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This report contains the compiled results of the data acquisition system that was installed for
Montana State University to monitor the parameters described herein of the two combined
photovoltaic and solar thermal panels that exist on the roof of the Safety and Risk Management
Building in the Advanced Technology Park in Bozeman Montana. The report documentation is
divided into six sections and is as follows:

Introduction

Methods

Summary

Appendix A: Data Summaries
Appendix B: Relevant Equations
References
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For details on the equipment and the data acquisition system installation please refer to the
Installation Report dated April 16™ 2001. Questions or concerns regarding the information
contained herein can be directed to:

Solar Design Associates
P.O. Box 242

Harvard, MA 01451
(978)-456-6855 (V)
(978)-772-9715



1. Introduction

The purpose of the work described herein is to quantify several important operating parameters of
the combined photovoltaic / thermal collector (PV/T) as fielded at the Advanced Technology Park
in Bozeman, Montana. The parameters that are of main interest are, the effect of temperature on
the electrical output of the system and the average operating temperature of the collector.
Quantifying the effect of temperature on electrical output will allow designers who wish to utilize
this collector in future installations to make the proper selection of balance of system components
by matching the output of the collector to either a DC to AC inverter or DC load. The operating
temperature of the system is of particular importance to determine the feasibility and durability of
the materials that are selected for the construction of this unique collector type. Finally, as more
installations of the PV/T system are considered as solutions to meet consumer demand, the
overall useful output of the PV/T will provide the designer and consumer a means of comparing
the benefits of the combined collector with other single output collectors (electrical or thermal).

Two PV/T collectors manufactured by Solar Design Associates, Inc. of Harvard, Massachusetts,
have been installed on the rooftop of the Safety and Risk Management Building located at the
Advanced Technology Park in Bozeman, Montana. They supply electrical power by the use of
amorphous silicon photovoltaic cells and thermal energy by means of a re-circulating propylene
glycol/water mixture system. A heat exchanger preheats the domestic hot water for the building
using the re-circulating propylene glycol/water as the heat source. The DC power produced by
the photovoltaic cells is coupled to the building energy system by means of a Trace Engineering
Sun-Tie 1500W DC to AC inverter and an ACME buck/boost transformer to match the voltage
output of the inverter (240 Vac) to that used in the building (208 Vac).

2. Methods

The Data Acquisition System consists of an Agilent HP34970A switch unit with one HP34901A
20-Channel multiplexer. The Channel Assignments and labels are detailed in the Installation
Report. The unit was configured to sample all of the parameters once every minute for every
hour of the entire data collection period. This data collection period took place between the
months of April 2001 through August 2001. In order to facilitate the data transfer process the
data logging was stopped as frequently as twice a week in order to export the logged data to a
spreadsheet file. This data exporting typically lasted a few minutes and the data logger down
time should have a negligible effect on the overall data collected.

The spreadsheet files containing several days worth of data logged every minute were first
separated into individual files containing just the data for each minute of one day. This process
also filtered the data utilizing the accuracy defined by the manufacturer to exclude any abnormal
values and also performed several conversions to convert degrees Fahrenheit to degrees Celsius
and gallons per minute to liters per minute in order to conform with the report requirements. This
daily file was then compressed into another daily file, which contains an average value for each
hour of the day. This hourly data was then used to obtain the daily averages and totals that are
presented in the data summary spreadsheets in Appendix A. The file separation and data
averaging described above was accomplished utilizing National Instruments LabviewO software.



In accordance with the project requirements the following parameters were measured:
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Ambient temperature.

Irradiance in the plane of the array.

Collector plate temperature.

Fluid temperature at the inlet of the solar collector.

Fluid temperature at the outlet of the solar collector.
Flow rate of the fluid flowing through the collector.
Temperature of the water coming into the building.
Temperature of the hot water going to the building loads.
Flow rate of the hot water going out to the building loads.

. DC current output of the solar collectors.

. DC voltage of the solar collectors.

. AC power output of the DC/AC inverter.

. AC power input to the supplemental electric water-heating element.

Utilizing the above measured parameters the following parameters were calculated utilizing
the equations in Appendix B:

1.

Energy delivered to the preheat tank by the solar collectors was calculated utilizing
measured parameters 4,5 and 6 and Equation 3. The solar loop contains a mixture
of water and DowFrosta propylene glycol. From the specific gravity reading of
1.0185 taken at ~26.7°C the percentage of DowFrosta in solution was calculated to
be 20%. From the manufacturers tables the heat capacity of the solution was
calculated to be 3.99kJ/kg°C at 26.7°C. This value was adjusted for the various
operating temperatures of the system.

The energy consumed by the domestic hot water load was calculated in a similar
manner utilizing measured parameters 7, 8, and 9, Equation 3 and the standard heat
capacity of water (4.19kJ/kgC at 20°C).

The DC electrical power output of the panels was calculated with measured
parameters 10 and 11 and Equation 9.

The estimated inverter output power was calculated using measured parameters 2
and 3, Equation 10, and the assumptions for the remaining parameters shown in
Appendix B. This equation was modified to take into account the fact that additional
photovoltaic panels were added to the system on August 20", 2001.*

The solar energy input to the collectors was calculated utilizing measured parameter
2 and Equation 4 and supporting Equations 5,6, and 7 as shown in Appendix B. The
calculation for this value was also modified in a similar manner to the one above to
account for the changes in system size.

The fraction of the building demand for hot water that was met by the operation of
the solar panels, (thermal plus electrical output of the inverter) was calculated and is
shown for each week and month of system operation as well as for the entire data
collection period.

* The estimated inverter output was calculated with the assumption that all of the
photovoltaic modules that were added on August 20" would operate at the same
temperature of the photovoltaics in the combined PV/T collector. This was done in
order to show the comparison of actual output of the modules in free air to the
expected output of the modules at elevated temperatures.



3. Summary

The system performance parameters are summarized in the data spreadsheets in Appendix A.
For the first four months of the data collection period the combined solar energy input (electrical
plus thermal) was able to supply an average of 35% of the building demand for domestic hot
water use. The addition of a substantial quantity photovoltaic panels in the last two weeks of the
data collection period, pushed the overall average percentage of DHW load supplied to 46%.

The average values shown in the data summary spreadsheets may appear lower than would be
expected, however it should be noted that the values are averaged over the entire day and
include both maximum and minimum values for the day. A good measure of the daily
performance of the various aspects of the system is contained within the integrated totals for
each day, week, month, and over the entire data collection period.

The overall electrical efficiency shown in the data summaries includes the loss of insolation
through the thermal collector glazing. In general the photovoltaic system appears to be operating
at about 40% of the estimated capacity. There are several reasons for this. The average
operating voltage of the combined collectors was typically less than the minimal operating voltage
required by the inverter. This also means that it was outside of the maximum power tracking
voltage range of the inverter. Both of these results are due to the elevated temperatures of the
combined collector (temperatures as high as 111°C were observed). The collectors are capable
of delivering a finite amount of electrical power. At elevated temperatures the current increases
and the voltage decreases. For this reason it can be assumed that the inverter fluctuated more
frequently than anticipated between the open circuit voltage with zero current flowing and minimal
operating voltage. From the last two weeks worth of data it can be seen that the inverter
operates at a much higher efficiency with the addition of more DC generating capability. In
particular the additional panels are operating at a much lower temperature than the PV/T panels
and therefore provide a more consistent higher voltage that holds the entire photovoltaic system
above the minimum operating voltage of the inverter and within the maximum power tracking
range of the inverter.

There were periods during the data collection period when the power was observed to be
negative. These were generally during periods of low sun when the inverter was most likely
fluctuating between on and off states. There is not substantial data on the ability of the inverter to
maintain a high power factor when it is operating at a substantially lower power than its
nameplate rating. Before the addition of more photovoltaic panels the 1500W inverter was
operating at an average value less than 100W. The negative power readings observed are most
likely due to the reactive power draw of the buck/boost transformer when it is reconnected as a
load. Itis suggested that future studies of this system include a Volt-Ampere Reactive transducer
in order to determine more accurately the behavior of the inverter during periods of low power.

As expected the overall thermal efficiency of the system shows a decline as the average ambient
temperatures increase. However, after reviewing the summarized data it appears that the
differential control on the circulating pump may not be operating properly. This is most notable
for days on which there was no recorded useful thermal energy gain by the collector. A review of
the daily data logged once a minute clearly shows a large enough temperature differential
between the outlet temperature of the heat exchanger and the outlet fluid temperature of the solar
collector for the circulating pump to be on, yet no flow was recorded during this time. The
temperature sensors, and controller of the circulating pump should be checked to verify proper
operation as well as compliance with the pump manufacturer's recommendations. It can be
assumed that the solar thermal energy gained will be improved when the pump is operating

properly.

The data acquisition system checks for fluid flow once every minute. It is assumed that when
flow is recorded it occurs for at least one minute. One suggestion for more accuracy in the fluid



flow measurements is to increase the sampling frequency from once a minute to at least once per
second or another option is to add an accumulator module to the Agilent unit to measure total
volume of fluid flow.

In general the Agilent Data Acquisition Unit performed as expected with the exception of its ability
to perform and record computations on the measured channels while logging data. The unit was
initially set-up to compute the DC power output while simultaneously taken measurements on all
channels. It was found that this computation disrupted the logging of data for about 10 minutes
every three hours but this disruption would vary between data downloads. The computational
function was turned off and all computations were done after the logged data was downloaded to
the spreadsheet file. According to the manufacturer this abnormal functionality can be remedied
with an updated version of the BenchLink Data Logger Software or alternatively with some of the
advanced software products available for the data acquisition unit.



Appendix A: Data Summaries
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Appendix B: Equations

Equations for Useful Collector Gain
Qu = ACFR[S - U L(Tfi - Ta)] (1)1
where: FR is the Heat Removal Factor defined by

E = rnCp(Tfo - Tfi)
"7 ALS- U (T, - T)] (21

Insertion of Equation (2) into (1) yields the energy gained by the collector
Q, =mC p(Tfo - Ty) (31

where:
M is the mass flow rate of the fluid

and

C , is the heat capacity of the fluid

Equations for Absorbed Solar Radiation

S:(ta')avlT, Ab (4)1
where:

I ; is the measured irradiance in the plane of the array
A is the area of the collector taken to be 5.138 sg. m*
(ta), @0.96(ta), (5)1
(ta), @K, (ta), (6)1



K., =1.0- 0.13((1/cosq) - 1) (7)4

(ta ), @1.01ta (8)4

and:

t is the transmissivity of the glazing given by the manufacturer as 0.91
a is the absorbtivity of the collector given by the manufacturer as 0.70

(ta )n is the transmittance-absorbtance product of the collector at normal
angles of incidence

Kta is the incident angle modifier

g is the irradiance incident angle calculated for each hour of each day for the
location and tilt of the collectors.

Equations for Electrical Power
Poc = Vic ’ | oc (9)

Estimated Power Output of the Inverter

Pw =[1+b(NOCT - ACT )lhyoohass ~ 1+ Ac (10)3

where:
b isthe temperature coefficient of cell efficiency taken to be 0.2% per °C

NOCT is the normal cell operating temperature taken to be 25°C
ACT is the actual measured cell operating temperature

N vop is the assumed efficiency of the module taken to be 5.4%

h 505 is the assumed efficiency of the combined balance of system components
taken to be 80%

| is the measured irradiance in the plane of the array
A is the area of the collector taken to be 5.138 sq. m*

*Note: The available collector area was changed to 20.108 sg. m on August 20"
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