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FIVE

MODEL CONSTRUCTION AND VERIFICATION

5.1 Introduction{ TC "5.1 Introduction" \l 2}

In the last chapter, the necessary component models to be used with the TRNSY S program
for amulating photovoltaic-powered solar domestic hot water (PV-SDHW) systems were
introduced and described. These components were assembled to form a TRNSY S modd of a
two-tank PV-SDHW system. For purposes of verifying the accuracy of this mode, experimenta
data were obtained from two prototype ingdlations. The firg, located at the Nationa Ingtitute of
Standards and Technology (NIST) in Gaithersburg, MD became operationd in July, 1995. The
period of July 1, 1995 through June 30, 1996 was Smulated using the TRNSY S model. The
second prototype, located at the Florida Solar Energy Center (FSEC), became operationa in
December, 1995. This system was smulated for the period of December 23, 1995 through
September 26, 1996.

5.2 ThePrototype Systems{ TC "5.2 The Prototype Systems" \| 2}

5.2.1 System Descriptions{ TC "5.2.1 System Descriptions’ \I 3}

Table 5.2.1-1 presents the specifications for the two prototype systems. Both systems used
PV modules manufactured by Siemens (model M55) and water tanks by A.O. Smith (modds PEC-
80 and PEH-52 for the preheat and auxiliary tanks, respectively).



Table5.2.1-1 System specifications for the two prototypes modded in thisanayss{ TC " Table
5.2.1-1 System specifications for the two prototypes modded in thisanayss” \l 6}

NIST Prototype FSEC System
System |1

Location Gaithersburg, MD Cocoa, FL

Latitude 39.200N 2840 N

Photovoltaic Array Size (m?) 12.80 1152

Array Slope 400 240

Number of Modules 10 9

in Series

Number of Module 3 3

Stringsin Parallel

Nominal/Actual Preheat 303/272.4 303/2724

Tank Volume (L)

Nominal/Actual Auxiliary 190/ 1704 190/ 1704

Tank Volume (L)

Auxiliary Tank Thermostat 57.0 517

Setpoint (OC)

Preheat Tank Heat L oss 192 217

Coefficient (W/OC)

Auxiliary Tank Heat Loss 121 143

Coefficient (W/OC)

Preheat Tank Upper Heating 180-1 120-1

Elements (Nominal Resistance (O) - 120-5 120-5

Operating Sequence) 75-6 120-6

Preheat Tank Lower Heating 180-2 90-2

Elements (Nominal Resistance (O) - 110-3 0-3

Operating Sequence) 75-4 110-4

Solar Irradiance Range, G; (W/n?), for 180 5<G;[1138 120: 180 Gr<200

Each Nominal Resistive Load (0) 90: 138<Gr0273 51: 2000 Gy <385
50: 273<G; 0483 33 3850 Gy <540
30: 483<G; 687 26: 5400 Gy <675
24. 687<G; 882 21: 6750 G; <800
18 882<G; 18 8000 Gy

Theresstor switching controller in the NIST and FSEC ingalations used a reference PV
cdl to provide the irradiance measurement for control. In this device, the cdll's short circuit current
is measured and correlated with radiation intengity. Irradiation was aso independently recorded
using acdibrated pyranometer. The control logic inthe NIST prototype was designed to make a

resstor switching decision every 20 seconds based on an instantaneous irradiance reading. The




FSEC system, on the other hand, alowed switching every 60 seconds based on the average of
three irradiance readings (taken every 20 seconds).

5.2.2 Available Data{ TC "5.2.2 Available Data" \I 3}

Both of the prototype ingtdlations were insrumented to record dl pertinent measurementsin
order to assess the performance of these systems and to provide data for moded vaidation. Shown

inTable5.2.2-1 isalig of the data which were available from these two stesin hourly intervas.

Table5.2.2-1 Dataavailable from NIST and FSEC prototype operation on an hourly basis{ TC
"Table5.2.2-1 Dataavailable from NIST and FSEC prototype operation on an hourly basis." \I
6}

energy removed from preheat tank as aresult of draws (kJ)

energy removed from auxiliary tank as aresult of draws (kJ)

energy removed from total system as aresult of draws (kJ)

average inlet temperature of preheat tank ((OC)

average outlet temperature of preheat tank ((1C)

averageinlet temperature of auxiliary tank (0C)

average outlet temperature of auxiliary tank (C1C)

electrical energy supplied by PV panels (kJ)

electrical energy supplied to auxiliary tank (kJ)

total heat loss from preheat tank (kJ)

total heat loss from auxiliary tank (kJ)

mass of water removed from system (kg)

solar energy received by PV array as measured by pyranometer (kJ/n¥)

*

solar energy received by PV array as measured by reference PV cell (kJ/n?)

average outdoor temperature ([1C)

average PV panel temperature (OC)

average indoor temperature (OC)

average water temperature in preheat tank (0C)

average water temperature in auxiliary tank (OC)




*
these hourly data only provided for FSEC system

In addition to the above hourly data, deta were available on aminutely basis from the NIST
prototype only. These minutely data included the six internd temperature measurements made in
each tank to edtimate the average tank temperature. The locations of these measurements were at

the center of sx equa volume segments dong the height of the tank.

The use of the supplied hourly data was complicated by the fact that it contained some gaps
lasting from afew hoursto severd days. These gaps resulted from temporary shutdowns of al or
part of the system due to malfunction, for repair, or because of snow cover on the array and/or
irradiation sensor. The FSEC system, for example, was shut down during April 12-18, 1996 as a
result of alesking auxiliary tank. The problem was solved by replacing the tank. A messured data
set for usein modd vaidation for each prototype was congtructed according to the following rules:
only hourly data from days containing no anomalies of any kind were included and "good”
operationd periods less than two daysin length were excluded (Dougherty, 1996). Asareult, the
gmulation of the NIST prototype was run in 21 separate time segments and the FSEC smulation in
four segments. The discontinuous nature of the resulting Smulations necessitated the use of initid
tank temperature distributions for each data time period. In the case of the NIST modd, this
information was provided to TRNSY S using the NI ST-measured tank temperature distributions for
the firs minute of each period. Thus TRNSY S began each smulation period with exactly the
measured temperatures for each of the Six temperature nodes in the tanks. In modeling the FSEC
system, in the absence of minutely data, the initid tank temperatures for each period were taken as
the average tank temperatures for the first hour of the period. Initid tank temperature distributions
were unavailable and uniform average temperatures had to suffice asinitid conditionsfor the
TRNSY Stank modds. The effect on the average tank temperature of using average tank

temperature initia conditions rather than tank temperature digtribution initial conditions was
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determined by smulation to disgppear after the first 24-36 hours of asmulation period. The use of

average tank temperature as the initid condition in the FSEC smulation was assumed to have a

negligible effect on long term results.

5.3 Modelingthe Tanks{ TC "5.3 Modeling the Tanks" \I 2}

The preheat and auxiliary water storage tanks were smulated usng the TRNSY S tank
modd discussed in the last chapter. The tank volumes were set as the actua volumes measured on
the prototype tanks. The tank heights were set as recommended by Dougherty (1995) and were
dightly lower than the actud outsde tank dimengons given by the manufacturer. The tanks were
divided into 18 volume segments by the tank modd. Inlet water to each tank was assumed to enter
the node closest to it in temperature (virtudly aways the bottom segment). Outlet streams from the
tanks were taken from the very top of the tanks as occursin practice. Water was assumed to have
a constant specific heat of 4.18 kJkg[IK, a congtant therma conductivity of 0.64 W/mOK, and a
congtant density of 1000 kg/ne for the temperatures encountered in this application.

The overdl heat loss coefficients, U, for the preheat and auxiliary tanks were determined for
purposes of modding the NIST and FSEC systems by smulating the cooldown tests of the tanks
which established their UA vauesin practice. In these smulations, the tanks had surface areas
consgtent with the actud estimated tank dimengions from Dougherty (1996). Each tank wasiinitidly
a auniform eevated temperature of 75L1C with a constant ambient air temperature of 2501C. The
vaue of UA, virtualy congtant with time, was plotted as the smulation progressed to observe its
vaue. Thevdue of U for each tank was adjusted such that during the cooldown smulation the
samulated UA was nearly equa to the UA measured from the prototype systlems. UA was defined

as

UA :(T—qmss?) (5.3.1)

tank ,avg - a
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where g, isthe rate of heat loss from the tank, T, a4 iS the average temperature of the water in

thetank, and T, isthe ambient ar temperature. The indoor ambient air temperature for the later

prototype smulations was taken to be equd to that measured at the prototype ingtalations.

The PV-connected heating elements in the preheat tank were alowed to heat the water
whenever power was available. The heating dementsin the auxiliary tank were controlled in a
master/dave rdationship in which the bottom eement could be energized only when the top dement
was stisfied. The dements could not operate Smultaneoudy. The positions of the heating eements
and thermogtats (in the auxiliary tank) were set according to the advice of Dougherty (1996). The
thermostat setpoints and temperature deadbands were adjusted by trid and error such that the
outlet water temperature and average tank water temperature tempora profiles for the auxiliary tank
were nearly the same as those measured from the prototypes. The upper and lower thermostat set
points and deadbands were assumed equal and the hesating rates of the auxiliary dements were set

to 4.5 kW like the prototype systems.

Possible heat |osses from the pipe joining the preheat and auxiliary tanks were accounted
for by use of a TRNSY S component model of apipe. Thismode smulates the therma behavior of
fluid flow in apipe usang variable Sze ssgments of fluid in "plug-flow.” It does not congder mixing
or conduction between adjacent fluid eements. The overdl heat loss coefficient for the pipe was

estimated by andytica means based on the known pipe and insulation materias and dimensions.

54 Modeding the Photovoltaic Array, Resistors, and Controller{ TC
" 5.4 Modeling the Photovoltaic Array, Resistors, and Controller" \I 2}

The PV array was Smulated using the model discussed in the last chapter. The parameters
describing the array were set according to vaues measured independently by Fanney and
Dougherty a NIST (Dougherty, 1996). Dataregarding the array dimensions was taken from the
Siemens literature. Table 5.4-1 presents the PV parameters supplied by NIST and those given in



the Semens literature.

Table5.4-1 Semens M55 PV module reference performance parameters as presented by
manufacturer and from independent measurements by NIST.{ TC " Table5.4-1 Semens M55
PV module reference performance parameters as presented by manufacturer and from independent
measurements by NIST." \| 6}

Module Siemens NIST
Characteristic

Gr et 1000 W/n? 904.8 W/n?
Teret 250C 45.30C

| g ref 34A 3056 A

Vo res 217V 19.951V

lmpret 305A 2781A

Vinpret 174V 15.248V

M o 0.00A/OC 0.001818 A/LIC
Hy o -0.12v/OC -0.07561 Vv/OC

Using the NIST-measured parametersin the TRNSY S array model and smulating the
sandard reference conditions used by Siemensin establishing the values indicated that the NIST
parameters produce a maximum power about 3% less than that suggested by Semens. A congtant
heet loss coefficient U, for the PV array was estimated using the nomina operating cdll temperature
(NOCT) reported in the Semens literature. The NOCT is defined as the module temperature
reached when the solar radiation on the cellsis 800 W/ne, the wind speed is 1 m/s, and the
ambient temperature is 201C. Siemens reported the NOCT for the M55 to be 4201C + 2[1C.
Using thisinformation in Equation 4.4.12 with ta assumed 0.9 and h /ta smdl rdative to unity
yiddsaU, of 32.7 W/neJC. Outdoor ambient temperatures used in the smulations were taken as

those measured at the prototype installations.

Irradiation data from the pyranometer was input to the TRNSY S PV array component. In
hourly smulations of the FSEC system and minutely smulations of the NIST system, irradiation data
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from the PV reference cdl was input to the switching controller model. 1n the NIST hourly

amulations, however, the pyranometer irradiation was input to the controller as the reference cell
datawas not available on an hourly basis. In the long-term hourly smulations, the TRNSY S mode
congdered switching between resstive loads only once each hour as new irradiance vaues were
avaladle. The congtant irradiation leve for each hour (in kJ/hr-nt) was taken to be equd in
magnitude to the reported totd irradiation for the hour (in k¥ne). Usng hourly and minutely data
for anidentical time period, an assessment was made of the differencein model performance
resulting from the use of a congtant, average hourly irradiation rate with a congtant resstive load and
the use of minute-by-minute irradiation rates and resstive load changes. Hourly and minutely data
from nine days between May 15, 1996 and May 23, 1996 for the NIST prototype were used in
two smulations. The resulting total PV array energy outputs for the nine day period using hourly
and minutely smulations differed by goproximeatdy 0.5 %.

The multiple resstive dements and the switching controller were modeled usng the
TRNSY S component discussed in the last chapter. The values of the resistors were taken asthe
nomina vaues reported by Fanney and Dougherty (1996) for the NIST and FSEC prototypes.
The order of resstor connection and the irradiance levels a which switches were initiated were also

taken directly asthose used in the prototypes.

5.5 Modeling the Hot Water Draws{ TC "5.5 Modeling the Hot Water
Draws' \l 2}

Proper draws of hot water from the auxiliary tank were smulated directly from the
measured draw masses. In the prototypes, the water draw flow rate was gpproximately 3 gpm and
the draws were initiated at the beginning of the hour in which they took place. The hot water draw
profile imposed on the prototypes conssted of draws of 20.5 L, 61.0 L, and 40.5 L occurring at 6
AM, 7 AM, and 8 AM, respectively, and repegting at 6 PM, 7 PM, and 8 PM. In the hourly

samulations, since only hourly water draw masses were known, the draws were assumed to occur



during the firgt four minutes of al draw hours. The actud hourly draws of gpproximatdy 205L,
61.0 L, and 40.5 L required gpproximately 1.8 minutes, 5.4 min, and 3.6 min, respectively. In
minutely smulations of the NIST prototype, no water draw data were available on aminutely basis
and the draws were assumed to be exactly 20.5L, 61.0 L, and 40.5 L and to occur in 2 minutes, 5
minutes, and 4 minutes, respectively. The smulated cold inlet water temperature to the preheat tank

was equd to that measured in the prototype operation.

5.6 Modding the NIST Prototype{ TC "5.6 Modeling the NIST
Prototype" \I 2}

The model described above was used firgt to smulate the performance of the prototype at
NIST. Thiswasthefirst prototype to begin operation and more detailed data was available for it
(minutely) than for the FSEC system.

5.6.1 Experimental Measurements{ TC "5.6.1 Experimental

Measurements” \| 3}

Table 5.6.1-1 shows measured monthly and overdl results for the NIST system for the
twelve months of data used for verification purposes. Individud tank and overdl system loads were
defined as

load = MC, (Toy - Tin)clime (5.6.1.1)

time

where m isthe water mass flow rate, ¢, isthe water specific hedt, T, isthe water temperature
exiting the tank or system, and T, , isthe water temperature entering the tank or system. Tank hest

losses were defined as

loss= A (Tank - Tam ) dtime (5.6.1.2)

time

where UA isthe overal heat loss coefficient for the tank, T, ISthe average water temperature in
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the tank, and T, isthe ambient air temperature. The solar fraction figures refer to the preheet tank

load divided by the totd system load. Thetank "Delta Energy” vauesrefer to the change in tank

internd energy as measured by the average tank temperatures for the first and last hours of the given

period. Thetank "Data Gap Energy"” quantifies the internal energy added to the tank during periods

of missing data as cdculated from the average tank temperatures for the hours immediately before

and after the gaps. The tank "Energy Unbaance" figures represent the sum of the tank load, heat

loss, and changein interna energy subtracted from the sum of the tank eectrica input and data gap

energy addition. The Overdl "Energy Unbadance' figures are the sum of the two tank unbaances.

The experimentd resultsin Table 5.6.1-1 will be discussed and compared with the results of the

TRNSY S amulation of the NIST system in the following sections.

Table5.6.1-1 NIST performance results for the period July 1, 1995 through June 30, 1996.{ TC
"Table5.6.1-1 NIST performance results for the period July 1, 1995 through June 30, 1996." \I

6}
Month Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Total
Preheat Tank Load (kJ) 721417 1802220 618818 | 797201 [476559 518014 | 254141 |443068 | 548316 [618223 | 661857 | 790752 § 7250586
Auxiliary Tank Load
(kJ) 508087 523614 568363 618039 825979 717702 571464 | 605080 482934 532474 759580 567432 7280748
Total Load (kJ) 1216390 | 1309738 | 1171316 | 1395462 [1286759 |1236376 |828864 |1052836 | 1035399 [1151170 |1407585 | 1344692 |§ 14436587
Preheat Tank Heat Loss
(kJ) 27648 29635 16051 25018 -5510 3550 -8320 1674 10844 12582 4667 22627 140466
Auxiliary Tank Heat
Loss (kJ) 93405 99735 88963 106264 | 95895 90193 61754 | 79093 79159 88952 105768 102509  J 1091688
Water Draw (kg) 6492 6971 6253 7462 6741 6400 4330 5537 5541 6265 7469 7229 76691
Preheat Tank Electrical
Input (kJ) 736341 | 817319 638694 | 793635 [469730 | 524595 | 253948 |482448 | 633201 [653980 | 675121 | 801966 § 7480977
Auxiliary Tank
Electrical Input (kJ) 604446 1623398 660984 [731053 [932237 [811396 [639554 | 688568 | 565699 626937 | 869043 | 668160 | 8421476
Preheat Tank Average
Temp. (C) 30.0 30.0 276 28.8 22.7 243 209 243 26.7 26.8 249 284 26.5
Auxiliary Tank Average
Temp. (C) 56.9 56.8 56.6 56.7 56.6 56.7 56.5 56.7 56.7 56.6 56.6 56.6 56.7
Total Electrical Input
(kJ) 1340788 | 1440716 | 1299679 | 1524688 | 1401967 [1335991 |[893502 |1171015 |1198900 [1280917 |1544164 | 1470126 § 15902453
Solar Fraction 59.31% |61.25% |52.83% |57.13% [37.04% |41.90% |30.66% |42.08% |52.96% [53.70% |47.02% |58.81% [ 50.22%
Preheat Tank Delta
Energy (kJ) 4987 -1150 3769 -16191  [12195 -7697 -1230 | 12798 -2847 -15599 17888 |-3860 1810
Auxiliary Tank Delta
Energy (kJ) 670 36 620 -242 -897 -192 655 -107 157 -178 506 -470 -171
Preheat Tank Data Gap
Energy (kJ) 6707 626 -15725 0 -4862 -9804 -1366 -10760 -45170 -4395 0 0 -84748
Auxiliary Tank Data Gap
Energy (kJ) -463 7 727 0 1474 3234 -306 2571 -826 328 0 0 6745
Preheat Tank Energy
Unbalance (kJ) -11004 -12760 | -15668 -12393 _|-18375 925 7990 14147 31718 34379 -9291 -7553 3366
Auxiliary Tank Energy
Unbalance (kJ) 1822 20 3766 6993 12735 6927 5375 7073 2623 6017 3189 -1311 55956
Overall Energy
Unbalance (kJ) -9183 -12740 | -11903 -5400 -5640 7852 13365 | 21220 34341 40396 -6101 -8864 59322
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5.6.2 Experimental Measurement Uncertainty{ TC "5.6.2 Experimental

Measurement Uncertainty” \l 3}

The uncertainties associated with the experimental measurements as they appear in the
monthly format of Table 5.6.1-1 were assessed. Estimates of the single sample uncertaintiesin the
individua temperature, electrical power, and water draw measurements gppear in Table 5.6.2-1.
These uncertainties were propagated by standard techniques (Taylor, 1982) to arrive at probable
uncertaintiesin tank eectrica energy input, tank water heating load, tank heet loss, and average
tank water temperature. Table 5.6.2-1 shows the resulting uncertainties in these results. A detailed

formulation of the uncertainty propagation can be found in Appendix C.

Table5.6.2-1 Edimated individua measurement uncertainties and resulting uncertaintiesin
important system performance quantities{ TC " Table 5.6.2-1 Edimated individud measurement
uncertainties and resulting uncertainties in important system performance quantities” \l 6 }

Quantity M easurement Uncertainty Uncertainty in Total/Average
average tank temperature +10C inindividua TypeT +10C
thermocouple measurement
tank heat loss +10C inindividua TypeT +6.4%

thermocoupl e measurement, £5%
inindividua overall tank heat
loss coefficient
tank load +0.30C inindividua TypeT +2.3%
thermocouple measurement, £1%
in hourly water draw mass

electrical energy input to preheat tank  +1% in voltage, +1% in current +1.4%
electrical energy input to auxiliary +1% in power +1.0%
tank

5.6.3 TRNSYS Predicted Performance{ TC "5.6.3 TRNSYS Predicted

Performance" \l 3}

Table 5.6.3-1 shows the results of the TRNSY S smulation of the NIST prototype. The

row labelsin this table denote the same information asin Table 5.6.1-1 for the experimentd data.
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Table 5.6.3-2 presents the absol ute discrepancy between the smulated and measured result tables.

Findly, Table 5.6.3-3 shows the percentage discrepancy between the TRNSY S predictions and
measurements for sdected quantitiesin the previoustables. The tank energy unbaances noted in
the TRNSY S smulation results in Table 5.6.3-1 resulted from a necessarily imperfect estimate of
the true average temperature of each tank volume segment during atimestep. The model takesthe
arithmetic average of theinitid and find segment temperatures in computing time-averaged energy
flows. The resulting energy baance errors cannot be avoided but the effect on smulation accuracy

issmdl (Newton, 1995).

Table5.6.3-1 TRNSY S predicted performance results for the NIST system for July 1, 1995
through June 30, 1996.{ TC " Table5.6.3-1 TRNSY S predicted performance results for the
NIST system for July 1, 1995 through June 30, 1996." \l 6}

Month Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Total
Preheat Tank L oad (kJ) 720888 [786204 600203 | 763106 460183 [512740 |256525 [453745 |571351 [639054 | 653745 |796752 | 7214675
Auxiliary Tank Load
(kJ) 503380 [536635 |585283 | 649479 833500 [719974 |578972 [604927 | 473797 [528788 | 770851 [570967 | 7356552
Total Load (kJ) 1222156 [1320656 | 1183950 | 1410610 | 1293016 [1231712 |835265 |1057737 1043569 [1166031 | 1423123 | 1365435 | 14553258
Preheat Tank Heat Loss
(kJ) 18628 18152 | 7645 12887  |-11796 |-4172 -12390 |-3088 10429 |12495 767 18381 67940
Auxiliary Tank Heat
Loss (kJ) 86994 93051 | 82008 98274 | 85722 81698 54998 | 71234 72632 [82367 96330 | 96187 1001495
Water Draw (kg) 6492 6971 6253 7462 6741 6400 4330 5537 5541 6265 7469 7229 76691
Preheat Tank Electrical
Input (kJ) 733927 1800001 621991 | 760549 461029 [500509 |245012 [474227 624222 |642742 | 673559 |807671 | 7354530
Auxiliary Tank
Electrical Input (kJ) 580743 |6282927 664380 | 746300 918150 [796114 633453 | 674207 |542071 |609453 |869924 | 664977 | 8337064
Preheat Tank Average
Temp. (C) 283 27.9 259 266 215 27 196 232 267 269 243 27.8 253
Auxiliary Tank Average
Temp. (C) 55.5 55.5 55.1 553 545 54.8 54.3 547 55.1 55.2 54.9 555 55.1
Total Electrical Input
(kJ) 1323670 |1428383 |1286371 |[1506849 |1379179 |1305623 |878466 |1148434 |1166293 [1252195 |1543484 | 1472648 |15691594
Solar Fraction 58.98% [59.54% |50.69% |54.10% |3559% [41.63% |30.71% [42.90% |54.75% [54.81% |45.94% [58.35% |49.57%
Preheat Tank Delta
Energy (kJ) 2997 -873 2315 -15273 11361 -6119 -2125  |13103 -2192 -15420 [17733 | -5548 213
Auxiliary Tank Delta
Energy (kJ) -49 147 124 -1296 862 -163 -397 697 466 -916 1380 -195 -402
Preheat Tank Data Gap
Energy (kJ) 8578 2852 -13030 |0 -1314 -6597 -1144 | -9460 -43476  |-5433 0 0 -69024
Auxiliary Tank Data Gap
Energy (kJ) 204 821 2447 0 1409 5524 1134 3272 5036 1245 0 0 21092
Preheat Tank Energy
Unbalance (kJ) 7 -630 -1202 -261 -33 463 1858 1007 1158 1181 1313 -1914 2679
Auxiliary Tank Energy
Unbalance (kJ) -378 -720 -588 -157 -525 128 1014 622 212 459 1363 -1982 509
Overall Energy
Unbalance (kJ) -385 -1350 -1790 -418 -558 591 2873 1629 1370 1640 2676 -3896 3188
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Table5.6.3-2 Absolute discrepancy between TRNSY S prediction and NIST measurement for
July 1, 1995 through June 30, 1996.{ TC " Table 5.6.3-2 Absolute discrepancy between
TRNSY S prediction and NIST measurement for July 1, 1995 through June 30, 1996." \| 6 }

Month Jul Aug Sep Oct Nov Dec Jan Feb M ar Apr May Jun Total
Preheat Tank Load (kJ) -529 -15926 -18615 -34005 -16376 -5274 2384 10677 23035 20831 -8112 6000 -35911
Auxiliary Tank Load
(kJ) -4707 13021 16920 31440 7521 2272 7508 -153 -9137 -3686 11271 3535 75804
Total Load (kJ) 5766 10918 12634 15148 6257 -4664 6401 4901 8170 14861 15538 20743 116671
Preheat Tank Heat Loss
(kJ) -9020 -11483 | -8406 -12130 | -6285 -7722 -4070 -4762 -415 -87 -3900 -4246 -72526
Auxiliary Tank Heat
L oss (kJ) -6411 -6684 -6955 -7990 -10172 -8495 -6756 -7859 -6527 -6585 -9438 -6323 -90193
Water Draw (kg) 0 0 0 0 0 0 0 0 0 0 0 0 0
Preheat Tank Electrical
Input (kJ) -2414 -17228 -16704 -33086 -8701 -15086 -8936 -8221 -8978 -11238 -1562 5705 -126446
Auxiliary Tank
Electrical Input (kJ) -14704 14894 3395 15247 -14087 -15283 -6101 -14360 -23628  |-17484 882 -3183 -84412
Preheat Tank Average
Temp. (C) -1.8 -2.2 -1.7 -2.2 -1.2 -1.6 -13 -11 0.1 0.1 -0.6 -0.6 -1.2
Auxiliary Tank Average
Temp. (C) -1.4 -1.3 -1.5 -1.4 -2.1 -1.9 -2.2 -2.0 -1.6 -1.4 -1.7 -1.1 -1.6
Total Electrical Input
(kJ) -17118 -12333 _ [-13308 -17839 | -22788 -30368 -15037 | -22581 -32606 _ |-28722 -681 2522 -210859
Solar Fraction 0.32% |-171% |-214% |[-3.02% |-1.45% [-027% |0.05% [081% |179% [110% |-1.08% [-045% |-0.65%
Preheat Tank Delta
Energy (kJ) -1990 277 -1454 918 -834 1579 -896 305 655 179 -155 -1688 -1597
Auxiliary Tank Delta
Energy (kJ) -719 111 -496 -1054 1759 29 -1053 804 309 -738 875 276 -231
Preheat Tank Data Gap
Energy (kJ) 1872 2226 2694 0 3548 3207 222 1300 1694 -1037 0 0 15725
Auxiliary Tank Data Gap
Energy (kJ) 667 814 1720 0 -65 2290 1440 700 5862 917 0 0 14346
Preheat Tank Energy
Unbalance (kJ) 10997 12131 14466 12132 18342 -462 -6132 -13140 -30560  |-33198 10604 5639 -688
Auxiliary Tank Energy
Unbalance (kJ) -2200 -740 -4353 -7150 -13260 -6799 -4360 -6452 -2411 -5558 -1827 -671 -55447
Overall Energy
Unbalance (kJ) 8797 11391 10113 4982 5082 -7261 -10492 | -19591 -32971 -38756 8777 4968 -56134

Table 5.6.3-3 Percentage discrepancy between TRNSY S prediction and NIST measurement for
July 1, 1995 through June 30, 1996.{ TC " Table 5.6.3-3 Percentage discrepancy between
TRNSY S prediction and NIST measurement for July 1, 1995 through June 30, 1996." \| 6 }

Month Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Total
Preheat Tank L oad -0.1% -2.0% -3.0% -4.3% -3.4% -1.0% 0.9% 2.4% 4.2% 3.4% -1.2% 0.8% -0.5%
Auxiliary Tank Load -0.9% 2.5% 3.0% 5.1% 0.9% 0.3% 1.3% 0.0% -1.9% -0.7% 1.5% 0.6% 1.0%
Total Load 0.5% 0.8% 1.1% 1.1% 0.5% -0.4% 0.8% 0.5% 0.8% 1.3% 1.1% 1.5% 0.8%
Preheat Tank Heat L oss -32.6% -38.7% -52.4% -48.5% -114.1% |-217.5% |-48.9% |-284.5% |-3.8% -0.7% -83.6% -18.8% -51.6%
Auxiliary Tank Heat
Loss -6.9% -6.7% -7.8% -7.5% -10.6% |-9.4% -10.9% |-9.9% -8.2% -7.4% -8.9% -6.2% -8.3%
Water Draw 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Preheat Tank Electrical
Input -0.3% -2.1% -2.6% -4.2% -1.9% -2.9% -35% |-1.7% -1.4% -1.7% -0.2% 0.7% -1.7%
Auxiliary Tank
Electrical I nput -2.4% 0.8% 0.5% 2.1% -1.5% -1.9% -1.0% -2.1% -4.2% -2.8% 0.1% -0.5% -1.0%
Total Electrical Input -1.3% -0.9% -1.0% -1.2% -1.6% -2.3% -1.7% | -1.9% -2.7% -2.2% 0.0% 0.2% -1.3%

5.6.4 Comparison of

Prediction and Experimental Data{ TC

"5.6.4
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Comparison of Prediction and Experimental Data" \l 3}

5.6.4.1 The Overall System{ TC "5.6.4.1 The Overal System" \l 4}

A comparison of the TRNSY S model performance in relation to the measured data is best
accomplished by examining the results of the individua system components: the PV array and
resistance controller, the prehesat tank, and the auxiliary tank. Such analyses are presented in the

following sections.

The TRNSY S asmulation of the NIST system predicted the preheet tank, auxiliary tank, and
overal system loads to within 0.5%, 1.0% and 0.8% of their measured vaues for the twelve month
amulation, respectively. The smulation predicted the tota prehesat tank, auxiliary tank, and system
electrica energy inputs to within 1.7%, 1.0%, and 1.3% of measured values, respectively. With the
exception of the preheet tank dectrica input, each of these discrepanciesin the smulated resultsis
less than the corresponding uncertainty in the Smulated results. The twelve-month solar fraction

mesasured by NIST was 50.2% while the smulation resulted in a solar fraction of 49.6%.

5.6.4.2 The PV Array Energy Output{f TC "5.6.4.2 The PV Array Enerqy
Output" \l 4}

The resultsin Table 5.6.3-3 show that the TRNSY S modd of the NIST PV array
predicted its dectrical energy output to be 1.7% lower than was measured for twelve months of
operation and to within 5.0% for each month of the period. The uncertainty in the measured result
was £1.4%. Close examination of the hourly smulation results indicated that the discrepancy
followed aregular diurnd pattern. Figure 5.6.4.2-1 shows the average PV array energy output and
the average discrepancy in PV energy output between prediction and measurement as a function of
the hour of the day. The average hourly discrepancy is plotted both for asmulation in which the
TRNSY S modd caculated the PV array temperature independently and for one in which the array

was assumed to be at exactly the measured temperature at dl times. Thisfigure indicates that the
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modd typicaly overpredicted energy output during early morning and late evening hours and tended

to underpredict energy output during midday hours. This underprediction during midday hours was

the dominant feature and led to an overdl predicted result lower than measured.
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Figure5.6.4.2-1 Average hourly PV array energy output and discrepancy between measurement
and smulation as afunction of the hour of day. Simulation resultsfor the use of aTRNSY S
caculated array temperature and the NIST-measured temperature are shown.{ TC " Figure

5.6.4.2-1 Average hourly PV array energy output and discrepancy between measurement and
smulaion as afunction of the hour of day. Simulation results for the use of a TRNSY S-caculated
array temperature and the NI ST-measured temperature are shown.” \I 5}

A complete explanation for the pattern of discrepancy noted between the TRNSY S PV
array model and the measured performance of the array a NIST proved elusve. The effect of
irradiation incidence angle was consdered as was the influence of the array temperature on power

output. The array modd made use of avery smple means of caculating array temperature which
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may not have been satisfactory. Findly, other possbilities were identified but not sudied in depth.

A pyranometer measures the tota radiation on a surface, regardless of the incidence angle.
Asthe incidence angle of radiation on the glass cover of aPV aray isincreased, it might be
expected that a greater fraction of that radiation would be reflected or absorbed and not transmitted
to the dlicon PV cdls. The TRNSY S mode, which relied on pyranometer-measured irradiation to
caculae the power output at any time, might then have overpredicted the power during morning
and evening hours when the incidence angle of beam radiation was highest. Indeed, such a
phenomenon appeared in the model results depicted in Figure 5.6.4.2-1. The data compiled by
NIST in evauating the reference module parameters lent additiond credence to an incidence angle
explanation for the morning and evening discrepancies. These dataincluded array temperature,
open circuit voltage, short circuit current, and voltage and current pairs at five or six different load
resstances for over 200 combinations of ambient temperature, irradiance, and angle of incidence
(Dougherty, 1996). The array used in these tests conssted of four pardld strings of ten series-
wired Siemens M55 modules. Figures 5.6.4.2-2 and 5.6.4.2-3 present the percentage difference
between the measured and predicted power as afunction of irradiance and angle of incidence,
respectively. Based on these figures, the discrepancy remained around zero except at irradiance
levels lower than about 400 W/ and angles of incidence greater than about 6501. Beyond these
limits the modd overpredicted array power quite dramaticdly. Irradiation angle of incidence, then,
provides a reasonable explanation for the morning and evening discrepancies noted in Figure

5.6.4.2-1.
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Figure 5.6.4.2-2 Percentage discrepancy in array power between TRNSY S modd and
measurements as afunction of ingantaneous irradiance level. Datafrom NIST module parameter
determination.{ TC " Figure 5.6.4.2-2 Percentage discrepancy in array power between TRNSY S
model and measurements as a function of instantaneous irradiance level. Datafrom NIST module
parameter determination.” \I 5}
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Figure 5.6.4.2-3 Percentage discrepancy in array power between TRNSY S modd and
measurements as a function of angle of incidence of irradiation. Data from NIST module parameter
determination.{ TC " Figure 5.6.4.2-3 Percentage discrepancy in array power between TRNSY S
model and measurements as a function of angle of incidence of irradiation. Datafrom NIST module

parameter determination.” \I 5}

The effect of the TRNSY S cdculation of array temperature was aso investigated. For the
twelve month smulation, the TRNSY S array model resulted in an overal average array temperature
of 19.3[1C while the corresponding measured quantity was 18.1001C. When the modd was run
using the measured array temperature at each hour rather than an independently caculated one, the
predicted tota PV energy output rose by 1.2% and the overdl discrepancy in this quantity fell to -
0.5%. Figure 5.6.4.2-1 shows the impact of array temperature on the diurnal discrepancy pattern.
It appears that the discrepancy was reduced to nearly zero around the noon hour as a result of
correcting the array temperature. The error introduced to the model by the use of asmple array
temperature calculation, then, provides a reasonable explanation for the discrepancy noted in Figure

5.6.4.2-1 around the noon hour.

Asfor the discrepancies not accounted for by incidence angle or array temperature effects,
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these were likely the result of severd factors. Firgt, the PV array modd itself was not a perfect

representation of redity. The model used module performance results extracted from asingle
environmenta condition and extrapolated these results to dl other conditions based on some
assumptions about the physics of a photovoltaic cell. Thework of Townsend (1989) concluded
that the modd used by TRNSY S was accurate to about 5% around the maximum power point
based on comparison with measured results from severd module manufacturers. This 5%
uncertainty was confirmed here in modeling the NIST prototype. Second, variaionsin the spectrd
composition of the radiation impinging on the array during aday or year may have impacted the
resulting performance postivey or negatively. The TRNSY S array model made no account for
such effects and indeed, from a practical stlandpoint, experimentd data on the spectra composition
of solar radiation were not avallable. The PV module performance data chosen to form the
reference parameters might have resulted from an environmenta condition dightly out of the
ordinary in amaospheric darity, radiation spectra compostion, or some other factor. Thiswould
have resulted in actud performance different from that suggested by thissingletest. The use of the
measured tota hourly irradiation (rather than minutely data) by the resistor-switching controller,
resulting in resstive load changes only once each hour, may have affected the long-term prediction
of PV energy output by about 0.5% as noted in Section 5.4. Findly, the use of pyranometer-
measured irradiance data by the smulated controller instead of that of the reference PV cdl
(unavailable for the NIST system) may have affected the results from the TRNSYS PV array
modd!.

5.6.4.3 The Preheat Tank Load and Heat Loss{ TC "5.6.4.3 The Preheat Tank
Load and Heat Loss' \l 4}

In order to examine the performance of the preheat tank model independent of any
discrepancy in dectrica input, the TRNSY S smulation of the NIST system was executed using the

measured PV eectrica energy output asthe electrica input to the tank at each hour. 1t was
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necessary to assume that this dectrica energy was evenly distributed between the upper and lower

resstive dement clugters as the measured data indicated only the totd eectrica energy quantity.
The results of this smulation are presented in Tables 5.6.4.3-1 through 5.6.4.3-3. The formats of
these tables match those of Tables 5.6.3-1 through 5.6.3-3 presented above.

Table5.6.4.3-1 TRNSY S predicted performance results for the NIST system for July 1, 1995
through June 30, 1996 (used dectrical input to preheat tank and inlet water temperature to auxiliary
tank measured by NIST).{ TC "Table5.6.4.3-1 TRNSY S predicted performance results for the
NIST system for July 1, 1995 through June 30, 1996 (used electrica input to preheat tank and inlet

water temperature to auxiliary tank measured by NIST)." \I| 6}

Month Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Total
Preheat Tank Load (kJ) 731896 807049 621595 794840 | 473417 528478 266587 | 466092 585617 653614 662199 794028 7385412
Auxiliary Tank L oad
(kJ) 514559 | 535253 |581211 |633573 [832846 |720802 |578283 |610695 |496184 [549109 | 775811 |589084 | 7417410
Total Load (kJ) 1222353 | 1320800 | 1183600 | 1410223 | 1293099 [1231927 |835327 | 1057769 |1048139 [1167161 1422976 | 1365551 ] 14558926
Preheat Tank Heat L oss
(kJ) 14653 15302 6430 11353 -12470 -5023 -12241 | -3991 8990 10924 -1400 13148 45674
Auxiliary Tank Heat
Loss (kJ) 86794 92892 81822 98090 85524 81651 54945 | 71039 72442 82012 96126 95860 999195
Water Draw (kg) 6492 6971 6253 7462 6741 6400 4330 5537 5541 6265 7469 7229 76691
Preheat Tank Electrical
Input (kJ) 736341 817319 [638694 [793635 [469730 [524595 [253948 |482448 633201 653980 | 675121 | 801966 | 7480977
Auxiliary Tank
Electrical Input (kJ) 600826 626547 659939 730113 917304 796758 632614 | 679757 564793 628868 875034 682610 8395162
Preheat Tank Average
Temp. (C) 272 271 255 26.2 213 224 19.6 229 26.3 265 238 26.6 248
Auxiliary Tank Average
Temp. (C) 55.5 55.4 55.1 55.2 54.5 54.8 54.3 54.7 55.0 55.1 54.8 55.4 55.0
Total Electrical Input
(kJ) 1337167 [1443865 [1298633 | 1523748 | 1387034 [1321353 |886562 [1162204 |1197994 1282848 |1550155 | 1484575 15876139
Solar Fraction 50.88% [61.10% |5252% |[56.36% |36.61% [42.90% |31.91% [44.06% |55.87% [56.00% |4654% |[58.15% |50.73%
Preheat Tank Delta
Energy (kJ) 629 -94 206 -12301 | 9202 -6117 -2961 11977 -1473 -12680 12998 -3314 -758
Auxiliary Tank Delta
Energy (kJ) -9 -5 47 -1397 975 -217 -396 965 -4 -1009 1730 -340 -488
Preheat Tank Data Gap
Energy (kJ) 10838 4305 -10104 |0 371 -6774 596 -7331 -38867__ |-904 0 0 -47869
Auxiliary Tank Data Gap
Energy (kJ) 121 877 2662 0 1521 5591 1374 3575 4084 1769 0 0 21572
Preheat Tank Energy
Unbalance (kJ) 1 -633 358 -256 -47 482 3159 1039 1200 1218 1325 -1896 2779
Auxiliary Tank Energy
Unbalance (kJ) -397 -716 -479 -152 -520 114 1156 632 255 525 1367 -1994 618
Overall Energy
Unbalance (kJ) -396 -1349 -120 -409 -567 595 4314 1671 1455 1743 2692 -3891 3397
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Table5.6.4.3-2 Absolute discrepancy between TRNSY S prediction and NIST measurement for
Jduly 1, 1995 through June 30, 1996 (used eectrica input to preheat tank and inlet water
temperature to auxiliary tank measured by NIST).{ TC " Table 5.6.4.3-2 Absolute discrepancy
between TRNSY S prediction and NIST measurement for July 1, 1995 through June 30, 1996
(used dectrica input to prehest tank and inlet water temperature to auxiliary tank measured by

NIST)." \I 6}
Month Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Total
Preheat Tank Load (kJ) 10479 4829 2777 -2361 -3142 10464 12446 23024 37301 35391 342 3276 134826
Auxiliary Tank L oad
(kJ) 6472 11639 12848 15534 6867 3100 6819 5615 13250 16635 16231 21652 136662
Total Load (kJ) 5963 11062 12284 14761 6340 -4449 6463 4933 12740 15991 15391 20859 122339
Preheat Tank Heat L oss
(kJ) -12995 -14334  [-9622 -13665_ | -6960 -8573 -3922 -5665 -1854 -1658 -6067 -9479 -94791
Auxiliary Tank Heat
L oss (kJ) -6611 -6844 -7141 -8174 -10371 -8542 -6809 -8054 -6717 -6940 -9642 -6649 -92494
Water Draw (kg) 0 0 0 0 0 0 0 0 0 0 0 0 0
Preheat Tank Electrical
Input (kJ) 0 0 0 0 0 0 0 0 0 0 0 0 0
Auxiliary Tank
Electrical Input (kJ) -3620 3149 -1045 -940 -14933 -14638 -6940 -8811 -906 1931 5991 14450 -26314
Preheat Tank Average
Temp. (C) -2.8 -2.9 -2.1 -2.6 -1.4 -1.9 -1.3 -1.4 -0.4 -0.3 -1.1 -1.8 -1.7
Auxiliary Tank Average
Temp. (C) -1.4 -1.3 -1.5 -1.5 -2.2 -1.9 -2.2 -2.1 -1.7 -1.5 -1.8 -1.2 -1.7
Total Electrical Input
(kJ) -3620 3149 -1045 -940 -14933 -14638 -6940 -8811 -906 1931 5991 14450 -26314
Solar Fraction 0.57% -0.15% -0.31% -0.77% -0.42% 1.00% 1.25% 1.98% 2.92% 2.30% -0.48% -0.66% 0.50%
Preheat Tank Delta
Energy (kJ) -4358 1056 -3562 3890 -2993 1581 -1731 -821 1374 2920 -4890 546 -2568
Auxiliary Tank Delta
Energy (kJ) -679 -41 -573 -1155 1873 -25 -1051 1072 -161 -831 1225 130 -317
Preheat Tank Data Gap
Energy (kJ) 4132 3679 5620 0 5233 3030 1962 3429 6302 3492 0 0 36879
Auxiliary Tank Data Gap
Energy (kJ) 584 870 1935 0 47 2357 1680 1003 4910 1441 0 0 14827
Preheat Tank Energy
Unbalance (kJ) 11005 12127 16027 12136 18328 -443 -4831 -13108 -30518 -33161 10616 5657 -587
Auxiliary Tank Energy
Unbalance (kJ) -2219 -736 -4244 -7145 -13255 -6813 -4219 -6441 -2368 -5492 -1823 -683 -55338
Overall Energy
Unbalance (kJ) 8787 11391 11782 4991 5073 -7256 -9050 -19549 -32886 -38653 8793 4974 -55925

Table 5.6.4.3-3 Percentage discrepancy between TRNSY S prediction and NIST measurement
for July 1, 1995 through June 30, 1996 (used dectrica input to preheat tank and inlet water
temperature to auxiliary tank measured by NIST).{ TC " Table 5.6.4.3-3 Percentage discrepancy
between TRNSY S prediction and NIST measurement for July 1, 1995 through June 30, 1996
(used eectrica input to preheat tank and inlet water temperature to auxiliary tank measured by
NIST)." \I 6}

Month Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Total
Preheat Tank | oad 1.5% 0.6% 0.4% -0.3% -0.7% 2.0% 4.9% 5.2% 6.8% 5.7% 0.1% 0.4% 1.9%
Auxiliary Tank L oad 1.3% 2.2% 2.3% 2.5% 0.8% 0.4% 1.2% 0.9% 2.7% 3.1% 2.1% 3.8% 1.9%
Total Load 0.5% 0.8% 1.0% 11% 0.5% -0.4% 0.8% 0.5% 1.2% 1.4% 11% 1.6% 0.8%
Preheat Tank Heat L oss -47.0% -48.4% -59.9% -54.6% -126.3% |-241.5% |-47.1% |-338.4% |-17.1% -13.2% -130.0% | -41.9% -67.5%
Auxiliary Tank Heat
L oss -7.1% -6.9% -8.0% -7.7% -10.8% -9.5% -11.0% |-10.2% -8.5% -7.8% -9.1% -6.5% -8.5%
Water Draw 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Preheat Tank Electrical
Input 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Auxiliary Tank
Electrical Input -0.6% 0.5% -0.2% -0.1% -1.6% -1.8% -1.1% |-1.3% -0.2% 0.3% 0.7% 2.2% -0.3%
Total Electrical |nput -0.3% 0.2% -0.1% -0.1% -1.1% -1.1% -0.8% -0.8% -0.1% 0.2% 0.4% 1.0% -0.2%
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Shown in Figure 5.6.4.3-1 are the measured and predicted monthly preheat tank loads.
Error bars on the measured data represent the estimated uncertainties in these vaues based on the
discusson above. Two sets of predicted results are shown in Figure 5.6.4.3-1: onein which the
modd andyzed the PV-SDHW system as a whole and one in which the prehest tank was modeled
with errorsintroduced by the PV array suppressed (PV array dectrical output fixed by

Mmeasurement).
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Figure5.6.4.3-1 Measured and predicted monthly preheat tank water heating load. Predicted
results with the eectrical energy input determined by TRNSY S and measured by NIST are shown.
Error bars on experimental dataare 2.3%.{ TC " Figure5.6.4.3-1 Measured and predicted
monthly prehesat tank water heating load. Predicted results with the eectrica energy input
determined by TRNSY S and measured by NIST are shown. Error bars on experimenta data are
2.3%." \I5}

Table 5.6.4.3-3 indicates that, despite having exactly the measured dectrica input, the
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smulated prehesat tank load for the NIST system was about 1.9% higher than measured for the

tweve month andyss. Thisload prediction falls within the estimated +2.3% uncertainty in the

measured data.

The smulated prehesat tank average temperature was 1.701C lower than measured and the
heat loss was 67.5% low (dthough this percentageislarge, the tank heat loss was a smdl quantity -
less than 2.0% of the energy added to the tank - so the absolute error is smal). The corresponding
measurement uncertainties were +1.001C and £6.4%, respectively. In order to find the origin of the
tank temperature discrepancy, minutely tank temperature distributions for May 15-23, 1996 were
dudied. These dataindicated that the most sgnificant discrepancy in tank node temperature
occurred in the bottom node. During these nine days, the predicted average temperature for the top
five nodes averaged 0.501C |lower than measured while that of the sixth node averaged 5.61C
lower. Noting that the monthly preheet tank energy unbaances in the smulated results were
subsgtantidly smdler than those measured (0.2% versus 2.4% of the total energy added to the tank),
the possibility must be consdered that the measured bottom-node tank temperature did not
accurately represent the average temperature of the bottom sixth of the tank. The placement of the
thermocouple for this measurement too close to the lower resistor clugter, for example, might have
resulted in an inaccurate representation of the average temperature in the region. Indeed, very
sharp temperature inclines are possble in the bottom node, complicating the placement of a
thermocouple to measure the average temperature. An overstatement of this temperature in the
measured data would lead to an overstatement of the average tank temperature and subsequently to
an overstatement of tank heat losses. The overstatement of measured temperature by 1.700C
throughout the smulation period gpproximately accounts for the noted discrepancy in preheet tank

heat |0sses.
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5.6.44 The Auxiliary Tank Load and Heat Loss{ TC "5.6.4.4 The Auxiliary

Tank Load and Heat Loss' \l 4 }

In order to examine the performance of the auxiliary tank model independent of the effect of
the inlet water temperature from the prehest tank, a smulation of the NIST PV-SDHW prototype
was run with theinlet water temperature to this tank fixed by the mesasured temperature during
draws. Tables5.6.4.3-1 through 5.6.4.3-3 show the results of thissmulation. Shown in Figure
5.6.4.4-1 are the measured and predicted monthly auxiliary tank loads. Error bars on the measured
data represent the estimated uncertainties in these vaues based on the discussion above. Two sets
of predicted results are shown in Figure 5.6.4.4-1: one in which the modd anayzed the PV-SDHW
system as awhole and one in which the auxiliary tank was modeled with errors introduced by the
prehest tank suppressed (inlet water temperature fixed by measurement).
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Figure 5.6.4.4-1 Measured and predicted monthly auxiliary tank water heating load. Predicted
results with the inlet water temperature determined by TRNSY S and measured by NIST are
shown. Error bars on experimental dataare 2.3%.{ TC " Figure 5.6.4.4-1 Measured and

predicted monthly auxiliary tank water heating load. Predicted results with the inlet water
temperature determined by TRNSY S and measured by NIST are shown. Error barson
experimenta dataare 2.3%." \| 5}
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Table 5.6.4.3-3 indicates that with the Smulation inlet water temperature set to the

measured vaue for each draw hour, the auxiliary tank model underpredicted the eectrica energy
consumption by just 0.3% when the thermostat setpoint was 58.6[1C. However, the smulation
overpredicted the tank load by 1.9%. The uncertaintiesin the measured dectricd energy input and
tank load were £1.0% and +2.3%, respectively. The auxiliary tank average temperature and heat
loss determined by the smulation were 1.701C and 8.5% lower, respectively, than the measured
quantities, amilar to the result for the preheat tank smulation. The measurement uncertaintiesin
average temperature and heat loss were +1.000C and £6.4%, respectively. For the minutely
smulation of May 15-23, 1996, the average temperature predicted by the modd for the top five
nodes was just 0.401C higher than measured while that for the sixth node was 13.5[1C lower than
measured. This evidence gives further credence to the suggestion that the placement of the
thermocouple for the bottom tank node temperature resulted in measurements which did not
represent the average temperature of that region. The monthly auxiliary tank energy unbaancesin
the smulated data were small compared with those implicit in the measured data (0.1% versus

0.7% of the total energy added to the tank).

5.7 Modeling the FSEC Prototype{ TC "5.7 Modeling the FSEC
Prototype" \I 2}

In order to further examine the adequacy of the TRNSY S mode of a PvV-SDHW system,
the performance of the prototype ingtdled at FSEC was smulated and the mode output compared

with measured results.

57.1 Experimental Measurements{ TC "57.1 Experimental

Measurements" \| 3}

Table 5.7.1-1 presents the experimenta results measured from the prototype indalled at
FSEC for the period of December 23, 1995 through September 26, 1996. The format of this table
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matches its counterpart in Table 5.6.1-1 for the NIST system.

Table5.7.1-1 FSEC performance results for the period December 23, 1995 through September
26,1996.{ TC "Table5.7.1-1 FSEC performance results for the period December 23, 1995
through September 26, 1996." \I 6}

Month Dec Jan Feb Mar Apr May Jun Jul Aug Sep Total |
Preheat Tank L oad (kJ) 146949 | 552753 | 626603 | 680776 524391 |670472 |555283 |555553 559099 468948 | 5340827
Auxiliary Tank Load
(kJ) 164384 446806 276857 281551 119665 90405 157034 168248 99452 132578 1836981
Total Load (kJ) 309418 992167 | 895864 955211 |639744 |755481 |707977 |619581 653511 | 596996 | 7125949
Preheat Tank Heat Loss
(kJ) 10834 51681 60326 68231 58668 87486 77083 79564 80616 66027 640517
Auxiliary Tank Heat
L oss (kJ) 33204 110904 101156 | 108172 | 76207 97458 93860 | 84090 89255 79298 873603
Water Draw (k) 2163 7462 6992 7487 5542 7497 7229 6537 7080 6328 64316
Preheat Tank Electrical
Input (kJ) 155397 | 607320 |666870 |741240 573369 |757329 |628248 |637255 618882 528387 | 5914296
Auxiliary Tank
Electrical Input (kJ) 192971 |544615 [367054 [379045 [191505 [177073 |247242 |140495 178757 1208169 | 2626926
Preheat Tank Average
Temp. (C) 270 303 334 341 372 39.3 378 40.2 39.2 38.0 362
Auxiliary Tank Average
Temp. (C) 504 504 50.5 50.6 504 49.7 49.4 49.7 49.3 49.1 49.9
Total Electrical Input
(kJ) 348368 1151035 |1033924 |1120286 | 764874 934402 875490 |777749 797638 736555 8541222
Solar Fraction 4749% |55.71% [69.94% |71.27% |81.97% |88.75% |78.43% [89.67% |85.55% |78.55% | 74.95%
Preheat Tank Delta
Eneray (kJ) 442 14901 -9248 6776 -4875 7622 4851 720 -4375 1225 17462
Auxiliary Tank Delta
Energy (kJ) 433 87 -630 -535 11 -2076 2320 1374 -3339 1239 -1411
Preheat Tank Data Gap
Eneray (kJ) 0 0 0 0 -1267 0 0 -7418 9329 0 644
Auxiliary Tank Data Gap
Energy (kJ) 0 0 0 0 -3571 0 0 9126 5836 0 11390
Preheat Tank Energy
Unbalance (kJ) -2828 -12015 -10811 -14543 | -6081 -8252 -8969 -6001 -7130 -7813 -83865
Auxiliary Tank Energy
Unbalance (kJ) -5050 -13182 -10328 -10143 | -7950 -8713 -5972 -4092 -776 -4946 -70857
Overall Energy
Unbalance (kJ) -7878 -25197 -21138 -24686 _ 1-14031 -16965 -14941 1-10092 -7905 -12759 -154721

5.7.2 Experimental Measurement Uncertainty{ TC "5.7.2 Experimental
Measurement Uncertainty” \l 3}

The FSEC prototype system was instrumented in identica fashion to that at NIST.
Therefore, experimental measurement uncertainties and uncertainties in calculated system
performance results were consdered to be the same at FSEC as at NIST and appear in Table
5.6.2-1.
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5.7.3 TRNSYS Predicted Performance{ TC "5.7.3 TRNSYS Predicted

Performance" \l 3}

Table 5.7.3-1 presents the results of the TRNSY S smulation of the FSEC system. Tables
5.7.3-2 and 5.7.3-3 show the absolute and percentage discrepancies, respectively, between the
TRNSY S prediction and FSEC measurements. These tables are identical in structure to those
presented in Tables 5.6.3-1 through 5.6.3-3 for the NIST prototype.

Table5.7.3-1 TRNSY S predicted performance results for the FSEC system for December 23,
1995 through September 26, 1996.{ TC " Table5.7.3-1 TRNSY S predicted performance results
for the FSEC system for December 23, 1995 through September 26, 1996." \| 6 }

Month Dec Jan Feb Mar Apr May Jun Jul Aug Sep Total
Preheat Tank Load (kJ) 151030 [ 567331 | 648939 |709402 |557414 |718086 |594620 |588309 598779 |500447 | 5634358
Auxiliary Tank Load
(kJ) 154740 413264 242890 244710 100610 58358 114337 |[58972 68919 95179 1551976
Total Load (kJ) 305172 | 978085 | 888871 | 950837 | 655279 | 772627 | 705649 | 643966 664306 | 592833 | 7157625
Preheat Tank Heat Loss
(kJ) 10051 47799 57146 64783 57918 86680 76934 | 77993 80791 65598 625693
Auxiliary Tank Heat
L oss (kJ) 31441 106007 97705 103789 71585 91516 88427 79267 84343 75243 829322
Water Draw (kg) 2163 7462 6992 7487 5542 7497 7229 6537 7080 6328 64316
Preheat Tank Electrical
Input (kJ) 161693 629332 697080 781112 607818 813941 676298 |675289 668058 568612 6279232
Auxiliary Tank
Electrical Input (kJ) 184379 519393 |340834 [348494 |173703 148596 |203500 |126331 147025 171004 ] 2363258
Preheat Tank Average
Temp. (C) 26.7 29.9 33.1 33.8 374 39.6 38.1 40.3 39.5 38.2 36.2
Auxiliary Tank Average
Temp. (C) 48.3 48.6 48.8 48.7 48.0 474 47.1 474 47.1 47.1 47.8
Total Electrical Input
(kJ) 346072 1148725 [1037913 [1129606 [ 781521 [962537 |879798 |801620 815082 | 739616 | 8642490
Solar Fraction 49.49% |58.00% |[73.01% |74.61% |85.07% [92.94% |84.27% [91.36% |90.14% |84.42% |78.72%
Preheat Tank Delta
Energy (kJ) 652 14139 -8523 7252 -5819 9404 4139 273 -3584 1689 18931
Auxiliary Tank Delta
Energy (kJ) -1641 412 440 209 -758 -1170 665 662 -793 519 -2590
Preheat Tank Data Gap
Energy (kJ) 0 0 0 0 1341 0 0 -7768 8842 0 2415
Auxiliary Tank Data Gap
Energy (kJ) 0 0 0 0 -2520 0 0 12377 5531 0 15388
Preheat Tank Energy
Unbalance (kJ) -40 62 -482 -325 -353 -229 605 946 913 878 2665
Auxiliary Tank Energy
Unbalance (kJ) -161 -290 -200 -214 -253 -108 72 -193 86 63 -62
Overall Energy
Unbalance (kJ) -202 -228 -683 -539 -606 -337 677 753 999 940 2603
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Table5.7.3-2 Absolute discrepancy between TRNSY S prediction and FSEC measurement for
December 23, 1995 through September 26, 1996{ TC " Table 5.7.3-2 Absolute discrepancy
between TRNSY S prediction and FSEC measurement for December 23, 1995 through September

n
26, 1996." \| 6}
Month Dec Jan Feb Mar Apr May Jun Jul Aug Sep Total
Preheat Tank L oad (kJ) 4081 14579 22336 28625 {33023 47614 30337 132756 30681 {31499 293531
Auxiliary Tank Load
(kJ) -9645 -33542  [-33967 |-36842 |-19056 |-32047 |-42698 |-9276 -30534  [-37399 | -285005
Total Load (kJ) -4246 -14081 _ [-6993 -4374 15534 17146 -2328 124385 10796 | -4164 31675
Preheat Tank Heat Loss
(kJ) -784 -3882 -3180 -3448 -750 -806 -149 -1571 175 -428 -14823
Auxiliary Tank Heat
Loss (kJ) -1762 -4897 -3451 -4384 -4622 -5942 5433 |-4824 -4912 -4055 -44281
Water Draw (kg) 0 0 0 0 0 0 0 0 0 0 0
Preheat Tank Electrical
Input (kJ) 6296 22011 30210 30872 {34449 56612 48050 {38034 49176 {40225 364936
Auxiliary Tank
Electrical Input (kJ) -8502 25222 |-26221 |-30552 |-17802 |-28478 |-43742 |-14164 |-31732 |-37165 | -263668
Preheat Tank Average
Temp. (C) -0.3 -0.4 -0.3 -0.3 01 02 0.3 00 03 0.2 0.0
Auxiliary Tank Average
Temp. (C) 2.1 -18 17 -1.9 -2.5 -2.4 -2.3 -2.3 -2.2 2.0 2.1
Total Electrical Input
(kJ) -2296 -3211 3989 9320 16647 28134 4308 23871 17444 | 3060 101268
Solar Fraction 2.00% |229% [306% |3.34% |310% [419% |583% |1.69% 458% [586% |3.77%
Preheat Tank Delta
Energy (kJ) 211 -762 726 476 -943 1782 -712 -447 791 464 1470
Auxiliary Tank Delta
Energy (kJ) -2074 325 1070 745 -769 906 -1655 _ |-712 2546 719 -1179
Preheat Tank Data Gap
Energy (kJ) 0 0 0 0 2608 0 0 -350 -487 0 1771
Auxiliary Tank Data Gap
Energy (kJ) 0 0 0 0 1051 0 0 3251 -305 0 3998
Preheat Tank Energy
Unbalance (kJ) 2787 12077 10328 14218 | 5728 8023 9574 6947 8042 8691 86530
Auxiliary Tank Energy
Unbalance (kJ) 4889 12892 10128 9929 7697 8605 6043 3899 862 5009 70795
Overall Energy
Unbalance (kJ) 7676 24969 20456 24147 113424 16628 15618 110846 8904 13700 157324

Table 5.7.3-3 Percentage discrepancy between TRNSY S prediction and FSEC measurement for
December 23, 1995 through September 26, 1996{ TC " Table 5.7.3-3 Percentage discrepancy
between TRNSY S prediction and FSEC measurement for December 23, 1995 through September

26, 1996." \| 6}
Month Dec Jan Feb Mar Apr May Jun Jul Aug Sep Total
Preheat Tank Load 2.8% 2.6% 3.6% 4.2% 6.3% 7.1% 7.1% 5.9% 7.1% 6.7% 5.5%
Auxiliary Tank L oad -5.9% -7.5% -12.3%  |-131% |-159% [-354% |-27.2% [-13.6% -30.7% |-28.2% |-15.5%
Total Load -1.4% -1.4% -0.8% -0.5% 2.4% 2.3% -0.3% 3.9% 1.7% -0.7% 0.4%
Preheat Tank Heat L oss -7.2% -7.5% -5.3% -5.1% -1.3% -0.9% -0.2%  |-2.0% 0.2% -0.6% -2.3%
Auxiliary Tank Heat
Loss -5.3% -4.4% -3.4% -4.1% -6.1% -6.1% -5.8% -5.7% -5.5% -5.1% -5.1%
Water Draw 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Preheat Tank Electrical
Input 4.1% 3.6% 4.5% 5.4% 6.0% 7.5% 7.6% 6.0% 7.9% 7.6% 6.2%
Auxiliary Tank
Electrical | nput -4.5% -4.6% -7.1% -8.1% -9.3% -16.1% -17.7% ]-10.1% -17.8% -17.9% -10.0%
Total Electrical Input -0.7% -0.3% 0.4% 0.8% 2.2% 3.0% 0.5% 3.1% 2.2% 0.4% 1.2%
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5.74 Comparison of Prediction and Experimental Data{ TC "5.7.4

Comparison of Prediction and Experimental Data" \l 3}

5.74.1 The Overall System{ TC "5.7.4.1 The Overal System" \l 4}

A comparison of smulation and measurement for the FSEC system was conducted in the
same manner asfor the NIST system discussed above. The examinations of the individua

components will be presented in the sections that follow.

The TRNSY S smulation of the FSEC system predicted the preheat tank, auxiliary tank,
and overal system loads to within 5.5%, 15.5%, and 0.4%, respectively for the nine month
smulaion. Measurement uncertainties in these quantities were £2.3%. The preheet tank, auxiliary
tank, and total dectrica energy inputs were predicted to within 6.2%, 10.0%, and 1.2%,
respectively. The corresponding measurement uncertainties were +1.4%, +1.0%, and about
+1.2%, respectively. The nine-month solar fraction measured by FSEC was 74.9% while the
gmulation resulted in asolar fraction of 78.7%. The differences between smulation and
measurement were primarily the result of alarge discrepancy in the performance of the PV array as
discussed below.

5742 The PV Array Energy Output{f TC "5.7.4.2 The PV Array Enerqy
Output" \l 4}

Table 5.7.3-3 shows that the TRNSY S model overpredicted the PV array energy output
by 6.2% during the nine month smulation. This discrepancy exceeded the measurement uncertainty
of £1.4%. Figure 5.7.4.2-1 indicates that the discrepancy occurred consstently throughout the
average day.
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Figureb5.7.4.2-1 Average hourly PV array energy output and discrepancy between measurement
and smulation as afunction of the hour of day. Smulation results for the use of aTRNSY S
caculated array temperature and the FSEC-measured temperature are shown.{ TC "Figure
5.7.4.2-1 Average hourly PV array energy output and discrepancy between measurement and
smulaion as afunction of the hour of day. Smulation results for the use of a TRNSY S-caculated
array temperature and the FSEC-measured temperature are shown.” \I 5}

The pattern of PV energy discrepancy noted in Figure 5.7.4.2-1 is remarkably different
from that shown in Figure 5.6.4.2-1 for the NIST prototype. In this case, a consstent
overprediction occurs both during morning and evening and during the middle of the day. Whilea
condderation of incidence angle effects may help explain the discrepancies noted during morning
and evening, the large discrepancy throughout the rest of the day suggests some systematic
differencein the actua operating conditions and those assumed by the model. The factor of array
temperature worked here in the opposite direction from correcting the discrepancy. TRNSY S
predicted an overd| average array temperature of 26.8L1C using a smple baance of energy while
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the average measured value was 24.500C. Asseenin Figure 5.7.4.2-1, using lower measured array

temperature would in fact widen the discrepancy in array energy output. Thus the factors thought
most important in the case of the NIST amulation discrepancy werelittle hep in the case of the
FSEC discrepancy.

The true cause of the large discrepancy in PV energy output for the FSEC system could not
be determined. Possible contributorsto this pattern, however, were identified. First, one or more
of the PV modules used in the array a FSEC may have been defective, mafunctioning, or in some
way not operating in line with the performance parameters measured for that type of module at
NIST inthe past. Sincethe PV modules used in the two ingtdlations were of the same make and
modd, it had to be assumed that the same model parameters must apply in both cases. Second, the
modd might have consgtently overpredicted the power if the totd irradiation contained alarge
fraction which was diffuse, as diffuse radiation is known to have alarge effective angle of incidence -
about 601 (Duffie and Beckman, 1991). While the annua average clearnessindex in Cocoa, FL is
dightly higher than in Gaithersourg, MD (Duffie and Beckman, 1991), the climate in Cocoalis
known for creating a high fraction of diffuse radiation due to suspended moisture in the atmaosphere.
Thusit is conceivable that if such bright, hazy conditions existed consstently during the operation of
the FSEC prototype, the energy output of the PV array there would be less than that suggested by
the measured totd solar irradiation and ambient temperature. Third, the wiring of the array,
switching controller, and resstors may have been connected in amanner different from that at NIST
leading somehow to inferior performance. Ultimately, only two known differences existed between
the two PV system ingtdlaions: the number and arrangement of the modulesin the array and the
frequency of controller switching decisons. Thefirg of these was correctly accounted for in the
TRNSY S array models and the second was considered to be of negligible importancein light of the
fact that the modd made switching decisions only once each hour anyway.

5.7.4.3 The Preheat Tank Load and Heat Loss{ TC "5.7.4.3 The Preheat Tank
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Load and Heat Loss' \[ 4}

Tables5.7.4.3-1, 5.7.4.3-2, and 5.7.4.3-3 show the results of an independent examination
of the TRNSY S preheat tank modd in smulating the FSEC system. Figure 5.7.4.3-1 shows the
measured and predicted monthly prehesat tank loads. This figure shows results from a smulation
using the TRNSY S-calculated PV energy output and that measured by FSEC.

Table5.7.4.3-1 TRNSY S predicted performance results for the FSEC system for December 23,
1995 through September 26, 1996 (used dectrical input to preheat tank and inlet water
temperature to auxiliary tank measured by FSEC){ TC " Table5.7.4.3-1 TRNSY S predicted
performance results for the FSEC system for December 23, 1995 through September 26, 1996
(used dectrica input to prehest tank and inlet water temperature to auxiliary tank measured by

[1]
FSEC)." \| 6}
Month Dec Jan Feb Mar Apr May Jun Jul Aug Sep Total
Preheat Tank L oad (kJ) 145532 | 553019 | 623653 |677062 |520662 | 673228 [5530911 |558558 [550412 | 467549 | 5341587
Auxiliary Tank Load
(kJ) 160614 | 435792 | 276134 |287394 115289 [ 84644 146455 | 76900 97398 127619 | 1808239
Total Load (kJ) 305449 | 980077 | 893548 | 950082 | 634051 [748296 | 696258 [627243 | 650929 [591830 | 7086762
Preheat Tank Heat Loss
(kJ) 8775 42503 50044 58070 {52046 78048 69696 |71353 73262 {50476 564173
Auxiliary Tank Heat
Loss (kJ) 31362 105780 | 97559 103932 | 71683 91268 88908 |79610 85357 | 75607 831065
Water Draw (kg) 2163 7462 6992 7487 5542 7497 7229 6537 7080 6328 64316
Preheat Tank Electrical
Input (kJ) 155397 | 607320 | 666870 | 741240 573369 [757320 |628248 (637255 | 618882 [528387 | 5014297
Auxiliary Tank
Electrical Input (kJ) 100017 |542305 |373228 |391638 188110 [174225 |236585 [144001 177716 {203898 |2620713
Preheat Tank Average
Temp. (C) 258 289 318 325 358 37.9 36.6 388 380 36.8 348
Auxiliary Tank Average
Temp. (C) 483 485 488 488 48.0 474 47.3 476 474 473 479
Total Electrical Input
(kJ) 345414 | 1149715 |1040097 |1132879 | 761479 [931554 864833 [782156 | 796508 [732285 | 8537010
Solar Fraction 47.65% [56.43% |69.80% [70.59% |83.54% |89.97% |[79.56% [89.05% |85.94% |79.00% |75.37%
Preheat Tank Delta
Energy (kJ) 1128 11733 7272 6418 -3059 6275 4067 1401 -4166 532 15550
Auxiliary Tank Delta
Energy (kJ) -1793 1087 -243 492 -1073 -1575 -1248  |996 -1612 -438 -3204
Preheat Tank Data Gap
Energy (kJ) 0 0 0 0 4042 0 0 -5035 10474 |0 9481
Auxiliary Tank Data Gap
Energy (kJ) 0 0 0 0 -2461 0 0 12460 6552 0 16551
Preheat Tank Energy
Unbalance (kJ) -39 66 -455 -310 -338 -223 574 908 849 829 2468
Auxiliary Tank Energy
Unbalance (kJ) -165 -264 -223 -180 -250 -113 2470 -145 3125 1110 3163
Overall Energy
Unbalance (kJ) -204 -198 -678 -489 -588 -335 3044 763 3973 1939 5631

Table5.7.4.3-2 Absolute discrepancy between TRNSY 'S prediction and FSEC measurement for
December 23, 1995 through September 26, 1996 (used electrical input to preheat tank and inlet
water temperature to auxiliary tank measured by FSEC){ TC " Table5.7.4.3-2 Absolute
discrepancy between TRNSY S prediction and FSEC measurement for December 23, 1995
through September 26, 1996 (used dectrica input to preheat tank and inlet water temperature to
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auxiliary tank measured by FSEC)." \| 6 }

Month Dec Jan Feb Mar Apr May Jun Jul Aug Sep Total
Preheat Tank L oad (kJ) -1417 266 -2949 -3714 5272 2756 -1372 3005 313 -1399 760
Auxiliary Tank Load
(kJ) -3770 -11015 -723 5843 -4376 -5761 -10580 |8652 -2054 -4959 -28743
Total Load (kJ) -3969 -12090 | -2316 3871 -5694 -7185 -11719 | 7663 -2582 -5166 -39187
Preheat Tank Heat Loss
(kJ) -2059 -9178 -9382 -10161 | -6622 -9438 -7387 -8211 -7354 -6550 -76343
Auxiliary Tank Heat
Loss (kJ) -1842 -5124 -3597 -4240 -4523 -6190 -4951 -4480 -3898 -3691 -42537
Water Draw (kg) 0 0 0 0 0 0 0 0 0 0 0
Preheat Tank Electrical
Input (kJ) 0 0 0 0 0 0 0 0 0 0 1
Auxiliary Tank
Electrical Input (kJ) -2954 -2220 6173 12593 -3395 -2848 -10657 |4407 -1041 -4271 -4213
Preheat Tank Average
Temp. (C) -1.1 -1.5 -1.6 -1.6 -1.4 -1.4 -1.2 -1.4 -1.2 -1.2 -1.4
Auxiliary Tank Average
Temp. (C) -2.1 -1.9 -1.7 -1.8 -2.4 -2.4 -2.1 -2.2 -1.9 -1.9 -2.0
Total Electrical Input
(kJ) -2954 -2220 6174 12593 -3395 -2848 -10657 _|4407 -1041 -4270 -4212
Solar Fraction 0.15% 0.71% -0.15% -0.67% 1.57% 1.22% 1.12% -0.62% 0.39% 0.45% 0.43%
Preheat Tank Delta
Energy (kJ) 687 -3168 1976 -358 917 -1347 -784 681 208 -693 -1911
Auxiliary Tank Delta
Energy (kJ) -2226 1000 388 1028 -1085 502 -3568 -378 1728 -1677 -1792
Preheat Tank Data Gap
Energy (kJ) 0 0 0 0 5309 0 0 2383 1145 0 8837
Auxiliary Tank Data Gap
Energy (kJ) 0 0 0 0 1110 0 0 3334 716 0 5161
Preheat Tank Energy
Unbalance (kJ) 2789 12080 10355 14233 5743 8029 9543 6908 7978 8642 86332
Auxiliary Tank Energy
Unbalance (kJ) 4885 12918 10105 9963 7700 8601 8442 3947 3900 6056 74020
Overall Energy
Unbalance (kJ) 7674 24999 20460 24196 13443 16630 17985  |10855 11879 14698 160353

Table 5.7.4.3-3 Percentage discrepancy between TRNSY S prediction and FSEC measurement
for December 23, 1995 through September 26, 1996 (used dectrical input to preheat tank and inlet
water temperature to auxiliary tank measured by FSEC){ TC " Table 5.7.4.3-3 Percentage
discrepancy between TRNSY S prediction and FSEC measurement for December 23, 1995
through September 26, 1996 (used dectrica input to preheet tank and inlet water temperature to
auxiliary tank measured by FSEC)." \| 6}

Month Dec Jan Feb Mar Apr May Jun Jul Aug Sep Total
Preheat Tank L oad -1.0% 0.0% -0.5% -0.5% 1.0% 0.4% -0.2% 0.5% 0.1% -0.3% 0.0%
Auxiliary Tank L oad -2.3% -2.5% -0.3% 2.1% -3.7% -6.4% -6.7% 12.7% -2.1% -3.7% -1.6%
Total Load -1.3% -1.2% -0.3% 0.4% -0.9% -1.0% -1.7% 1.2% -0.4% -0.9% -0.5%
Preheat Tank Heat L oss -19.0% |-17.8% |-156% |-149% |-113% |-108% [-9.6% |-10.3% -9.1% -9.9% -11.9%
Auxiliary Tank Heat
L oss -5.5% -4.6% -3.6% -3.9% -5.9% -6.4% -5.3% -53% -4.4% -4.7% -4.9%
Water Draw 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Preheat Tank Electrical
Input 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Auxiliary Tank
Electrical Input -1.5% -0.4% 1.7% 3.3% -1.8% -1.6% -43% |3.1% -0.6% -2.1% -0.2%
Total Electrical |nput -0.8% -0.2% 0.6% 1.1% -0.4% -0.3% -1.2% 0.6% -0.1% -0.6% 0.0%
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Figure5.7.4.3-1 Measured and predicted monthly preheat tank water heating load. Predicted
results with the eectrica energy input determined by TRNSY S and measured by FSEC are shown.
Error bars on experimental dataare 2.3%.{ TC "Figure5.7.4.3-1 Measured and predicted
monthly preheet tank water heating load. Predicted results with the dectrica energy input
determined by TRNSY S and measured by FSEC are shown. Error bars on experimental data are

2.3%." \I 5}

With the eectrica energy input set by the FSEC measurements, the smulated total prehesat

tank load deviated from that measured by less than 0.1% for the period of thisandlyss. This

discrepancy in tank load fell well within the approximate experimental uncertainty of £2.3%. The

average tank temperature determined by smulation was lower than measured by 1.400C with the

heet loss lower by 11.9%. The discrepanciesin average tank temperature and heet loss were

outside the gpproximate experimental uncertainty range of +1.001C and £6.4%. The monthly

prehest tank energy unbalances calculated from the measured datain Table 5.7.1-1 were about

1.4% of the total energy added to the tank and consgtently less than zero. While thisleve of

unbalance is less than the uncertainties in the components of the tank energy balance, it suggests that

the unbalance was primarily the result of an overstatement of tank average temperature and hest
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loss in the measurements. Monthly energy unbaances in the smulated results amounted to 0.07%

of the totd energy addition. No minutely tank temperature profile data were available for the FSEC
system, but it islikdly that the average tank temperature discrepancy noted here results from
measurements of the bottom node temperature as was determined in the NIST simulation. The two

prototypes were ingrumented for measurementsin an identica fashion.

5744 The Auxiliary Tank Load and Heat Loss{ TC "5.7.4.4 The Auxiliary
Tank Load and Heat Loss' \l 4}

Tables 5.7.4.3-1 through 5.7.4.3-3 dso show the results of smulating the FSEC auxiliary
tank using the measured inlet water temperature during draws. Figure 5.7.4.4-1 showsthe
measured and predicted monthly auxiliary tank loads usng the inlet water temperature determined
by TRNSY S and that measured by FSEC.
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Figure5.7.4.4-1 Measured and predicted monthly auxiliary tank water heating load. Predicted
results with the inlet water temperature determined by TRNSY S and measured by NIST are
shown. Error bars on experimenta dataare 2.3%.{ TC " Figure5.7.4.4-1 Measured and
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predicted monthly auxiliary tank water heating load. Predicted results with the inlet water
temperature determined by TRNSY S and measured by NIST are shown. Error barson
experimenta dataare 2.3%." \| 5}

With thermostat setpoints of 51.3[1C and 49.801C used in modeling the origind auxiliary
tank and its replacement, respectively, the smulated eectrica input to the tank was lower than that
measured by 0.2% for the period of andlysis. The modd underpredicted the auxiliary tank load by
1.6% of the measured vaue for the nine month smulation period. The dectrica energy input and
load discrepancies fell within the gpproximate uncertainties in the measured results of £1.0% and
+2.3%, respectively. The smulation predicted the average tank temperature and heat loss to be
2.000C and 4.9% lower than measured (measurement uncertainties were £1.000C and +6.4%,
repectively). Much like in the case of the preheat tank, the monthly auxiliary tank energy
unbalances from the measured data were consstently less than zero. The measured unbaances
amounted to 2.7% of the total energy addition to the tank, greater than the uncertaintiesin the
components of the energy baance. The tank analyses discussed previoudy would suggest thet the
measured unbal ances resulted primarily from an overstatement of the average tank temperature and
heet loss. The unbaances based on the Smulated results were sgnificantly smdler in magnitude
(0.3% of the total energy added to the tank).

5.8 Conclusions{ TC "5.8 Conclusions" \l 2}

With the exception of the significant overprediction of the PV array energy output in
smulating the FSEC prototype, the TRNSY S modd of atwo-tank PV-SDHW system proved an
excdllent means of ng the performance of such systems. For the purposes of this study, the
results presented in this chapter were thought an adequate verification of the accuracy of the
TRNSY S modd!.

The TRNSYS PV array mode performed much better in comparison to experimental
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results from NIST than those from FSEC. In the absence of additiona PV array performance data

from FSEC, beyond the energy output taken on an hourly basis during the operation of the PV-
SDHW system, little can be learned about the discrepancy which occurred there with the modedl. I
instantaneous current and voltage data for various loads and environmenta conditions were
available, perhaps the source of the difference in output could be discerned. The array model used
in the TRNSY S smulations was determined by previous researchers (Townsend, 1989, Eckstein,
1990) to be avaid tool within reasonable bounds. When used in this study, the model compared
favorably with an one experimental system and less favorably with another. The results of this study
do not, however, suggest or warrant some important change in the model with the possble

exception of the incluson of some more sophigticated means of caculating array temperature.

The TRNSY Stank mode agreed well with the measured results. During Smulaionsin
which the eectricd input to the tanks was identica to the measured input (or nearly so in the case of
the auxiliary tanks) and the inlet water temperature was exactly that measured, the TRNSY S tank
mode uniformly predicted average tank temperatures about 1.5[1C below those measured. For
various reasons, it was concluded that the measured tank temperatures and heat losses were

overdated as discussed above. The tank moded performed quite adequately for the purposes of this
sudy.

With the TRNSY S PV-SDHW system modd verified by comparison with experimenta
data, it was generdized in order to serve as auseful desgn and andysistool. The following chapter

describes this work.



