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1. FOREWORD

The Solar Energy System Performance Evaluation - Seasonal Report has been
developed for the George C., Marshall Space Flight Center as a part of the
Solar Heating and Cooling Development Program funded by the Department of
Energy. The analysis contained in this document describes the technical
performance of an Operational Test Site (0TS) functioning throughout a
specified period of time which is typically one season. The objective of the
analysis is to report the long term performance of the installed system and
to make technical contributions to the definition of techniques and require-
ments for solar energy system design.

The contents of this document have been divided into the following topics
of discussion:

System Description
Performance Assessment
Operating Energy
Energy Savings
Maintenance

Summary and Conclusions

Data used for the seasonal analyses of the Operationai Test Site described
in this document have been collected, processed and majntained under the 0TS
Development Program and have provided the major inputs used to perform the
long term technical assessment.

The Seasonal Report document in conjunction with the Final Report for each
Operational Test Site in the Development Program culminates the technical
actiyities which began with the site selection and instrumentation system
design in April 1976. The Final Report emphasizes the economic analysis
of solar systems performance and features the payback performance based on
1ife cycle costs for the same solar system in various geographic regions.
Other documents specifically related to this system are References [1] and

[2].*

*Numbers 1in brackets designate references found in Section 8.
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2.  SYSTEM DESCRIPTION

The Home Builders Association of Huntsville Office Building (Figure 2-1)
located in Huntsville, Alabama, is the site selected for demonstration of
the IBM System 1A. The building is constructed as a three office complex
with one heating and hot water system. This system provides space heating
and domestic hot water (DHW) preheating. Thz svstem, which uses air as the
heat transport medium, has a 720-squarp foot collector array and a 22-ton
rock storage focated within the office building.

The system was originally designed for a single family dwelling of approxi-
mately 2,000 ft2 floor space in the Huntsville area. The system was de-
signed to supply 50 to 60% of the space heating and hot water Toad assuming
approximately 3300 yearly heating degree days and approximately 74 gallons
per day domestic hot water usage. The design temperature inside the
building was to be maintained at 70°F. The design was intended to be
scaled up or down to accommodate a wide range of heating and hot water
requirements for other one zone single family, multi-family or small
commercial buildings without significant change to the design concept.

Auxiliary energy for heating is supplied by a four-ton electric heat pump
assisted by a three-stage electric resistance strip heater. Solar heating,
either directly or from storage, can be assisted by a separate set of
electric resistance strip heaters. Auxiliary energy for the DHW is pro-
vided by an electric resistance heating element located in the 20-gallon
DHW storage tank. Figure 2-2 is a schematic of the system. The system
has five different modes of operation.

Mode 1 - Collector-to-Load: This mode exists when the collector subsystem
provides solar heated air directly to the building. This mode is selected
when the collector subsystem is on and the building thermostat calls for
heat. DHW is preheated during this mode by turning on the preheat pump
when the top of the preheat tank falls below 150°F.
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Mode 2 - Storage-to-Load: - This mode exists when rock storage provides

heated air to the building. This mode is selected when the collector
subsystem 1s off, the building thermostat calls for heat, and the top
of rock storage is greater than 90°F.

Mode 3 ~ Auxiliary-to-Load: This mode exists when modes 1 or 2 cannot
provide heat and the thermostat calls for heat. The heat pump and
electric strip heaters provide the necessary auxiliary heat energy.

Mode 4 - Collector-to~-Storage: This mode exists when solar energy is
available but no heat is needed in the building. When the collector
outlet temperature is approximately 45°F above the bottom of rock stor-
age, sclar heated air is used to charge storage. DHW is preheated
during this mode by turning on the preheat pump whenever the top of
the preheat tank falls below 150°F.

Mode 5 -~ Summer Mode: This mode is used during the warm weather when
space heating s not required. Solar heated air is circulated in the
collector subsystem to preheat the hot water only. During summer mode
operation rock storage is bypassed. Operation of this mode starts when-
ever the collector-to-preheat tank temperature difference exceeds 20°F
and stops when this difference drops to 5°F.

NOTE: In Modes 1 and 2, electric strip heat auxiliary is used in series
with solar heated air whenever the thermostat second stage is activated.

The collector array consists of 30 Sclar Energy Products, Model EF-212
air collectors. The collectors are 2 ft. by 12 ft. rectangular units
designed for integral roof (flush) mounting. The collector array is
oriented due south and tilted 45¢ (approximately latitude +10°).

Heating storage is provided by 44,000 pounds of 3/4 inch to 1-1/2 inch
washed river rock. The rock bed is located in the front of the building
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between the two downstairs offices. Heat loss from three walls of
the rock bed enters the building and therefore reduces the ‘neasured
heating load.

The domestic hot water 1s preheated by circulating water from the

52 gallon preheat tank through an air to water heat exchanger in the
collector outlet air duct. The conventional water heater draws its
supply from the preheat tank and adds any necessary auxiliary energy.

Energy transport is provided by a Sclar Control Corporation Series 20
air handler. Operation of the blower and dampers to route air flow
for the various modes of system operation is achieved through the con-
trol subsystem.

The control subsystem provides for sequencing and control of the solar
subsystems and heat pump auxiliary %¢ establish operating modes suitable
for ali conditions of season and sojar energy input. The functional units
comprising the control system are: (1) Solar Control Corporation Model
75-176 controller, (2) Rho-Sigma Model 106 differential thermostat, (3)
the conventional control circuit supplied with the heat pump, and (4)

an interface control unit, which is & unique design for this system, to
interface with the heat pump.

The solar controller is used to start and terminate collector operation
in the heating season. Turn-on of the collector loop occurs when the
differential temperature between the collector outlet and the bottom of
the rock bed 1s 45°F, nominal. Collector flow is terminated when this
value of differential temperature is 28°F, nominal.

The Rho-Sigma differential thermostat provides control of the domestic
hot water system. Transfer of heat from the collector loocp to the

DHW loop starts when the differentiai temperature between the collector
outlet and the preheat tank is 20°F, nominal and terminates when this
differential falls to 5°F.
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Two design changes to the control system were required after instal-
lation of the system.

The first of these changes was the addition of a delay to close appropriate
motorized dampers in the ajr handler unit to prevent heated or cooled air
from being forced back through rock storage due to occasional passive anti-

backdraft damper leakage.

The'second change also required the addition of a relay to the control
system to prevent unwanted space heating of the building when the occupants
incorrectly set the controls during a seasonal switchover.

These changes illustrate the problems that can result from interfacing a
solar energy system with various types of conventional systems and the
need for system design to anticipate air leakage and human operator error.

The sensor designations in Figure 2-2 are in accordance with NBS-IR-
76-1137 [4]. The measurement symbol prefixes, W, T, EP and I rep~
resent respectively: flow rate, temperature, electric power and

insolation.
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2.1 Typical System Operation

Curves depicting typical system operation on a cold clear day
(February 19, 1979) are presented in Figure 2.1-1. Figure 2.1-1 (a)
shows the insolation (I001) on the collector array and the period

when the array was operating (shaded area). On this particular day
the array cycled on and off from 0806 to 0822 and then started normal
operation at 0827 hours. Until approximately 1000 hours all collected
solar energy was supplied to the space heating load. After 1000 hours
most solar energy was put into rock storage. The array continued to
operate until 1539 hours and then shut down for the day.

Figure 2.1-1 (b} shows typical collector array temperatures during the
day. As the sun started to rise at approximately 0650 hours, the ab-
sorber plate temperature (T103) began to rise rapidly and reached 120°F
before the system began normal operation at 0827 hours. It should be
noted that temperature sensors T100, T1G2 and T150 are not the control
sensors that govern system operation.

During the operational period the absorber plate temperature generaily
tracked the insolation level and collector outlet temperature (T150)
showed some lag, as would be expected. Collector inlet temperature (T100)
showed even more lag, since the cool rock bed storage removed most of the

heat energy and returned air to the collectors at a much cooler temperature.

Figure 2.1-1 (c) shows the temperature at the top, middie and bottom of
the rock bed storage. The first solar energy available from the col-
lectors in the morning is supplied directly to load, so energy in
storage does not start to increase until after 1000 hours. From 1000
hours to 1500 hours most collected solar energy is supplied to storage.
The top one. third of storage rises rapidly in temperature from approxi-
mately 80°F to 125°F. The center and bottom Tag in temperature as is

expected.
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After the collector is turned off for the day, the storage temperatures
start a slow decline. From approximately 1700 hours to near midnight

the building heating load was supplied by storage, and the storage tempera-
tures decline rapidly. Since the outside temperature was 25°F and the
building heating load high, all of storage was depleted just before mid-
night. A fully charged storage was usually able to provide the necessary
space heat through one night.

Figure 2.1-1 (d) 1s a profile of the preheated water temperature as it

enters the preheat tank. During the solar collecting period the preheat
tank water temperature was rajsed from 69°F to 120°F.
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2.2 Typical System Operating Sequence

Figure 2.2-1 presents bar charts showing typical system operating sequences
for February 19, 1979. This data correlates with the curves presented
in Figure 2.1-1 and provides some additional insight into those curves.

Auxiliary space heating was required until approximately 0800 hours, at
which time solar began to cycle on and éttempted to meet the load. The
Timited cycling is indicative of proper operation of the control system;
i.e., the sensitivity is adjusted to take maximum advantage of the useful
solar energy that 1s available. From 0822 to 1003 hours all collected

solar energy was supplied directly to the building. At 1003 hours the
outside ambient temperature had risen to 30°F with the sun shining brightly,
and the building heating load began to drop off. As the building heating
load became less, a larger share of the solar energy was available to charge
rock storage. |

Solar energy was used all day to charge the domestic hot water preheat

tank. No hot water was used on this day, so the auxiliary electric water
heater cycled on and off about every 1-1/2 hours to keep the hot water

at the set temperature (normal hot water heater operation). The typical

hot water usage for this site was 5 to 15 gallons per day for the work days
with no usage on weekends. With a solar domestic het water preheat system,
only the preheat tank is charged with solar energy. When hot water is used,
solar heated water from the preheat tank is supplied to the domestic hot
water heater. If no hot water is used, all the solar heated water stops

in the preheat tank and all DHW tank losses must be made up with auxiliary
energy. This indicates that a single tank domestic hot water system is more
appropriate for light loads. In the Tight load applications, maximum col-
lection of solar energy is not necessary, and tank losses can be made up
with solar energy, conserving auxiliary energy.
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3. PERFORMANCE ASSESSMENT

The performance of the IBM System 1A Solar Energy System has been evaluated
for the September 1978 through August 1979 time period. Two perspectives
have been taken in this assessment. The first looks at the overall system
view in which the total solar energy collected, the system load, the measured

values for solar energy used and the system solar fraction have been presented.

Also presented, where applicable, are the expected values for solar energy
used and system solar fraction. The expected values have been derived from a
modified f-Chart analysis which uses measured weather and subsystem loads as
inputs (f-Chart 1s the designation of a procedure for designing solar heating
systems that was developed by the Solar Energy Laboratory, University of
Wisconsin-Madison). The model used in the analysis is based on manufacturers’
data and other known system parameters. The second view presents a more
in-depth look at the performance of individual components. Details relating
to the performance of the collector array and storage subsystems are presented
first, followed by details pertaining to the domestic hot water subsystem and
the space heating subsystem. Included in this are ali parameters pertinent
to the operation of each individual subsystem.

The performance assessment of any solar energy system is highly dependent on

the prevailing climatic conditions at the site during the period of performance.

The original design of the system is generally based on the long-term averages
for available insolation and temperature. Deviations from these long-term
averages can significantly affect the performance of the system. Therefore,
before beginning the discussion of actual system performance, a presentation
of the measured and long-term averages for critical climatic parameters has
been provided.

16
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3.1 System Performance

This Seasonal Report provides a system performance evaluation summary

of the operation of the IBM-System 1A Solar Energy System located in
Huntsville, Alabama. This analysis was conducted by evaluation of

measured system performance against the expected performance with long-term
average climatic conditions. The performance of the system is evaluated by
calculating a set of primary performance factors which are based on those
proposed ‘in the intergovernmental agency report, "Thermal Data Requirements
and Performance Evaluation Procedures for the National Solar Heating and
Cooling Demonstration Program" [4]. The performance of the major subsystems
is also evaluated in subsequent sections of this report.

The measurement data were collected for the period September 1978 through
August 1979. System performance data were provided through an 1BM
developed Central Data Processing System (CDPS) [3] consisting of a remote
Site Data Acquisition System (SDAS), telephone data transmission lines
and couplers, an IBM System 7 computer for data management, and an IBM
System 370/145 computer for data processing. The CDPS supports the col-
Tection and analysis of solar data acquired from instrumented systems
located throughout the country. These data are processed daily and
summarized into monthly performance formats which form a common basis

for comparative system evaluation. These monthly summaries are the basis
of the evaluation and data given in this report.

The solar energy system performance summarized in this section can be
viewed as the dependent response of the system to certain primary inputs.
This relationship is illustrated in Figure 3.1-1. The primary inputs are
the incident solar energy, the outdoor ambient temperature and the system
load. The dependent responses of the system are the system solar fraction
and the total energy savings. Both the input and output definitions are
as follows:
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o Inputs

. Incident Solar Energy - The total solar energy incident
on the collector array and available for collection.

g ¢  Ambient Temperature - The temperature of the external
| environment which affects both the energy that can be
coliected and the energy demand.

° System Lead - The loads that the system is designed to
meet, which are affected by the 1ife style of the user
(space heating/cooling, domestic hot water, etc., as
appiicable).

Qutputs

] System Solar Fraction - The ratio of solar energy applied
to the system loads to total energy (solar plus auxiliary
energy) required by the loads.

i ® Total Energy Savings - The quantity of auxiliary energy
{electrical or fossil) displaced by the solar energy.

The monthly values of the inputs and outputs for the total operational
period are shown in Table 3.71-1, the System Performance Summary. Compara-
tive long-term average values of daily incident solar energy, and outdoor
ambient temperature are given for reference purpose. The long-term data
are taken from Reference 1 of Appendix C. Generally the solar energy system
1s designed to supply an amount of energy that results in a desired value of
system solar fraction while operating under climatic conditions that are
defined by the long-term average value of daily incident solar energy and

19
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outdooy ambient temperature. If the actual climatic conditions are close
to the long-term average values, there is little adverse impact on the
system's ability to meet design goals. This is an important factor in
evaluating system performance and is the reason the long-term average
values are given. The data reported in the following paragraphs are
taken from Table 3.1-1.

The measured average daily value for insolation at the IBM System 1A site
for the twelve months of the reporting period was 1130 Btu/ftz. In order
to evaluate this measured data, a comparison with a long-term average
value is usually made. There has never been a fong-term measure of
insolation anywhere in the immediate Huntsville area, although a monit-

¢ **ag effort was begun by the Johnson Environmental and Epergy Center

in May, 1976. This would hardly seem adequate for praviding a baseline
comparison, so a composite figure based on the measurements in Birmingham,
Alabama, 100 miles to the south and of Nashville, Tennessee, 100 miles to
the north was used. (Weighting factors of 0.5435 and 0.4%65 were used for
Birmingham and Nashville respectively.) The average 9f this composite
insolation data for the report period was 1351 Btu/fta. Examining the
difference month by month between the measured insolation and this long-
term composite shows that with the exception of October, 1978 and January,
1979, in every case the insolaticn measured at the 1A site was lower.
There was speculation throughout the analysis period that the insolation
values recorded at 1A might be Tow due to a dirty pyranometer. Since there
is an obvious disparity between the measur¢«: data and what has been used
as the long-term average insolation, other comparisons were scught. There
was one other solar site (Chester West) in Huntsville which was monitored
in an identical manner as was 1A, a residence in the northwest area of the

city, for which insolation data was availa.le [10]. Also the data collected
by the Johnson Energy Center, although not mo.itored and converted precisely

the same, was available [11]. Data from both these sources have been
collected and analyzed for the report period and show 1231 Btu/ft2 and
1284 Btu/ft2 for the NSDN site and the Johnson Solar Energy Centei data
respectively. Both of these values are also below the lTong-term composite
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obtained from the mixing of Birmingham and Nashville, however, they

are still larger .nan the values recorded at the 1A site. Table 3.1-2

shows a comparison of data from the four sources. It may then be con-
cluded, assuming the validity of the process for computing the composite
Tong-term average, that the insolation in Huntsville was below normal during
the report period, but that the indications received at the 1A site were
based still lower for scme reason, probably a dirty paranometer.

The outdoor ambient temperature influences the operation of the solar energy
system in two important ways. First the operating point of the collectors
and consequently the collector efficiency or energy gain is determined by
the difference in the outdoor ambient temperature and the collector inlet
temperature. This will be discussed in greater detail in Section 3.2.1.
Secondly the load is influanced by the outdoor ambient temperature. The
long-term average daily ambient temperature was 61°F for the IBM System 1A
site which compares very favorably with the measured value of 60°F. On a
monthly basis December, January and February were the worst months temper-
aturewise. With the exception of January and February which were Tow on
insolation and colder than normal, there was negligible adverse impact on
system performance due to weather.

The system load was expected to vary in a manner roughly in inverse proportion
to the average monthly ambient temperature, other factors remaining constant.
During the twelve month reporting period, a total of 58.37 million Btu of solar
energy was collected and the total system load was 61.27 million Btu. The
measured amount of solar energy delivered to the load was 21.58 million Btiu,
which was slightly lower than the expected amount due mainly to the low hot

water usage.
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Also presented in Table 3.1-1 are tha measured and expected values of

system solar fraction where system solar fraction is the ratio of solar

energy applied to system loads to the total energy (solar plus auxiliary)
applied to the loads. The expected values have been derived from a

modified f-Chart analysis which uses measured weather and subsystem loads

as 1nputs (f-Chart is the designation of a procedure that was developed

by the Solar Energy Laboratory, University of Wisconsin-Madison, for modeling
and designing solar energy systems [8]). The model used in the analysis is
based on manufacturers' data and other known system parameters. The basis for
the model are empirical correlations developed for liquid and air solar

energy systems that are presented in graphical and equation form and referred
to as the f-Charts where 'f' is a designator for the system solar fraction.
The output of the f-Chart procedure is the expected system solar fraction.
This in turn is multiplied by the system load to derive the expected value

of solar energy used. The measured value of system solar fraction was computed
from measurements obtained through the instrumentation system of the energy
transfers that took place within the solar energy system. These rebresent the
actual performance of the system installed at the site.

The measured value of system solar fraction can generally be compared with
the expected value so long as the assumptions which are implicit in the
f-Chart procedure reasonably apply to the system being analyzed. From
Table 3.1-1 the average measured value of 31 percent solar fraction falls
short of the average expected value by 4 percentage peints. The primary
reason for the actual solar fraction being slightly low is the very Tow
domestic hot water load at the site. With very 1ittle or no hot water
used each day, most of the solar energy placed in the preheat tank went to
tank losses which were not counted as system load.

A single tank hot water system would have functioned better for this site.
The two tank system is not appropriate for light load applications.
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The total energy saving is the most important performance parameter for

the solar energy system because the fundamental purpose of the system is

to replace expensive conventional energy sources with inexpensive solar
energy. In practical consideration, the system must save enough energy

to cover both -the cost of its own operation and to repay the initial invest-
ment of the system. In terms of the technical analysis presented in this
report the net total energy savings should be a significant positive figure.
The total energy savings for the IBM System 1A Solar Energy System was

5.45 mi11ion Btu or 1597 KwH which was less than the system's savings
potential. Operating the system during the summer for preheating hot

wacer did not save energy. If the system had been turned off during the
non-heating months, 6.60 mil1ion Btu or 1934 KwH could have been saved.

If the system were used in a family dwelling, as originally designed, the
hot water load would probably justify all year operation.

25
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3.2 Subsystem Performance

The IBM System 1A Solar Energy Installation may be divided into four
subsystems:

1. Collector array
2. Storage

3. Heating

4, Hot Water

Each subsystem has been evaluated by the techniques defined in Section 3 and
is numerically analyzed each month for the monthly performance assessment.
This section presents the results of integrating the monthly data availabie
on the four subsystems for the period September 1978 through August 1979.
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3.2.1 Collector Array Subsystem

The IBM System 1A collector array consists of 30 Solar Energy Products,

Model EF-212 flat plate air co11ector$ having a gross area of 720 square feet.

Flow details and other pertinent operational characteristics are shown in

Figure 3.2.1-1. The collector subsystem analysis and data are given in the

following paragraphs.

Collector array performance is descr1bed by the coliecter array effi-
ciency. This is the ratio of collected solar energy to incident solar
energy, a value always less than unity because of collector losses.
The incident solar energy may be viewed from two perspectives. The
first assumes that all available solar energy incident on the col-
lectors be used in determining collector array efficiency. The effi-
ciency is then expressed by the equation:

¢ = QS/Q'i (])
where ne = Collector array efficiency
Qs = Collected solar energy

Qi = Incident solar energy

The efficiency determined in this manner includes the operation of the
control system, For example, solar energy can be available at the col-
Tector, but the collector absorber plate temperature may be below the
minimum control temperature set point for collector loop operation, thus
the energy is not collected. The monthly efficiency by this method is
1isted in the column entitled "Collector Array Efficiency" in Table

3.2.1-1.
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Collector Data

Manufacturer - Solar Energy Products Co.

Model - EF212
Type = Alr

Number of Collectors - 30

Flow Paths - 30

Site Data

Location - Huntsville, Alabama

Latitude - 34.5°
Collector T11t - 45°

Figure 3.2.1-1

28

CFM - 8060

Longitude - 86.5°

Azimuth - 0.0°

Coliector Airray Schematic



RECIEE- -k LI AU

2

"sosayjuaded UL UMOYS 34e SaN|PA pazndwodad pue paisnlpe
3Yl "SOJBWLISS BS3Y] UO pasSeq PIaINAWOIIL d43M ADUBLIL YT 40309][0F |RUOLIRUBd] PUR ADUBLILLLT Aeduy 40398] 103 3yl
“J93auwouedAd 3yz uo jods A3ALp Y3 03 SRP J0J43 PaeWL]S? 3Y) 3I91484 01 (Z-1°€ 9lqel) ©1Ep Hyn 9yl pue eiep 1ssM

493S34) 3yl Jo dbedsdAe ayy 03 pajsnlpe a4aM ABUau3l jusplou] |euolzedadp pue ABusu3 JAe]0S JUSPLOUT JO SSN|RA 3Yly

ir 0 glz Ll 812°0 98"t v18 ve abeuany :
-- 565 ¥EL -~ 69€ "85 2917162 le30} ,
§2°0 ¥/6°8 €070 122°2 §8¢°0¢ 6/ bny
G20 L€8°1 080°0 626°1L 6L0°+2 64 LNC
¥2°0 69101 280°0 9eh "2 60L°62 6/ unp
G20 562701 £60°0 $09°2 126792 6/ Aew
(9v°0)15°0 x(561°21)256 01 x(68L°0)012°0 295°§ x(197°62)657 92 6/ Jdy .
x(87°0) 150 »(90£°12)851°02 x(0F€°0)99¢°0 vle-ol »(65€°0€)¥61°82 64 el <
x(06°0)19°0 (8£9°L1)/65°6 x(£2€°0)86€°0 78°§ »(8E6°L1)2hL ¥l 6/ 994
x(95°0)09°0 (S8 LL)evL 0L «{06€°0)¥LY°0 S0t °9 x(S0F°91)6/t°S1 6/ uep
x(25°0)85°0 »{¥S2°L1)05Y°GlL x(08€°0)b2v 0 816°8 «(28v°€2) 12012 8/ 293¢
(v 0)€5°0 «(le62L)L45701 x(¥22°0)¥L2°0 8139°g +(£50°62)605°02 8/ AON
8c°0 2 i LELTO 8L8 b 0£0°G€ 8/ 390
£€2°0 £0€ "/ 95G°0 959°1 861°62 g, ds
AJuaLaLii3 (n3g uot||Lti) AdusLdL 4] (n1g ucL| LK) (n3g ucLiLi) yauoy
403291 10) Abuasu3 jusplou] Aeddy 403231{03 Abusuz de|os Abusuy 4ejog
[euotjedadg [eugL3eA3d( pe3sa[ 109 JuspLoug

JONVARCHYId AvddY 4013377162

L-L172°¢ 378YL



The second viewpoint assumes that only the solar energy incident on the
collectnr when the collector loop is operational be used in determining
the collector array efficiency. The value of the operational incident
solar energy used is multiplied by the ratio of the gross collector area

to the gross collector array area to compensate for the difference between

the two areas caused by installation spacing. The efficiency is then ex-

pressed by the equation:

where

n co

Ap
QS/(QO'i X /Aa) (2)

Operational collector array efficiency
Collected solar energy

Operational incident solar energy
Gross collector area (the produ-~t of
the number of collectors and the
envelope area of one collector)

Gross collector array area (total area

including all mounting and connecting
hardware and spacing of units)

The monthly efficiency computed by this method is Tisted in the column
entitled "Operational Collector Array Efficiency" in Table 3.2.1-1.

In the ASHRAE Standard 93-77 [6] a collector efficiency is defined in
the same terminclogy as the operational collector array efficiency.
However, the ASHRAE efficiency is determined from instantaneous evalua-
tion under tightly controlled, steady state test conditions, while the
operational collector array efficiency is determined from actual dynamic
conditions of daily solar energy system operation in the field.

30




The ASHRAE Standard 93-77 definitions and methods often are adopted
by collector manufacturers and independent testing laboratories in
evaluating collectors. The collector evaluation performed for this
report using the field data indicates that there was an insignificant
difference between the laboratory single panel collector data and the
collector data determined from lTong term field measurements. This is

not always the case, and there are two primary reasons for differences
when they exist:

s Test conditions are not the same as conditions
in the field, nor do they represent the wide
dynamic range of field operation (i.e. inlet and
outlet temperature, flow rates and flow distri-
bution of the heat transfer fluid, insolation
Tevels, aspect angle, wind conditions, etc.)

0 Collector tests are not generally conducted with
units that have undergone the effects of aging
(i.e. changes in the characteristics of the glazing
material, collection of dust, soot, polien or other
foreign material on the glazing, deterioration of the
absorber plate surface treatment, etc.)

Consequently field data collected over an extended period will generally
provide an improved source of collector performance characteristics for
use in long~-term system performance definition.

The operational collector array efficiency data given in Table 3.2.1-1
are monthly averages based on instantaneous efficiency computations
over the total performance period using all available data. For de-
tailed collector analysis it was desirable to use a limited subset

of the available data that characterized collector operation under
"steady state" conditions. This subset was defined by applying the
following restrictions:

31
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(1) The measurement period was restricted to collector
operation when the sun angle was within 30 degrees
of the collector normal.

(2) Only measurements associated with positive energy gain
from the collectors were used, i.e., outlet temperatures
must have exceeded inlet temperatures.

(3) The sets of measured parameters were restricted to
these where the rate of change of all parameters of
interest during two regular data system intervals* was
1imited to a maximum of 5 percent.

Instantaneous efficiencies (“j) computed from the "steady state"
operation measurements of incident solar energy and collected solar
energy by Equation (2)** were correlated with an operating point
determined by the eqation:

T, =T
50T "3“‘1""9"" (3)
where Xy = Collector operating point at the jth
instant
T,i = Collector inlet temperature
Ta = Outdoor ambient temperature
I = Rate of incident solar radiation

The data points (“j’ xj) were then plotted on a graph of efficiency
versus operating point and a first order curve described by the slope-
intercept formula was fitted to the data through linear regression
techniques. The form of this fitted efficiency curve is:

*The data system interval was 5-1/3 minutes in duration. Values of
all measured parameters were continuously sampled at this rate
throughout the performance period.

**The ratio Ap/Aa was assumed to be unity for this analysis.
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where

"3

"3

(«)m

b - mx, | . (4)

Collector efficiency correspond1ng to the
jth instant

Intercept on the efficiency axis

Slope

Collector operating point at jth

instant

The relationship between the empirically determined efficiency curve

and the analytically developed curve will be established in subsequent

paragraphs.

The analytically developed collector efficiency curve is based on
the Hottel-Whi111er-Bliss equation

where

n

Fi (xe) - Ry (1 Ta) (5)
Collector efficiency

Collector heat removal factor
Transmissivity of collector glazing
Absorptance of collector plate

Overall collector energy loss coefficient
Collector inlet fluid temperature

Qutdoor ambient temperature

Rate of incident solar radiation
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The correspondence between equations (4) and (5) can be readily seen,
Therefore by determining the slope-intercept efficiency equation from
measurement data, the collector performance parameters corresponding to
the laboratory single panel data can be derived according to the follow-
ing set of relationships:

b = FRra
and (6)
m = FRUL

where the terms are as previously defined

The discussion of the collector array efficiency curves in subsequent
paragraphs is based upon the relationships expressed by Equation (6).

In deriving the collector array efficiency curves by the linear re-
gression technique, measurement data over the entire performance period
yields higher confidence 1n the results than similar analysis over shorter
periods. Over the longer periods the collector array is forced to operate
over a wider dynamic range. This eliminates the tendency shown by some
types of solar energy systems* to cluster efficiency values over a narrow
range of operating points. The clustering effect tends to make the
Tinear regression technique approach constructing a line through a single
data point. The use of data from the entire performance period results

in a collector array efficiency curve that is more accurate in lTong-term
solar system performance prediction. The long-term curve, the curve de-
rived from the aboratory single panel data, and the MSFC test curve [9]
are shown in Figure 3.2.1-2.

The three curves of Figure 3.2.1-2 do not show the significant differences
that similar analysis studies done on other collectors have shown. In
fact, the crossover point of the three curves falls within the operating
point range where most of the collector operation occurred, as can be
seen from the histograms of Figure 3.2.1-3.

*Single tank hot water systems show a marked tendency toward clustering
because the collector inlet temperature remains relatively constant and
the range of values of ambient temperature and incident solar energy during
collector operation are also relatively restricted on a short-term basis.
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Table 3.2,1-2 presents data comparing the monthly measured values of solar
energy collected with the predicted performance determined from the long-
term regression curve and the laboratory singie panel efficiency curve.
The predictions were derived by the following procedure:

1.  The instantaneous operating points were computed using
Equation (3).

2, The instantaneous efficiency was computed using Equation
(4) with the operating point computed in Step 1 above for:

a. The Tong-term linear regression curve
for collector array efficiency

b. The laboratory single panel collector
efficiency curve

3. The efficiencies computed in Steps 2a and 2b ahove
were multiplied by the measured solar energy available
when the collectors were operational to give two pre-
dicted values of colar energy collected.

The error data in Table 3.2.1-2 were computed from the differences between
the measured and predicted values of solar energy collected according to

the equation:

Evvor = (A-P)/P (7)
where A = Measured solar energy collected
P = Predicted solar energy collected

The computed error is then an indication of how well the particular prediction
curve fitted the reality of dynamic operating condition in the field.
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The values of "Collected Solar Energy" given in Table 3.2.1-2 are not
necessarily identical with the values of "Collected Solar Energy"
given in Table 3.2.1-1. Any variations are due to the differences in
data processing between the software programs used to generate the
monthly performance report data and the component level collector anal-
ysis program. These data are shown in Table 3.2.1-2 only because they
form the references from which the error data given in the table are

coriputed.

The data from Table 3.2.1-2 illustrates that for the IBM System 1A

site the average error computed from the difference between the mea-
sured solar energy collected and the predicted solar energy collected
based on the fisld derived long-term collector array efficiency curve
was 0.6 percent. For the curve derived from the laboratory single panel
Thus the long-term collector array

data, the error was 6.1 percent.

efficiency curve gives significantly better results than the manufacturer's

laboratory single panel curve.

A histogram of collector array operating points illustrates the distri-
bution of instantaneous values as determined by Equation (3} for the
entire month. The histogram was constructed by computing the instan-
taneous operating point value from site instrumentation measurements

at the regular data system intervals throughout the month, and counting
the number of values within contiguous intervals of width 0.01 from zero
to unity. The operating point histogram shows the dynamic range of
collector operation during the month from which the midpoint can be
ascertained. The average collector array efficiency for the month can
be derived by projecting the midpoint value to the appropriate efficiency
curve and reading the corresponding value of efficiency.

Another characteristic of the operating point histogram is the shifting

of the distribution along the operating point axis.

This can be explain-

ed in terms of the characteristics of the system and the climatic factors

it et NS~
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of the site, i.e., incident solar energy and ambient temperature. Figure
3.2.1-3 shows two histograms that illustrate a typical winter month
(February) and a typical summer month (July) operation. The actual
midpoint which represents the average operating point for February is

at 0.13 and for July at 0,16.

Table 3.2.1-1 presents the monthly values of incident solar energy,
operational incident solar energy, and collected solar energy from

the 12 month performance period. The collector array efficiency and
operational collector array efficiency were computed for each month
using Equations (1) and (2). The values of operational collector
efficiency range from a maximum of 0.61 in February 1979 to a minimum
of 0.23 in September 1979. On the average the operational collector
array efficiency exceeded the collector array efficiency which included
the effect of the control system by 19 percent.

Additional information caoncerning collector array analysis in general

may be found in Reference [7]. The material in the reference describes
the detailed collector array analysis procedures and presents the results
of analyses perforned on numerous collector array insta.lations across
the United States,

39

bbb 4 oo oo e



1 _ab e i Ut Ot A A S

190°0 900°0- L9%'Y abesany
000°0 0000 000°0 . 6/ Bny
98¢ "0~ ¥6€°0- 2€6°1 6/ Lrp
26€°0- 9040~ ey 2 6. unp
8ve"0- 98€°0- 885°2 6. Kew
¥20°0 890°0- 962°S 6L Ady
#8070 1%0°0- 868°6 6L JeY
§9¢°0 LI1°0 8it°G 6/ 994
6E7°0 12€°0 21e°g 6L uep
000°0 00070 000°0 8/ 93(
281°0 gzl°0 £95°5 8L AON
LL0°0- 220°0- ¥8L" 7 8/ 230
8y 0- ¥20°0- Syl 8/ dag
TANVd WY3L BNoT (n18 NOITIIW) YYIA/HLNOW
ay @3AT¥3A Q1314 ABYIANT ¥Y10S
31931109
elleqely S |LAsjuny Yl walshs WA :3LIS

A T I

(T¥NNNY)
NOSTHVAWGD NIVS ASNINT

¢-1°2°¢ 3iavL

e A

40




£

il \\

3.2.2 Storage Subsystem

Storage subsystem performance is described by comparison of energy to
storage, energy from storage and change in stored energy. The ratio of
the sum of energy from storage and change in stored energy to energy to
storage is defined as storage efficiency, N This relationship is ex-
pressed in the equation

ng = (8Q + Qg )/0g, (8)
where: %

AQ = Change in stored energy. This is the difference in
the estimated stored energy during the specified i
reporting period, as indicated by the relative
temperature of the storage medium (either positive
or negative value)

= Energy from storage. This is the amount of energy
extracted by the load subsystem from the primary
storage medium |

T ")

Qsi = Energy to storage. This is the amount of energy
(both solar and auxiliary) delivered to the primary
storage medium

Evaluation of the system storage performance under actual transient system
operation and weather conditions can be performed using the parameters
Tisted above. The utility of these measured data in evaluation of the over-
all storage design can be illustrated in the derivation presented below.

The overall thermal properties of the storage subsystem design can be
derived empirically as a function of average storage temperature for the
reporting period and the ambient temperature in the vicinity of the storage
tank.
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An effective storage heat transfer coefficient for the storage sub-
system can be defined as follows:

o
L}

(Q4-0so=0Q)/L(T, = T,) x t] fiee—  (8)

3

where
C = Effective storage heat transfer coefficient
Qy = Energy to storage

Q = Energy from storage

S0

AQ = Change in stored energy

T; =  Storage average temperature

T, =  Average ambient tempeature in the
vicinity of storage

t = Number of hours in the month

The effective storage heat transfer coefficient is comparable to the heat
loss rate defined in ASHRAE Standard 94-77 [6]. It has been calculated for
each month in this report period and included, along with Storage Average
Temperature, in Table 3.2.2-1.

The six month average storage efficiency was 42.5 percent. Rock storage
was used only six months from November 1978 through April 1979.
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The storage efficiency values are more closely related to usage than to

the design and quality of the storage container. If the energy placed

in storage is not used in a short period of time (hours), this energy
escapes from storage to the lower temperature surroundings. The rec-
tangular storage enclosure at the IBM System 1A site was located with

one wall exposed to outside environment and three walls exposed to in-

side environment. The bottom of storage was a concrete slab on the ground.
Heat loss from storage went to the outside, tc the building and to the
ground. Additional insulation was added to the bottom of rock storage on
December 5, 1978. This addition had very 1little affect on the losses. The
unmeasured energy lost from storage through the three inside walls and through
imperfect damper seals helped heat the building.

The preferred use of storage is illustrated in Figure 2.1-1 where all
the solar energy stored during the day was used that night. From
Figure 2.1-1 the typical temperature stratification in the rock bed
can be seen. With storage near building ambient the top and bottom
of storage may differ by only 5°F. At higher temperatures, 20°F to
40°F differences can exist between the top and bottom of storage.
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3.2.3 Hot Water Subsystem

The performance of the hot water subsystem is described by comparing the amount.

of solar energy supplied to the subsystem with the energy required to satisfy
the total hot water load. The energy required to satisfy the total load con-
ists of both solar energy and auxiliary thermal energy.

The performance of the IBM System 12 hot water subsystem is presented in Table
3.2.3-1. The value for auxiliary energy supplied in Table 3.2.3-1 is the
gross energy supplied to the auxiliary system. The value of auxiliary energy
supplied multipiied by the auxiliary system efficiency gives the auxiliary
thermal energy actually delivered to the load. The difference between the
sum of auxiliary thermal energy plus solar energy and the hot water load is
aqual to the thermal (standby) losses from the hot water subsystem.

The measured solar fraction in Table 3.2.3-1 is an average weighted value for
the month based on the ratio of solar energy in the hot water tank to the
total energy in the hot water tank when a demand for hot water exists. This
value is dependent on the daily profile of hot water usage. It does not
represent the ratio of solar energy supplied to the sum of soiar plus aux-
iliary energy supplied shown in the Table.

For the 12-month period from September 1978 through August 1979, the solar
energy system supplied a total of 3.816 million Btu to the hot water load.
The total hot water load for this period was 1.606 million Btu, and the

weighted average monthly solar fraction was 51 percent.

The monthly average hot water load during the reporting period was 0.134
million Btu. This is based on an average daily consumption of 9 gallons,
delivered at an average temperature of 128°F and supplied to the system at
an average temperature of 64°F. The temperature of the supply water ranged
from a low of 48°F in February to a high of 76°F in August.

Each month an average of 0.318 million Btu of solar energy and 0.211 million
Btu of auxiliary thermal electrical energy were supplied to the hot water
subsystem. Since the average monthly hot water load was 0.134 million Btu,
an average of 0.395 million Btu was lost from the hot water tanks each month.
Additional insulation was added to the hot water tank on December 5, 1978.
Losses from the tank were reduced by approximately 20 percent.
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Hot water usage at the IBM System 1A site averaged 9 gallons per

day (much less than normal single family dwelling usage). The hot

water solar fraction varied from 35 percent to 81 percent. The 81
percent solar fraction was for June 1979 when the system was in the
summer mode and usage averaged 13 gallons per day. The prior month

when usage averaged only 5 gallons per day, solar fraction was 46 per-
cent. Additional hot water usage would have allowed better utilization
of hot water preheat (two tank) subsystem. Seventy five percent of the
energy put into the hot water subsystem went for tank losses. With more

hot water usage (20 to 4G gallons per day) more solar would have been
used to meet the Toad than went to tank losses.

Typically only a fair solar day was required for the preheat tank to be
charged. Four hours of collector operation would result in 40° to 60°F
temperature rise in the preheat tank during the heating season. During
the summer mode this same temperature rise could be obtained in two and

one half hours due to bypassing storage and allowing the collector air
to run hotter.

47




e
-

S L

,,v

T —————

3.2.4 Space Heating Subsystem

The performance of the space heating subsystem is described by comparing
the amount of solar energy supplied to the subsystem with the energy

. required to satisfy the total space heating load. The energy required

to satisfy the total load consists uf both sclar energy and auxiliary
thermal energy. The ratio of solar energy supplied to the load to the
total load is defined as the heating solar fraction. The calculated
heating solar fraction is the indicator of performance for the subsystem
because it defines the percentage of the total space heating load supported
by colar energy.

The performance of the IBM System 1A space heating subsystem is presented

in Table 3.2.4-1. For the 6-month period from November 1978 through April
1979, the solar energy system supplied a total of 17.760 million Btu to

the space heating load. The total heating load for this period was 58.496
miilion Btu, and the weighted average monthly solar fraction was 31 percent.

The measured space heating subsystem performance was lower than expected
during the reporting period. January and February were colder and more
cloudy than expected. If these two months had been near normal, the weight-
ed average solar fraction would have exceeded 40 percent. The average in-
side building temperature for the months of January and February were 71°F
and 74°F. The design temperature inside the building was 70°F. Often

the temperature was maintained at 76°F during the working hours at

the building. Maintaining these warm temperatures during the coldest
months resulted in larger than expected heating loads.

During the transition months (September, October, April and May) the system
did not provide the expected high percentage of the small heating loads.
The system was switched back to the summer mode frequently so that cooling
could be supplied to the building. The system was then left in the summer
mode until a day or so later when heat was needed. At this time the system
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was switched to winter mode and auxiliary was used to heat the building
since solar had not been allowed to store any energy.

As mentioned in Section 3.2.2 some of the losses from rock storage provided
heat to the building. Insulation in the walls (however thick) will even-
tually allow the heat from storage to escape. Duct work will leak even

though installed properly and dampers used in building heating systems leak.

Although the site hardware was properly installed and checked, some losses
from the ducts and rock bed storage occurred and added unmeasured heat to
the building.
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4. OPERATING ENERGY

| Operating energy for the IBM System 1A Solar Energy System is defined as the
; energy required to transport solar energy to the point of use. Total opera-
: ) ting energy for this system consists of air handier blower power and hot
water preheat pump power.

: Operating energy is electrical energy that is used to support the subsystems
without affecting their thermal state. Measured monthly values for subsystem
operating energy are presented in Table 4.1.

For the September 1978 through August 1979 period covered by this report a
total of 7.72 million Btu of operating energy was consumed. During the
same time a total of 21.58 miilion Btu of solar energy was supplied to the
total system load.

Therefore, for every one million Btu of solar energy delivered to the load,
0.36 million Btu (or 105 kwh) of electrical operating energy was expended.
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5.  ENERGY SAVINGS

Solar energy system savings are realized whenever energy provided by the
solar energy system is used to meet system demands which would otherwise
be met by auxiliary energy sources. The operating energy required to
provide solar energy to the load subsystems is subtracted from the solar
energy contribution, and the resulting energy savings are adjusted to
reflect the coefficient of performance (COP) of the auxiliary source
being supplanted by solar energy.

Energy savings for September 1978 through August 1979 are presented in
Table 5-1. For this time period, the average gross monthly savings
were 0.782 million Btu. After the ECSS subsystem operating energy was
deducted, the average net monthly electrical savings were 0.454 million
Btu, or 133 kwh. For the overall time period covered by this report the
total net savings were 5.446 million Btu, or 1596 kwh.

The yearly COP of the heat pump auxiliary heating system was 1.7. Normally
a COP of 2.0 would be expected. The thermostat was moved often such as
setting back to 70°F for night and advancing to 78°F the next morning. If
the thermostat was advanced more than approximately 2°F the backup strip
heat came on with the heat pump if solar could not carry the load. Since
the COP was Tow, the use of strip heat was greater than expected.

If the solar energy system had been used only from early November to late
March, savings would have been 21 percent more for the year. The system
did not save energy or money operating during the warm months only to pre-
heat the hot water. A much larger hot water usage would be required for
this system to operate economically for hot water preheating only. During
the winter months preheating the hot water does add 5 percent or so to the
monthly savings even with the very small hot water usage.

Based on the energy savings and the heating and hot water loads at the site,

the solar energy system should be used only during the heating season and
turned off during the remainder of the year.
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6.  MAINTENANCE

This section contains the description of the maintenance performed on the
solar system during the 12 month period covered by this report. The damper
motor in the air handler was replaced on December 18, 1978 and again on
September 13, 1979.* Both of the faijures were caused by the lubrication in
the gear box drying out in the high temperature environment. The vendor has
been unable to correct the problem in the model of the air handler used in
this installation. Later versions of the air handler incorporate design
changes that may alleviate this problem, but it is anticipated that the
System 1A damper motor will continue to need replacement periodically.

* The second replacement was after the reporting period for this system.
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7.  SUMMARY AND CONCLUSIONS

This System Performance Evaluation report provides an operational

summary of a solar energy system installed at the Home Builders Associ-
ation Office Building in Huntsville, Alabama. The system was originally
designed for a single family dwelling of approximately 2000 square feet
floor space in the Huntsville area. This analysis was conducted by
evaluation of measured system performance and by comparison of measured
climatic data with Tong-term average climatic conditions. The performance
of major subsystems is also presented.

Measured average daily insolation was low for the year, indicating an
abnormally high number of cloudy days. A detail discussion of the
insolation data is found in Section 3.1.

The yearly average ambient temperature was 1°F below the long-term average.

Measured heating degree days were 3292 compared to 3302 for the Tong-term
average. January and February were colder than average (by 8°F and 4°F),
but the other months were near normal or slightly warmer than the
Tong-term average. With the exception of January and February, there

was negligible adverse impact on solar system performance due to

weather conditions.

The system provided solar energy to the building space heat and hot water
lToads as expected for the year, providing 30 percent of the space heating
and 51 percent of the hot water energy. Due to the very Tow hot water
usage at the site, operating the solar energy system in the summer for hot
water only did not prove to be economical. Usage of 25 to 50 gallons per
day would have allowed an economical operation. The system did show a
good savings by supplying space heating during the five cold months
(November through March). Switching from winter to summer or summer to
winter operation during the transition months (October and April) resulted
in Tow performance for these months. Several times heat was supplied to
the building in the morning and cooling supplied in the afternoon.
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The air handler dampers failed to function properly in December 1978. A
damper motor assembly was replaced at this time. This was the only hard-
ware failure during the reporting period. The collectors did not show
any visible or measurable deterioration during the year. There were no
problems with the ducts, rock storage, hot water preheat subsystem or
control subsystem. Additional insulation was added to the bottom of
storage and to the domestic hot water heater on December 5, 1978. Losses
from the domestic hot water heater were reduced by approximately 20 per-
cent. Losses from rock storage were more than expected. The addition of
insulation to the bottom of storage had very little (if any) affect on the
losses.

In general the disappointing operation of this system is attributed to
the manner in which it was used. The system was designed for.residential
application and used to satisfy the demands of an office environment. The

differences were:
L] Inside temperature was not maintained at 70°F as expected.
° Hot water usage was much Tower than expected.

The conclusion is that the solar energy system must be designed for
the type of application in which it is used. Misapplication usually
will have an adverse affect on system performance.

ol

i
H
i
:




1

Bttt e

10.

11.

REFERENCES
NASA/DOE CR-150534, Design Data Brochure SIMS Protype System 1.

NASA/DOE CR-150524, Installation Package SIMS Prototype System 1A.

J. T. Smok, V. S. Sohoni, J. M. Nash, "Processing of Instrumented
Data for the National Solar Heating and Cooling Demonstration
Program," Conference on Performance Monitoring Techniques for
Evaluation of Solar Heating and Cooling Systems, Washington, D.C.,
April, 1978.

E. Streed, et. al., Thermal Data Requirements and Performance
Evaluation Procedures for the National Solar Heating and Cooling

Demonstration Program, NBS-IR-76-1137, National Bureau of Standards,

Washington, August, 1976.

ASHRAE Standard 93-77, Methods of Testing to Determine the Thermal

Performance of Solar Collectors, The American Society of Heating,

?efr1gerat10n and Air Conditioning Engineers, Inc., New York, NY,
977.

ASHRAE Standard 94-77, Methods of Testing Thermal Storage Devices
Based on Thermal Performance, The American Society of Heating
?efrigeration and Air Conditioning Engineers, Inc., New York, NY,
977.

McCumber, W. H. Jr., "Collector Array Performance for Instrumented
Sites of the National Sclar Heating and Cooling Demonstration
Program," report published and distributed at the 1979 Solar Update
Conference.

Beckman, William A.; Klein, Sanford A.; Duffie, John A., Solar Heating
Design by the f-Chart Method. John Wiley and Sons, New York, 1977.

DOE/NASA CR-150631, Indoor Thermal Performance Evaiuation of the
SEPCO Air Ccllector.

Environmental Data for Sites in the National Solar Data Network,
U. S. Department of Energy, Washington, DC September, 1978 -
August, 1979. SOLAR/0010-78/09 through SOLAR/0010-79/08

Solar Radiation Data, ASEC Doc 78-2, Kenneth E. Johnson Environmental
and Energy Center, Huntsville, Alabama May, 1976 through October, 1979

58

é
i
E
d




T TR T T TR T e e T T

APPENDIX A

DEFINITION OF PERFORMANCE FACTORS

>
I
}—l



N

APPENDIX A
DEFINITION OF PERFORMANCE FACTGRS AND SOLAR TERMS

COLLECTOR ARRAY PERFORMANCE

The collector array performance is characterized by the amount of solar energy
collected with respect to the energy available to be collected.

0 INCIDENT SOLAR ENERGY (SEA) is the total insolation available on the
gross collector array area. This is the area of the collector
array energy-recelving aperture, including the framework which is
an integral part of the collector structure.

® OPERATIONAL INCIDENT ENERGY (SEOP) is the amount of solar energy
incident on the collector array during the time that the col-
Tector loop 1s active (attempting to collect energy).

' COLLECTED SOLAR ENERGY (SECA) is the thermal energy removed from
the collector array by the energy transport medium.

; 0 COLLECTOR ARRAY EFFICIENCY (CAREF) is the ratio of the energy col-

| lected to the total solar energy incident on the collector array.
It should be emphasized that this efficiency factor is for the

‘ collector array, and available energy includes the energy incident
on the array when the collector loop is inactive. This efficiency
must not be confused with the more common collector efficiency
figures which are determinad from instantaneous test data obtained
during steady state operation of a single collector unit. These
efficiency figures are often provided by collector manufacturers
or presented in technical journals to characterize the functional

L capability of a particular collector design. In general, the

; collector panel maximum efficiency factor will be significantly
higher than the collector array efficiency reported here.



STORAGE PERFORMANCE

The storage performance is characterized by the relationships among the energy
delivered to storage, removed from storage, and the subsequent change in the
amount of stored energy.

L o  ENERGY TO STORAGE (STEI) is the amount of energy, both solar and
i auxiliary, delivered to the primary storage medium.

ff . ENERGY FROM STORAGE (STEQ) 1s the amount of energy extracted by
E the Toad subsystems from the primary storage medium.

¢ CHANGE IN STORED ENERGY (STECH) 1s the difference in the estimated
stored energy during the specified reporting period, as indicated
by the relative temperature of the storage medium (either positive
or negative value).

° STORAGE AVERAGE TEMPERATURE (TST) 1s the mass-weighted average
temperature of the primary storage medium.

é . STORAGE EFFICIENCY (STEFF) is the ratio of the sum of the
' energy removed from storage and the change in stored energy
to the energy delivered to storage.

T SO N T sy S 7 7« S N
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ENERGY COLLECTION AND STORAGE SUBSYSTEM

The Energy Coliection and Storage Subsystem (ECSS) 1s composed of the
collector array, the primary storage medium, the transport loops between
these, and other components 1n the system design which are necessary to
mechanize the collector and storage equipmént.

INCIDENT SOLAR ENERGY (SEA) is the total insolation available

on the gross collector array area. This is the area of the
collector array energy-receiving aperture, including the frame-
work which 1s an integral part of the collector structure.

AMBIENT TEMPERATURE (TA) is the average temperature of the outdoor
environment at the site. '

ENERGY TO LOADS (SEL) is the total thermal energy transported
from the ECSS to all load subsystems.

AUXILIARY THERMAL ENERGY TO ECSS (CSAUX) 1s the total auxiliary
supplied to the ECSS, including auxiliary energy added to the
storage tank, heating devices on the collectors for freeze-
protection, etc.

ECSS OPERATING ENERGY (CSOPE) s the critical operating energy
required to support the ECSS heat transfer lcops.
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HOT WATER SUBSYSTEM

The hot water subsystem is characterized by a complete accounting of the
energy flow to and from the subsystem, as well as an accounting of in-
ternal energy. The energy into the subsystem is composed of electrical
auxiliary thermal energy, and the operating energy for the subsystem.

In addition, the solar energy supplied to the subsystem, along with
solar fraction is tabulated. The load of the subsystem is tabulated

and used to compute the estimated electrical savings of the subsystem.

The Toad of the subsystem is further identified by tabulating the supply

water temperature, and the outlet hot water temperature, and the total
hot water consumption.

At ARG O, i Mmoo e M8}

the amount of hot water demanded at the site from the incoming
temperature to the desired outlet temperature.

o SOLAR FRACTION OF LOAD (HWSFR) is the percentage of the load
demand which is supported by soiar energy.

o SOLAR FNERGY USED (HWSE) is the amount cf solar energy supplied
to the hot water subsystem.

o OPERATING ENERGY (HWOPE) is the amount of electrical energy re-
quired to support the subsystem, (e.g., fans, pumps, etc.) and
which is not intended to affect directly the thermal state of
the subsystem.

o AUXILIARY THERMAL USED (MWAT) is the amount of energy supplied
to the major components of the subsystem in the form of thermal
energy in a heat transfer fluid, or its equivalent. This term
also includes the converted electrical and fossil fuel energy
supplied to the subsystem.
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AUXILIARY ELECTRICAL FUEL (HWAE) is the wrount of electrical
energy supplied directly to the subsystem,

ELECTRICAL LNERGY SAVINGS (HWSVE) is the estimated difference
between the electrical energy requirements of an alternative
conventional system (carrying the full load) and the actual
electrical energy required hy the subsysiem.

SUPPLY WATER TEMPERATURE (TSW) 1is the average inlet temperature
of the water supplied to the subsystem.

AVERAGE HOT WATER TEMPERATURE (THW) is the average temporature of
the outlet water as 1t is supplied from the subsystem to the load.

HOT WATER USED (HWCSM) 1is the volume of water used.
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SPACE HEATING SUBSYSTEM

The space heating subsystem is characterized by performance factors account~
ing for the complete energy flow to and from the subsystem. The average
building temperature and the average ambhient temperature are tabulated to
indicate the relative performance of the subsystem in satisfying the space
heating load and in controlling the temperature of the conditioned space.

SPACE HEATING LOAD (HL) 1is the sensible energy added to the air

(3
in the building.

e SOLAR FRACTION OF LOAD (HSFR} is the fraction of the sensible
energy added to the air in the building derived from the solar
energy system.

s SOLAR ENERGY USED (MSE) s the amount of soiar ehergy‘supp1ied to
the space heating subsystem.

o OPERATING ENERGY (HOPE) is the amount of electrical energy

required to support the subsystem, (e.g., fans, pumps, etc.) and
which is not intended to affect directly the thermal state of

the subsystem.

o AUXILIARY THERMAL USED (HAT) is the amount of energy supplied to
the major components of the subsystem in the form of thermal energy
in a heat transfer fluid or its equivalent. This term also in-
cludes the converted electrical and fossil fuel energy supplied to

the subsystem.
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ELECTRICAL ENERGY SAVINGS (HSVE) is the cost of the operating
encrgy (HOPE) required to support the solar energy portion of
the space heating subsystem.

BUILDING TEMPERATURE (TB) is the average heated space dry bulb
temperature.

AMBIENT TEMPERATURE (TA) is the average ambient dry bulb tem-
perature at the site.
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ENVIRONMENTAL SUMMARY

The environmental summary is a collection of the weather data which is
generally instrumented at each site in the program. It is tabulated in
this data report for two purposes--as a measure of the conditions prevalent
during the operation of the system at the site, and as a histerical

record of weather data for the vicinity of the site.

e TOTAL INSOLATION (SE) i1s accumulated total solar energy inci-
dent upon the gross collector array measured at the site.

o AMBIENT TEMPERATURE (TA) 1s the average temperature of the
environment at the site.

o DAYTIME AMBIENT TEMPERATURE (TDA) is the temperature during the

period from three hours before solar noon to three hours after
solar noon.

DO
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APPENDIX B

SOLAR ENERGY SYSTEM PERFORMANCE EQUATIONS FOR
IBM SYSTEM 1A

I.  INTRODUCTION

Solar energy system performance is evaluated by performing energy balance
calculations on the system and 1ts major subsystems. These calculations
are based on physical measurement data taken from each subsystem every
320 seconds. This data {s then numerically combined to determine the
hourly, daily, and monthly performance of the system. This appendix
describes the general computational methods and the specific energy
balance equations used for this evaluation.

Data sampies from the system measurements are numerically integrated

to provide discrete approximations of the continuous functions which
characterize the system's dynamic behavior. This numerical integration
1s performed by summation of the product of the measured rate of the
appropriate performance parameters and the sampling interval over the
total time period of interest.

There are several general forms of numerical integration equations which
are applied to each site. These general forms are exemplified as follows:
The total solar energy available to the collector array is given by

SOLAR ENERGY AVAILABLE = (1/60) = [I001 x AREA] x At

where 1001 is the solar radiation measurement provided by the pyranometer
in Btu/ftz-hr, AREA is the area of the collector array in square feet,

4t 1s the sampling interval in minutes, and the factor (1/60) is included
to correct the solar radiation "rate" to the proper units of time.
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Similarly, the energy flow withiii a system is given typically by

COLLECTED SCLAR ENERGY = £ [M100 x AH] x At

where M100 1s the mass flow rate of the heat transfer fluid in 1bm/m1n and

AH is the enthalpy change, in Btu/]bm, of the fluid as it passes through
the heat exchanging component.

For a 1iquid system aH is generally given by
AH = T AT
H Cp A
where Eb is the average specific heat, in Btu/(]bm-°F), of the heat

transfer fluid and 4T, in °F, is the temperature differential across
the heat exchanging component.

For an air system AH {s generally given by
. AH = Ha(Tout) - Ha(Tin)

; where H_ (T) is the enthalpy, in Btu/1b_, of the transport air

evaluated at the inlet and outlet temperatures of the heat ex-
changing component.

| Ha(T) can have various forms, depending on whether or not the humidity ratio

of the transport alr remains constant as 1t passes through the heat ex-
changing component.

i o amie s R+ e g P e TS e



For electrical power, a general exampie 1s
ECSS OPERATING ENERGY = (3413/60) £ [EP100] x At

where EP100 1s the power required by electrical equipment in kilowatts
and the two factors (1/60) and 3413 correct the data to Btu/min.

These equations are comparable to those specified in "Thermal Data
Requirements and Performance Evaluation Procedures for the National

Solar Heating and Cooling Demonstration Program." This document, given

in the 1ist of references, was prepared by an inter-agency committee of
the government, and presents guidelines for thermal performance evaluation.

Performance factors are computed for each hour of the day. Each numerical
integration process, therefore, i1s performed over a period of one hour.
Since long-term performance data is desired, it is necessary to build
these hourly performance factors to daily values. This is accomplished,
for energy parameters, by summing the 24 hourly values. For temperatures,
the hourly values are averaged. Certalin special factors, such as ef-
ficiencies, require appropriate handling to properly weight each hourly
sample for the daily value computation. Similar procedures are required
to convert daily values to monthly values.
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EQUATIONS USED IN MONTHLY PERFORMANCE REPORT

NOTE: MEASUREMENT NUMBERS REFERENCE SYSTEM SCHEMATIC FIGURE 2-2

AVERAGE AMBIENT TEMPERATURE (°F)
TA = (1/60) x £ TOO1 x At
AVERAGE BUILDING TEMPERATURE (°F)
T8 = (1/60) x = T600 x At
DAYTIME AVERAGE AMBIENT TEMPERATURE (°F)
TDA = (1/360) x & T001 x At
FOR + 3 HOURS FROM SOLAR NOON
INCIDENT SCLAR ENERGY PER SQUARE FOOT (BTU/FTZ)
SE = (1/60) x £ I001 x At
OPERATIONAL INCIDENT SOLAR ENERGY (BTU)
SEOP = (1/60) x = [I001 x CLAREA] x At
WHEN THE COLLECTOR LOOP IS ACTIVE
HUMIDITY RATIO FUNCTION (BTU/LBM~°F)
HRF = 0.24 + 0.444 x HR
WHERE 0.24 IS THE SPECIFIC HEAT AND HR IS THE HUMIDITY RATIO
OF THE TRANSPORT AIR. THIS FUNCTION IS USED WHENEVER THE
HUMIDITY RATIO WILL REMAIN CONSTANT AS THE TRANSPORT AIR FLOWS
THROUGH A HEAT EXCHANGING DEVICE
SGLAR ENERGY COLLECTED BY THE ARRAY (BTU)
SECA = £ [M100 x HRF x (T150 - T100)] x At

N
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ENTHALPY FUNCTION FOR WATER (BTU/LBM)
T
HWD(T,, T) = f Cp(T)dT
N
THIS FUNCTION COMPUTES THE ENTHALFY CHANGE OF WATER AS IT
PASSES THROUGH A HEAT EXCHANGING DEVICE.
SOLAR ENERGY TO STORAGE‘(BTU)
STEI = £ [M100 x HWD (T151, T101)] x At
SOLAR ENERGY FROM STORAGE TO SPACE HEATING (BTU)
STEQ6 = T [M400 x HUD (T101, T151)] x &
AVERAGE TEMPERATURE OF STORAGE (°F)
TSTM = (1/60) x © [(T200 + T202)/2] x At
TOTAL ENERGY USED BY SPACE HEATING SUBSYSTEM (BTU)
HEAT = ¢ [(M400 x (T450 - T400) + MA400 X'(T402 - T452)) x HRF] x At
TOTAL ENERGY USED BY HOT WATER SUBSYSTEM (BTU)
HWSE = [M300 * HWD (T350, T300)] x At
ENERGY DELIVERED FROM ECSS TO LOAD SUBSYSTEMS (BTU)
CSEQO = HEAT + HWSE
WHEN SPACE HEATING FROM THE COLLECTOR ARRAY
CSEQ = STEO6
WHEN SPACE HEATING FROM STORAGE
HEATING AUXILIARY ENERGY
HAE = 56.8833 x £ (EP400 + EP401 + EP403) x At




ECSS OPERATING ENERGY (BTU)
CSOPE = 0.5 x 56.8833 x % EP101 x At
WHEN SPACE HEATING FROM THE COLLECTOR ARRAY
CSOPE = 56.8833 x 1 EP10] x At
WHEN CHARGING STORAGE
SPACE HEATING SUBSYSTEM SOLAR OPERATING ENERGY (BTU)
HOPE1 = 0.5 x 56.8833 x & EP101 x At
WHEN SPACE HEATING FROM THE COLLECTOR ARRAY
HOPE1 = 56.8833 x £ EP101 x At
WHEN SPACE HEATING FROM STORAGE
HOT WATER CONSUMED (GALLONS)
HWCSM = & WD303 x At
HOT WATER LOAD (BTU)
HWL = 5 [M303 x HWD(T303, T352)] x At
HOT WATER SUBSYSTEM AUXILIARY ELECTRICAL FUEL ENERGY (BTU)
HWAE = 56.8833 x £ EP300 x Ar
HOT WATER OPERATING ENERGY
HWOPE = 56.8833 x 1 EP301 x At
SOLAR ENERGY TO SPACE HEATING SUBSYSTEM (BTU)
HSE = 5 [M400 * (T450 - T400) * HRF] x At
WHEN SYSTEM USING SOLAR ENERGY FOR HEATING
AUXILIARY ENERGY TO SPACE HEATING SUBSYSTEM (BTU)
HAT = 5 [M400 * (T402 - T452) * HRF] x Ar
WHEN SYSTEM USING AUXILIARY ENERGY FOR HEATING
" HOPE2 = 56.883 x 1 EP402 x At
WHEN SPACE HEATING FROM AUXILIARY

]



SPACE HEATING SUBSYSTEM OPERATING ENERGY (BTU)
HOPE = HOPE1 + HOPE2
SUPPLY WATER TEMPERATURE (°F)
TSW = T303
HOT WATER TEMPERATURE (°F)
THW = T352
BOTH TSW AND THW ARE COMPUTED ONLY WHEN FLOW EXISTS IN THE
SUBSYSTEM, OTHERWISE THEY ARE SET EQUAL TO THE VALUES OBTAINED
DURING THE PREVIOUS FLOW PERIOD.
INCIDENT SOLAR ENERGY ON COLLECTOR ARRAY (BTU)
SEA = CLAREA x SE
COLLECTED SOLAR ENERGY (BTU/FT?)
SEC = SECA/CLAREA
COLLECTOR ARRAY EFFICIENCY
CAREF = SECA/SEA
CHANGE IN STORED ENERGY (BTU)
STECH = STECHI - STECH 1
WHERE THE SUBSCRIPT , REFERS TO A PRIOR REFERENCE VALUE
STORAGE EFFICIENCY
STEFF = (STECH + STEO)/STEI
SOLAR ENERGY TO LOAD SUBSYSTEMS (BTU)
SEL = CSEQ
ECSS SOLAR CONVERSION EFFICIENCY
CSCEF = SEL/SEA
AUXILIARY THERMAL ENERGY TO HOT WATER SUBSYSTEM (BTU)
HWAT = HWAE




1OT WATER SOLAR FRACTION (PERCENT)
HWSFR = 100 x HWTKSE/(HWTKSE + HWTKAUX)
WHERE HWTKSE AND HWTKAUX REPRESENT THE CURRENT SOLAR AND
AUXILIARY ENERGY CONTENT OF THE HOT WATER TANK
HOT WATER ELECTRICAL ENERGY SAVINGS (BTU)
HUSVE = HWSE - HUOPE
SPACE HEATING LOAD (BTU)
HL = HAT + HSE
SPACE HEATING SUBSYSTEM SOLAR FRACTION (PERCENT)
HSFR = 100 x HSE/HL
SPACE HEATING SUBSYSTEM ELECTRICAL ENERGY SAVINGS (BTU)
HSVE = (HPFRAC * HL)/ HPCOPH + (1-HPFRAC) * HL - (MAE + HOPE1)
WHERE HPFRAC IS THE FRACTION OF THE TOTAL HEATING LOAD
WHICH IS PROVIDED BY THE HEAT PUMP AND HPCOPH IS THE
COEFFICIENT OF PERFORMANCE OF THE HEAT PUMP
SYSTEM LOAD (BTU)
SYSL = HL + HUL
SOLAR FRACTION OF SYSTEM LOAD (PERCENT)
SFR = (HL x HSFR + HWL x HWSFR)/SYSL
SYSTEM OPERATING ENERGY (BTU)
SYSOPE = HOPE + HWOPE
AUXILIARY THERMAL ENERGY TO LOADS (BTU)
AXT = HWAT + HAT
AUXILIARY ELECTRICAL ENERGY TO LOADS {BTU)
AXE = HWAE + HAE
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TOTAL ELECTRICAL ENERGY SAVINGS (BTU)
TSVE = HWSVE + HSVE

TOTAL ENERGY CONSUMED (BTU)
TECSM = SYSOPE + AXE + SECA

SYSTEM PERFORMANCE FACTOR
SYSPF = SYSL/(AXE + SYSOPE) x 3.33)
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APPENDIA C
LONG-TERM AVERAGE WEATHER CONDITIONS

The environmental estimates given in this appendix provide a point of
reference for evaluation of weather conditions as reported in the Monthly
Performance Reports and Solar Energy System Performance Evaluations issued
by the National Solar Data Program. As such, the information presented can
be useful in prediction of long-term system performance.

Environmental estimates for this site include the following monthly’ averages:
extraterrestrial insolation, insoclation on a horizontal plane at the site,
insolation in the ti1t plane of the collection surface, ambient temperature,
heating degree-days, and cooling degree-days. Estimation procedures and data
sources are detatled in the following paragraphs.

The preferred source of long-term temperature and insolation data 1s "Input
Data for Solar Systems® (IDSS) [1] since this has been recognize i as the
solar standard. The IDSS data are used whenever possible in these environ-
mental estimates for both insolation and temperature related sources; however,
a secondary source used for insolation data is the Climatic Atlas of the
United States [2], and for temperature related data, the secondary source

1s "Local Climatological Data" [3].

Since the available long-term insolation data are only given for a horizontal
surface, solar collection subsystem orientation information 1s used in an
algorithm [4] to calculate the 1nsolation expected in the ti11t plane of the
ccllector. This calculation 1s made using a ground reflectance of 0.2.
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