 Ib/h by use of 

multiple unit  ins ta l la t ion,  1 
1 

A second feature of the l i s t e d  design aptions is the assumption tha t  
! 
1 

prt;cess steam requirements would t y p i c a l l y  be frr e i t n e r  50 ps iq  o r  150 ! 



I I.. 
psig steam. Various i t dus t r i a l  surveys have i d i c a t e d  that  low and medium 

temperature process h e a t i q  requirements found in  industry are typically i n  

t h e  30-70 ps ig  range and 125-175 p s i g  range; 50 and 150 p s i g  have been 

chosen as r e p r e s e n t a t l  .e. The model can accommodate process steam 

requirements at  higher temperatures and pressures by desuprhea t in j  one of 

the high-pressure steams (e.g., the 600 gsig/750°~ steam). 

The advanced technologies included i n  the K I P  are shown l a t e r  i n  Table 

IV-2. These technologies include : 

AFB/PFB* steam generators 

a Mvanced open cycle gas turbines 

Closed cycle gas turbines 

a Molten carbonate fuel  celis. 

Note tha t  the steam temperature/pressure m b i n a t i o n s  ard uni t  s i ze s  have 

been s e l e c t e d  to  match the des ign  opt ions  a v a i l a b l e  f o r  t h e  SOA systems. 

The c h a r a c t e r i s t i c s  of t hese  systems a r e  descr ibed i n  more d e t a i l  i n  

Chapter IV. 

2. CDst and Performance Parameters - 1 
For each device t y ~ e  and s i z e ,  t h e  fol lowing c o s t  and performance 

parameters are included i n  the MIP: I 
I 
I 

a Capital cost forpurchaseand insta l la t ion,  I 
i 
1 

a Annual opera t ion  and maintenancs c o s t  ( O & M )  , exc lus ive  of 
fuel costs. 

*~tnospner ic  f luiaized-kid ( A F ~ )  a pressurizes f lu i a i  zed-bed (Pm) . 



Fuel consumptionat r a t tdou tp t .  

-1 consunption a t  less than rated mtput. 

Minimunardmaximunoutput (steamor electric). 

Minimun and maximm exhaust flaws (stem turbines only). 

Maximun throttle flow (stem turbines only). 

The effects of investment tax credits, interest during construction, 

depreciation methods, taxes, other miscellaneous cos ts , and corporate 

discount rates  are a l l  incowra ted  in to  a fixed charge ra t e  which is 

appiied to the origindl capital cost. The canputation of the f lxed charge 

rate is discussed in  Chapter V. 

E. E'uel and Electricity pricej 

1. Purchased -1s 

The MIP model moopra tes  four purchased fuels includirq : 

Residualoil (petroleumor coal-derived) 

a nst illate/diesel o i l  (petroleum or c o a l d r  ived) 

Gas (natural or --derived) 

B i t u n i n o u s d .  

The fuels are assumed to be purchased a t  some fixed price p r  million 

B t u  The fixed price can be set to reflect fuel price escalation owr time 

by computing an equivalent levelized price. The detai ls  of this 

calculation are described in Chapter V. 

haste mels 2. -- 
The model also incoryorates waste fuels such as bark or hogged w a d  in 

the paper industry. The waste fuels can be used t o  generate steam in 



appropr i a t e ly  designed steam generators .  Since t h e  waste f ~ e l s  a r e  

available as bppPducts of the manufacturing m s s ,  we have assumed t h a t  
I 1. their  ice is zem.* However, we impose lunits on the quantity of waste 

fuel  that can be oonsumed, the r n i t s  being &term- by both the type and 

1. s i ze  of manufacturig plant d e r  consideration. 

3. purchased Eleitricity 

Most u t i l i t i e s  sell e l e c t r i c i t y  to industr ia l  custrmers under t a r i f f s  

which take i n t o  accomt both the quantity of electricity purdased (kbh) 

and the  peak demand (kW) which the customer imposes on t h e  u t i l i t y .  

Uti l i t ies  which use a "Hopkinson" t a r i f f  compute a customer's b i l l  by 

applying separate charges for  energy (kwh) and fo r  d e m a ~  !kN). 'Ihe energy 

and demand charges may vary w i t h  the quant i t ies  involved, or with the t i m e  

when the purchase occurs. For example, under a declinirg-block Hopkinson 

t a r i f f ,  the p r i c e  per kwh and the p r i c e  p e r  kW d e c l i n e  wi th  i nc reases  i n  

consumption. An additional fixed axt, o r  "custaner charge," is also often 

applied regardless of the level  of use. 

Another widely used t a r i f f  is the "Wrightu t a r i f f .  Wer this f o n  of 

t a r i f f ,  the customer is bi l led on the basis of kwh consumed. However, the 

pr ice  per kwh may decline both with increased quant i t ies  purchased a d  with 

increases in the kNh consuned per MJ of peak d d .  

In this study, we have assumed that e l ec t r i c i t y  is sold according t o  a 

t a r i f f  which provides fo r  s epa ra t e  peak demand (kW) and energy (khh) 

*1n some i n d u s t r i e s ,  ttie process  r e s i d u a l s  may r equ i r e  d i s p o s a l  a t  some 
c o s t  if they a r e  no t  consumed a s  fue l .  Hence, it  can be argued t h a t  t h e  
correct  price fo r  waste fuel shrruld be a negative price equal to the uni t  
c o s t  of disposal .  However, we have not incorporated this a d d i t i o n a l  
refinement i n  the nude1 to date. 



charges. The peak demard charge is assumed to be a fixed amount pe r  kW per 

month (e.g., $243/kW/mth), and the energy charge a fixed amomt per kWh 

(eq., 2.99 cents/kWh). '&re s p e c i f i c  p r i ces  assumed for each reg itxi of t h e  

count7 are d i s c u s s d  in  Chapter V. 

4. purchased Standby Capacity 

Many i n d u s t r i e s  r e q u i r e  a highly reliable supp ly  of e l e c t r i c i t y .  

Aluminum plants and chlor-alkali plants ,  as an example, use e l e c t r o l y t i c  

processes i n  which s e v e r e  equipment damage would o c c u r  i n  a n  electrical 

attage. O t h e r  indus t r i e s  may not  experience damage, but would e x ~ e r i e n c e  a 

l o s s  of output .  Hence, s e l f - g e n e r a t i o n  i n  t h e s e  i n d u s t r i e s  is made 

r e l i a b l e  e i t h e r  through the p r o v i s i o n  o f  backup g e n e r a t i n g  c a p a c i t y  o n  

s i te ,  cr through t h e  purchase  of  s tandby electric c a p a c i t y  from t h e  

u t i l i t y .  Both of these *ions are allowed in  the MIP. 

U t i l i t i e s  which permit indus t r i a l  customers to  buy e l e c t r i c i t y  on a 

s tandby b a s i s  g e n e r a l l y  have a s e p a r a t e  t a r i f f  for t h i s  s e r v i c e .  Under 

these t a r i f f  s, a m n t h l y  charge is m i c a l l y  made f o r  the amount of stardby 

c a p a c i t y  f o r  which the customer c o n t r a c t s .  Standby c a p a c i t y  t a r i f f s  

t y p i c a l l y  look l i k e  the demand (kW) p a r t  o f  a Hopkinson t a r i f f .  he have 

included a standby t a r i f f  i n  the M E  i n  the  form of a fixed m n t h l y  charge 

per kW. me s p c i f i c  price assumed is $2.00 per kh' wr month (see Chapter 

5. E lec t r i c i ty  Sales 

The MIP model a l l o w s  a manufactur ing p l a n t  t h e  o p t i o n  of s e l l i n g  

e l e c t r i c i t y  back to t h e  electr ic  u t i l i t y  g r i d .  Revenues o b t a i n e d  from 

sales a r e  then deducted f rorn the annual  energy cost o f  t h e  p l a n t .  Th i s  



means that the selection of the minimum cast system may be influenced by 

the  ice a t  aich excess electricity can be mld. 

The price for sales, the s-called buy-back rate,  is a parameter of 

the MIP that can be varied from run to  run. As currently formulated, the  

buy-back rate is a 8-le average price ger kWh %is price can be varied 

to consider different scenarios 

F. Process Denands 

process steam and electricity demands are represented i n  the MIP model 

as constraints. That is, the energy equipment chosen, together w i t h  any 

purchased electricity, must  be able to satisfy a l l  of! tte plant demands in 

every tim yeriod. 

While the number of time periods in  the model can be arbitrary, i n  

this study we have assumed that three or four time periods a n  adequately - 

characterize typical variations i n  process demands. For example, i n  a 

threr tLse period problem, one period is taken to be representative of peak 

demards, a secord period is used to  represent normal demand corrlitioris, and 

the third period reflects off-pak demands. 

G. ~n Example Tau7 
e 

!lb i l l u s t r a t e  the capabili t ies of the MIP model, one of the cases 

considered i n  t h i s  s t udy  w i l l  be reviewed i n  detail .  ?he case t o  be 

exa~ined is the writing paper plant facing U S .  average prices and allowed 

to sel l  electricity back to the gr id  a t  60 percent of the average price for 

purchased electricity. ?he plant has a production capacity of 1,200 tons 

per day; it occasionally operates above or below capacity, depending on 

market demand for product. The plant's rquirements  for stem,, hot water 

and electricity are s m r i z e d  i n  Table 111-1. 



I n  the p a r t i c u l a r  case to be examined, t h e  p l a n t  will b e  a l lowed to  

choa6e fran amq the 50110wing w t ions ,  i n  any canbination: 

Table 111-1 

Process Energy D-ds 

Production Hours SO Big ~ o t  Wager 
w e 1  per E lec t r i c i ty  Steam @ 140 F 

( 'IDns/~ay) year (Mw (MBW/ix) (MB'ilJhr) 

1,320 1,314 44 .O 418 .O 264 .O 
1,200 6,351 40.0 380 .O 240.0 
1,056 1,095 35.2 334.4 211.2 

I n s t a l l  package boilers f i r i n g  e i t h e r  oil  or gas. 

Install advanced closed cycle gas turbines with AFB and heat 
recovery bo r l e  rs . 
wchase e l ec t r i c i t y .  

Purchase standby e l e c t r i c  capacity. 

When t h e  MIP m m e l  was app l i ed  to  t h i s  case ,  t h e  follo\; ing o p t i o n s  

were selected: - 
Install t m  30 Mh gas turbines with heat r w e r y  boLlers. 

a I n s t a l l f i v e 5 0 p s i g p c k a g e b o ~ l e r s f i r i n g n a t u r a l  gas. 

Furchase no e l ec t r i c i t y .  

a Purchase 1 4  MW of stardby capacity. 

?he -ration of the equipment in  each t i m e  period is recommended to 

be a s  fol lows.  I n  t h e  peak demand per iod ,  the gas  t u r b i n e s  should be 

operated a t  f u l l  ou tpu t ,  producing 60 Mh of e l e c t r i c i t y .  Only 44 Mh are 

required on - s i t e ,  so 16 MW can be s o l d  back to t h e  g r i d .  Since the  



r e l i a b i l i t y  requirement is t h a t  a device outage should n o t  testrict  

e l e c t r i c a l  requirements,  the  p l a n t  buys 1 4  M W  of standby, t h a t  being the 

1. peak on-si te  demand placed on t h e  second uni t .  The g a s  turbinss a l s o  

I supply abut 89 percent of the hersquired steam and hot water. The remainder 

is supplied by the package boilers. 

1. 1n the normal demand per iod,  t h e  g a s  t u r b i n e s  should cont inue to  be 

1 
operated a t  full capacity. However, since e l ec t r i ca l  demand f a l l s  off to  

40 Mh, sales back to t h e  g r i d  can be increased t o  20 MW. k i t h  steam and 

I hot  water demands a l so  reduced, the gas turbines can now supply nearly 98 

percent  of t h e  requirements,  w i t h  t h e  remainder coming - from t h e  package 

boilers. 

In  t h e  of f-peak demand per iod,  steam demand has f a l l e n  t o  t h e  p o i n t  

that  the package boi lers  can be shut off m p l e t e l y ,  w i t h  a l l  steam and bt 

water suppl ied by hea t  recovery o f f  t h e  g a s  turbines .  l u r b i n e  ou tput  is 

also reduced to 53.9 MW, w i t h  35.2 MW used on-site and 18.7 MW sold to  the 

grid. 

In the above male of aperation, the annual energy cost of the plant  is 

$23.17 mill.i.on ( i n  1978 d o l l a r s ) .  The components of t h i s  annual c o s t  

include : 

Million B l l a r s  . 

a Fixed cap i ta l  charges and 06M - ms turbines - package boi lers  

-1 

- Gas 

Stadby  e l ec t r i c  capacity 

a Revenue fran e l ec t r i c i t y  sales 



The energy convers ion systems t h a t  form t h e  technology base for the 

model fal l  i n to  two b d  categories, There are the advanced tectulolwies 

arrd the state-of-the-art t e d m l o g i e a  Dsta fo r  t he  advance3 systems were 1 - 
prwided by W k R C ,  and time fc,; the SQA gystems were carr ied wer f r a d  

1 our earlier EPFU model, with cal ibra t ion to erasure consistency between the 

two data sets. 

The energy conversion systems included i n  the advanceu tedmolagies 

ar2 : 

1. Advancel cpen cycle gas turbine w i t h  coal derived res laual  
fuel; 

2. Wvanced crpen cycle gas turbine with integrated ga s i f i e r ;  

3. Advanced open cycle gas turbine w i t h  AFB; 

4. Pdvanced cpen cycle gas turbine w i t h  PFB; 

5 .  Pdvancej clased cycle gas turbine with kPB; 

6. Molten ca rbona te  f u e l  cel l  wi th  coa l  der ived  d i s t i l l a t e  
fuel i 

7. Molten carbonate fuel  cell with integrated gas i f i e r ;  

8. Advanced open cyc l e  gas  t u r b i n e  subsystem f o r  combined 
cycle ; 

9. AFB furnace subsystem for an AFB steam turbine system; and 

10. PFD furnace subsystem f o r  PFB s tean  turbine system. 

Each of tile first seven systems is capable ot cajeneratinj electricity and 

stemn at di f fe ren t  pressures, as well as hot water a t  1 4 0 ~ ~ .  Ihe  combined 

cyc l e  g a s  t u r b i n e  subsystem gene ra t e s  on ly  hi5h p r e s su re  s team,  a t  850 

p s i g / ~ 2 5 0 ~  and 1450 psig/950°~,  i n  a d d i t i o n  t o  e l e c t r i c i t y .  The h ~ g h  



pressure steam is then used by a steam turolne to generate both electricity 

and low pressure steam. 

Incluoed in the rtatcof-the-art technolqirs are: 

1, Stem generators -- package and f ie ld  erected boilem; 

2. Stem-turbine genera-rs; 

3. Cas turbine generators; and 

4. Diesel generaWrs. 

Table IV-1 gives the equipment combinations available under advanced 

technologies, and Table N-2 does the same fo r  the state-of-the-art 

Rtchnology Data A* - 
Performance (and cost) data for the advanced technoiqy systems were 

provided by NASWURC. As a n  example, data for the closed cycle gas 

turbine wi t;: AFB are shown in Twre N - 3 .  The performance data provided 

include for each device size the net  electrical efficiency, the net steam 

an3 hot water production per unit of fuel irlput, afd the variation of these 

performance characteristics a t  partial  loads, The electr ical  efficiency 

figure represents the net pwer output per u n i t  of fuel input. Tbe steam 

anj hot water figures represent the fraction of input fuel energy whi& is 

convert& to steam and hot water; these lat ter figures are thus incrementdl 

production rates i n  Cat they are additions to any energy that may already 

be ~ r t s e n t  in the i dwa te r .  The part-load perfonrance data represent the 

fraction of full-load conversion efficiencies whicb can be obtained a t  the 

imicated prcent af full-load output 

The steam production rat.es a t  each pressure level can be inttrpretea 

as  follows. The first column indicates the maximum amount of 600 ptig 



Closed Cycle Gas -'== - 
Alternatives: AFB 

Heat mzm=~: saw as m m e  s ~ s w  

Uni t  Sizes: 10,000 to 100,000 o&r) 

mel Xtemtives: --derived distillate, intqrated gasifier 

Eiat R#xrrery: Wtional, at 600, 450, 150 or 50 psig, or 
b t  water 

unit  Sizes :  1,000 to 100,000 (HI 



StSam Genera- 

. . 
rial Ali29mti~: w, resirfudl, d ~ t ~ U A t b t ~ -  F v  

pro#ss residuals 

S t e a l M u r b h e  m m =  

mw w+iau: 600/150, 850/825, 1450/950 (pig/=) 

Exhaust W t i o n s :  uo, SO (psi@ 4" W. 

m i a n  WW: 150 (@g) 

unit Sizes: 5,000 to 100,000 (M 

Beat R=w=y: 

unit Sizes: 

m, at 600, 450, 150 or 50 psig, or hot 
wter 

Diesel Genera- : 

~lternatives: D i e d  fiael 

H e a t  Feaxeq: wonal, at 50 psig, or hot 

Yhit Sizes: 50 8,800 (MJ] 
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Table IV-3 

EC;: Advanced Closed Cycle Gas 'Rubine With AFB 

- - 
Fcl l  m d  Performance aoSts 

Size Efficierry 
Q Fmcess/Q Fuel-In CapitalOost OaeMOost 

n 600 psig 450 psig 150 psig 50 p i g  Hot Water S/kWe SWhr 

1 10 we 0.230 0.322 0.027 0.064 0.044 0.137 1,300.0 5.6 

30 lvWe 0.240 0.320 0.057 0.030 0.043 0.140 1,009.7 5.6 x 

50 IWE 0.240 0.320 0.057 0.030 0.043 0.140 897.8 5.6 

100 MrSe 0.240 0.320 0.057 0.030 0.043 0.140 765.5 5.6 x 

Part Lrwd P e r f o m  as a Fraction 
of Full mad Perfornrance 

% of 
laad 

Ef"cim 600 psig 450 psig 150 psig 50 psig Hot Water 
n 

80 1.000 1.000 1.000 1.000 1.000 1.000 

6 0 0.983 1.005 1.005 1.005 1.000 1,007 

3 0 0,909 1.027 1.027 1.027 1.022 1.030 

- - 



saturated steam that  could be produced from the reject  heat. In some 

systems, such as the open cycle gas turbines, al' of the reje& heat can be 

recovered in t h i s  manner. I n  other systems, however, there may be some 

reject  heat remaining; and i f  this is the case, then the secona column 

sbws the maximum amount of 450 psly saturated steam that cada be ptduced 

from the remaining reject  heat. If there is any useful heat still 

remaininy, the maximum amount of 150 psig saturated steam producible is 

shown in the third mlumn and similarly on down the line for 50 psig steam 

and kt wzter, 

We used regression techniques t o  t l nd  the  s t raight  l ine  that  best 

approximates (in the least quared errors sense) the part-load performance 

points given. This was done i n  order to  find the part-load performance a t  

any arbitrary fraction of full-load output for each conversion system, a 

d i  f terent part-load performance approximat ioir was derived for electricity , 
hot water, and each of the steam atputs. mese approximatiors are linear 

in the level of operations (from 25 percent to 100 percent of full-load 

rating) and so a l l  we need t o  describe each is a slope and an intercept. 

These are given i n  Table IV-4a ard IV-4b. 

B. Wchnology Modeling -- Input-Output Equations 

Basically our technoiogy model is a series ot =ll-def ined steps for 

deriviq input requirements i n  Btu units given a spcified level of derrand. I 
For a system w i t h  more than one output, the model also speci E ies a well- I 
defined relationship b e t e n  the secondary outputs and the input energy. 

Thus, for a system wnose primary output i s  stearu, the technology model 

gives a way of deriving required fuel inplt i n  Btu, given that a spcified 

6tu amount of steam ox certain pressure-temperature conditions is to  be 

produced. For s teaa- turbine generators  the output specified is 

Iv-6 



Table N-4 

a) Part IPad wtians for Turbines 

I &: 0.97406 1 d,: 0.96338 
7 

1 -m Rrl 4: 0.0 5: 0.0 5: 0.0 Cj: 0.0 

9: 0.9T181 5: O.%U4 

vlth I m E p U i  (3) (3) (3) (3) 

(2) (2) 

(11 A U  ftw rrzcrt bat can b mammd e!. ran of rtcan, m ID b,t - L-Jy. 
(21 u s  2% = - i d  -t%rs I= * - ODC_ im GU P- nth mzzskl * s x b l  s. - 
(3) use ',h --Lad qua- f c x  tlZC .mitan W Csil -at! Coal =msi 31sc;iiatn -iyl. 

b) P a r t  Load EQJati0n.s for the AFB and PFB F'umace S u b ! 5 s m  



I 
I 

elec t r ic i ty ,  and the input desired is steam. I n  the case of gas turbine 

generators with heat recovery boilers (e.g ., the advanced systems), ths 

output specitied is eiectricity (the primary output). Zhe tecnnolqy model 

then calculates the amomt of required fuel (d, oil or natural gas), and 

also the implied levels of the secondary outputs (hot water and the 

different types af steam). For the PF'B furnace systems, the ~ i m a r y  a t p u t  

is steam, and the secondary output is electr ic i ty .  For each energy 

mnversion system, the steps for derivixq the fuel input  or the seconhry 

outputs are in the form af linear equations. These are generally referred 

to as Input.atput (1-0) equations, 

The basic irgredisnts usecj in deriving the input-output sp i t ions  are 

the f ull-load performance coefficients, and the part-load performance 

approximations. In order to utilize the full-load performance coefficients 

for the steam ard hot  water outputs, they must be adjusted to  take accornt 

of the energy axltained i n  %e feedwater. WULeRC prwided us w i t h  the 

requlred feedwater enthalp-J for the hot water and for each type of steam. 

Run these we &rived the (=onversion factors which are dis;?layed in Table 

IV-5. The product of the o r i g i n a l  f ull-load c o e f f i c i e n t  and the  

corresponding conversion factor gives the adjusted f dl-load coefficient. 

?he use of the conversion factors, the full-lod performance coefficients, 

and the part-loaa performance approximations is Il lustrated by working 

through an example us ing  the advanced closed cycle gas turbine-AFB. The 

performance data for this system is shown i n  Table IV-3. 

C.  Wchnolocjy Weling -- An Illustrative Example 

T h i s  example i l lus t ra tes  how the performance data fo r  each energy 

conversion system i s  used to  derive i t s  input-output e5uations. The 

aavanced closed cycle turbine-AFB is usea i n  t h i s  exam2le because i t  h a s  



Table IV-5 

m i c m  Eacmrs fa sfem an3 Hot Watez: mipts 

cbrmrsirn 
En- of Erlth8lpy of Facoar 

Steam PressUre Feed Water ,  
OrHOtmter 
Tmpzm- % - 



one of the widest r w e s  of outputs; it may be operated t o  cqenerate 

e l e c t r i c i t y ,  hot  water, and steam a t  600 psig, 450 psig, 150 psig,  and 50 

p i g .  We make the example elaborate emugh to consider all these outputs, 

althargR i n  a practical q-plication arly one or two steam qualities may be 

r q u i r e d .  We shall first consider the case where only a s ing le  un i t  is 

installed: after that, we shall then discuss the plrobleros i n t r o d ~ e d  k e n  

multiple units cd an energy conversion system are installed. A srmunary of 

the results from this example is giwn a t  the end in  Table W 6 .  

1. Parameters for the Example 

The parameters for the example are : 

Energy conversion system: advanced closed cycle gas 
turbineAFB. 

a Size: 10 MW. 

Wvel of -ration: 75 percent of full-load rat irg.  

e Mininum electr ical  cutput constraint: 25 Fercent of full- 
load rating. 

Qqeneration of e l e c t r i c i t y  ard steam a t  600 psig, 450 psig, 
150 psig, 50 psig, - and hot water. 

L .  PrharyOutput 

me equation that relates a specified level of primry output with the 

implied output requirements is: 

Wcif ied ~ e v e l  Scale Factor to 

Correction for Opration [ a t m r t m d  I 



Fbr our cxample, specif ied output is -75 i t  10 MU = 7.5 MW. Efficiency a t  

I ' full load is given in Table IV-3 as .230. Ihe part-load a x r e c t i o n  factor 

is 1 h a r  with respect to thc l e v e l  of operation (i.e., in the form: a + b 1 .. 
x ( l e v e l  of ope ra t i on ) ) .  Table W 4 a  gives 0.02421 and 0.97406 for the 

1.. in te rcep t  .rd dope, rrspctively. Ihe level  of -ration in this - 
I is .75 (= 75 pe rcen t ) .  F i n a l l y ,  s i n c e  we w a n t  to  f ind f u e l  i n p u t  i n  Btu 

m i ,  we hrve to  use  the convers ion  1 MW - 3.413 r l o 6  ~ t u / h r  t o  o b t a i n  

( consis tent  units.* Sutstituting the vales into our equation, u get: 
I 

,,, ] [.0242l + (.97406 X 

--. t 3.5926 + 14.4542 X (7.5) 

Pa*-load 
correction 

I 
Fwl=ed wt 
at f i d l  load 

Note W a t  t h e  par t - load c o r r e c t i o n  f a c t o r  f o r  f u e l  i n p u t  when 

ope ra t i ng  t h e  t u r b i n e  a t  75 p e r c e n t  of  c a p a c i t y  is .7548. A t  f u l l - l o a d  

operation, the  pan-load approximation gives .02421 + .97406 x 1 = ,9983 as 1 
t h e  co r r ec t i on .  Th i s  f i g u r e  is n o t  e x a c t l y  equa l  t o  one,  as one would 

expect. This is because the approximation was derived by minimizirq the 

sum of t h e  squared d e v i a t i o n s  from t h e  sample po in t s .  Thus the l i n e  

6 *We use t'le notation MEtu for  10 x Btu. 

N- 11 



obtained averslmts at  mne points ard urdershoots at  others, but it is the 

line that is closest to all the sample pints. 

me relationship between input fuel ard t k  autpltz of electricity can 

be plotted on a straight l i n e  as shown i n  Figure N-1. At 75 percent of 

capcity, eff iciemy is about 329, which i s  uavd 99 percent of the full- 

load tfficiency. Ihe efficiency drcps to &cat ,215 when qerat iq  at 25 

percent of capacity. This is about 93 percent of full-load eff iciency.  

All the input-output relationships in our technology model are of t h i s  

linear form. 

3. Secondary Outputs 

Given the specified level of the primary o u g ~ l t ,  the rnaximlrm amount 

that can be prodzed of each of secondary autput is: 

of Lnput Eaemy that 

at N J  IDad 

P a t t - L a d  Correction for 
Type of Secorr3ary &Wt 

Note that s ince  input energy is determined by the primary output, this 

formulation also gives a simple relationship betueen the primary a t p u t  and 

the secordary outputs. Cat our example, the secondary outputs are steam a t  

600 p s  ig ,  450 psig,  150 p s i g ,  and 50 p s i g ,  a s  well a s  hot water a t  140'~. 

The fraction of h p u t  energy that may be used t o  satisfy the output of each 

type of secondary outpr t  a t  full load are gi=n in the full-load section of 



F i v  Iv-1 

m a w t  &latian Betmen fnplt 

Ma El-city Chwt for the Closed Qcle Gas mbi.ne-PE13 

m w t  
Capacity 
in M B t d h r  



M l e  IV-3. The l a s t  column i n  Table IV-5 gave. the  f a c t o r s  used t o  

aEfOmt for  the feedwater energy. me dcpe ard intercept terms to be used 

i n  the  part-load equation a r e  given i n  Table Nola f o r  each type of 

secondary output. Subs t i tu t ion  of t h e  necessary values i n t o  t h e  output  

equatim gives: 

(Cutput d 600 prig S r e a ~ )  = ( .322) (1.224) (148.3913) 

x (003U3 + m96643 x 075) 

2 . 4 8 5 2 )  ( .7562) 

OuWt at  44.2 MB- \ 
fullload -on f o r  

part- 

10 high l igh t  t h e  d i r e c t  r e l a t ionsh ip  between secondary outputs  and the  

primary ou-t, we could have used the a x ~ e s s i o n  for  required f ull-load 

input in p i r g  art Ule above calculation. lhis gives 

Since the required full-load i r p t  has already k e n  calculated as 148.3913t 

we  shall just  substitute it into t!!e subsequent calculations wiehout trying 

t o  show the l i n e a r  r e l a t i o n s h i p  between each secondary output  and the 

primary output. Howevert t h i s  is t t ~  relationship that  w i l l  be used i n  the 

calculations in the sectiorl on multiple u n i t s  



( a t p u t  of 450 psig Steam) = [(.027)(1.223)(148.3913)1 

x [.03133 + .96643 x .75] 

= (4.9000) ( .7562) 

= 3.7 MBtu/hr 

(Output of 150 p i g  Steam) = [ ( .064 ) (1.099) ( 148.3913 1 

x (-03133 + .96643 x .751 

= (10.437) (.7562) 

= 7.9 Mstdhr  

( o u p ~ t  of 50 p i g  steam) = [ (  .044) (1.101) (148.3913)l 

x [.02421 + -97406 x .751 

= (7.1887) ( .7548) - 5.4 MBt\JhT 

Note t h a t  in the case of the PFB furnace system, the  primary a t p u t  is the 

s team and electricity is the secondary  ou tpu t .  While t h e  roles o f  s team 

and e l e c t r i c i t y  are reversed in the equations, the  mode l iq  pr inc ip le  is 

t h e  same. A secondary o u t p u t  is computed as a f r a c t i o n  o f  t h e  f u l l - l o a d  

input requirement, hi& is determined by the  ~ h r y  w t p u t .  

To run t h e  ene rgy  convers ion  sys tem i n  t h i s  example to  produce o n l y  

e l e c t r i c i t y ,  600 p s i g  s team and 450 psig s t eam,  w e  assume the h e h t  

I. a v a i l a b l e  a t  150 and 50 p s i g  can  be recovered as h o t  w a t e r  g i v i n g  a t o t a l  

hot water output of: 



C k b - 
fran 150 psig frun 50 psig original hot 

stem ;&am water output 

In general, we  make the assumption that steam a t  hi$er F e s s s e  may 

be throttled witbut  extra oost and w i t h o u t  energy loss to steam a t  lower 

pressure or to hot water. 

4. Instdllation of Multiple - mits 

I n d u s t r i a l  power systems are of ten designed to inoorporate multiple 

units of equipment. Thus, for example, 30 Mk of electric capacity might be 

provided using two turbine units rated a t  15 MW each, or three a t  10 MW 

each, or some other combination. In  the case where steam turbines- 

generators are used, the plant may aiso incorporate two or  more boiler 

u n i t s  to wwide the required s tem output. 1 
Multiple unit installations are axrunonly employed for reliability and 

maintenance schedulirrg yu&s That is, i n  a multiple m i t  installation, 

one may be able to rotate individual units i n  ard out of service for repair 

or routine maintenance, leavirrg the other un i t s  to accommodate o o n c m n t  

sentice delMnds. 

A detailed nodel of a multiple unit installation can be developed by 

combining the models for several individual u n i t s .  Figure N-2, for 

example, depicts the input-output (1-0) relationship for a three-unit 

installation as t h e  combination of the 1-0 relationships for  three 

individual u n i t s .  A t  Point 1 the f i r s t  u n i t  is on and operating a t  the 

minimum outplt level. Increasing the i p t  to this f i r s t  uni t  gradually 
1 

brlngs it up to rated capacity a t  Point 2. l V  Ancrease output beyond mint I 

2 requires t u r n i n g  o n  the second u n i t ,  which, when operated a t  minimum t 





o u t p t ,  brims the mtal plant outpl t  to Point 3. CIperation between Points 

2 and 3 can be achieved by backing off t h e  first u n i t  whi le  keeping the 

seamd r n i t  on, as shown on the dashed l i n e  ex t ed ing  downward frun Point 

3; an Malogous pxedure  waild p v i d e  the aperatim betmcn mints 4 and 

5, after the t h i r J  r n i t  has been turned oh TO reach maximum plant output, 

all three un i t s  must be on and aperating a t  reted capacity ( m i n t  6 ) .  

The principal mlem with the modeling approc~h described above is 

t h a t  it s u b s t a n t i a l l y  i nc reases  t h e  number of in t ege r  v a r i a b l e s  i n  the 

o v e r a l l  problem. This occurs  because one must use i n t e g e r  v a r i a b l e s  to 

keep t r a c k  of whether a given device is on or off. This p r o l i f e r a t i o n  of 

integer variables substantially increases the nrodel solution time, There 

is also an element of uncertainty as to  when each additional mi t  w i l l  be 

brought on l i n e  shcz operating practices w i l l  tend t~ vary frm campany to 

- P Y  

An al ternative approach is to develop an 1-0 relationship applicable 

to the whole plant, rather than one for  each unit. me 1-0 equation for a 

s i q l e  m i t  as s b m  in Figure IV-2,a is of the fonn 

where Y is required input ,  and X is output.  The i n t e r c e p t  is r and 

s is the  slope. For t h e  previously mentioned example case of t h e  AFB 

closed cycle gas turbine, 

p e r - f u l l  load x 0.410 = 3.5926 





If we asswe that each un i t  is operated t o  capacity before an addit ional  

,it is b-ht or U.w, tben the 1 4  relationship for the wble plant may 

be represented by a s t a i r ca se  with steps of height r a t  in te rva l s  of 

b (capc i ty  arcgut of cnc unit) ,  as shown in Figure IV-3b. 

If N iden t ica l  un i t s  are ins ta l led  in  the plant ,  then the overa l l  

slope of the s t a i r ca se  function is N ( r  + s ~ ~ ~ j / ( N  x ha,). rpt t ing  X 

be the plant output, and F the correspnding required input, Men a 

l i ke ly  approximation candidate fo r  the werall plant 1-0 relationship is 

the 1 inear equation 

Setting q L/2 j ives a l ine which just bisects all the steps and all the 

slope seginents. Since the l i n e  will be too high half of the time and too 

low the  o t h e r  h a l f ,  wi th  equal d e v i a t i o n s ,  it is the  " f a i r e s t m  

approximation. The nonmvlative input rquirement figured by sanplirq th i s  - 
l ine with &om values of the artput X w i i l  equal ( i n  the protablistic 

sense) the o m ~ u l a t i v e  input figures f r o m  the true function. merefore, 

q = v2 is the value used in the ncdel. 

Ihe treatment of multiple devices is greatly complicated when there 

are secondary outputs. I n  this case  there are constra int  equations 

describlnq the r e l a t i on  between the outputs i n  addition t o  the  fuel 

equa t ion : 



I .  I n  t h e  s imp les t  case ,  l e t  2 denote  a second output ,  w i t h  t he  

As shown i n  Figure W4a, for multiple devices, the maximum wnstraints are 

pushed back acoording to the number of devices: 

Introducing a minimum axrst ra int ,  Xmin - < X, m p l i c a t e s  the  picture. 

As shown i n  F i g u ~ d  N-4b, the Xmi, p r o p g a t e s  i n t o  a staircase-shaped 

boundary. Since the multiple-device c o u s t r a i n t s  can only be l i n e a r  

equat ions ,  an approximation t o  t h i s  s t a i r c a s e  is needed. me s i m p l e s t  

approach wwld be simply to exterrl the minimum constraint uncharged the 

H e v i c e  model and ignore the effects ,  as shown i n  Figure IV-Jc. 

A more satisfying approach would be to replace the minimum constraint  
- - 

on by a joint  2-X mns t ra in t  line which apEroximates the staircase. - 
Figure N-4b shows s u w a  l ine;  its equation is: 

ylfortunately t h i s  treatment greatly m p l i c a t e s  the -1, so the simple 

approximation (c)  is used w i t h  sui table  caution against o p r a t i n g  i n  the 

high Z, la, region. 





I 

I '  me f u e l  input  equat ion for a device wi th  a secondary ou tput  is 

straightforward to model as long as the l o i n t  output constraints mnwerge 

I on the origin,  as shown i n  Figure w5: 

I ' 

The extens ion  of these equat ions  to mul t ip l e  devices  g ives  the 

stepped-surface i npu t  func t ion  of Figure N-5. I n  t h i s  s i t u a t i o n ,  t h e  

1 gene ra l  gu ide l ine  of b i sec t ing  the  s t e p s  can r e a d i l y  be appl ied  to  yie ld  

1 I the approx ima t ian : 
1 I 

for 

When the output constraints enclose the or ig in  ra ther  than converge on 

it, as shown i n  Figure IV-6a, then t h e  na ture  of  a good 1-0 approximation 

be:omes less obvious. The ex tens ion  a£ t h i s  type of s i n g l e  device t o  

m u l t i p l e  opera t ion  y i e l d s  the i npu t  su r f ace  i n  Figure IV-6b, with 

concent r ic  s t e p s  away from t,le or ig in .  Ti,e continuous analog of this 

surface would be a quadrant of a f m e l ,  whim cmot be approximated well 

wer i!x whole surface by a s i n g l e  plane. 

For devices  of t h i s  type,  the  approximation used is based on two of 

the furdamental character is t ics  of the true surface. fie primary cwdi t ion  

applied is t o  preserve the o e r d  1 slop along the l i ne  from the or igin t o  

the maximum joint  output. This provides the best f i t  for  operation i n  the 

region of maximum fuel ut i l izat ion,  The secondary condition is to Fescrve 

the contoilrs of constant input. This degrades the f i t  alorg tile X and Z 
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axes wequally.a ( I f  the usage of the model warranted, th i s  could be 

replaced by a condition which would preferentially f i t  one edge a t  the 

expense af the other.) m s e  caditions yield the following equation: 

H = r / 2 +  ( Z x s t T x t )  x [ l + r / ( % + t k ) ] .  

This formulation is the basis for a l l  the multiple-device nodels used 

in th is  study, w i t h  suitable choices for the maximum values i n  the 

aggregation correction term. For example, for boilers there is only one 

I 
output, a7 Z is dropped and G, represents the rated stcam capacity. 

I 
I 

b r  cogeneration devices, the input is a function only of one output, so 

I 
again Z is dropped from the equation. For steam turbines, the two 

I 
outputs are electricity, E, and extracted steam, X, with a multitude of 

]oint constraints as shown in Figure IV-7. I n  thi s case, the "combined 
L 
I m i m u m "  p i n t  used to  set  the primary condition on the overall slope w s  
I 
I 

taken to be the intersection of the maximum throttle line w i t h  a line fran 

I the origin to the intersection of the maximum electric constraint wrth the 
I 

minimum exhaust constraint. 

I 
5. Dtanple - Cbntinued 

We extenj our illustrative example based on the advanced closed cycle 

gas turbine-AFB bj assuming that five turbines, instead of one, have been 

I 
I 

installed in the plant. In this context, operation a t  75 percent capacity 

1 
applies to  total plant capacity which is 50 MW. me multiple device fu?l  

I - 
input equation, with Z drop~ed,  becomes Y = r/2 + (s + r/&=)X The - - 
equation for the secondary outputs remains: Z - < N x v + w x X. Recall 

that  r = 3.5926 and s o  14.4542. 

I 





S u t i t u t i o n  of tbe necessary values into the f rrel equation gives 

For the output of the 600 psig steam, recall that the values of v and w 

were c a l c u l a t e d  as v 1.8323, w - 5.6514, and o f  c o u r s e  N = 5. The 

equation thus gives: 

(Output of 600 ps ig  steam) - < 5 x (1.8323) + (5.6514) x (37.5) 

. - 221.089 MBtlJhr. 

Similar calculations give the l eve l  of the remainirg secondary outputs  as: 

450 p i g  stem = 18.53 MBtuhr 

150 psig steam = 39.45 MBtlJhr 

50 p i g  s t e m  = 27.13 MBtu/hr 

H O ~  water a t  1 4 0 " ~  = 118.42 ~ ~ t u / h r .  

Note t h a t  the  values derived f r o m  the overa l l  p lan t  1-0 equations are not 

necessari ly equal t o  five times the corresponding values derived from the  

siqle device 1-0 equaf ions. mis is the pr ice  paid for reducing the  size 

and complexity of the problem by takirq our modeling approach. Table Iv-6 

presents  the values obtained from the calcula t ions  i n  our example, together 

with the energy  i n p u t s  from t h e  feedwater .  These energy v a l u e s  a r e  a l s o  

converted to mass flows, so t h a t  we can get  an overview of both the energy 

a d  mass balances in the system. 



Table IVb 

Surmary of Miass and Flows for Emple Case: 

Closed Cycle C;as -AFB @em- at 75 Pemmt 

of Rated capcity 

Mrltiple Units (5) 

Electricity 25.60 - 127.99 - I 
Stew 

@600 psig (h=1203) 44.22 36.76 221.09 183.78 
i 
i 
1 

@450 psig (bl204.S) 3.71 3.08 i8.53 15.38 
i 
4 

@I50 psig (bU95.5) 7.89 6.60 39.46 33.01 5 

@ 50 psig (bU79.7) 5.43 4.60 27.U 23.00 1 
Rot Water @1400F (b108) 23.68 219.26 118.42 1,096.48 

' lWEU 110.53 270.30 552.62 1,351.65 



Oost calculations were carr ied ou t  by c l o s e l y  fo l lowing  N A S W k R C ' s  

"Gmundrules for E~xrmic Andlysism (GCW.* Zhe cost reprted as the 

objective frnction of a run is the levelized annual cost as defined on page 

I 11 of the C W  This is the amstan t  revenue required each year to exactly 

cover all expenses.  he exwession used to calculate this cast is: 

I Lewlized Annual Cost = Wvelized Fixed Charges 

+ Levelized ~ptrating C o s t s  

- m e l i z e d  revenues. 

Levelized fixed charges apply to expendi ture  on equipment purchase, 

I 
whi le  l eve l i zed  opera t ing  costs apply to fuel  purchases,  payments to 

I 
u t i l i t i e s ,  and regular expenditures on -ration and maintenance (MM). I n  

I our context, the o n l y  revenue considered is that resulting fran the sa le  of 

e l e c t r i c i t y  to u t i l i t i e s  by the i rdus t r ia l  plant. I.. 
A detailed discussion of each of these m p n e n t s  of levelized annual 

I c o s t  is given below. In  car ry ing  out  t h e  c a l c u l a t i o n s ,  s p e c i f i c  values 

I 
have t o  be assumed f o r  a number of parameters. Table V-1 lists these 

parameters  and t h e  value assigned t o  each. In a l l  c a ses  t h e  values  used 

1. are those s u ~ l i e d  by WURC However, the computer prqrarns tha t  do 

the act.ual calculations are set up so any of these parameters may be s e t  to 

I any value f o r  a run. F ina l ly ,  a l l  costs and revenues i n  t h e  model a r e  

expressed in t e n s  of 1978 d o l l a r s  

i 

I *NASII/WQC, mcmurdrules for CTAS m r c  ~nalysis . .  





A. Levelized Fixed Charges 

For each  equipment, the level ized fixed charge is t h a t  (constant)  

amount which, i f  realized each year thrarqhart the l i f e  of the equipment, 

will exactly w e r  the net investment cmst of thst equipcent  This cost is . . .  
derived belaw using the clcaed cycle gas tucbine-AFB as an example in  the 

nujaericu calculations. . .  
.? .. . 

The general expressicm used is: , . 

1 

Level ized Fixed Charges = ( Installed Cost ) x ( Fixed Chaqe Rate ) . 

1. Installed Cbst of m1i-t ' 

M e  installed cos t  of each equipment is pa r t  of our s t a r t i n g  data. 

Cost data for the advanced equipment were supplied by NASA/LeRL, w h i l e  

those f o x  the state-~i-the-art equipnent *re urn tea  from our precursor 

EPRI model. We assume that aperations start i n  l390, and installed c s t  is 

quoted k i t h  respect t o  this date,  and in  t e r n s  of 1978 dol lars .  I n i t l a1  

construction work on each equipment precedes th i s  date by an anomt o i  tim 

equal to the l e n g t h  of the construction perloo. Table V-2 gives the 

estimated oonstruction period for each of equipment 

Each type of quipment is assuned t o  have a book life of 30 years. A 

zero r ea l  rate of escala t ion  fo r  equipment prices is a l so  assumed. T h i s  

means that equipment prices will increase a t  a r a t e  comparable t o  tile 

general inflation rate. 

Sine* the installed cost data is indepnjent of the tixeo chaqe rate 

(FCR) ,  i t  w i l l  not be used i n  t h e  ca lcula t ion  i l l u s t r a t i n g  our approach. 

For the sake or sinplicl ty,  te take it to be unity. The FtZ is c a l c u l a t s  



Table V-2 

Estimated constnlctian Times 

- (yeart) 

pd-,?ancd open Cycle  as Turbine w i t h  W-Deri- .... . . .  Fuel ......-....: . . . . ~ . . . q . . . . . q . r . , . o . . * . . * . * . . * ~ * ~ * * ~ * , ~ *  - 1  .- 
. . 

. . . .  . . 
.J&an2& Open Cycle Gas . m b i n e : w i f h ~ ~ + - ~ . .  , i ,  . . . .  * . . . - 

Gasifier ........................................................ 
@en Cycle Gas w i t h  AFB ........................... 

M v a m d  Cycle Gzs w i t h  PFB ............................ 
closed Cycle Gas w i t h  AEB .................................. 
rnlten (2uAxmate mel cell w i t h  axd-Desived 

D i s t i l l a t e  Fuel ................................................. 1.5 

................ fblten Carkcmate Nel Ctll with I A t e q a a  edifier 3 -5 

State-oE-Tk-Art Cycle Gas Turbine w i t h  
P e M l e ~ n  D i s t i l l a t e  E'uel ....................................... 1.5 

S t a t e t X - T h e A r t  High Speed D i e s e l  ................................. 1.5 

StateCJf-Art W speed D i e s e l  .................................. 1.5 

mined Cycle (Gas Turb-Stew Turbine) w i t h  
Coal-Derived Residual M ..................................... 2.5 

....................... O m v e n t i d  Stew Systan  with Residual hlel 2.5 

....................... S t e a n  Systan - Coal-fired with SO2 Scrubber 3.0 

Stew Systan with AFB .............................................. 3.0 

Stew Turkhe4eraator ............................................ 2.0 
Package Boilers .................................................... 1.5 

Source: W I R F C  for a l l  except last two .  Burns and Roe, Inc. for the 
las t  m. 



by taking accwnt of the arst of capital,* the capital recovery factor, the 

cost  of capi tal  during construction, the investment tax credit ,  and 

deFeciation treatnent. Each of these Oomponents is discussed below. 

mst of capital (r) a t  .taro percert inflation me ccat of capital is 

calculated by taking account of the various netbds used in financing the 

total debt, ard the cost assr ia ted w i t h  each For a dollar of inwstroent, 

the expression d is: 

wherg r = cost of capital 

fD = fraction of debt capital 

i = c s t o f  debt D 

f k  = netha3s of f inancix , other than dzbt, e.g., equity capital 

ik = casts of other m W s  of financirq 

T = tax rate. 

me m e  exptession gives the after-tax cost of capital, assuming zero 

inflation. For the purposes of the ACTEOS s t u d y ,  a value of 5.4 percent 

w set by WISiVleRC f6r the after-tax cost of capital, r. 

Capital reccvery or annualization factor A r n . T h i s  is the 

equivalent annual cost of an init ial  investment. I t  d e p r d s  on the rate of 

discount, which has beer1 calculated above as the cost of capi tal ,  r, and 

the b w k  l i fe  of the e q u i p n t ,  n. The formula used is: 

*?he cost of capital as used here should be distinguished frcm the price 
~ l d  for a piece of equipnent - +he installed c c s t  It is an interest (or 
discount) rate; the price paid for the use of funds. 

v-5 



for r = .054 a d  n - 30, A(r,n) = .068047. 

Cost of c a p i t a l  dur ing cons t ruc t ion  ( C C X ) .  periodic progress  

payments m u s t  usually be made durirq the o~ns t ruc t ion  period. However, the 

base &ibd f o r  t h e  investment c o s t  e s t i m a t e  is the d a t e  of i n i t i a l  , " :. 
. . . ,  . . - . .). .. . . . .  . . .  . . . . . . . . . . . .  - .  . . . . . . . - . * 

- opf I ?n. . The . . cxisteqce . , .  of . .  ..progres+ . -. . . pa+ent.s.: - .  $n .advance:'of . . -  . . . prAoject. . . . . ;. :, . i; .:, -. . .  . . . .  . . . . .  

c .&ion thus  imp l i e s  we must add t o  t h e  i n s t a l l e d  equipment cost the  

value of t he  r e t u r n s  t h a t  could have been earned on the  c a p i t a l  (funds) 

t i e d  up as progress  payments. I t  is c l e a r  t h a t  t h i s  w i l l  depend on t h e  

length of the construction pried fo r  each e q u i p n r  It w i l l  a l s  depnd 

on con t r ac tua l  arranoements wh ich  may vary with  a h o s t  of d i f f e r e n t  

factors. We have assumed tha t  the pattern of payments can be ap~ox ima ted  

by a single ample t e  payment occurring t e t h i r d s  of the way through the 

construction period. I h u s ,  the forecpne in te res t  income a c u r s  only over 

the l a s t  third of the construction period. ?his asswption leads to: 

where L is the l e n g k  of the construction period. Ebr the closed cycle 

gas turbine-AFB , L = 2.5, 90 

1 
Investment - t lax  c r e d i t  (ITC). W.e inves tnen t  t ax  c r e d i t  r a t e ,  u, i s  

taken to be 10 percent. This may be applied to the price of the equipnent 

3s well as the cast of capi ta l  during construction givirq : 



I - Depreciation (DEP). The w f - y e a d  d i g i u  method is used, ad the 

I assumed tax l i f e  of each equipment, la, is 15 years. The depreciation 
I 

foxIda is: 

U s i r q  the expression for the capital recmery factor M calculate A(r,m), 

Fixed charge rate (FCR). We can now collect a l l  the terms to arrive 

a t  the formula Lor the fixed charge rate. 

The divrsion by (1 - T) makes it a b e f o r e t a x  charge. For the closed 

cJcle gas turbineAFB, th is  g ives  the value: 

Final ly ,  we add local taxes and insurance zos t s ,  which toqether are 

,surd to be 3 percent of the price of the qui;rrent, to arrive a t  



The only aspect of the abave ca lcula t ion that is equipment depedent 

is the length of the construction period, which f s used to canplte the cast 

of c a p i t a l  d u r i n g  c o n s t r u c t i o n  (CCDC). m perform the c a l c u l a t i o n  f o r  $ 

other equipnent, the a p ~ o ~ i a t e  constructiorl period is used by re fe r r ing  
. . 

to Table V-2. 

. . . .  B. Ievelized -rating Costs .,. . . .  . . . . . 
. . . . . . . . .  , . . . .  . . . .  . - .  ., . .  . . . .  - . .  . . . . 

Operat ion and maintenance (O&M) expense f o r  the advanced energy 

conversion systems were supplied by NAS~/UK. !!fie expense was based on 

usage,  or t n e  o u t p u t  of  t h e  equipment (i.e., d o l l a r s  p e r  k i l lowat-hour) .  

The O&M estimates f o r  t h e  advanced sys tems  can  be found i n  the t a b l e s  i n  

Appendix A. For t h e  s t a te -o f - the -a r t  sys tems,  O&M was computed as a 

f rac t ion  of the  i n i t i a l  investment expense. m e s c  f rac t ions  were e s t i n a t e d  

f o r  us by Burns and Roe, fnc., ard a r e  shown i n  Table V-3. 

2. Fuel ~EI Elec t r i c i ty  Pr ices  

RE1 ard e l e c t r i c i t y  p r i ces  were calculate3 for six g e q r a p h i c  regions 

i n  the U.S. i n  which i n d u s t r i a l  p l a n t s  a r e  analyzed.  C a l c u l a t i o n s  were 

also made for  nat ional  (average) p r i ces  f o r  analys is  a t  the national  level.  

These c a l c u l a t i o n s  were b ~ s e d  on t h e  most r e c e n t  Department of  Energy 

f o r e c a s t  of r e g i o n a l  and n a t i o n a l  p r i c e s  f o r  f u e l s  and e l e c t r i c i t y  as 

contained i n  the r ep r t  His tor ica l  and m r e c a s t e d  Energy P r i c e s  by DOE 

Region and Fuel T J p  f o r  Three M a c r o e m m i c  Scenarios (CO~EIA-0184/15), 

~ u l y  1979. 

a e  DOE forecas ts  are  in terms of 1980 d o l l a r s  p e r  mi l l ion  Btu (MBtu) 

and a r e  provided,  under each s c e n a r i o ,  f o r t h e  y e a r s  1977, 1985, 1990 and 

1995. Forecasts of the growth r a t e s  of p r i c e s  in the intervening periods 



Esuiprrent Category 

~;ral-- package Boilers 

Namral Gas-Fired S t e m  -tian Plants 

Other Fossil-Fired Steam Generatim Plants 

wasL& --Fired Steam -tion P l a n t s  

steam mrbbe -= Plants 

Gas 'Tubhe G e ! ! t a r  Plants 

** Bcldes c a s t  of =jar overhad. reqxked after appmximtely 25 .. 000 
hurs of qeratim of an estimted cos t  of 50 perceqt of aquisition cost. 



I 

are also given. We chose the prices am growth rates given under S ;ce~r io  

C, which is based on the assumption of a moderate growth i n  the Cross 

National Product over the forecast period. For use in th is  study, the 

price forecasts +re adjusted to 19 ~d dollars. . .  . . ,  

Since the forecasts do not extend beyond the 1995 period, we have 

assumed ttat the predicted growth rates for .the 1990-.l995 .period -time .... . . .  . . . . - ..; .. .' .... . . . ... . . . .. . . . . . .  . . . . . I . . .  ' . . .  ' 
. ;  . . .  . . 

out .bo, year, 2019 . (&erirg, the 3,kyear brizon 'of ow model). me d y  . . . . . :.. .- , . . . . .. :., ;. . . .' .. , . :.. -... . : . . :.. <.. ; . + .. . #  2. ....,... : .: -.. ..: . , ..' . . .. . . . . . .  . .  ,. . .. ... .. ' : . . . . .. . '  .. . . . . 

exception is in one r e g i o ~  '&ere COE forecasts a negative giowth rate for 

electricity prices. Zhe assumption of a negative growth rate for 3.3 years 

d d  clearly lead to absucd results, sc for this case we sunply take the 

growth rate t o  be zero. In a l l  other cases a positive growth ra te  was 

forecasted . 
me levelized price for each fuel ard for electricity is calculated by 

mllltiplying the present value of expenses on each fuel or e lec t r i c i ty  by 

the annualization or capitdl recovery factor, A( r ,n) . 
The annualization fa-r, A(r,n), was discussed under the treatment 

of levelized fixed charges. The present value of expnses on each fuel or 

on electricity is cunyuted by taking the sum of the dixomLed expenses for - 

each year over the 30-year period. The price in any year a f t e r  1990 is 

mputed by using the growth rates. Expenditures on fuel and electricity 

are assumed t o  occur a t  the end of the year, and quantit ies purchused are 

mnstant £ran year to year. 

Let F be the amount paid for  fuel or e l ec t r i c i ty  i n  1990. For 

simplicity assume F i s  equal to 1. Then the present value of expndituce 

o n  fuel nrd electricity is calculated as: 



whem g = growth rate &prim, r = cost of capital or diwarnt rate 

(1 .054), and n = 30. 

Imrvelized prices are then given as: 

The value obtained for L(r,g,n) is then converted from l ? d O  dollars t o  

1978 dollars by using the mplicit CnUP deflator. 

3. me1 Prices 

The f u e l s  used by the equipment i n  our mooel are: coal, gas, 

distillate o i l  and residuai oil. ?he ~;1-i-s for coal &rived distillate o r  



residual are assumed t o  be equal t o  the prices for petroleum- derived 

disti l late or residual oil. 

For the fuels narnea, application of the levelized cost  procedure I 
outlined above was direct and simple. Shown i n  Table V-4 are the leveliaed ' 1  ., . . . , 

prices fo r  four fuels  i n  cach'of the s i x  regions as  well a s  national 
' 

average prices, In the case af electricity prices, however, extra wrk was I 
. . . . . . . . . . . . . . . .  -red i n  order m apply .*e pmcdze. '  . '. 

. .  . : .  . '. .' . . # .:, . . . s o  . .: . . . . . . : . .  . . . . : . . . . . . .  . . . . . . . . . . . . . . . .  . .  . . . .  :... - 
: . . . , .. . . .  . . . .  . . . -  . .  - ' :  !......!-, ;,.;:. , . , .  

,, . ( . -  . . . . .  _ . - -  . . 

. 4 .  . ~ l e c t r i c i t y  Prices . . 

The extra problems encountered i n  using the DOE for-ecasts for 

electricity prices result from the fact that the forecasts do not include 

separately stated prices for peak demanj and energy, which is the way most 

ut i l i t ies  sell  to their industrial customers The method we have used to  

hardle th is  problem is as follows. 

In each region we have selected a representative utility arri examined 

the t a r i f f  which typically is used for sales ty that  u t i l i t y  t o  an 

imustrial customer. he have then calculated the relative prcportions of 

to ta l  e lec t r ic i ty  cost  attributable t o  peak demand charges and energy 

charges, resp~t ive ly ,  for an irdustrial custaner w i t h  a peak demard of 10 

MW an3 an average monthly purchase ci 5.76 million kWh ( t h ~ s  correspnds to 

a load factor of 0.8). These proportions are then appllea to  the  DOE 

prlces for B77 i n  order to develcp es tha tes  of the p a k  demand pr4- .+e and 

eneqy price i n  each region in 1977. Final ly,  w make the assum?: *;ti? ehat 

the peak demand price remains unchanged between 1977 and 2019: In real 

t?rms, so that any real price lncrease forecasted by LOE can be attributed I 
tc increases i n  the energy price canpnents of the tariff alone. 

I 





The assumption of zero  r e a l  growth i n  the peak demand p r i c e  is 

just i f ied i f  the followirq items w be ass&: (1) the price for peak 

demand (kW) r e f l e c t s  t he  cost of genera t ing  capac i ty ,  and t h e  p r i c e  f o r  

energy (kwh) re f lec tc  fue l  a d  other q e r a t i r q  cats;  (2) the cast of new 

a d d i t i o n s  to  u t i l i t y  capac i ty  experiences  z e v  r e a l  e s c a l a t i o n  over  the 

f o r e c a s t  period; and (3) any forecas ted  changes i n  the r eg iona l  mix of 

genera t ing  capac i ty  w i l l  be sma l l ,  or w i l l n o t  appreciably affec'r the 
, . , . . . .  . . . . .  . . . . . . . . . . .  : 

averpge real ?oat . of capaci ty ,  . . . . 'Ihe i l r s t ; a s s m p t i o n  should .be . . . . . . .  true i n  . . . .  ., 
. . . . . . . . . . . .  . . j  . ' * . t .  :-. . '-':.,' .,... . ;. * . . . .  - . .-. . . . . .  

. a .  
. . . - s ,  . . . 

. theory although it m y  not always be prac t iced  'ihe second assumption is 

c o n s i s t e n t  with t h e  assumption w e  have made wi th  respect tc the c a p i t a l  

cc6t of the A u s t r i a 1  pwer equipnent, and is als, +he assumption bui l t  

into the DOE forecast during the 1985-1995 period. me th i rd  assunption is 

the weakest l ink  in the chain but is not unreascnable. 

a. Historical Peak ~ e m r d  and Ebergy Prices 

The rcpresencative u t i l i t i e s  which we have used in each state/region 

a r e  l i s t e d  i n  Table V-5. In  genera l ,  t h e  u t i l i t y  shown is the  l a r g e s t  i n  

its s t a t e  i n  terms of i rdus t r ia l  electricity sales or is representative OF 

the large u t i l i t i e s  i n  t ha t  state.  Also shown is the specif ic  t a r i f f  and 

its issue date. 

For each u t i l i t y  we have ca l cu l a t ed  the  r e l a t i v e  f r a c t i o n  of demand 

ard energy charges tha t  world be experienced by an industrial  mstoner with 

a ~ e a k  denwd of 10 Mh a d  a lmd factor of 0.8. If we le t  

E = energy usage i n  kkh ( E  = 5.76 million khh) , 
CD!D,E) = month ly  peak demand c o s t  for a cus tomer  w i t h  

purckases D am El 



all 



c ~ ( D , E )  = m n t h l y  urrgy ~ o l l t  for a wtrraar with pnchucs D 
8nd E, 

f D f ~ , E )  = fraction of total ccst which is the peak dcraard (kW) 
m t r  

( - fhct ion ot' total cdst whiih Is the energy ' ( ~ h )  
C Q i t  t 

. . .  . . . . . . . .  . . . . . . .- b a  have. : . . . . .  
. . - . .  . .  .... . . . .  '. . . ?  . . . . . . . . . . .  . . . . . . .  . -  ... . . . .  ... . . : . . ,  ,,,. .' . . ' . :', . , ' . . . . . ........ . . . . .  . . .  , ..: : ..:..: 

C .  . . . . . .  . , . b . .: ;. . . 
. . . . . . .  .. c,+%(DtE' ,.. 

(1) %(D.E) - + %(D,E) + ~ ~ c 2 , ~ F  

The energy and peak demand prices in each reqlon f o r  1977 are then, 

respectively, calculata3 acaxdirq to 

where P1977 is t h e  DOE e s t i m a t e  f o r  1977, fD and f E  were d e f i n e d  

previously, the rat io  of QIP  ice deflators converrs 1980 dollars to B78 

dollars,  the l a s t  r a t i o  m v e r t s  MBtu to kkh, Kd the product of  720 hours 

and 0 .8  is t!!e ratro tetheen ib.h and I64 a t  0.8 load factor. 
1 



1.. 

I b. Bast Year (1990) Prices ard C;rowfh Rates 

Given the  assumption that the price o f  peak demand has a zero real 

[ escalation rate, thn the 1990 wice for peak dunud a d  the 1977 grice am 

I 
identical. '1Pl;rt is, 

I 
mermore, the M i z d  'pak demand wice during the ' 1990-2019 priod ' ' 

. . . . . , . : . 5 .  . . . 5 [ . ~ L U  ,.. a m  . .  - . b'M'- . .  . taut, . .  $s., . . .  r . ' 1 .  . . . . . . . . . . . . .  . . . . . . . .  ............ I . . . . .  . . . . .  - . .  ; . . .  . . .  , , . .  . .  . . . . -  ;" - . *. , . - 
-. '. .! 

I 
I where pD is the levelized peak demand pr i ce  i n  1978 d o l l a r s  per kW. 

We W i n  the 1990 cnerqy price, %tU90t by not* that 

1' 
where 4 9 9 0  is the he f o n t  for 1990. 

1 The post-1990 gro;th rate, g o ,  for the energy price is determined 

I f rm the relationship 

where g is the W E  forecast for t t ie growth rate in  total  e l ec t r i c i ty  

price beyond l990. 



We have alreidy noted in the previous section that the levelized price I 
I 
I 

. for peak denand during the l990-2019 prkd is 

t 

9,1990 = P ~ , l 9 9 0  P~,1977* 
I 

. . *  . . . : 

lhe levelized  ice br energy is given by 
1 
1 

%,I390 ' ~ ~ , 1 9 9 0  
. . .  . . x ~ J r , g '  zfl) . .* - .  . : - .  . . . . . - .  . . . . . . . . . . . . . . . . . . .  . . .  ,.., . . .  

. . . . a .  #..:':.-' . - : . . .  . . . . . . . . . . . . . . . . . .  . . .  . . . .  :. .; .. . .  . . . : . . .  . . .  
. "here. . g~ . is uAe* i s t - i 990  growth rate . f o r  energy kwh! p r i c e  'as 

. : . . . .  . . .  
. . . . . .  . - 

. . 

determined fran (7).  

c . I l l u s t r a t ive  ~xanp le  

To i l l u s t r a t e  the procedures ou t l ined  above, w e  will carry o u t  a 

sample c a l c u l a t i o n  f o r  DOE Region 9, using Ta r i f f  A-7 for Southern 

California disn as shown in  Table V-6. 

Co = 0 

c,(D,E) = $9,350 -00 (fran the t a r i f f  

c~(D,E) = $91,729 -50 (frm the t a r i f f )  
e 

f, = -0925 (f- (1)) 

f~ 

= .go75 (fran ( 2 ) )  

P1977 3 $10.70 p r  MBtu ( fran D2E E p r t )  

p-19~~ ' 1-g8 [ frCln COE W p m  

Pm1980 = 1,715 (£ran IX)E Rprt) 

P ~ ,  1977 = $0.02913 per km ( e m  ( 3 ) )  

%,1977 = $1.710 per l&J (fran ( 4 ) )  

* 
PD, 1990 p~,1990 * p~,1977 

= $ 1 . 7 1 0 p r W  ( frm(5))  



I Table V-6 

I ' - 
. . Depatanent . . of Emxgy N a t i d .  Elecfric mte W . .  . 

. . . .. .. . . . .. . . .. . .:.miff A-7 for wm'mif-:&-..~j. - ' 

Rate: - 

for first 200 kw darrarrd or less 

rrext 1,800 sa n 

a 8,000 n n 

all a d d i t i d  n n 

F k s t  150 )&Jh per kW d d  - 
First 30,000 kwh 2.690C per kSdh 

Balance 2.015C " " 

~ e x t  150 Wh per l&j d d  1.65EC " " 

All Additional kWh 1.320C " " 



p1990 = $11.43 per mtu (fram DOE ~eport) 

p ~ ,  1990 ' - $0.03132 per )djh '(m (6))  

9 = 0.0149 (frcm #IE FePrt) 

Thus. t h e  l e v e l i r e d  p r i c e s  f o r  e l e c t r i c i t y  i n  mE Region 9 (which 

includes the Sta te  of California), f o r  the p r i o d  1990-2019, are 

b, 1990 = $1.710 p r  kb4 

p E O u 9 ~  = $0.03746 per khh 

both expressed i n  1978 do l l a r s .  Values f o r  t h e  o t h e r  r eg ions / s t a t e s  a r e  

provided i n  Table V-7. 

d. BillingDanand 

During months when an i n d u s t r i a l  customer reduces its purchases of  

e l e c t r i c i t y  (i.e., l o w  or zero demand pe r iods ) ,  it is common for t h e  

u t i l i t y  to require the custoner to continue to p y  a sizeable demand charge 

in those months. Zhe actual  practice var ies  from u t i l i t y  t o  u t i l i ty .  Rr 

example, among the u t i l i t i e s  l i s t ed  i n  Table V-5, a payment raqiq £ran 50 

t o  100 percent of the highest demand charge i n  the preceding 12 m t h s  is 

typical .  

For t h e  four  i n d u s t r i e s  we  a r e  examining, some have per iods  wi th  

demald f a l l i n3  as low a s  65 to 75 F e r a n L  We have assumed, t.owever. that 



. . (in 1978 dollars) 

I 2 (New Yak) 

I 

5 (Wisconsin) 

6 (-1 

9 (California) 1.710 
.) 

10 (Washington) 0.000 

united states*' 



t he se  low demand periods are in te rspersed  throughout t h e  year (La., 
1 

nights, weekends, 2-3 week maintenance periods) so t ha t  the monthly demand 

for pak demMd bi l l ing  purpses is amstan t  throughout the p a r .  
t 

e. Standby Olpacity 
. . . .  . . 

we have assumed tha t  stardby capacity can be bar,ht fran the u t i l i t y  I 
a t  the p r i c e  -of '$2 pe r  kW per month. This f l g u r e  is c o n s i s t e n t  wi th  t h e  . .., . . . . . . 

. U.S. average peak.demand p r i c e  &own i n  ~ d l e .  ih7. m a t  'is;: one would ' , 

. . .  . .,.: .:. . .. . . .. . . ..." , \ .. .. . ' :, . ...... . .. .. . .. . . * .. . , .. ' . . 
expect  the s tandby chhrge to be' somethi&' iess than a \itil .itylsiong run . . . . . . 
marginal cost f o r  crbacity -- a f i g u r e  which i n  theory is r e f l e c t e d  i n  a 

' 

u t i l i t y ' s  peak demand price- 

1. ~ r y - ~ a c k  n i c e  

We have assumed tha t  e l ec t r i c i t y  can be sold back t o  the u t i l i t y  a t  a 
i 

price equal to 60 percent of the u t i l i t y ' s  selling price. In the notation 

of the previous sections, the levelized buy-back p-ice is thus 

However, the model is b u i l t  i n  such a way as to  a l low us  to e a s i l y  vary 

this ra t e  from 0 to 100 percent of the u t i l i t y ' s  s e l l i r q  price. 

2. my-mck ~ i m i t s  

Although in past years i d u s t r i a l  generators of e l ec t r i c i t y  have had 

the  t h r e a t  of r egu la t ion  hanging over  them i f  they engaged i n  s a l e s  of 

e l ec t r i c i t y ,  recent moves by F'ERC have sought to remove these inhibitions. 

Specifically, cogenerators, small power pmdrces under 30 Mk capacity, a d  

f a c i l i t i e s  generating e l ec t r i c i t y  f m  bianass would be exempted f ran  most 



state and federal  rate regulation under r u l e s  recently  proposed by PERC. 

R n d i n ~  reralution of th i s  issue, we have assumed that there art no l i m i a  

on sales of excess p w r ,  except tbse  limits impxed by the .arnaics of 

the situation. 



I.. 

VI. INXJsTMES ANALYZED IN PIEPDm 

Data on four kdustries are included fir analysis in the strrdy. mese 

are: newsprint, writing paper, ddorine, ard petroleum r e f i n l q .  mrgy 

demand d a t a  were r e c e i v e d  f rom NASA/JPL i n  t h e  form of a l o a d  

r a t i o /du ra t ion  p r o f i l e  for each industry.  These profiles were all 

censtructeh on h e  assumption t h a t  thermal  and e l e c t f i c  demanps, are i n  

phase a t  all time6. . . 
A yea r  is taken t o  c o n s i s t  of 8,760 hours. Although most of t he  

industries operate for less hours, the load ratio/demard prcdile for each 

was scaled i n  such a way as to male their actual  demands consistent with an 

8,760 hour year. Annual opera t ions  i n  each industry ,  except  petroleum 

refining, are b m h n  down in to  three time pericds. mse correspord to the 

hours of peak, normal, ard low k-duct ion ac t iv i ty  i n  the industry. Eemand 

i n  t h e  normal per iod was taken t o  be t h e  annual average f o r  t h e  industry.  

The pak demand is generally abart 10 p r c e n t  more than that of the no-1 

period. For t h e  ca se  of petroleum r e f i n i n g ,  t h e r e  are fou r  time per iods  

instead of three.* 

Tables VI -1  to VI-4 g ive  t h e  e l e c t r i c  and thermal  demands f o r  each 

indus t ry  a s  ca l cu l a t ed  from its load r a t i o /du ra t ion  p ro f i l e .  Our 

technology model has equipment capable of prducing saturated steam a t  50 

p i g ,  150 p i g ,  300 p i g ,  450 pig, and 600 p i g .  I t  a l so  has equipnent i n  

the fonn of boi lers  or heat recovery steam generators for  p r d u c i q  high 

* I t  should be noted t h a t  t h e  load r a t i o /du ra t ion  f o r  each indus t ry  is 
assumed to remain constant over the 3 0 - s a r  p r i o d  covered by the study. 

VI-1 



(SIC 2621) 1 

mt W a t e r  ' 1 

Pariod 1' 657.00 U20. 0 77.0 260.70 162.80 

Period2 6876.60 1200.0 70.0 237.00 148.00 

Period 3 1226.40 840.0 49.0 165.90 103.60 

-a~ Electricity soPps-i= @ 140q 
lanards - Bouts - (-/day) (I'm (10 B w h r )  (lo6 -) 



. . 
' Table VI-3 

Chlorim (SIC 2812) 

ProCtuctiol! Electricity 50 psig Steam I50 g Stew 
DaMllds Hours - (tons/day) (Ew] 

gd (106 B.tu/hr) (10 B*) 



GRiGlidLI I : l - . ;  .E Is 
OF POOR QUALITY 



1 .  . f o r  producing high pressure steam a t  600 psig- SOO OF, 850 psig-~ZSOF, and 

1,450 p s i g - 9 5 0 ~ ~ .  Whenever the  type of 2mcess steam demanded i n  a n  

1. industry does not exac t ly  match one of these steam types, we make t h e  

assumption that the demand i n  f o r  the  next highest  steam pressure i n  our 

model. This is m i s t e n t  with our techmlogicdr assumption that stem may 

I be throttled to lower press- stem or to hot water without any emrgy 
.( 

' . loss, and a t  no e x t r a  cost. (rnusr f o r  example, i n d u s t r i a l  demand. f o r  30.  
. . . . . .  . . . . .  . .  . . 

. I . . . .  
... . . .'. .., -y. 8 .  . .  . . a .  

. . . .  
..; . . :. 

: . ; ,ii b e H a  ii 'rC-ncG :.P : d a  kr oro '&iq .in .,-ii . 



A. CNerview 

fie original scape of the project w a s  to siarultanearsly aptimize the 

selection a d  q e r a t i a  of tecfurologies within each of the st;ateof-theart 

systems and cdvanced-systeras groups af technologies as listed i n  Teble 

11-1. Thus, for each group, an optimal mix of equipment and aperating 

policies would have been &tained, ard a direct compariwn acrass graups 

could have been made. However, i n  running the model with t h i s  object ive 

for the state-of-the-art systems group, it became obvious that the 

cunputatiaral canplexity of the poblem would l e d  to ~ahib i t ive  canputer 

time atpellSe8. WLM W L e R C  apprwal, a charge i n  objective was weed 

u p .  Instead of s i m u l l x m x d y  optimizing a l l  systems within a graup, a 

aone-at-a-timea optimization of the tedmologies was done for a selected 

set of tecfirrologies and regional conrbi~tions This set is shown i n  Table 

IV-1. This  &lows a cost comparison of the best investment/operation 

combination across t&e technologies considered. Even w i t h  this revised 

objective, however, optimality was not reached for a l l  the technol%ies 

o~nsidered. In particular, the AFB steam systems and the state-of-theart 

steam systems were m t  run all the way to cptimdlity because of canputer 

expense limitations In these cases, the solution and annual ccst shown is 

the best solution found prior to  termination. I n  these cases, the table 

also shows the estimated lower bound, The interpotation that should be 

made is that there my exist one or more adaitional solutions which have a 

lower cast than the best one foud ~ i o r  to terminatioh However, mne of 

these additional solutions, i f  any exist, would have a lower annual cost 



than tha t  given by the l o m r  bound. A more detailed explanation of the 
, I a p t i m i z a t i m  mettablogy can be foud i n  Appndix & 3 

This  chapter a n t a i m  a detailed description of the optimization 1 

resul ts  for  each of the cases analyzed. The result8 are presented i n  the I ! 

form of tables, w i t h  each table crontaining the followirg infomation : 1 i 
The definition of the case that was analyzed, includt-: 1 

: .  . . - The hiustry urckr consideration. 

- Ime buy-back rate that was ass-. 

8 !he prcctss steam Md electric demrds i n  each time periocr 
and the lerqth of ea& tinre period. 

8 The equipent actually selected. 

8 A summary of how the equipment was operated i n  each time 
period. 

The tables provided i n  Section B of t h i s  chapter are  organized as 

shown in  Tacle VII-1. Entries in the table correspond to the page number 

i n  Section B. 

Section C of this chapter contains energy flow di*rams for a selected 

number of the analyzed cases. Asterisks i n  Table V I I - 1  indicate these 

aaaitional cases where greater de ta i l  about the quantities of fuel and 

e lec t r ic i ty  purchased and the quantities of steam and e lec t r ic i ty  

generated, in each time period is provided. 





Fbr various reusons the solutions obtaimd by the model i n  same cases 

were mntrary ts what might have been expected. We next examine some of i 
these masons. 4 

1 
In same cases, the number of &vices picked by the model a p p a r s  to be 

an inordinately large number. Fbr example, i n  the  Newsprint, U S .  average, 

no oogeneration 60% buy back rate case (VII-7), 19 50 psig package boi le rs  

. . were pick@. The reaSgn f o r  t h i s  is t h a t  p s i z e  l i m i t a t i o n  of 20,700. . . . .. . . .  . . . . .. ',. ... . . . . .  . . 
. I : .  . . .  . . . . . . . ... , . t... . .. . . ,*; .... ' ;:I.";). . .-.' 

. , : l ~ ~ / ~ ~ j -  * pjhc~d.' , .~n' 6G hChge 'boilets :&at : ' b ~ i d  bea p*rbba8eho-.- A. 
. . .  . . . . . . .A 

s i m i l a r  phenomenon occurs  i n  t h e  ~ e w s ~ r i n t ,  U.S. average,  advanced o&n -1 
j 

cycle gas turbi- 60% buy back case (VII-111, 16 package boi lers  9 1 
1 MW open cyc le  gas  t u r b i n e  were picked. Again, t h e r e  was a 1 MW s i z e  

. . . . ; 

l imi ta t ion  on the package boilers. Different mximum sizes would probably 

have resulted i n  a smaller Nlmber oi mits being selected. 

I n  some of the cases  where t h e  model s o l u t i o n s  d id  no t  run t o  

optimality (state-of-the-art and AFB steam turbines) steam was extracted a t  

150 psig when there was no demand f o r  s~?am a t  150 psig, i n  any of the t i m e  

periods. Cases VII-9, VII-13, VII-14, and VII-28 a r e  cases i n  which t n i s  

happens. The reason fo r  ttus is t h a t  had the solution process contiwed, 

t he  s o l u t i o n  without  e x t r a c t i o n  a t  150 p s i g  would have been found and 

recognized to be cheaper and r e t a ined  ins tead  ot the s o l u t i o n  wi th  

e x t r a c t i o n  a t  150 psig. Thus, t h i s  qu i rk  is a r e s u l t  of the s o l u t i o n  

process not having proceeaed f a r  enough. 

A counter-intuitive resu l t  is ootained i n  the Newsprint, U S .  average, 

s ta te -of - the-ar t  t u rb ines  w i t h  a 130% buy back r a t e  case  (VII-14). 

E l e c t r i c i t y  is purchased a t  t h e  peak demand r a t e  of 77 MW i n  a l l  t h r e e  

periods However, all excess electricity purcfiased toqether with a l l  its 

production is so id  back t o  the gr id .  The reason f o r  t h i s  is t h a t  by 

VII4 ORIG!T'*IAL PAGE IS 
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\ ' pu&iasing as much electricity as it can to satisfy peak period demand, no 

I standby capacity needs t o  be purchased i n  any of the three periods. 

Because of the 100% buy back rate,  the excess in  the two non-peak periods 

l and the production can a l l  be sold back t o  the grid. The solution chosen 

i up t o  t h z s  point in  the soiution process purchases a standby c a p c i t y  of 
I 

3.96 MW. This is only because the solution with 0 standby capacity 

I purchase (which is cheaper) has not yet been evaluated by the solution 
1 .  

. -s mntually,  the aatter. s ~ l u t i m  carlq .be picked' over- any- slution . . -. . . - '  
. . . . . 

I -  ' that prcha&es standby electricity. 

h f a i r l y  complicated case is now examined in  detail .  T h l s  is the 

I Newsprint, national average, advanced open cycle gas turblne for combined 

i cycle case with a 60% buy back rate (VII-13). 1 4.75 MW steam turbim aM 

1 3 1 0  MW open cycle gas turbines were purchased i n  addition to  1 4  package 

boilers. One of the gas turblnes was used for  reserve and no standby 
I 

capacity was pur&ased. ?he amornt of electricity purchased from the grid 

1 was 52.25 MW, 52.25 MW and 40.45 MW in each of the three perlods 

I respectively, resuiting in  an overall purchase of 75% of the e lec t r i c i ty  

requirements. Zhe steam tur~ine was nxn a t  full load i n  ail three periods 

producing 4.75 MW of e lec t r ic i ty  while the gas turbines were r u n  a t  688, 
I 

438 and 12.7% of capacity, respectively, in  each of the 3 time periods. 

I There was a sale  of 0.55 MW of e lec t r ic i ty  i n  the peak period. No 

I 
e lec t r ic i ty  was solo in ei ther  of tne other two periods. Steam was 

extracted a t  150 p i g  and throttled down to 50 psig contrary to enqineering 

I practice. A s  pointed out ear l ie r ,  this is because the solution wi th  no 

extraction a t  150 psig has not y e t  been anaiyzed by the solution process 



B. Tables G i v i n g  Details Abaut t h  

Optimization Results 



INDUSTRY: 2621 - NEWSPRINT . . 
REGION: U. S. AVERAGE . a , '. 

CASE: NO COGENERATION; 60%. BUY BACK RAT'E . . 

EQUIPMENT OPTIONS: 

PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL O I L  A N D  DISTILLATE OIL s . . 

PURCHASED ELECTRICITY .. .. H 
I .. .._ 
4 . . . . 

EQUIPMENT SELECTED:  . .  . . . . . 

OPERATING SUMMARY: 
I 

*'.. 
BOUGHT A L L  O F  ITS ELECTRICITY FROM T H E  GRID. 

SUPPLIED ALL STEAM AND HOT WATER REQUIREMENTS FROM.+HE PACKAGE BOILERS. 

HOT WATER MADE AVAILABLE BY THROTTLING FROM SO PSIG STEAM. 
. . 

ONE O F  T H E  PACKAGE BOILERS WAS USED AS BACKUP. 
. . 

O U T P U T  WAS 96% O F  CAPACITY IN T H E  PEAK PERIOD. 

O U T P U T  WAS 88% O F  CAPACITY IN T H E  SECOND PERIOD. 

O U T P U T  WAS 6 1% O F  CAPACITY IN T H E  THIRD PERIOD. 

H O T  W A T E R  
@ 140° 
(MBTU/HR) 

162.80 

'148.00 

103.60 

. . . . 
50 PSIG S T ~ A M  

(MBTU/HR) 

260.70 

237.00 : 
165.90. - 

ANNUALIZED COST: 

M$ 37.84754 

I 

ELECTRICITY 
(MW) 

77 . 

70 

49 

PRODUCTION 
(TONS/DAY) 

1320 
t 

1200 

840 

DEMANDS 

P E R I O D  1 

P E R I O D  2 

P E R I O D  3 

HOURS 

657.00 

6876.60 

1226.40 
L 



. . .  

INDUSTRY: 24 - NEWSPRINT 

R ECION: U. S .  A V E R A G E  . .: . 

CASE: SOA S T E A M  TURBINES;  60% BUY BACK RA.$E 

. . 
EQUIPMENT OPTIONS: .* . 

PACKAGE BOILERS F IRINC NATURAL GAS, RESIDUAL O I L  AND-~~S'I'ILMTE OIL 
CONVENTIONAL HIGH PRESSURE BOILERS FIRING NATURAL G A ~ ,  RESIDUAL O I L  A N D  

C O A L  (WITH F C D )  :.. s . . -. ' 
CONVENTIONAL S T E A M  TURBINES . . 
PURCHASED E L E C T R I C I T Y  . : 

. : .  

EQUIPMENT S E L E C T E D :  , 

1 14 .25  MW TURBKNE. I N P U T  S T E A M  A T  8 5 0  F S 1 ~ / 8 2 5 ~ F ,  EI~HA'UST A T  50 PSIG. NO 
EXTRACTION.  

, 

3 100 ,000  L B l H R  HIGH PRESSURE BOILERS PRODUCING S T E A ~ A T  850 F S 1 ~ / 8 2 5 ~ F .  
A N D  FIRINC COAL. 0 * 

4 50 PSIG PACKAGE BOILERS OF SIZE 2 0 . 7  . 103 LBIHR, A N D ' ~ I R ~ G  NATURAL GAS. . . 
O P E R A T I N G  SUMMARY: . .  

PURCHASED ABOUT 80% O F  ITS E L E C T R I C  REQUIREMENTS.  :. 
PURCHASED STANDBY E L E C T R I C A L  CAPACITY O F  14 .25  MW. . .'::. 
NO E L E C T R I C I T Y  SOLD. 
O P E R A T E D  TURBINE A T  10070 O F  C A P A C I T Y  (14 .25  MW) IN T H E  PEAK A N D  S E C O N D  PERIODS,  

A N D  A T  78% O F  CAPACITY (1  1 .08  MW) IN T H E  T H I R D  ~ ~ 8 1 0 ~ .  
EXHAUST FROM T H E  TUR BKNE S A T I S F I E D  68%, 810J0, A ND 100% OF .THE DEMANDS F O R  

50 PSIG S T E A M  AND H O T  WATER IN T H E  PEAK,  SECOND,.,AND T H I R D  PERIODS 
R E S P E C T I V E L Y .  . .. 

DESUPERHEATING OF HIGH PRESSURE STEAM SATISFIED  ABOUT.^^ OF PROCESS 
DEMANDS IN BOTH T H E  P E A K  AND S E C O N D  PERIODS. NO DESUPERHEATIMG 
IN THIRD PERIOD. A L L  H O T  WATER REQUIREMENTS ME ' f -BY T H R O T T L I N G  . 
50 PSIG STEAM.  

ONE OF THE PACKAGE BOILERS USED AS BACKUP. REST G E N ~ R A T E D  ABOUT 257; 
O F  THE PROCESS REQUIREMENTS IN T H E  P E A K   PERIOD,:.'^^% IN T H E  S E C O N D  
PERIOD,  AND W E R E  S H U T  O F F  IN T H E  THIRD PERIOD. . % '  

ANNUALIZED COST: LOWER B O U ~ D :  

HOT WATER 
@ 140° F 
(MBTU/HR) 

1 62. 80 

148.00 

103.60 

50 PSIG STEAM 
(MBTU/HR) 

260.70 ' 

. . 
237.00. .  

165. 90:: "' 

ELECTRICITY 
(MW) 

77 

70 

49 

PRODUCTION 
(TONS/DAY) 

1 3 2 0  

1 2 0 0  

8 4 0  

DEMANDS 

P E R I O D  1 

P E R I O D  2 

P E R I O D  3 

HOURS 

657.00 

6876.60 

1226.40 



REGION: U. S. AVERAGE 

CASE: A F B  STEAM TURBINES; 60% BUY BACK R A T E  

EQUIPMENT OPTIONS: 

PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL O I L  AND DISTILLATE OIL. 
A F B  BOILERS FIRING COAL. . . 
CONVENTIONAL S T E A M  TURBINES. 
PURCHASED ELECTRICITY.  

EQUIPMENT SELECTED:  

1 19 MW TURBINE. INPUT S T E A M  A T  850 P S I G / ~ ~ S ~ F ,  E X T R A C T E D S T E A M  A T  150 PSIG, 
EXHAUST S T E A M  A T  50 PSIG. I 

4 100,000 LB/HR A F B  BOILERS. 

I 

OPERATING SUMMARY: 

PURCHASED ABOUT 7870 O F  ITS ELECTRICITY FROM T H E  GRID. 
PLTRCHASED 16.6 MW O F  STANDBY CAPACITY. . 
O P E R A T E D  TURBINE A T  877' O F  CAPACITY (16.6 MW) IN T H E  P E A K  PERIOD. 
O P E R A T E D  TURBINE A T  81% O F  CAPACITY (15.4 MW) IN T H E  SECOND PERIOD. 
O P E R A T E D  TURBINE A T  57% O F  CAPACITY (10.8 MW) IN T H E  THIRD PERIOD. 

' 

SOLD NO ELECTRICITY.  
EXTRACTED STEAM WAS 67 .5  MBTU/HR IN T H E  PEAK PERIOD, 34.8 MBTU/HR IN T H E  

SECOND PERIOD, AND Z E R O  IN T H E  THIRD PERIOD. EXTRACTED S T E A M  T H R O T T L E D  
DOWN TO 50 PSIC. NO DIRECT DESUPERHEA FING O F  HIGH PRESSURE S T E A M  TO 
LOWER PRESSURES. T H E  REMAINING STEAM AND HOT WATER NEEDS OBTAINED 
FROM TURBINE EXHAUST. . \ 

ANNUALIZED COST: 

M$ 27.9187 

50 PSIG STEAM 
(MBTU/HR) 

260.70 

237.00 

1 6 5 ~ 9 0 '  

E L E C T R I C I T Y  
(MW) 

77 

7 0 

49 

m 

DEMANDS 

P E R I O D 1  

P E R I O D  2 

P E R I O D 3  

LOWER BOUND: 

HOT WATER 
@ 140° 
(MBTU/HR) 

162,80 

l48,OO 

l03,60 

HOURS 

657.00 

6876.60 

1226.40 

PRODUCTION 
(TONSIDAY) 

1320 

1200 

840 



I .  .. 
INDUSTRY: 2621 - NEWSPRINT . . . r 

' .. . . .  
REGION: U. S. AVERAGE . . .  

CASE: ADVANCED CLOSED C Y C L E  GAS TURBINE - A F B ;  60% BUY -. . BACK RATE 
.. . . HOT WATER 

PRODUCTION E L E C T R I C I T Y  50 PSIG S T ~ M  @ 140° F 
DEMANDS. HOURS (TONS/DAY) (MW) ( M B T U / ~ ~ R )  (MBTUIHR) 

... P E R I O D 1  657.00 1320 77 260,70:' . 162.80 

P E R I O D  2 6076.60 1200 70 . 237.0~:: 148.00 

P E R I O D  3 1224.40 840 49 165, 90;. ' 103,60 
. . 
i 

EQUIPMENT OPTIONS: - ,  . 
PACKAGE BOILERS FIR WG NATURAL GAS. RESIDUAL OIL AND:QISTILLATE OIL. 

i5 ADVANCED CLOSED C Y C L E  GAS TURBINE - A F B  EQUIPPED WITH H W T  RECOVERY BOILER. 
H PURCHASED ELECTRICITY.  . .I I ..- . . 

. . .  z - 
E Q ~ I P M E N T  SELECTED:  . . .  , . . :. 

2 50 PSIG PACKAGE BOILERS O F  S I Z E  5,000 LB/HR AND FIRIN~.NATURAL GAS. 
4 10 MW COGENERATORS (CLOSED CYCLE GAS TURBINES - AFB)'. 

0 

. . 

OPERATING SUMMARY: . . . . .  . -- - 

PURCHASED ONLY 48% O F  ITS E L E C T R I C  REQUIREMENTS. 
GENERATED ABOUT 527. O F  E L E C T R I C  DEMAND IN EACH T I M E  'PERIOD; 40 MW IN THE 

PEAK,  36.3 MW IN T H E  SECOND, AND 25.03 MW IN T H E  THIRD. 
COGENERATORS PRODUCED STEAM A T  600 R I G  (SAT. ), 450 PSIO,. . . 150 RIG, AND 50 PSIG. - 

ALSO PRODTJCED HOT WATER. .r 

THE PACKAGE BOILERS WERE USED ONLY IN THE PEAK P E R I O ~  :- TO PRODUCE. 92 MBTUIHR 
OF 50 PSIG STEAM (LESS THAN ONE HALF OF 1% OF THE REQUIREMENT). THE 
COGENERATORS S U P P L I E D  PRACTICALLY A L L  T H E  S T E A M  AND HOT WATER 
REQUIREMENTS. 

STANDBY CAPACITY OF 10 MW WAS PURCHASED. ONE OF T H I ~ ~ A C K A C E  BOILERS USED AS 
BACKUP. -i= ' 

SOLD NO ELECTRICITY.  

ANNUALIZED COST: 

M$ 27.0456 



. . 
INDUSTRY: 2621 - NEWSPRINT 

REGION: U. S. AVERAGE 

CASE: ADVANCED O P E N  C Y C L E  GAS TURBINE - (CDR); 60% BUY: BACK R A T E  
. .. 

i-i 

b 

! - 
EQUIPMENT OPTIONS: 

PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL OIL AND D~TILLATE OIL. 

ADVANCED OPEN CYCLE GAS TURBINE FIRING COAL DERIVED RESIDUAL. EQUIPPED 
b5 WITH HEAT RECOVERY BOILER. 

50 PSIG STEAM. 
( M B T U / ~ R )  

260. .70 .. 

237.00.. 

165,90; . .  . 

ELECTRICITY 
(MW) 

77 

70 

49 

DEMANDS 

P E R I O D  1 

P E R I O D  2 

PERIOD 3 

PURCHASED ELECTRICITY.  

HOT WATER 
@ 140° F 
(MBTU/HR) 

162,80 

148.00 

103.60 

EQUIPMENT SELECTED:  

16 50 PSIC PACKAGE BOILERS O F  S I Z E  20.7 x lo3 LBIHR AND FIRING NATURAL GAS. , 

HOURS 

657.00 

6876.60 

1226.40 

9 1 MW COGENERATORS (OPEN C Y C L E  GAS TURBINE - C D R )  

PRODUCTION 
(TONSIDAY) 

1320 

1200 

840 

OPERATING SUMMARY: 

BOUGHT 98% OF E L E C T R I C  REQUIREMENTS. USED O N E  OF T H E  COGENERATORS AS 
BACKUP S O  DID NOT HAVE T O  BUY STANDBY E L E C T R I C A L  CAPACITY. T H E  
REMAINING 8 W E R E  O P E R A T E D  A T  99% O F  CAPACITY (7.9 MW) IN T H E  P E A K  
PERIOD, 9% O F  CAPACITY IN T H E  SECOND PERIOD (. 72 MW), AND 37. O F  CAPACITY 
(. 25 MW) IN T H E  THIRD PERIOD. 

ONE O F  T H E  PACKAGE BOILERS WAS USED AS BACKUP. T H E  REMAINING 15 W E R E  RUN 
A T  100% O F  CAPACITY IN BOTH T H E  PEAK AND SECOND PERIODS, AND A T  70% 
O F  CAPACITY IN T H E  THIRD PERIOD. 

T H E  PACKAGE BOILERS S U P P L I E D  86% OF T H E  STEAM AND H O T ~ A T E R  REQUIREMENTS 
IN T H E  PEAK PERIOD, 95% IN T H E  SECOND PERIOD, AND.94% IN T H E  THIRD 
PERIOD. T H E  R E S T  W E R E  S U P P L I E D  BY T H E  COCENERA.TORS. 

. . 
. i .  

ANNUALIZED COST: . . . . 
M$ 37.8218 

1 



. % 

INDUSTRY: 2621 - Newsprint . .! 
REGION: National Average . .  .. . 
CASE : Cogeneration with advanced open cycle ghs turbine - AFR; 60% buy back rate 

2 

HOT WATER 
DEMANDS HOURS PRODUCTION ELECTRICITY 5Opsig .S-AU d 140°P 

(tons/day) (Mw) (MEfu./hr) s (MBtu/hr) 

PERIOD 1 657.00 1320 77 260.70 162.80 
1' 

PERIOD 2 6876.60 1200 70 237 .D9 ' 148.00 
: r 

PERIOD 3 1226 -40 ' 84 0 49 * 165.06 103.60 
b 

EQUIPMENT OPTIONS: Package boilers fir in^ natural gas, residual 011, &d:distillate oil 
Advanced open cycle gas turbine firing coal in an A- furnace, and equipped 
with heat recovery boiler 
Purchased electricity 

.. . 
' s . . 
7 EQUIPMENT SELECTED: 3 10MW Cogenerators (Advanced open cycle gas turbl&s - APB) 
fi OPERATING SUMMARY: Purchased about 77% of electricity requirements. Purchase of standby was only 

5.18HW. Electricity generated in plant was 25.18MW, 21.2Hll, and 9.26Mll for 
the lst, 2nd and 3rd periods respectively. Thase.'represent operating levels 
of 84%, 71% and 31%. In terns of percentage of reqpirenients they were 33%. 
30% and 19% for the 3 periods. . i . 
Precisely the right amount of 600psig saturated stem was produced at these 
operating levels to make it possible to satisfy t h e  50psig steam and hot water 
requirements by dethrottlin~. ... - 

' .'. 
ANNUALIZED COST: M$ 30.00 - (Optimal) . . -. - . 
COMPONENTS OF COST: Cogenerators (Cap.+O&M) = M$ 7.354, Coal = M$ 8.50, :'~.iectricit~ purchase = US 14.0 

Standby capacity = M$ .I24 . . 



INDUSTRY: 2621 - Newsprint 
REGION: Na t iona l  ave rage  
CASE: Advanced open c y c l e  g a s  t u r b i n e  f o r  combined c y c l e :  609 buy back rate 

DEMANDS I HOURS I PRODUCTION I ELEE;;CITY 
( t o n s l d a y )  

PERIOD 1 

PERIOD 2 

PERIOD 3 
I 
1 . . 

EQUIPMENT OPTIONS: Package b o i l e r s  f i r i n g  n a t u r a l  g a s ,  d i s t i l l a t e  o i l  .$nd r e s i d u a l  o i l  
Conventional  h igh  p r e s s u r e  steam t u r b i n e s  
Advanced open c y c l e  g a s  t u r b i n e s  f o r  combined c y c l e ,  f i r i n g  coal d e r i v e d  
r e s i d u a l  o i l ,  and *quipped w i t h  h e a t  recovery  b o l l e . ~ s  
Purchased e l e c t r i c i t y  . . 

50ps ig  STEAU 
(MBtu/hr) 

260.70 : .  . 
237.00' . . 

EQUIPMENT SELECTED: 14 g a s  f i r i n g  50ps ig  package boilers of  s ize  20,000~. l b / h r  
1 4.75MW steam t u r b i n e .  Inpu t  steam a t  850psig/8250F e x t r a c t i n g  a t  150ps ig  
and condensing 
3 lOMW open c y c l e  g a s  t u r b i n e  ( c o g e n e r a t o t )  I 

HOT WATER 
@ 1400F 

(MBtu/hr) 

162.80 

148.00 

657.00 

6876.60 

b 
1226.40 

OPERATING SUMMARY: Purchased 75% of e l e c t r i c i t y  requi rements .  Purchased no s tandby c a p a c i t y .  
Sold.55MW e l e c t r i c i t y  i n  peak pe r iod .  Had r e s e r v e  c a p a c i t y  of  1 0 M .  
Per iod  1: Cogenera tors  a t  68% o f  c a p a c i t y .  Produced 20.55MIl of elec, 

108.6 MBtu/hr h igh  p r e s s u r e  s team and 13.1 WBtu/hr o f  h o t  water .  
The steam t u r b i n e  run  a t  f u l l  c a p a c i t y  p i t h  47.99 MBtu/hr of  t h e  
h i g h  p r e s s u r e  s team, 32.53 HBtu/hr of which was e x t r a c t e d  a t  
150psig .  The remaining h igh p r e s s u r e  steam, t h e  e x t r a c t e d  steam, 
t h e  condensed s t e a m , , a n d  t h e  o u t p u t  of  package boilers-pent t o  
s a t i s f y  t h e  demands f o r  5 0 p s i g  steam and'-.for h o t  water. 

Pe r iod  2 :  Cogenera tors  a t  43% of  c a p a c i t y  produced 13Mll elec, 81.2 MBtujhr of  
H P  steam and 8 . 3  MBtu/hr h o t  w a t e r .  Steam t u r b i n e s  a t  f u l l  load .  
Input  = 47.99 MBtu/hr, e x t r a c t i o n  a t  32.53 MBtu/hr. 

Pe r iod  3 :  Cogenera tors  a t  12.7% 02 c a p a c i t y  produce'd 3.8t.lW elec, 47.99 WBtu/hr 
WP s team,  and 2.4 MBtu/hr hot  wa te r .  MP steam used t o  run  steam 
t u r b i n e  a t  f u l l  load .  

ANNUALIZED COST: M$ 38.47 Lower bound = M$ 33.645 

1320 

1200 

840 

77 

70 

49 



INDUSTRY: ; - NEWSPRINT 
. . 

REGION: U. S. AVERAGE 

CASE: SOA S T E A M  TURBINES; 1007. BUY BACK RATE 

EQUIPMENT OPTIONS: 

DEMANDS 

PERIOD 1 

P E R I O D  2 

P E R I O D  3 

PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL OIL AND D~TILLATE OUI. 
CONVENTIONAL HIGH PRESSURE BOILERS FIRL.*T ?IATURAL G&$, RESIDUAL OIL, AND 

COAL (WITH FGD). 
CONVENTIONAL S T E A M  TURBINES. . . .. . 
PURCHASED ELECTRICITY.  . . 

5 EQUIPMENT SELECTED:  
* .  

n 
I 3 4 . 7 5  MW TURBINES. INPUT S T E A M  A T  8 5 0  ~ 1 ~ 1 8 2 5 ~ ~ .  EXTRACTION A T  150 B I G *  z # . . EXHAUST A T  50  PSIG. 

2  300,ooo LB/HR HIGH PRESSURE BOILERS F~RING COAL AND &ODUCING STEAM AT 
850  ~ ~ 1 ~ j 8 2 5 O F .  I .  

...A: : 

HOURS 

657.00 

6876.60 

1226.40 

OPERATING SUMMARY: 

PURCHASED ELECTRICITY A T  T H E  PEAK R A T E S O F  DEMAND (77:MW) IN A L L  T H R E E  
P E R  IODS . ... 

PRODUCTION 
(TONS~DAY) 

1 3 2 0  

1 2 0 0  

8 4 0  

O P E R A T E D  TURBINES A T  67% O F  CAPACITY (9.5 MW) IN T H E  P-K PERIOD, EXTRACTING 
o MBTU/HR.  

. : . . . - .  .. 
O P E R A T E D  TURBINES A T  91% O F  CAPACITY (12.96 MW) IN THE SECOND PERIOD, 

EXTRACTING 9 5 . 5  M B T U /  HR. .. . 
OPERATED TURBINES AT 697. OF CAPACITY (9.87 MW) IN THE GIRD PERIOD. EXTRACTING 

lo .  1 MBTU/HR. : .-. 
PURCHASED STANDBY CAPACITY O F  3.96 MW. . .I . 
SOLD BACK ALL EXCESS ELECTRICITY PURCHASED TOGETHER~WTTH ALL OF ITS 

PRODUCTION. . . .. . 

DESUPERHEATED HIGH PRESSLRE S T E A M  T O  50  R I G  S T E A M  ~%'167.6  MBTUIHR 
IN T H E  PEAK PERIOD. E X T R A C T E D  S T E A M  T H R O T T L E D D O W N  T O  50 R I G .  
T H E  R E S T  O F  T H E  PROCESS REQUIREMENTS M E T  BY T U ~ B I N E  EXHAUST. 

ANNUALIZED COST: 

M$ 31. 5242 

E L E C T R I C I T Y  
( M W )  

' 77 

7 0  

4 9  

50 PSIO S-M 
( M B T U I H R )  

260.76% . 
237.00 . 
165.90; . 

HOT W A T E R  
@ 140° F 
(MBTU/HR) 

162,80 

1 4 8 , O O  

103,60 



INIIUSTRY: 2621  - NEWSPRINT 

REGION: U.S. A V E R A G E  

CASE: A F B  S T E A M  TURBINES;  100% BUY BACK R A T E  

EQUIPMENT C J 1"7 IONS: ...--- - 
PACKAGE BOILERS FIRING NATURAL GAS, 
A F B  BOILERS FIRING COAL. 
CONVENTIONAL S T E A M  TURBINES.  

s PURCHASED ELECTRICITY.  
Y 

D E M A N m  

P E R I O D  1 

P E R I O D  2 

P E R I O D  3 

-1 - . . 
. .: . c.. 

Vc EQUIPMENT S E L E C T E D :  

1 1 9  MW TURBINE.  I N P U T  S T E A M  A T  8 5 0  P S I G I ~ ~ S ~ F ,  EXTRACTION A T  1 5 0  R I G ,  
EXHAUST A T  5 0  PSIC. 

5 100 ,000  L B l H R  O F  A F B  BOILERS PRODUCING 8 5 0  ~ 1 ~ 1 8 2 5 ~ ~  STEAM. 8 

I 

.. 
O P E R A T I N G  SUMMARY: 

PURCHASED E L E C T R I C I T Y  A T  T H E  P E A K  R A T E  O F  DEMAND ( 7 7 . M ~ )  IN A L L  T H R E E  P E R I O m .  
O P E R A T E D  TURBINE A T  87% O F  CAPACITY (16.6 MW) IN T H E  P E A K  PERIOD. 
O P E R A T E D  TURBINE A T  81% O F  CAPACITY (15 .4  MW) IN T H E  SECOND PERIOD. 
O P E R A T E D  TURBINE A T  57% O F  CAPACITY (10 .8  MW) IN T H E  THLRD.PERIOD. 
S O L D  BACK A L L  EXCESS  E L E C T R I C I T Y  PURCHASED T O C E T H E R . W I T H  A L L  O F  ITS PRODUCTION, 

THUS AVOIDING HAVING T O  BUY STANDBY CAPACITY.  B U T  T H E N  H A D  TO I N S T A L L  
A B A C K U P  H - P  BOILER. 

E X T R A C T E D  S T E A M  WAS 7 6 . 5  MBTU/HR IN T H E  P E A K  PERIOD,.  34.8 M B T U I H R  IN THE 
SECOND,  AND Z E R O  IN T H E  T H I R D  PERIOD. . .  . 

THE REST OF THE PROCESS REQUIREMENTS WERE SUPPLIED BAT'URBINE EXHAUST.. 
. . . ...: - . 

ANNUALIZED COST.  . .-.. - . . 
M$ 27 .8409  . . .. ... .. _-. . . .. . . .- . . . 

LOWTR BOUND: . : c  . 
: '+ " 

' .a*. 
M$ 23.6524 ..":.. .* . . 

. * . . :  

_. 

HOURS 

657.00 

6876.60 

1226.40 

PRODUCTION 
(TONSIDAY)  

1 3 2 0  

1 2 0 0  

b 
8 4 0  

ELECTRICITY 
(MW) 

77 

70 

49 

50 PSIG STEAM 
(MBTU/HR)': 

260.70. . ' 
.. . 

237.00..  

165.90 '. 
I .  

HOT WATER 
@ 140° F 
(MBTU/HR) 

162.80 

148.00 

103.60 



. . .: . . 
. . 

INDUSTRY: 2621 - NEWSPRINT 

REGION: S T A T E  O F  WASHINGTON ' ..: 
CASE: NO COGENERATION; 60 % BUY BACK RATE 

EQUIPMENT OPTIONS: 
'.?.. . . 

. . 

PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL O I L  AND'&?ILLATE OIL s 
H PURCHASED ELECTRICITY 

. .. 
cs m . . 

EQUIPMENT SELECTED:  . . .  
.* 

10 50 PSIG PACKAGE BOILERS O F  S I Z E  42.4 lo3 LB/HR AND F ~ I N c  RESIDUAL OIL 
, ... 

OPERATING SUMMARY. . .  . . . . . 
. . - . ,  

- 

BOUGHT A L L  O F  ITS ELECTRICITY FROM T H E  GRID. 
. 
L .. . , . . 

HOT WATER 
@ 140° F 
( M B T U / H ~ )  

162.80 

148.00 

103.60 

a. . . 
A L L  STEAM AND HQT WATER REQUIREMENTS SATISFIED BY T H E  PACKAGE BOILERS. 

. - .- . , 
50 PSIG STEAM 

(MBTU/HR)  . . .  

260. 70..'.' , 

237;00.: 

165.9Q:. . . .. 

HOT WATER OBTAINED BY THROTTLING 50 PSIG STEAM. .-'ONE OF THE BOILERS 

WAS USED AS BACKUP. . 

E L E C T R I C I T Y  
(MW) 

77 

70 ' 

49 

. . . 
OUTPIJT IN T H E  PEAK PERIOD WAS 94% O F  CAPACITY. 

PRODUCTION 
(TONS/DAY) 

1320 

1200 

840 

 DEMAND^ 

P E R I O D  1 

P E R I O D  2 

P E R I O D  3 

O U T P U T  IN THE SECOND PERIOD W.\S 86% O F  CAPACITY. . - 
. .& . 

HOURS 

657.00 

6876.60 

1226.40 

O U T P U T  IN T H E  THIRD PERIOD WAS 60% O F  CAPACITY. . t. . 
. .. * 

ANNUAL.IZED COST: . .'. . : . . -.. . 
-c . . . 

> I - ' ? 7 .  



- -__. - -- ~ ? ; ~ - " j T y ~  26' Nr-tFR- - -- -- -- --.- - .- -- - * 
1 . - 

REGION: S T A T E  O F  WASHINGTON 

CASE. SOA S T E A M  TURBINES; 60% BUY BACK RATE 

EQUIPMENT OPTIONS: . . . .  . . 
PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL OIL AND DISTIL~ATE OIL. 

COAL (WITH FGD). 

I 4 

i 
i 

CONVENTIONAL S T E A M  TURBINES . ' 4  

~ 

HOT WATER 
@ 140° F 
(MBTUIHR) 

162.80 

148.00 
103.60 

$ PURCHASED ELECTRICITY 
+I 

.:*. 

50 PSIG S T ~ M  
(MBTUIHR) 

260.70!: . . . . . . 
237; OO'.~.  

165.90' 

8 
t; EQUIPMENT SELECTED:  

2 4.75 MW TURBINES. INPUT S T E A M  A T  850 ~ ~ 1 ~ 1 8 2 5 ~ ~ .  EXHAUST A T  50 PSIG. NO 

ELECTRICITY 
(MW 

77 

70 

49 

EXTRACTION. 
. 

2 300,000 L B l H R  BOILERS FIRING COAL, AND PRODUCING HIGH P R B S U R E  S T E A M  A T  

PRODUCTION 
(TONS/DAY) DEMANDS 

o o 850 P S I G J ~ Z S ~ F .  ' 5  
-'z .... 

OPERATING SUMMARY: ~n .- . 
0 z . . 
0 B BOUGHT 86% O F  ITS E L E C T R I C  REQUIREMENTS. -'. ;"' 
z3 t- 

Q T  OPERATED BOTH TURBINES AT 100% LOAD IN ALL THREE TIME:PERIODS. 
. - >> - 3 (2 BOUGHT STANDBY CAPACITY O F  4.75 MW. . . 
i- I,, 

S 0 I . D  NO EJ'ECTRICITY. 
I - . r 

/,BOUT 34.1. OF THE TOTAL 50 PSIG STEAM AND HOT WATER REQUIREMENTS WERE 
SATISFIED BY THROTTLING T H E  HIGH PRESSURE STEAM;' THE REST W E R E  

SATISFIED BY EXHAUST STEAM FROM T H E  TURBINE. .' i. . 

HOURS 

ANNUALIZED COST: 
, . 

' ": 
. . . . . . .  M$ 21.9589 

P E R I O D 1  

P E R I O D  2 

P E R I O D  3 

. . .  LOWER BOUND: . . . . . . - - - - - - 4 .  

657.00 

6876.60 

1226.40 

1320 

1200 

840 



INDUSTRY: 21 - NEWSPRINT . +  . '  
REGION: S T A T E  O F  WASHINGTON . -. . 

CASE: A F B  S T E A M  TURBINES; 6070 BIJY BACK RATE 
- 

HOT WATER 
PRODUCTION E L E C T R I C I T Y  50 PSIG STEAM @ 140° F 

DEMANDS HOURS (TONSIDAY) (MW) (MBTU/HR) (MBTU~HR)  

P E R I O D  1 657.00 1320 77 260;70' . 162.80 

P E R I O D  2 6876.60 1200 7 0 237.00.. 148,OO 

P E R I O D  3 1226.40 840 49 16<90'. . 103,bO 
A 

EQUIPMENT OPTIONS: . . 
PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL OIL AND DISTILLATE OIL. 

A F B  BOILERS FIRING COAL. ' 

CONVENTIONAL STEAM TURBINES. 

PURCHASED ELECTRICITY.  
I 

EQUIPMENT SELECTED:  
..- s . . . 

Y 
H 
I 1 4.75 M W  TURBINE. INPUT S T E A M  A T  850 ~ ~ 1 ~ 1 8 2 5 ~ ~ .  AND E ~ ~ M U S T  A T  50 PSIG. 
G 

I 

NO EXTRACTION. . . 
I . 
1 4 100,000 LB/HR A F B  BOILERS PRODUCING S T E A M  A T  850 P S I C ~ ~ ~ S O F .  . . . . 

OPERATING SUMMARY: . - 9 .  

PURCHASED 93% OF ITS ELECTRIC REQUIREMENTS FROM. T H E ' G R . ~ .  
. ' . .  

PURCHASED STANDBY E L E C T R I C A L  CAPACITY O F  4.75 MW. ' . ... .. . 
S O L D  NO ELECTRICITY.  . . 

. . 
O P E R A T E D  TURBINES A T  !CS";P L40AD IN A L L  T H E  TIME  PERIOD^;' WITH EXHAUST STEAM 

DESUPERHEATING DIRECTLY FROM T H E  HIGH PRESSURE S.TEAM. T H E  OTHER 3570 . . 
WAS FROM T H E  TURBINE EXHAUST. :. . . 'a 

ANNUALIZED COST: 

LOWER BOUND: 



. . 
INDUSTRY: 2621 - NEWSPRINT 

REGION: S T A T E  O F  WASHINGTON . . 
CASE: ADVANCED CLOSED C Y C L E  GAS TURBINE - A F B ;  60% BUY. BACK R A T E  

EQUIPMENT OPTIONS: 
1 

3 PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL OIL AND D~TILLATF: OIL. 
H r ADVANCED CLOSED C Y C L E  GAS TURBINE - A F B  EQUIPPED WITV HEAT RECOVERY 

BOILER. G 
i PURCHASED ELECTRICITY.  . . 

j EQUIPMENT SELECTED:  . 
2 50 PSIC PACKAGE BOILERS OF SIZE 5,000 LB/HR AND FIRING"'NATURAL GAS. 
4 10 MW COGENERATORS (CLOSED C Y C L E  GAS TURBINE - AFB).s 

I .  

. # .. OPERATING SUMMARY: .. . . 

DEMANDS 

P E R I O D  1 

P E R I O D  2 

P E R I O D  3 

PURCHASED ABOUT 49% O F  E L E C T R I C  REQUIREMENTS F R O M ' T H E  GRID. 
PURCHASED STANDBY E L E C T R I C A L  CAPACITY O F  36.3 MW. . . 

, . . . . . 
S O L D  3 .67  MW O F  ELECTRICITY IN T H E  PEAK PERIOD. 
ONE O F  THE PACKAGE BOILERS WAS USED AS BACKUP. T H E  O * ~ R  ONE WAS O P E R A T E D  

ONLY IN THE PEAK PERIOD TO PRODUCE . 9  MBTU/HR OF.SO PSIG STEAM. 
T H E  COCENERATORS S U P P L I E D  THE R E S T  O F  T H E  S T E A M  AND HOT WATER REQUIREMENTS. 
T H E  COCENERATORS WERE RUN AT: 100% O F  CAPACITY (40 M IN T H E  PEAK PERIOD 

91% O F  CAPACITY (36; 3 3 W) IN T H E  SECOND PERIOD 
63% O F  CAPACITY (25.03:MW) IN T H E  THIRD PERIOD. 

ANNUALIZED COST: . . ** 

E L E C T R I C I T Y  
(MW) 

77 

70 

49 

HOURS 

657. 00  

6876.60 

1226.40 

PRODUCTION 
(TONS/DAY) 

1320  
$ 

1200 

8 4 0  

. . 

50 PSIG S T ~ M  
( M B T U / ~ )  

260.70 

237.00 ' 

165.90' ' 

HOT WATER 
@ 140O F 
(MBTU/HR) 

162.80 

148.00 

103.60 



, -t,: 
INDUSTRY: 2621 - NEWSPRINT 

REGION: S T A T E  O F  WASHINGTON . . 
CASE: ADVANCED OPEN CYCLE GAS TURBINE - (CDR); 60% BUY:BACK RATE 

, .. , 
EQUIPMENT OPTIONS: 

8 ..:: 
C( 
I 

PACKAGE BOILERS FIRING NATURAL GAS. RESIDUAL OIL AND D-&TILLATE OIL. 
I\) 
0 ADVANCED OPEN CYCLE GAS TURBINE F ~ I N G  COAL DERWEB RESIDUAL. EQUIPPED . .  

WITH HEAT RECOVERY BOILER. .. 

DEMANDS 

P E R I O D  1 

P E R I O D  2 

P E R I O D  3 
i 

PURCHASED ELECTRICITY.  

EQUIPMENT SELECTED:  . . . . .  
1 o so P s I G  PACKAGE BOILERS O F  SIZE 42.4 x lo3 LBIHR. AND  IRING RESIDUAL OIL. .. . 

HOURS 

657.00 

6876.60 

1226.40 

. . 
2. 

OPERATING SUMMARY: . . .. . l;J.. 

PURCHASED A L L  O F  ITS E L E C T R I C  REQUIREMENTS. (. . . ' .  . . .. 
O N E  O F  T H E  PACKAGE BOILERS USED AS BACKUP. .I . ..' . . . 
T H E  REST WERE O P E R A T E D  AT: 94% O F  CAPACITY IN  T H E   PEP^.( PERIOD ,. . 

86% O F  CAPACITY IN T H E  S E E ~ N D  PERIOD 

60% O F  CAPACITY IN T H E  THIRD PERIOD 

TO SATISFY THE so PSIG STEAM AND HOT WATER DEMANDS. 

PRODUCTION 
(TONS/DAY) 

1320 

1200 

840 

ANNUALIZED 'OST: 
..' . 

M$ 27.4619 -- SAME SOLUTION AS NO COGENERATION. 

E L E C T R I C I T Y  
(MW) 

77 

7 0 

49 

.. 

.' . 
50 PSIG'~S+~U~M 

(MBTtJ/HR) 

260; 70 . . 
237; 0b.' 

165.90:'. .. . ' 

H O T  WATER 
@ 140° F 
(MBTU/HR) 

162.80 

148.00 

103.60 



INDUSTRY: 2621 - Newsprint 
REGION: State of Washington 
CASE : Advanced open cycle gas turbine - AFB; 60% buy back rate 

C 
EQUIPMENT SELECTED: 3 lOHW cogenerators (open cycle gas turbine - AFB) 

DEMANDS 

PERIOD 1 

PERIOD 2 

PERIOD 3 
i 

OPERATING SUMMARY: Purchased about 71% of electricity from the grid. Purchased standby electrical 
I 
h) 
t-' 

capacity of 1.2MW 
Peak period: Operated turbines at 84% of capacity to produce 25.2MW elec 

and 423.5 MBtu/hr of 600psig saturated steam. Sold 4W1T of elec. 
2nd period: Operated turbines at 71% of capacity to produce 21.2MU elec . . b a 

and 385 MBtu/hr of 600psig saturated steam. 
3rd period: Operated turbines at 31% of capacity to produce 9.3MW elec and 

269.5 MBtu/hr of 600psig saturated steam. 
Produced steam dethrottled to satisfy 50psig steam and hot water demands. 

4 
ANNUALIZED COST: M$ 21.834 - (Optimal) 

EQUIPMENT OPTIONS: Package boilers firing natural gas and distillate oil 
Advanced open cycle gas turbine - AFP equipped with heat recovery boiler 
Purchased electricity 

HOURS 

657.00 

6876.60 

1228.40 

COMPONENTS OF COST: Cogenerators (cap.+O&M) = M$ 7.354, Coal = M$ 8.537, Electricity purchased = 
M$ 5.938, Electricity sold = M$ .022, Standby capacity = M$ ,028 

PRODUCTION 
(tons/day) 

1320 

1200 

840 

ELECTRICITY 
(uw) 

77 

70 

49 

50psig STEAM 
(MBtu/hr) 

260.70 

237 .OO 

165.90 
i 

HOT WATER 
8 1 4 0 ~ ~  
(MBtu/hr) - 
162.80 

148.00 

103.60 
J 



INDUSTRY: 2621 - Newsprint 
REGION : Washington 
CASE : Advanced open cycle gas turbine for combined cycle; 60% buy back rate 

.. - 
DEMANDS HOURS PRODUCTION ELECTRICITY 50psig STEAM HOT WATER 

(tonslday) (MW) (MBtujhr) (MBtujhr ) 
@ 140°F 

e 

PERIOD 1 657.00 1320 77 260.70 162.80 
I .  - 

PERIOD 2 6876.60 1200 237.00' . 148 .OO 70 

PERIOD 3 1226.40 840 49 165.90. 
* 

Conventional high pressure steam turbines 
EQUIPMENT OPTIONS: Package boilers firing natural gas, distillate oil a d  fesidual oil 

Advanced open cycle gas turbines for combined cyclC,' firlng coal derived 
residual oil, and equipped with heat recovery boilers 

s Purchased electricity 
H 
I EQUIPMENT SELECTED: 10 residual ail fired 50psig package boilers of size 42,000 lbjhr " 
" OPERATING SUMMARY: Purchased all of its electricity. Same solution aa base (no cogeneration) 

case. One package boiler used as back up, and the.remaining 9 operated 
to meet thermal demands. . . 

ANNUALIZED COST: M$ 27.4619 - (Optimal) 



REGION: S T A T E  O F  WASHINGTON 

CASE: SOA S T E A M  TURBINES; 100% BUY BACK RATE 

EQUIPMENT OPTIONS: 

PACKAGE BOILERS FIRING NATURAL O I L  AND DISTILLATE OIL. 

CONVENTIONAL HIGH PRESSURE BOILERS FIRING NATURAL GAS, RESIDUAL O I L  AND 

COAL (WITH FGD). 

CONVENTIONAL S T E A M  TURBINES. 

HOT WATER 
@ 140° F 
(MBTU/HR) 

162,80 

148,OO 

103,60 
4 

PURCHASED 

50 PSIG STEAM 
(MBTU~HR) 

260.70 

237.00 

165,90 

ELECTRICITY. 

ELECTRICITY 
(MW) 

7 7 

70 

49 

r 

DEMANDS 

P E R I O D 1  

P E R I O D  2 

P E R I O D  3 

EQUIPMENT SELECTED:  

4 100,000 LB/HR HIGH PRESSURE BOILERS FIRING COAL AND PRODUCING 600 PSIG 1 7 5 0 ~ ~  

STEAM. 

HOURS 

657.00 

6876.60 

1226.40 - 

2 50 PSIC PACKAGE BOILERS O F  S I Z E  10.35 1 10) LB/XR TIRING NATURAL GAS. 

PRODUCTION 
(TONS/ DAY) 

1320 

1200 

840 

OPERATIKG SUMMARY: 

BOUGHT ELECTRICITY A T  T H E  P E A K  R A T E  O F  DEMAND IN A L L  T H R E E  PERIODS. I 

SOLD BACK EXCESS PURCHASED ELECTRICITY. 

DID NOT PURCHASE STANDBY E L E C T R I C A L  CAPACITY. 

USED ONE PACKAGE BOILER AS BACKUP. T H E  OTHER PRODUCED ONLY IN THE PEAK 
PERIOD - 9.92 MBTU/HR. 

T H E  HIGH PRESSURE BOILERS M E T  T H E  REMAINING PROCESS S T E A M  AND HOT WATER 

DEMANDS. ONE HIGH PRESSURE BOILER USED AS BACKVP. 

ANNUALIZED COST. 

M$ 20. 1037 

L O W E R  BOUND: 

M$ 13.9062  



INDUSTRY: 26; NEWSPRINT 

. REGION: S T A T E  O F  WASHINGTON 

CASE: A F B  STEAM TURBINES; 100% BUY BACK RATE 

* 
EQUIPMENT OPTIONS: t 

PACKAGE BOILERS :FLRINC NATURAL GAS, RESIDUAL O I L  AND'DISTILLATE OIL. 
A F B  BOILERS FIRING COAL. 
CONVENTIONAL S T E A M  TURBINES. 
PURCHASED ELECTRICITY.  

* 

DEMANDS 

P E R I O D  1 

P E R I O D  2 

P E R I O D  3 

. C EQUIPMENT SELECTED:  
3 

. 
H 
I 

I 4.75 MW TURBINE. INPUT STEAM AT 850 PSIGI~ZSOF, E X H A ~ T  AT so PSIC. NO 
EXTRACTION. .. N 

, 
A 4 100,000 LBIHR A F B  BOILERS PRODUCING STEAM A T  850 FS1Gj825O~. 

.i . 
6. 

OPERATING SUMMARY: 

FURCHASED ELECTRICITY A T  T H E  PEAK R A T E  O F  DEMAND (77 MW). IN A L L  THREE TIME 
PERIODS. 8 

O P E R A T E D  TURBINE A T  25% O F  CAPACITY (1.19 MW) M T H E  PEAK PERIOD. 
O P E R A T E D  TURBINE A T  1000/o O F  CAPACITY (4.75 MW) IEI T H E  SECOND PERIOD. 
O P E R A T E D  TURBINE A T  10070 O F  CAPACITY (4.75 -MW) IN T H E  THIRD PERIOD. 
S O L D  BACK A L L  EXCESS ELECTRICITY PURCHASED T0GETHER:WITH ALL O F  ITS 

PRODUCTION, THUS HAVING T O  BUY STANDBY CAPACITY O F  O N L Y .  7 MW. 
DESUPERHEATING T O  50 PSIG S T E A M  WAS 380.6 MBTU/HR, 255 MBTUIHR,  AND 139.5 MBTUIHR 

IN T H E  R E S P E C T W E  TIME PERIODS. R E S T  OF PROCESS DEMANOS SATISFIED B Y  
T I J R  RINE E X M U S T .  1 

ANNUALIZED COST: 

M$ 18.3974 

LOWER BOUND: 
, -: 

M$ 13.9062 

HOURS 

657.00 

6876.60 

1226.40 

PRODUCTION 
(TONSIDAY) 

1320 

1200 

840 

ELECTRICITY 
(MW) 

77 

70 

49 

50 PSIG STEAM' 
(MBTU/HR) 

260.70 

237,00..' , . 
16 5.90,;: '. 

HOT W A T E R  
@ 140° 
(MBTU/HR) 

162.80 

148.00 

103.60 
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REGIaN: S T A T E  O F  WASHINGTON 

CASE: ADVANCED O P E N  C Y C L E  GAS T m B I N E  - (CDR); 100% BUY BACK R A T E  

I 

I I PRODUCTION 50 PSIG S T W M  I DEMANDS HOURS (TONSIDAY) I ( M D T V I H R )  
i I 

P E R I O D  1 657.00 1320 77 260.70 

P E R I O D  2 6876.60 1200 70 237.00 

P E R I O D  3 1226.40 840 49 165.90 

HOT WATER 
@ 140° F 
(MBTUJHR) 

EQUIPMENT OPTIONS: t 

PACKAG3 BOILERS FIRING NATURAL GAS, RESIDUAL O I L  AND DISTILLATE OIL. 

ADVANCED O P E N  C Y C L E  GAS TURBINE - CCR 

PURCKASED ELECTRICITY.  

s 
H EQUIPMENT SELECTED:  
I 
h, 
yl 10 50 PSIG PACKAGE BOILERS O F  S I Z E  42.4 x lo3 LB/HR AND FIRING RESIDUAL OIL. 

' 

OPERATING SUMMARY: 

PURCHASED ELECTRICITY A T  PEAK DEMAND R A T E  O F  (77 MW) A N P S O L D  BACK EXCESS. 

IJRODUCED NO ELECTRICITY.  

ONE PACKAGE BOILER USED AS BACKUP. T H E  R E S T  O P E R A T E D  A T $  1 
9470 OF CAPACITY IN THE PEAK PERIOD 

86% O F  CAPACITY IN T H E  SECOND PERIOD 

60% OF CAPACITY IN T H E  THIRD PERIOD 

T O  SATISFY T H E  PROCESS DE?UNDS. 

ANNUALIZED COST: ! 
M$ 27.4617 

E X C E P T  FOR E L E C T R I C A L  PURCHASE AND S A L E  RATE,  SAME SOLUTION AS NO 

COGENERATION OR T H E  60% BUY BACK RATE. 

I 
I 



INDUSTRY: 2621 - WRITING P A P E R ,  BLEACHED KRAFT 

REGION: U. S. AVERAGE 

CASE: NO COGENERATION; 60'1. BUY BACK R A T E  

HOT WATER 
PRODUCTION EGECTRICITY 50 PSIG STEAM 6&140° F 

DEMANDS HOURS (TONS~DAY) (MW) (MBTUf w) ( B T U / M )  

P E R I O D  1 1314 1320 44.0 418.0. .  " ., 264.0 

P E R I O D 2  6351 1200 40.0 380.0'..' '; 240.0 

P E R I O D  3 1095 1056 35.2 334.4 :. 211.2 
8 

L 

EQUIPMENT OPTIONS: . .  . 
PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL OIL AND D~S~ILLATE . . _  . . OIL 

PURCHASED ELECTRICITY s . .. 
. . . ... - H EQUIPMENT 'SELECTED: 

I 
h) m 18 50 PSIG PACKAGE BOILERS OF SIZE 20.7 x lo3 LBIHR, AND.FIRING NATURAL GAS 

6 150 PSIC PACKAGE BOILERS O F  S I Z E  50 x lo3 LBIHR,  AND FmINO NATURAL GAS 

OPERATING SUMMARY: 
. 

A L L  E L E C T R I C  REQUIREMENTS BOUGHT F R O M  GRID. 

A L L  O F  THE HOT WATER REQUIREMENTS W E R E  S U P P L I E D  BY , m R O T T L I N G  150 PSIC 

STEAM IN T H E  PEAK PERIOD AND AGAIN IN THE THIRD PERIOD. 

IN T H E  SECOND PERIOD T H E  50 PSIG S T E A M  S U P P L I E D  T H E  HOT. WATER REQUIREMENTS 

O N E  50 PSIG BOILER AND ONE 150 PSIG BOILER W E R E  USED AS BACKUPS. 
O V E R A L L  O U T P U T  WAS 95% OF CAPACITY IN THE PEAK PERIOD; 

OVERALL OUTPUT WAS 87% OF CAPACITY IN THE SECOND PERIOD. 

O V E R A L L  O U T P U T  WAS '76% O F  CAPACITY IN THE THIRD PERIOD. 

ANNUALIZED COST: 
M$ 42.20956 



REGION: U. S. AVERAGE 

CASE: SOA STEAM TURBINES; 60% BUY BACK R A T E  

1 DEMANDS ' PERIOD 1 

, PERIOD 2 
, PERIOD 3 

HOURS 
PRODUCTION ELECTRICITY 
(TONS~DAY) (MW) I HOT WATER 

50  PSIG S T E A M  @ 140° F 
( M B T U ~ H R )  (MBTU~HR) 

EQUIPMENT OPTIONS: 
9 

PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL OIL  AND DISTILLATE OIL. 
CONVENTIONAL HIGH PRESSURE BOILERS FIRING NATURAL w, RESIDUAL OIL AND 

COAL (WITH FGD). 
CONVENTIONAL STEAM TURBINES. 
PURCHASED ELECTRICITY. 

EQUIPMENT SELECTED: 

1 28.5 MW TURBINE. INPUT STEAM A T  850 PSIG/B~S~F,  NO EXTRACTION, EXHAUST 
A T  50 PSIG. 

2 3oo.000 LB/HR HIGH PRESSURE BOILERS PRODUCING STEAM AT 850 FSIG/~ZSOF, 

AND FIRING COAL. 
2 50 PSIG PACKAGE B O U R S  O F  S I Z E  PO. '7 x lo6 LBlHR AND FIRING NATURAL GAS. 

OPERATING SUMMARY: 

PURCHASED ABOUT 33% O F  REQUIRED ELEC1fiICfTY. 
PURCHASED STANDBY ELECTRICAL CAPACITY OF 28.5 MW. - ~ 

SOLD NO ELECTRICITY. : I 

O P E R A T E D  TURBINE AT: 100% OF CAPACITY (28.5 MW) IN T H E  PEXK 'PERIOD 
94% OF CAPACITY (26.9 MW) IN THE SECOND PERIOD 
82% OF CAPACITY i 23 .s  MW) IN THE THIRD PERIOD. 

ONE P A C K A G ~  BOILER WAS USED AS BACKUP. T H E  OTHER WAS O P E R A T E D  ONLY IN 
T H E  PEAK PERIOD TO GENERATE 21.6 MBTU/HR OF 50 PSIG STEAM. ABOUT 
6 MBTUIHR O F  T H E  HIGH PRESSURE STEAM WAS DESUPERHEAVED TO 50 PSIG 
STEAM IN T H E  PEXK PERIOD. THESE REMAINING PROCESS DTMANDS W E R E  
SATLSFIED BY EXHAUST STEAM FROM T H E  TURBINE. 

ANNUALIZED COST; 

M$ 25.8355 

LOWER BOUND: 

M* 17.6719 



INDUSTRY: 2621 - WRITING P A P E R ,  BLEACHED K R A F T  

REGION: U. S. AVERAGE 

CASE: A F B  S T E A M  TURBINES; 60% BUY BACK R A T E  

. 
H O  1 WATER 

PRODUCTION E1;ECTRICITY 5 0  PSIG STEAM @ 140O 
DEMANDS HOURS (TONS/DAY) (MW) ( M B T U I H R )  (MBTU/HR) 

P E R I O D  1 1314 1320 44.0 418.0 264.0 

P E R I O D  2 6351 1200 40.0 380.0 240.0 

P E R I O D  3 1095 1056 35.2 334.4 211.2 
J 

EQUIPMENT OPTIONS: s 
H PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL O I L  AND DISTILLATE Om. 
I 
h) 
m 

A F B  BOILERS. 
CONVENTIONAL S T F A M  TURBINES. 
PURCHASED ELECTRICITY.  

EQUIPMENT SELECTED:  

2 19  MW STEAM TURBINES. INPUT S T E A M  A T  850 P S I G / ~ ~ ~ ~ F ,  EXTRACTION AT 150 PSIG 
AND EXHAUST A T  50 PSIG. 

6 100 ,000 LBIHR A F B  BOILERS PRODUCING STEAM A T  850 P S 1 ~ / 8 2 5 ~ F  AND FIRING COAL. 

OPERATING SUMMARY: 

PURCHASED ONLY 33% O F  ELECTRICITY REQUIREMENTS FROM THE GRID. 
PURCHASED STANDBY E L E C T R I C A L  CAPACITY O F  19.192 MW. 
S O L D  NO ELECTRICITY.  
O P E R A T E D  TURBINES AT: 7770 O F  CAPACITY (29.2 MW) IN TZIE PEAK PERIOD 

71% O F  CAPACITY (26. B MW) IN T H E  SECOND PERIOD 
6270 O F  CAPACITY (23.4 MW) IN T H E  THIRD PERIOD. 

EXTRACTED 150 PSIG STEAM A T  23 MBTUIHR IN T H E  PEAK PERIOD. NO EXTRACTION 
IN T H E  OTHER PERIODS. REMAINING STEAM AND HOT WATER DEMANDS 
SATISFIED B Y  EXHAUST S T E A M  FROM T H E  TURBINE. 

ANNUALIZED COST: 

M$ 23.8978 

LOWER BOUND: 

8 - -9 .9*- -  



INDUSTRY: 2621 - WRITING PAPER,  BLEACHED KRAFT 

REGION: U. S. AVERAGE 

CASE: ADVANCED CLOSED C Y C L E  CAS TURBINE - A F B ;  60% BUY BACK RATE 

EQUIPMENT OPTIONS: 

8 PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL O I L  AND DISTILLATE OIL 
I 
13 

ADVANCED CLOSED C Y C L E  GAS TURBINE - A F B ,  EQUIPPED WIT% H E A T  RECOVERY BOILER 
r~ PURCHASED ELECTRICITY 

EQUIPMENT SELECTED:  
I 

2 30 MW COCENERATORS (CLOSED C Y C L E  GAS T U R B I m  - AFB). 
5 50 PSIG PACKAGE BOILERS O F  S I Z E  20 .7  X 103 L B / H R  A N D  FIRING NATURAL GAS. 

I OPERATING SUMMARY: 

PURCHASED NO ELECTRICITY FROM T H E  GRID. 
PURCHASED STANDBY E L E C T R I C A L  CAPACITY O F  14 MW. 
O P E R A T E D  COCENERATORS AT: 

100% O F  C 4 P A C I T Y  (60 MW) IN T H E  PEAK PERIOD, SOLD 16 MW. 
100% O F  CAPACITY (60 MW) IN T H E  SECOND PERIOD, SOLD 20 MW. 

90% O F  CAPACITY (53 .9  MW) IN T H E  THIRD PERIOD, S O L D  18.7 MW. 
ONE PACKAGE BOILER USED AS BACKUP. T H E  REMAINING 4 GENERATED 77 MBTU/HR AND 

15 MBTU/HR O F  50 PSIG STEAM IN T H E  P E A K  AND SECOND PERIODS RESPECTIVELY.  
WERE NOT O P E R A T E D  IN T H E  THIRD PERIOD. 

T H E  COCENERATORS S U P P L I E D  R E S T  O F  S T E A M  AND HOT WATER REQUIREMENTS. SURPLUS 
50 PSIG S T E A M  O F  20 .5  MBTU/HR,  82 .5  MBTUIHR AND 97 .6  MBTUIHR NOT E F F I C I E N T  
T O  SURSTITUTE ONE O F  T H E  PACKAGE BOILERS WITH A SMALLER S I Z E  (E. G., 5,000 
LBJHR) BECAUSE O F  BACKUP REQUIREMENT AND F U E L  INPUT EFFICIENCY 
CONSIDERATIONS. 

ANNUALIZED COST: 

M$ 23. 1682 

DEMANDS 

PERIOD 1 

P E R I O D  2 

PERIOD 3 
I 

HOURS 

1314 

6351 

1095 

PRODUCTION 
(TONS/DAY) 

1320 

1200 

1056 

EL~ECTRICITY 
(MW 1 

44.0 

40.0 

35.2 

50 PSIC STEAM 
(lABTU/HR) 

418.0 
380.0 

334.4 

HOT WATER 
@ rroO F 
(MBTUfHR) 

264.0 

240,O 

211.2 



INDUSTRY: 2621 - Writing pRper, bleached kraft 
REGION: National average; Wisconsin 
CASE : Advanced open cycle gas turbine - AFB; 60% buy back rate 

DEMANDS I SOURS I PRODUCTION I E L E ~ : ~ C I T Y  
(tons/day) 

1 I I 

PERIOD 2 I 6351 I 1200 I 40.0 

PERIOD 1 

HOT WATER 
Q 1400F 
(MBtu/hr) 

4 

264 ,0  1314 

PERIOD 3 t- 
EQUIPMENT OPTIONS: Package boilers firing natural gas, distillate oil, and residual oil 

Advanced open cycle gas turbine firing coal in an A F B  furnace and equipped 
with heat recovery hoiler 
Purchased electricity 

1320 

EQUIPMENT SELECTED: 2 gas firing 50psig package boilers of size 50,00O:Ib/hr - National average 
4 gas firing 5Opsig package boilers of size 20,000.1b/hr - Wisconsin (run not 
given option of bigger sizes of packaqe boilers) 
4 lOHW cogenerators (open cycle gas turbine - AFB), 

1095 

OPERATING SUMMARY: Although different size package boileis were selected, same operation in both 
runs. Purchased only 4% of electrical requirements. Purchased standby elec- 
trical capacity of 10MW. P e ~ k  period operation of cogenerators was at 10046, 
produced 40MW elec. and 626.92 UBtu/hr of 600 psig steam. Second period 
operation of cogenerators was at 98%, produced 39.3MU elec and 620.00 MBtujhr 
of C;9psig steam. Third period operation was at 79%. produced 31.6UU elec 
ar.d ~ 4 5 . 6  MBtu/hr of 600psig steam. All 600psig s t e m  dethrottled to 50paig 
steam and hotwater. In each case (National average or Risconsin) one package 
boiler was used as back up. The rest operated only in the peak period to 
produce 55.1 HBtu/h~ of 50psig steam. . . 

1056 35.2 

ANNUALIZED COST: National Average Wf sconsin 
Cogenerators (cap.+O&M) 0.806 --. 9.. @06 
Package boilers (cap.+D&M) 0.102 . : . 0.126 
Coal 15.855 ' ,:IS; 276 
Gas 0.392 :'0.478 
Electricity b:\lrchase 0.528 . ... 0.. 584 
Standby capacity 0.240 - 1  0,240 

M$ 26.92r3 Opt imal ' ::26,51- Opt imal 



INDUSTRY: 2621 - Writing paper, bleached kraft 
REGTON : National average 
CASE : Advanced open cycle gas turbine for combined cycle; 60% buy back rate 

- 
DEMANDS HOURS PRODUCTION ELECTRIrITY 50psig STEAM H E  WATER 

(tonslday) MW? (LiBtuIhr ) 8 1400F 
(Mbtu/hr) * 

- I  

PERIOD 1 1314 1320 44.0 418.0 264.0 
- - 
PERIOD 2 . 6351 1200 40.r) 380.0 240,O 

-- 
PERIOD 3 1095 1056 ' 35.2 334. 4 211.2 

EQUIPMENT OPTIONS: Package boilers firing natural gas, dtstillate oil, and residual oil 
Conventional high pressure steam turbines 
Advanced open cycle gas turbines for combined cycle, firing coal deri$ed 

i3 
residual oil and equipped with heat recovery boilers 

H Purchased electricity 
1 
w EQUIPMENT SELECTED: 29 gas fired 50psig package boilers of size 20,000 1b/hr 
F 

OPERATING SUMMARY: Purchased all of its electricity. Solution qualitatively same as base case. 
The only difference is that in the run for the base case, the solution was 
forced to include 6 150psig package boilers because the upper limit on 50psig 
package boilers available (17 plus 1 extra for back up) was hit. In this run 
the upper limits on all equipment were increased. The new solution thus 
avoids the extra cost for.bazk up associ~ted with installing the 150psig 
package boilers, and also operates selecteci equipment more intensively. One 
of the boilers used for back up. The remaining 28 operated at 99.8%, 90.7%, 
and 79.8% of capacity in the lst, 2nd, and 3rd periods respectively, , 

ANNUALIZED COST: M$ 41.55 ; Lower bound = M$ 38.85 ; [original. base case = M$ 42.21 (optimal)] 

COMPONENTS: Package boilers (cap.+O&l) = ,91279 Gas = 28.87222 Electricity = 11.$643 



I N D U S T R Y :  2621 - writ in^ p a p e r ,  b l eached  k r a f t  
REGION : Wisconsin 
CASE : Advanced c l o s e d  c y c l e  g a s  t u r b i n e  - AFB; 60% buy back r a t e  . 

EQUIPMENT OPTIONS: Package b o i l e r s  f i r i n g  n a t u r a l  g a s ,  d i s t i l l a t e  o i l , ' . a n d  r e s i d u a l  o i l  
Advanced c l o s e d  c y c l e  g a s  t u r b i n e  - AFB equipped  w t t h ' h e a t  r e c o v e r y  boiler 
Purchased  e l e c t r i c i t y  . . 

3 
EQUIPMENT SELECTED: 5 gas f i r e d  5 0 p s i g  package b o i l e r s  o f  s ize  20 ,000  l b / h r  

u 2 30MW c o g e n e r a t o r s  ( c l o s e d  c y c l e  g a s  t u r b i n e - A F B ) .  , 

HOT WATER 
@ 1400F 

(MBtu/ h r  ) 
- 

264.0 

240.0 

211.2 
A 

. .  OPERATING SUMMARY : Purchased  no e l e c t r i c i t y  . Genera t ed  more t h a n  p l a n f .  r e q u i r e m e n t s  i n  each t i m e  . 
p e r i o d .  Pu rchased  s t a n d b y  e lec t r ica l  c a p a c i t y  o f  14;OMW. Opera t ed  c o g e n e r a t o r s  . 
a t  100% of c a p a c i t y  i n  t h e  f i r s t  2 p e r i o d s ,  and a t  90!% i n  p e r i o d  3. 

, . .  
5 0 p s i g  'STEAM 

(MBtu/hr) 
.' . 

418:.0. . 
..i . 

38"0 . 
. . 

334 ... :9', .. ' 

ELECTRICITY: Produced 60HW i n  peak p e r i o d ,  s o l d  16MW 
Produced 60MW i n  2nd p e r i o d ,  s o l d  2OMW 
Produced 53.93 i n  3 r d  p e r i o d ,  s o l d  1 8 . 7 3 M W  

DEMANDS 

PERIC)D 1 
- 

PERIOD 2 

PERIOD 3 

STEAM FROM COGENERATORS: 6 0 0 p s i g  4 5 0 p s i g  1 5 0 p s i g  5Opsig H o t  Water 14001 
Peak p e r i o d  299.32 53 .33  28 .06  40.34 183.84 MBtuj h r  
2nd p e r i o d  299.32 53.33 28.06'  40.34 183.84 ?dRtu/hr 
3 r d  p e r i o d  269.97 48.10 . 2 5 . 3 1 .  . 36 .35  165.87 MBtu/hr 

PRODUCTION 
( t o n s / d a y )  

1320 

1200 

1056 

HOURS 

13 14 

6351 

1095 

STEAM FROM PACKAGE. BOILERS: 77 .12  PBtu /h r  i n  t h e  desk p e r i o d  and 15.11 HRtu/hr 
i n  t h e  2nd. N o  steam p r o d u c t i o n  i n  3 r d  p e r i o d .  
One package b o i l e r  u sed  o n l y  a s  backup.  

ANNUAL I ZED C(>ST : M$ 22.764 - ( O p t i m a l )  . .. 

COMPONENTS OF COST; C o g e n e r a t o r s  (cap.+O&M) = M$ 9 . 4 0 ,  Package b o i l e r s  (capW&M) = M$ .157 ,  
Coal = M$ 1 5 . 1 1 ,  Gas = hi$ 1 . 3 0 ,  S tandby c a p a c i t y  = M$ . 336 ,  Revenue 
from e l e c t r i c i t y  s a l e s  = M$ 3.54  

ELECTRICITY 
(m) 

44 .o  

4 0 . 0  

35.2 . 



1 INDUSTRY: 2621 - Writing paner, bleached kraft 
1 REGION: Wisconsin 

i CASE : Advanced open cycle gas turbine for combided cycle; 60% buy back rate 

r 

EQUIPMENT OPTIONSr 

5 
H 

EQUIPMENT SELECTED: 

I 

I 
OPERATING SUMMARY: 

HOURS 

1314 

6351 

1095 

DEMANDS 

PERIOD 1 
- 
PERIOD 2 

PFRIOD 3 

ANNUALIZED COST: 

COMPONENTS: 

Package boilers firing natural gas, dfstillate oil, gnd reeidual oil 
Conventional high pressure steam turbines 
Advanced,open cycle gas turbines for combined cycle ftring coal derlyeh 
residual, and equipped with heat recovery boilers 
Purchased electricity 

21 gas fired 50psig package boilers of size 20,000 Iblhr 
4 lOMW combined cycle gas turbines (cogenerators) 

Operated cogenerators at full load in all three periods (40MW), had to 
buy electricity (4MW) only in peak period. Sold 4.8MW in the third period. 
Purchased electrical standby capacity of 10MW. One package boiler used as 
back up. The rest produced 465.6, 403.6, 329.2 MBtu/hr in the first, second 
and third periods respectively. In each period the cogenerators produced 
180.6 MBtu/hr of 1450psig steam, 10.3 MBtu/hr of 850psig steam, and 25.5 MBtu/hr 
of hot water. These, together with the surplus 50psig output made up for the 
hot water demand. 

M$ 47.31 Lower bound = M$ 46.84 I 
I 

Package boilers (cap.+O&M) = .66099 Cogenerators = 2.77335 
Coal = 20.04376 Natural gas = 23.35137 Standby 
Elec purchased = .34917 Elec sold = .I1040 

PRODUCTION 
(tons/day) 

1320 

1200 

1056 

ELECTRICLTY 
(MW 

44,O 

40.0 

35.2 
4 

50psig STEAM 
(MBtu/hr) 

418 ,O 

380,O 

334,4 

frOT WATER 
8 1400F 
(MBtu/hr) 

4 

264.0 

240,O 

211,2 



INDUSTRY: 28 12 .- CHLOR INE, 

REGION: U. S. AVERAGE 

CASE: NO COGENERATION; 60% BUY BACK R A T S  . 

EQUIPMETIT OPTIONS: . . 

PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL OIL. AND DLSTILLATE . .  O I L  

PURCHASE ELECTRICiTY 

I DEMANDS HOURS 

EQUIPMENT SELECTED:  . .  .. . 
4 50 P ~ I G  PACKAGE BOILERS OF SIZE 2 0 . 7  x l o 3  LB/HR AND FIRING NATURAL GAS 

4 155 PSIG PACKAGE BOILERS OF SIZE 50 x l o 3  LBIHR AND FIRING-NATURAL GAS 

. ... ' 

PRODUCTION 
(TOMS/DAY) 

660 

600 

540 

P E R I O D  1 

PERIOD 2 

P E R I O D  3 

0PER.ATING SUMMARY: 

A L L  E L E C T R I C  REQUIREMENTS B3UGHT F R O M  T H E  GRID. 

8 76 

4380 

3504 
i 

HARDLY ANY THROTTLING T O  T H E  50 PSiG STEAM. 

ONE O F  T H E  50 PSIG BOILERS AND ONE OF T H E  150 PSIG BOILERS WERE USED AS BACKUPS. 

E L E C T R I C I T Y  
(MW) 

99 
90 

8 1 

- 

E E S T  GENERATED JUST ENOUGH T O  M E E T  DEMANDS. 
. 

O U T P U T  IN T H E  PEAK PERIOD WAS 83 OJo O F  CAPACITY. 

O U T P U T  IN T H E  SECOND PERIOD WAS 76 $ OF CAPACITY. 

O U T P U T  IN T H E  THIRD PERIOD WAS 68% OF CAPACITY. 

150 PSIG S T ~ A M  
(MBTU/HR) 

137.5 . 

125.0 .: . . 
112.5 . . 

ANNUALIZED COST, 

M$ 35.1933 
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REGION: U. ,. AVERAGE . 1 
CASE: SOA S T E A M  TURBINES; 60% BUY BACK R A T E  I 

- - - 
EQUIPMENT OPTIONS: 

PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL O I L  AND DISTILLATE O I L  

CONVENTIONAL HIGH PRESSURE BOILERS FIRING NATURAL GAS, RESIDUAL O I L  AND 
f 

COAL (WITH FGD) 

CONVENTIONAL S T E A M  TURBINES 

i3 PURCHASE ELECTRICITY 

DEMANDS 

P E R I O D  1 

P E R I O D  2 

P E R I O D  3 . 

I H 
I EQUIPMENT SELECTED:  

W 
ul 

1 1 19 MW TURBINE. INPUT S T E A M  A T  8 5 0 / 8 2 5 O ~ ,  EXTRACTION A T  150 PSIG, AND CONDENSING 

3 100,000 LB/HR HICH PRESSURE BOILERS FLRING COAL AND PRODUCING S T E A M  A T  

HOURS 

8 76 
4380 

3504 

850 P S 1 ~ / 8 2 5 ~ ~  

OPERATING SUMMARY: 

PURCHASED 88% OF E L E C T R I C  REQUIREMENTS. I 

PURCHASED STANDBY E L E C T R I C A L  CAPACITY O F  11 .25  MW. 

O P E R A T E D  T H E  TURBINE A T  ABOUT 60% O F  CAPACITY ( 1  1 .25  MW) IN T H E  P E A K  P E R 1 0  b . 
OPERATED THE TURBINE AT ABOUT 5596 OF CAPACITY (10.57 MW) IN THE SECOND PERIOD. I 

O P E R A T E D  THE TURBINE A T  ABOUT 51% O F  CAPACITY (9.78 MW) IN T H E  THIRD PERIOP.  

A L L  STEAM REQUIREMENTS SATISFIED BY EXTRACTION; NO DIRECT DESUPERHEATINQ; 

PRODUCTION 
(TONS/DAY) 

660 

600 

540 

O F  HICH PRESSURE STEAM. P A R T  O F  T H E  150 PSIG EXTRACTED S T E A M  T H R O T T L E D  

T O  SATISFY T H E  50 PSIG STEAM DEMAND. 

E L E C T R I C I T Y  
(MW) 

9 9 
90 

8 1 

ANNUALIZED COST: 

M$ 32.9706 

LOWER ROUND- 

M$ 27.4830 

lS0 STEAM 
(MBTU/HR) 

137.5 

125.0 

112.5 

(MBTU/HR) 

74.03 

67.30 

60.57 
1 



INDUSTRY: 2. - CHLORINE . . 

. . 
REGION: U. S. AVERAGE . . 

CASE: A F B  S T E A M  TURBINES; 60% BUY BACK R A T E  # .  

PRODUCTION ELECTRICITY 150 PSIG STEAM 50  PSIG STEAM 
DEMANDS HOURS (TONS/DAY) (MW) (MBTU/HR) (MBTUIHR) 

P E R I O D  1 8 76 66 0 137.5 . . 74.03 9 9 

P E R I O D  2 4380 600 90 125.0 " 67.30 

P E R I O D  3 3504 540 8 1 112; 5 
t 60.57 

EQUIPMENT OPTIONS: . . 
PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL O I L  AND DISTILLATE O I L  .. - 
A F B  BOILERS _ .. 
CONVENTIONAL STEAM TURBINES 

C .  . 
8 I 

PURCHASED ELECTRICITY 
W m 

EQUIPMENT SELECTED:  

1 4.75 MW TURBINE. INPUT S T E A M  A T  850 ~ ~ 1 ~ 1 8 2 5 ' ~ .  EXTRACTION . . A T  150 PSIG AND 

CONDENSING. 
I 

2 100,000 LB/HR A F B  BOILERS PRODUCING S T E A M  A T  850 P S I G I ~ ~ ~ ~ F .  

3 50 PSIG PACKAGE BOILERS O F  S I Z E  20.7 x lo3 LB/HR FIRING GA9, * .  . 
OPERATING SUMMARY: 

PURCHASED 957'0 O F  E L E C T R I C  REQUIREMENTS. 

PURCHASED STANDBY ELECTRICAL CAPACITY O F  4.75 MW. . . - 
O P E R A T E D  TURBINES A T  1007. O F  CAPACITY IN A L L  T H R E E  PERIOD6 PRODUCING 32.5 M B T U ~ H R  

O F  EXTRACTED 150 PSIG STEAM IN A L L  PERIODS. 

T H E  PACKAGE BOILERS PRODUCED 41.3 MBTUIHR, 22 MBTU/HR,'AND 2.8 MBTU/HR O F  50 PSIG 

STEAM IN THE FIRST (PEAK), SECOND AND THIRD PERIODS R ~ P E C T N E L Y .  

T H E  REMAINING 150 PSIG S T E A M  AND 50 PSIG S T E A M  DEMANDS I N ' B ~ C H  PERIOD W E R E  

SATISFIED BY DESUPERHEATING HIGH PRESSURE STEAM. . :- .. . 
LOWER BOUND: . . 

ANNUALIZED COST. . . - 
'd$ "?78p a 1627. L 1 7 

-- - I D - - 't- 
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REGION: U. S. AVERAGE 
1 

4 

1 
CASE: ADVANCED CLOSED CYCLE GAS TURBINE - AFB; 60% BUY BACK RATE 

1 

t i 
i 

PRODUCTION ELECTRICITY 150 PSIG STEAM 50 PSIG STEAN 
DEMANDS HOURS (TONS/DA~' )  (MW) (MBTU/HR) (MBTU/HR) 

PERIOD 1 8 76 660 99 137.5 74.03 

PERIOD 2 4380 600 90 125.0 67.30 

PERIOD 3 3504 540 81 1',2.5 60 ,57  

EQUIPMENT OPTIONS: 

PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL OIL AND DISTILLATE OIL 

ADVANCED CLOSED CYCLE GAS TURBINE - AFB,  EQUIPPED WITH HEAT RECOVERY BOILER 
I 

PURCHASED ELECTRICITY 

5 
EQUIPMENT SELECTED: 

H 
I 

2 50 PSIG STEAM PACKAGE BOILERS O F  SIZE 5,000 LB/HR AND FIRING NATURAL GAS 
W 
4 1 30 M W  COGENERATOR (CLOSED CYCLE GAS TURBINE - A F B )  

OPERATING SUMMARY: 

PURCHASED ABOUT 70% ITS ELECTRIC REQUIREMENTS FROM THE GRID. 

PURCHASED STANDBY ELECTRICAL CAPACITY O F  30 MW. 

PEAK PERIOD: OPERATED COGENERATOR A T  100% O F  CAPACITY (30MW) TO PRODUCE 
30% O F  ELECTRICITY DE;MAND 

SECOND PERIOD: OPERATED COGENERATOR A T  91% OF CAPACITY i27.3MW) TO PRODUCE 
30% O F  ELECTRICITY DEMAND 

THIRD PERIOD; OPERATED COGENERATOR A T  82% O F  CAPACITY (24.5MW) T O  PRODUCE 
30% O F  ELECTRICITY DEMAND 

ONE OF THE PACKAGE BOILERS WAS USED AS BACKUP, THE OTHER ONE Pl3GDUCED ONLY 

IN THE PEAK PERIOD ( I  MBTU/HR O F  50 PSIG STEAM). 

PRACTICALLY A L L  THE STEAM REQUIREMENTS WERE SATISFIED BY THE COGENERATOR. 

ANNUALIZED COST: 

M$ 30.47722 



I 

INDUSTRY: 2812 - Chlorine 
I 

REGION : National average; Texas 
i CASE : Advanced open cycle gas turbine - AFB; 60% buy back rate . 
i 
i 
I 

EQUIPMENT OPTIONS: Package boilers firing natural-gas and distillate gil 
Advanced open cycle gas turbine firing coal in an AFB furnace and equipped 

I 
with heat recovery boiler 
Purchased electricity . 0. 

EQUIPMENT SELECTED: 4 gas firing 50psig package boilers of size 20,000.':1b/hr 
I 
w 1 lOMW cogenerator (open cycle gas turbine - AFB.) ; 
(PD 

DEMANDS 
.. 

PERIOD 1 

PERIOD 2 

PERIOD 3 
i 

i OPERATING SUMMARY: Same equipment selection and operation in both Texas and National average 
S runs. Purchased about 88.5% of electricity requirements from the grid. 

Purchased standby capacity of 10MW. Operated turbine at 100% of capacity 
for all time periods producing 10FM of electricity apd 156.73 WBtu/hr of 600psig 

50psig demands. One of the package boilers was onl'y used as back up. 

i 
steam. The GOOpsig steam was dethrottled to satisDy'.all the 150psig steam demands 1 
and some of the 50psig steam demands. The package. boilers made up for remaining , f 

E I 

ANNUALIZED 

HOURS 

876 

4380 

COST : National ~verage 
Electricity 22.854 
Coa 1 4.605 
Gas 1.388 
Standby Capacity ,240 
Package boilers 
(cap.+O&M) .I26 
Cogenerator 
(cap.+O&M) 2.455 

M$ 31.670Optlmal 

Texas . . . 
. . '  . . . '  . _  . 26.229 . :. '.. . . . 

4.476 *: 
1,166 . . .  . - 
.24G ... . 

PRODUCTION 
(tons/day) 

660 

600 

3504 1 540 
I 

ELECTRICTTY 
(HW) 

99 

90 

81 

l50psig STFAH 
(MBtu/hr) 

137 .ti.. . .. . 
125.0' 

5Opsig STEAM 
(MBtu/hr) 

-, 

74.03 

67.30 

112.5 
I 

60,57 



INDUSTRY: 2812 - Chl~rine 
REGION: National average; Texas 
CASE : Advanced open cycle gas turbine for combined c y c l e ;  60% buy back rate 

EQUIPMENT OPTIONS: Package boilers firing natural gas, distillate oil, and residual oil 
Conventional high pressure steam turbines 
Advanced open cycle gas turbines for combined cycle, firing coal deri+d 
Residual o i l  and equipped with heat recovery boilers 
Purchased electricity ? EQUIPMENT SELECTED: 4 gas fired 50psig package boilers of aize 20,000 ib/hr 

W 
w 4 gas fired 150psig package boilers of size 50,000 lb /hr  

OPERATING SUMMARY: Purchased all of its electricity. In both Texas and National average runs, 
same equipment sslection as the base case run. No cogeneration. 

50psig STEAM 
(HBtuIhr ) 

2 

74.03 

67.30 

60.57 

ANNUALIZED COST: (Optimal ) 
National average = M$ 35.19  oilers = ,553 Gas = 9.075 Electricity = 25.771 

// 

Texas = 11) 37 .57  {Boilers = ,353 Gas = 7.627 Electricity.= 29.591 

b 

150psig STEAM 
(MBtuIhr) 

137.5 

135.0 

112.5 

ELECTRICITY 
(MW) 

99 

. 90 

81 

PRODUCTION 
(tons/day) 

660 

600 

540 

DEMANDS 

PERIOD 1 

PERIOD 2 

PERIOD 3 

HOURS 

876 

4380 

3504 



INIIUSTRY: 2812 - C h l o r i n e  
REGION: Texas 
CASE: Advanced c l o s e d  c y c l e  g a s  t u r b i n e  - AFB; 60% buy back r a t e  

EQUIPMENT OPTIONS: Package b o i l e r s  f i r i n g  n a t u r a l  g a s ,  d i s t i l l a t e  o i l ,  and r e s i d u a l  o i l  
Advanced c l o s e d  c y c l e  g a s  t u r b i n e  - AFB equipped w i t h  h e a t  r ecovery  botler 
Purchased e l e c t r i c i t y  

3 EQUIPMENT SELECTED: 2 g a s  f i r e d ,  50ps ig  package boilers of  size 5,'000 l b f h r  
H 1 30MW cogenera to r  ( c l o s e d  c y c l e  g a s  t u r b i n e  - A F B )  

- 
50ps ig  STEAM 

(MBtu/hr) 
d 

74.03 

67.30 

60.57 

OPERATING SUMMARY: Purchased about 66% of e l e c t r i c a l r e q u i r e m e n t s  from t h e  g r i d .  
Purchased s tandby e l e c t r i c a l  c a p a c i t y  of  30MW. 
Operated t u r b i n e  a t  f u l l  c a p a c i t y  i n  a l l  t i m e  p e r i o d s ,  producing 30M elec, 
149.66 MBtu/hr 6OOpsig s a t u r a t e d  steam; 26.67 WBtu/hr 450psig s a t u r a t e d  steam, 
14 MRtu/hr 150ps ig  s team,  202(8tu/hr 5Opsig steam and 91.92 UBtu/hr of ho t  
wa te r .  A l l  t h e  600 and 450psig steam d e t h r o t t l e d  to  150 and 50ps ig  steam, 
Some of  t h e  hot  water used as feedwater .  
O n e  package b o i l e r  o p e r a t e d  i n  t h e  peak pe r iod  t o  produce 1 HBtu/hr o f  5Opsig 
s team. T h i s  made up f o r  t h e  s h o r t f a l l  i n  t h e  o u t p u t  of t h e  c o g e n e r a t o r .  
The o t h e r  package b o i l e r  used a s  hack up.  

150psig  STEAM 
(MBtu/hr) 

137.5 

125.0 

112.5  

I *NNUALIZED COST: M$ 32.731 - (Optimal)  

\ 

ELECTRICITY 
(HW) 

99 

90 

81 

COMPONENTS OF COST: Turbine  (cap.+O&M) = M$ 4 , 7 ,  Pack b o i l e r  (cap,+O&M) = M$ ,037,  
Coal = M$ 7 . 7 6 3 ,  Gas = H$ ,004,  E l e c t r i c i t y  purchased = U$ 19.508, 
Standby = M$ .72 

- 

PRODUCTION 
( tons /day ) 

660 

600 

54 0 

DEMANDS 

PERIOD 1 

PERIOD 2 
- - 

PERIOD 3 

I ..- -4- A - ILl- 

HOURS 

876 

4380 

3504 ' 



INDUSTRY: 291 1 - PETROLEUM REFINING 

REGION: U. S. AVERAGE 

CASE: NO COGENERATION; 60% BUY BACK R A T E  

S EQUIPMENT OPTIONS: 
H 

b PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL O I L  AND DISTILLATE O I L  * 
CONVENTIONAL HIGH PRESSURE BOILERS FIRING GAS, RESIDUAL O I L  AND COAL (WITH FGD) 

DEMANDS 

P E R I O D  1 

PERIOD 2 

PERIOD 3 

1 PERIOD 4 

PURCHASED ELECTRICITY 

HOURS 

836.28 

5414.89 

2090.63 

418.14 

PRODUCTION 

l o 3  BARRELS~DAY 

262 .5  

2 5 0 . 0  

2 1 2 . 5  

EQUIPMENT SELECTED:  

6 CONVENTIONAL COAL F I R E D  BOILERS PRODUCING HIGH PRESSURE S T E A M  A T  850 P S I G / ~ Z ~ * F  

S I Z E  = 300 x l o 3  LB/HR 

ELECTRICITY 

(MW) 

42  

4 0  

34 

OPERATING SUMMARY: 

175 .0  28 I 

BOUGHT A L L  O F  ELECTRICITY FROM T H E  GRID. 

50 PSIG S T E A M  

(MBTUIHR) 

351.225 

334.500 

284.325 

DESUPERHEATED T H E  PRODUCED S T E A M  T O  M E E T  T H E  DEMANDS FOR T H E  LOWER PRESSURE 

234. 150 

STEAM. 

150 PSIG S T E A M  

(MBTUIHR) 

114.975 

109.500 

93. 0'75 

ONE BOILER WAS USED AS BACKUP. 

450 B I G  S T E A M  

(MBTUSHR) 

1555.050 

1481.000 

1258.850 

76 .650  

ANNUALIZED COST: 

M$ 66.621 7 

1036.700 



INDUSTRY: 291 1 - TROLEUM REFINING 
REGION: U.S. AVERAGE 

CASE: SOA STEAM TURBINES; 60% BUY BACK R A T E  

PRODUCTION ELECTRICITY 50 PSIG S T E A M  150 PSIG STEAM 450 PSIG STEP' ' 

DEMANDS HOURS lo3 BARRELSIDAY (MW) (MBTUIHR)  (MBTU/HR) (MBTUIHR) 

P E R I O D  1 836- 28 262.5 42 . 351.225 114.975 1555.050 

P E R I O D  2 541 4.89 250.0 40 334.500 109.500 1481.000 

PERIOD 3 2090.69 212. 5 34 . 284.325 93.075 1258.850 

I PERIOD 4 418.14 175.0 28 . 234. 150 76.650 1036.700 I 
EQUIPMENT OPTIONS: 

PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL O I L  AND DISTILLATE OIL 

CONVENTIONAL HIGH PRESSURE BOILERS FIRING NATURAL GAS, RESIDUAL OIL AND COAL (WITH FGD)  

CONVENTIONAL STEAM TURBINES 

3 
C( 

PURCHASED ELECTRICITY 

EQUIPMENT SELECTED:  
N 

5 4.75 MW S T E A M  TURBINES. INPUT S T E A M  A T  850 P S I G / ~ Z ~ O F  EXTRACTION AT 150 PSIG, AND 
EXHAUST A T  50 PSIG. 

6 300,000 LB/HR HIGH PRESSURE BOILERS PRODUCING S T E A M  A T  850 P S I G / ~ ~ ~ ~ F ,  A N D  FIRING COAL 1 
O P E R A T M G  SUMMARY: 

PURGHASED 47% O F  E L E C T R I C  REQUIREMENTS FROM T H E  GRID. I 
PURCHASED STANDBY ELECTRICAL CAPACITY O F  16.6 MW. I 
O P E R A T E D  TURBINES AT: 93% O F  CAPACITY (22 MW) IN THE PEAK PERIOD 

8970 O F  CAPACITY (21.2 MW) IN THE SECOND PERIOD 
78% O F  CAPACITY (18.5 MW) IN T H E  THIRD PERIOD 
63% O F  CAPACITY (15 MW) IN T H E  FOURTH PERIOD. 

EXTRACTED STEAM WAS SLIGHTLY MORE THAN T H E  150 B I G  STEAM REQUIREMENTS IN THE FIRST 1 
2 PERIODS, AND EXACTLY EQUAL ALV T H E  LAST 2 PERIODS. THE 450 PSIG S T E A M  REQUIRE- 
M E N T S  WERE M E T  B Y  DESUPERHEATING HIGH PRESSURE STEAM. EXHAUST S T E A M  MORE 
T H A N  MET T H E  NEEDS FOR 50 PSIG STEAM. 

ANNUALIZED COST: 

M$ 65.7002 

LOWER BOUND: 
- &- + 



I - . - -----. - --- ,--- -- _ -I- -- --- CI -- - - -  r r - +  - - , " .  
u .uUSi r \ a :  2 7 ~ 8 -  ~ ' R O ~ f i U M n f i F f l r t ~ u t i  

REGION: U. S. AVERAGE 

CASE: A F B  S T E A M  TURBINES: 60% BUY BACK R A T E  

EQUIPMENT OPTIONS: 

PACKAGE BOILERS FIRING NATURAL GAS, RESIDUAL O I L  AND DISTILLATE O I L  

b 
t 

A F B  B d I L E R S  

CONVENTIONAL S T E A M  TURBINES 

PURCHASED ELECTRICITY =i 

DEMANDS 

P E R 1 0 3  1 

PERIOD 2 

PERIOD 3 

i4 
I EQUIPMENT SELECTED:  
+. 

I W 
3 4.75 MW STEAM TURBINES. INPUT S T E A M  A T  850 P S I G / ~ ~ ~ ~ F .  EXTRACTION A T  150 PSIG STEAM, 

HOURS 

836.28 

541 4.89 

2090.69 

1 PERIOD 4 

L 
I EXHAUST A T  50 PSIC. 

418.14 

PRODUCTION 

lo3 BARRELS/DAY 

262.5 

250.0 

212.5 

1 4 600,000 LB/HR A F B  BOILERS PRODUCING 850 P S 1 ~ / 8 2 5 ~ F  STEAM. 

ELECTRICITY 

(MW) 

42 

40 . 

34 

175.0 
t 

50 PSIG S T E A M  

(MBTU/HR) 

351.225 

334.500 

284.325 

OPERATING SUMMARY: 

28 234.150 

PrlRCHASED 64% O F  E L E C T R I C  REQUIREMENTS. 

150 PSIG S T E A M  

(MBTUIHR) 

114.975 

109. 500 

33. 0'75 

PURCHASSD STANDBY E L E C T R I C A L  CAPACITY OF 4.3 Mw 

450 PSIG STEAM 

(MBTUIHR) 
.. 

1555.050 

1411.000 

1258.850 

76.650 

O P E R A T E D  TURBINES A T  97% (13.78 MW) OF C P A F T I T Y  IN A L L  T I M E  PERIODG, E X T R A C T m G  

1036.700 

'I 
\ 

I 1 1  8.4 MBTU/HR O F  150 PSIG S T E A M  AND EXHAUS'rING 495 MBTUIHR OF 50 PSIG STEAM. 
i 

T H E  450 PSIC REQUKREMENTS WERE SATISFIED BY DESUPERHEATING HIGH PRESSURE STEAM. 

O N E  O F  T H E  BOJLERS USED AS BACKUP. I 
ANNUALIZED COST: 

M$ 59.2624 

LOWER BOUND: 

M$ 49.8696 



INDUSTRY: 2911 - Petroleum RefLning 
REGION: National average, Texas 
CASE : Advanced open cycle gas turbine - AFB; 6096 buy back rate 

. + 

DEMANDS IIOURS 
PRODUCTION ELECTRICITY 50psig STEAM 15Opsig STEAM 450psig STEAM 
(103bbl/day) (Mu) ! 3fBtuj hr ) (MBtujhr) (MBtuIhr) 

PERIOD 1 836.28 252.5 42 ,351,225 114,975 1555.050 
. , 
PERIOD 2 54 14 .89 250. G 4 0  334.500 109.500 1481.000 

PERIOD 3 2090.69 212.5 34 284.325 93.075 1258.850 

PERIOD 4 418.14 175.0 28 234.150 76.650 1036.700 
* 

EQUIPMENT OPTIONS: 

EQUIPMENT SELECTED: 

OPERATING SUMMARY: 

ANNUALIZED COFT : 

Package boilers firing natural gas. distillate oil, and residual oil 
Advanced open cvcle gas turbine firing coal in an AFB furnace, and equipped 
with heat recovery boiler 
Conventional high pressure boilers firing coal 
Purchased electricity 

7 gas fired 50psig package bbilers of size 20,000 lb/hr 
4 30MW cogenerators (open cycle gas turbine - AFB) 
No purchase of electricity or standby capacity. Sold electricity in each of 
the four periods. Peak period operation of cogenerators at 100%. produced 
120MW elec and 1880.76 MBtu/Hr 600psig steam, sold 78MU elec. Second period 
operation of cogenerators at-100%. produced 120MW e'lec and 1880.76 WBtu/hr 
600psig steam, sold 80MW elec. Third period operation of cogenerators at 
79%. produced 94.73MW elec and 1636.25 MEtu/hr 600psig steam, sold 60.73MW 
elec. Fqurth period operation of cogenerators at 54%, produced 64.89WII elec 
and 1347.5 MDtujhr 600psig steam, sold 36.89MW elec. All the 600psig steam I 

dethrottled to 50, 150, and 1SOpsin steams. One package boiler used as 
back up. the rest produced 140.50 MBtujhr in the peak period and 44.24 MBtu/hr 
in the second period. Were shut down in last two periods. 

National Average Texas 
Coeenerators (can.+O&M) 25.32 2?73?2 
Packaak boilers i cap .+OW) 
Coal 
Gas 1.90 1.59 
Electricity Sales -13.13 -15 .OO 

M$ . 60.11 Optimal 56.64 Optimal 



INDUSTRY: 2911 - Petroleum Refining 
REGION: National ,verage; Texas 

f 
j 

CASE : Advanced open cycle gas turbine for combined cycle; 60% buy back rate 1 
1 
1 

DEMANDS HOURS PRODUCTION ELECTRICITY 50psig STEAM 150psig STEAM 450psig STEAM 
(103bbl/day) (MW) (MBtu/hr ) (MBtu/hr) 

PERIOD 1 836.28 262.5 42 351.225 114.975 1555,050 

PERIOD 2 5414.89 250.0 40 334.500 109.500 1481.000 

PERIOD 3 2090.69 212.5 34 284.325 93.075 1258.850 

PERIOD 4 418.14 175.0 28 234.150 76.650 1036.700 
- 

3 gas firing 150psig package boilers of size 50;000 lb/hr 
33 lOMW combined cycle gas turbines (cogenerators) 

COGENERA'I'ORS : Produced (WW) Sold (MW) (MBtu/hr) (MBtu/hr) 
Period 1 326.64 284.64 1474.80 84.27 

I i 
EQiiIPMENT OPTIONS: Package bailers firinn natural gas, distillate oil, and residual oil 

' 1 

s Conventional high pressure steam turbines /I 
Advanced open cycle gas turbines for combined cycle firing coal derived 

H 

A I - residual. and equip~ed with heat recovery boilers 
Purchased electricity 

EQUIPMENT SELECTED: 15 aas firing 50~sin package boilers of size 20,000 lb/hr ! /  

OPERATING SUMMARY: Same equipment selection and operation in both the national averaae run and 
the Texas run. Difference in objective function reflects differences in i 

prices. Purchased no electricity or standby capacity. Sold electricity in , I ! 
each of 4 periods. I 

OPERATION OF Electricity Electricity 450psig Steam 150psig Steam Hot Water , 1 

( CON'I'I NUED ) 

Period 2 310.29 270.29 
Period 3 263.74 229.74 
Period 4 217.20 189.20 

The cogenerators were operated primarily to satisfy the'ijiemand for the 450psia 
steam. for which thev were the only source. Some hot water used as feed water, 
the rest useless. The 150psig package boilers were the only source for the 

E 
15Opsip steam. Except for the peak period when about 10 MBtu/hr were sup~lied 
bv dethrottling, the 50psig package boilers met all the demands for that steam 
tvpe. One of the 150psig package boilers was used as back up. The same applies 
to the 50psig package boilers. I 



INDUSTRY: 2911 - Petroleum Ref in ing  
REGION: Na t iona l  a v e r a g e ;  Texas 
CASE : Advanced open c y c l e  g a s  t u r b i n e  f o r  combined c y c l e ;  60% buy back ra te  

CONTINUED 

COST : M$ Nat ional  Average Texas - 
Package b o i l e r s  (cap.+O&M) ,6426 ,6426 
Cogenera ta r s  (cap.+O&M) 22.8802 22.8802 
Coal 144.6347 144.6321 
Na tu ra l  gas 20.0576 16.8576 
E l e c t r i c  Sales ( a t  60% r a t e )  -46.3117 -52.9345 
T o t a l  ( a t  60% r a t e )  141.9034(0pt . )  132 .078(0p t . )  

T o t a l  ( a t  100% r a t e )  111.0289 96.7883 



INDUSTRY: 2911 - PetroIeuftI  R e f i n i n g  
REGION: Texas 
CASE : C l o s e d  c y c l e  g a s  t u r b i n e  - AFB; 60% buy b a c k  r a t e  

DEMANDS HOURS PRODUCTION ELECTRICITY 50psig STEAM 150peig STEAM 4 5 0 p s t ~  STEAM 
( 1 0 3 b b l / d a y )  (MW) (MBtu /hr )  (P.fBtu/hr ) (FrBtu/hr)  

PERIOD 1 836.28 262.5 42 351.225 114.975 1555.050 

PERIOD 2 5414.89 250.0 40 334.500 109.500 1481 .000 

PERIOD 3 2090.69 212 .5  34 284.325 93.075 1258.850 

PERIOD 4 418.14 175.0 28 234.150 76.650 1036,700 
i 

- -  - -.. - - -  

COGENERATORS: Produced  S o l d  
, F P e r i o d  1 200 158.0 

EQUIPMENT OPTIONS: P a c k a g e  b o i l e r s  f i r i n g  n a t u r a l  gas, d i s t i l l a t e  o i l  and r e s i d u a l  o i l  
C o n v e n t i o n a l  h i g h  p r e s s u r e  h o l l e r s  f i r i n g  coal s 

H Advanced c l o s e d  c y c l e  gas t u r b i n e  - AFB, e q u i p p e d  w i t h  h e a t  r e c o v e r y  b o i l e r  
b P u r c h a s e d  e l e c t r i c i t y  
4 

EQUIPMENT SELECTED: 4 gas f i r e d  5 0 p s i g  p a c k a g e  b o i l e r s  o f  size 20,000 lb/hr 
5 coal f i r e d  8 5 0 p s i g  b o i l e r s  o f  s ize  100,000 l b / h r  

, 
I 2 1 0 0 M W  advanced  c l o s e d  c y c l e  g a s  t u r b i n e s  ( c o g e n e r a t o r s )  - APB 

OPERATING SUMMARY: N o  p u r c h a s e  o f  e l e c t r i c i t y  or o f  s t a n d b y  c a p a c i t y  

OPERATION OF E l e c .  E l e c .  600r)sin S a t . . 4 5 0 p s i a  1 5 0 p s j ~  50psig Hot - .> 

Steam st earn'- st &a.m. 
997.53 177.78 93.54 

s t e a m  Water % Cr.,zcity 
132,46 612.80 100 

D e r i c d  2 200 160.0 997.53 177.78 93.54 132.46 612.80 100 
P e r i o d  3 200  166.0 997.53 177.78 93.54 1 3 2 . 4 6  612.80 100 
P e r i o d  4 191.8 163.8 957.89 170.72 89.82 129.08 588.52 95.9 

( T h e  e l e c t r i c i t v  f i g u r e s  are i n  MW and  t h o s e  f o r  t h e  t h e r m a l  o u t p u t s  i n  MBtu/hr)  
.One h i g h  p r e s s u r e  b o i l e r  an? o n e  p a c k a g e  b o i l e r  a r e  u s e d  as b a c k  u p s .  The  
p a c k a g e  b o i l e r s  w e r e  o p e r a t e d  o n l y  i n  t h e  p e a k  p e r i o d .  They p r o d u c e d  
54.32 MBtu/hr o f  5 0 p s i g  steam. The rest o f  t h e  t h e r m a l  demands w e r e  made up 
b y  t h e  h i g h  p r e s s u r e  b o i l e r s .  Only  t h e  c o g e n e r a t o r s  were o p e r a t e d  i n  t h e  
i n  t h e  f o u r t h  p e r i o d .  

I ANNUALIZED COST: M$ 58.64 Lower bound = M$ 56.55 



C. Flow Diagrams for a Selected Nunber of Cases 



I 

1. Overview - 
In this section, detaiAed energy flow &arts for sane selected cases 

are presented. The specific cases and their  order of appearance by page i 
rurmber e given i n  W A e  VII-2. 1 

The layout ot the flow chart was designea t o  be general enough t o  4 
accomodate a l l  the varicxs cases and aptions that were run. Any specific i 
case, therefore, may not need all the boxes for descriptior, Fbr example, 

1 
i 

i n  the Newspint, National awersge, sateof-ths-art turbine, 60% buy back 1 
1 

ra te  case (VII -S i ) ,  Cogeneration, Package Loiler 150 psig , Conventional s 

waste fuel B.P. boiler and Generator wjo heat recovery boxes are not used i 
i 

because tney don't agply. ALSO, e r e  is no &nard for 150 psig , 450 pslg 

or 600 psig steam i n  Time Per=i& (TP) 1. (This  can be seen i n  the lower 

l e f t  hand corner box. There is one such chart for each of the three time -1 
periods.) Thus,  t.he steam li.nes corresponding to these non-existant. 

demands are not applicable here. I n  the furthest l e f t  hand column, t h e  

purchased electricity, standby capacity and fuels are rep- while in the 

furthest right hard column, the case, percent implant electricity generatea 

in that period, the annual plant cost and the computer cost for t h i s  run 
I ? 

are reported. Various fuel d electricity prices are also reprtea i n  the 

I nuddle of the chart. 
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Table A 1 

ECS: Advanced Open Cycle  Gas  Turbine with Coal Derived Residual 

% of Load ~ f F u l l L o a d P o r f o r m a n c e  . 

Size 

1 MWe 

5 MWe 

10 MWe 

30 MWe 

Part Load Performance a s  a Fraction 

--- 

Ful l  Load Performance -- - 
Effici5nc;r 

Ir 

. 2 8 0  

. 3 2 5  

. 3 3 6  

. 3 3 0  

C o s t s  

Capital Cost 

$/kWe 

683.9 

480.0 

412.1 

323.6 - 

50 MWe . 3 3 0  

100 MWe 

0 & M Cost  

$ / k ~ - h r .  

2.9 x 1 0 ' ~  

2.9 

2 . 9  x 

2.9 10-3 

289.2 

248.3 

2.9 x 1 0 ' ~  

2.9 x 1 0 ' ~  - 

Q procees/Q fuel-in 

0 

0 

600 psig 

. 5 2 5  

.490 

.485 

. 485  

0 

0 

450 p s i g  

0 

0 

0 

8 

0 .. 

0 

150 p s i g  

0 

0 

0 

0 

50 psig 

0 

0 

0 

0 

Hot Water 

0 

0 

0 

. 0 . 



Table A2 

ECS: Advanced Open Cycle ~ a e ' ~ u r b i n e  with Integrated Gasifier 
. . . '  

,- Cu 
Capital Coat 

S/kWe . .. 

0 at M Cost 

$/kW-hr. 

Full Load Performance . - . . . . . .- 
Size Efficiency 

n 

. . 
- Q proccrre /d . i i e l - in  -- 
600 psig 1450 psig 1150 psig ' 1 50 peig i Hul Water 

I I I I ' . '  



 able. ~3 
IECS: Advanced Open Cycle Gae Turbine with AFB 

Part Load Performance a s  a Fraction 
of Full Load Performance , 

Size 

10 MWe 

3 0  MWe 

50 MWe 

100 MWe 

Coets --- 

91, of Load 

Capital Coat 

$/kWe 

1699.8 

1379.6 

1252.0 

1097.5 

Full Load Performance 

0 6: M Coet 

$/kW-hr. 

7.3 

7.3 

7.3 x lo-) 

7.3 

Efficiency 

n 

.I60 

,160 

.I60 

.I60 

- 

. .  - 
- 

- 

Q proceee /Q fuel-in 

- 
. . 

- 
- 
- 

1.013 

1.030 

80 

60 

150 peig ' 

0 

0 

0 

0 :  

50 peig 

0 

0 

0 

0 

600 peig 

.668 

.668 

.668 

.668 

.921 

.821 

Hot Water 

0 

0 

0 

. 0' . 

450 peig 

0 

0 

0 

0 



ECS: Advanced Open c y c l e  Gas Turbine kith PFB 

Part Load Performance ae a Fraction . .  . . . .  
of Full Load Performance . . 

. . 
7% of Load . t 

, .. . . . . . . . 
80 .923 1.019 - - - . _ .  . 

. . 
60 .821 1.043 - - - . . .- . 

, . 
b 



ECS: Advanced Closed Cycle  Gas ~urbihe .with A F B  

. . .  .: . . . . . ' . ,  
. . , . 

. . 

? . . . 
. . .  . . . . . . .  

Part Load Performance a s  a FAkt ion  . . . . 

of Full Load Performance . . . 

. . 
I 

Size 

la MWe 

Olu of Load 

Full Load ~ e r f o r n i a k e  ' . 

. . 
. . 

Costs 

Efficiency 

n 

,230 

. . 
1.'.'000 : - 

1..007 . . . 

1.030. . 

Capital Coet 

$/kWe .. 

1300.0 

1009.7 

897.8 

765.5 

I 

1.003 

1,000 

1.022 
L- 

0 & M Coet 

$/kW-hr. 

5.6 x 

5.6 x loe3 

5.6 x 

5.6 x 10'~ 

. . 
Q process /Q fiisl-in 

30 kl W e  

50 M W e  - 
100 M W e  

1.000 

1.005 ' 

1.027. 

. . 

.240 

.240 

.240 

1.000 

1.065 

1.027 

. 

.043 

.043 

. .043 

. . . . . 

.030. 

,030 

.030 , .  
1 

.320 

.320 

.320 

1.000 

1.005 

1.027 

-- 

.I40 
. . . . 

. . .  1'40 . 

. ,.140 

5 0  psig 

.044 
. 

150 p a i g  

.064 . 
.I 

057 

.057 

.057 - 

600 psig 

.322 

1.000 

9 8 3  
- 

.909 

HotWater 

A3.7 ' 

450 p i g  

.027 



Table A6 

Part Load Performance a e  a Fraction 
of Full Load Performance ..:; . . '  

ECS: Molten Carbonate Fuel Cell, with Coal Derived Distillate 

Size 

1 MWe 

5 MWe 

10 MWe 

30 MWe 

50 MWe 

I00 M W e  

% of Load . . 

Coste 

Capital Cost 

$/kWe 

733.7 

651.3 

618.7 

570,4 

549.3 

521,8 

0 & M Cost 

$ /kW-hi .  

2.6 x lo"3 

2.6 x 

2.6 x 

2.6 x 

2.6 

2.6 x 
1 

. . 

Full Load ~erformance 

Efficiency 

n 

.359 

.359 

.359 

-359 

.359 

.359 

. I 

1.000 

1.00G 

1.000 

.971 

.974 

l.'040 

.971 

.974 

1.040 

80 

60 

40 
i 

. .. 
Q process/Q fuel-in 

; 9 5 7 -  ' 

.473 

1.040 

.971 . 

.974 

, 
1.040 '.- 

1.053 

1.047 

.930 

. 50 psig 

.003 

.003 

. .003 

.803 

.003 

,003  

150 psig . 

. 0 0 5 . .  

,005 

.005 . 

,005 
.. 

.005 :" 
. . 

.005 . 

'600 psig 

-406 

.43 1 

.431 

-431 

.431 

.431 

Hot Water 

. I 15  

-090: 

.090 . 

.090 

. 09d 

.090 

. . 

450 ~ a i g  

.002 

.002 

.002 

.002 

.002 

.002 



. . 

Table .A7 
. . 

ECS: Molten Carbonate Fuel Cel l  with integrated Gasifier 

Size 

10 MWe 

30 MWe 

50 MWe 

100 MWe 
i 

Costs 

Capital .Cost 

$/kWe 

1806..1 . . . 

1465.8  - 

1330.2  

1166.1 

. . . .  , 

Full Load Performance 
0 81 M Coat 

$/kW-hr. 

3 . 3  x 

3 . 3  lom3 

3 . 3  x 

3 . 3  

Efficiency 

n 

. 2 7 6  

- 2 7 6  

- 2 7 6  

. 2 7 6  

. . . . . 
Q process/Q h e l - i n  

Hot Water ' 

. . 
' , % 5 0  

.. . . .  1'50 . 
. . 

. . i s 0  . 

. . :. . 1 5 5 . '  . 

50  paig. 

. 0 1 0  . 

. 0 1 0  

. . O I O  

. 0 0 8  

150 psig 

. 0 1 4  ': '. 
. . . . 

- 0 1  4 
. , 

. 0 1 4  
. .. 

. O l l  . ' . . '  

600 paig 

. 3 5 4  

. 3 5 4  

. 3 5 4  

. 3 5 4  

450  psig 

. 0 0 6  

. 0 0 6  

. 0 0 6  

. 0 0 6  



Table A8 

ECS: Advanced Gas ~ u r b i h e  f o r  Combined Cycle 
Parameters :  2500°F, Pr =. 18:l Coal Derived Rebidual 

. . 
Q throttle1Q fuel-in 

Efficiency 865 p s i a / 8 2 5 ° ~  .' 1465 paia'95!'0F C a p i k l  c o s t  0 & M c o s t  
Size ECS ' ~ h r o t t l e  D.A. Heating ~ h k t t l e  D.A. ~ e a i i n ~  $/kWc $/kW-hr. 

. . - . .  
... 

10 MWe .330 .426 .041 403 .040 " 412.1 2.9 x lo-) 

100 MWe . 330 .426 .041 ..:403 . 040 '... ' 248.3 
. . 

2.9 1 
Up to four gas turbine0 with one steam turbine. 



Table A9 

AFB Furnace Subsyotern (Boiler) 
. . .  . . 

% of Load Q ThrottlejQ Fuel-In Electrical Efficiency 

80 .858 - 
60 .862 - 
40 , 860  - 
20 .842 - 

1 



Tar A10 

PFB Furnace Subsystem (Boiler with Gas Turbine) 

Part Load Performance 
C 

Q ThrottleIQ Flt..el-In Glectrical Efflclency 





Method of Optimization 

Iha -1 ia cptimind u i r q  the Mixed intzger &amln4 techniqm 

implemented i n  DM'S MPSX program, T h i s  t echn ique  p a r t  it  i o n s  the 

optimizat ion i n t o  two levels:  a bigher l e v e l  problem dealing w i t h  the 

in teger  variabies;  and a lower l e v e l  where a l l  var iables  ate assumad 

The lower leve l  problems a r e  character ized a s  ordinary continuous 

l i n e a r  programming problems which can be e f f i c i e n t l y  aolved'using the 

simplex algorithm. The higher .level problem is a pure integer a p t h i a t i o n  

which i s  solved using. a.branch-axid-bbmd ( U B )  aiarithm i n  which iach .. , . . . 

branch mde designates a new lower level prcblern. 

The MIP procedure begins a t  the  base node of the BcB tree. This  

designates  a continuous problem cons i s t i n g  o r  a physical model w i  th a l l  
. . .  '. . 

'intege; kp i rements  ignored. me k l u t i o n  to .this &if icial mlem w i l l  

obviously be a lower bouna to the optimal so lu t ion  to  the real p r o ~ l e m ,  

s ince  the real problem cons i s t s  of the physical model plus addi t ional  

constraints requiring that certain variables take on integral values. (A 

fundamental principle of cptimization is that the 0 b j e ~ t i ~  f u ~ d i o n  cannot 

imprwe when oonstraints are added.) 

A branch-and-bound alprithm constructs a tree of brand-ies away fran 

this base node by auxessively adding constraints and mlvirq each sli*tly 

more constrained problem; its e f f i c i ency  depends on the rules used to 

decide where and how to branch. 

In the MPSX-MIP implementation each node leads to two branches on 

which axnpbmentary constraints are imped. mr example, i f  a supFcsglly 

in teger  variable is st111 f r e e  on the range 2 to 6, one branch might 



restrict it fram 2 to  4 and t h e  o t h e r  from 5 to  6. These branches 

des igna te  two new nodes descending from the previous one, wi th  two new 

continuous subproblems to be solved, n e i t h e r  of which can have a b e t t e r  

objective t mctim than the parent 
k 

After each of the tw mdes are evaluated a new brarxhirq decision is 

! made, gene ra l ly  descending f row t h e  "betterw of  t h e  two l a t e s t  nodes. 

Clea r ly  after a f i n i t e  number of s t a g e s  every necessary v a r i a b l e  can be 
. . . .  

, . 
forced to  be i n t e g r a l  by a p a i r  of const .raints f equ i r ing  .it to be both no 

1 
1 than and 110 less than inteqar. With-luck . . many variables w i l l  . .'. 1 . . . . . . 

. n a t u r a l l y  ride up a g a i n s t  t h e  integ,ral' end of '  i a + c o n s t r a i n t  tang* and not : . 1 
require to &forced. ,  

I 

The ob jec t ive  f m c t i o n  va lue  of the subproblem a t  ' t h i s  node w i l l  1 
I 

c o n s t i t u t e  an upper bound on the uptjmal s o l u t i o n  of the real problem, 
. 

. 
s i n c e  it rd;e.ts 'all the phys ica l  and i n t e d r a l i t y  k n s t r a i n t s  bu t  &y no t  

. . 
. . 

hdve t h e  bes t  value= 40; th= integel '  variables. - ( ~ h d t  is, it may be 

overconstra ined,  s l n c e  t h e  B&B fo rces  p a r t i c u l a r  i n t e g r a l  va lues  a t  the 

node while the real poblem allows any value that js integer.) 

I However, a node a t  which a l l  t h e  necessary v a r i a b l e s  a r e  i n t ege r  is 

def ini te ly  optimal ff its objective f mction value is not greater than that 

of any o t h e r  not-yet-integerizea branch. A t  such a pending node t h e  
1 

o b j e c t i v e  funct ion value is oniy a lower bound, and it is possible t h a t  a 1 
proper ly  i n t ege r  s o l u t i o n  might e x i s t  beneath it with no worse a value. 

(The added descending constraints cannot lower the value, but  they need not 1 
r a i s e  it.) I 

The branch-ana-muna a* ~ ~ r l  thm select ively explot.-es nodes wlth good 

lower bounds and branches from them u n t l l  e l t h e r  a, p roper ly  i n t eye r  I 



solution is foMd or the lower baurd becomcs greater than the best groper 

objective function found so far. When no pending node has  a lower bound 

below the best !nwer mution, then the algorithm terminates. 

The progress of the MPSX-HIP procedure can then be monitored by 

keepirq track of tbe overall lower baud d the aw~dl u p r  batnC1. 'Ihe 

overall lower bound ia  Ihe l e u t  l o n r  b o d  on any u n e x p l q ~  node wi th  
. .. -. ; . . 

non-integral variables. A t  any given time during the dpti*ization the 

possibility *at the real optimum might be that low cannot be ruled out. 

?he overall lower "txamd is initially equdl to the objectik f mction'of the 
- - . . . . . . . . 

, base node, found by relaxing. a l l*  th i '  integer , . coristeaints. .. 
I 

, ?he. okra11 . 
. . - :  . . . . ' .. . . . . . 

upper bolurd is the least o&ctive functtbn. among dny pr6&rly i&er  

solutions. A t  any given time during the optimization it is certain that 

the real aptimum will not exceed this value. An uFper band is not known 

un t i l  the fiwt .prape~ly inteqral  solutiori has been f m  Note that the . . . . 

optimal solution is generally dtscovered sane time before opthality is 

proven; the extra time is spent pushirq the lowr bom& of the remaining 

pending m s  up thrwgh the qtimal ceiling. 

Sewral examples of this cptimization paces8 were studied durirg the 

preliminary &1 developrent ;phases of the study. Plots of tne progress 

of these optimizations are shown i n  Figures B1, 82, and B3. Each of these 

figures plots the p i n t  of discovery of each improved lower bcund and u p p r  

born. Three axes are wwided to measure the effort exp~nded: the search 

tune (CPO t i r e  on tne cnanputer), the total number of branch m s  explored, 

d t h  aunulative number of simplex interactions i n  the subpblems. 

The three figures are similar i n  structure; the lower bound creeps 

up; a better upper bound is found; t h i s  allows pending nodes w i t h  h igh  



Figure B1 



Figure 82 

u l  I.. 7 - 
i I 





lower bou&s tn ke drqpd, ard the lower bound is then impwed; then the 

upper bound is lowered; e tc .  The envelope of t h e  lower bound and upper 

bound points f w l s  i n  to the opt- solution d u e .  
I 

1. Unfortunately t h e  time scales are r a t h e r  d i f f e r e n t  f o r  these cases. 

The problem of se l ec t ing  t h e  b e s t  closed-cycle AFB gas tu rb ine  was 
. . 

completely optimized i n  a s h o r t  t i m e .  The opt imiza t ion  of thesteam 

turbim system ms terminated by an autanatic t i m e  l i m i t  w i t b u t  w i n g  

I 
1 

op t  imali ty. . Although t h e  lower bound was no t  much improved .bepnd  its 

I 
. - 

i n i t i a l  value,  t h e  p a t t e r n  o f .  progress  suggests  t h a t  t h e  bpt imal  value . 

. . . .  1 would l i e  near me f ina l .upper  . bound. . m o s t  . .  a&iti&s . . case was:an 
. . . .  I . . .. . . 

. . .  . i . * .  . . 

. . .  
. . 

attempted &bal'. optirbiza'tion .a*- all -thL stat-f-theart  ( m e n t i d ,  . 
I 
1 .  
I cogeneration) systans. This was _pushed out fo r  a considerable numkr of 

i t e r a t i o n s  but  never reached opt imal i ty .  Its progress  was steady ana 

t normal,. but too slow. . .: . . . .  . . 
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