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ABSTRACT

This paper discusses concept of a novel Building Integrated Photovoltaic-Thermal (BIPV-T) solar module (collector). The concept proposes
uniform water cooling of individual solar cells in a module to improve performance of photovoltaic (PV) modules. A simulation study was conduct-
ed using TRNSYS software that shows much improvement in performance of PV module if individual cells could be cooled separately. Based on our
analysis, a novel concept of a cooling pipe layout (heat exchanger) is proposed that will improve the performance of overall energy efficiency of
the PV module over conventionally used series cooling of solar cells in BIPV-T modules. This will help to open a new design of BIPV-T technology

based on our proposed BIPV-T module.
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1. INTRODUCTION

When a PV module is flush with the roof or wall of a building, its
natural cooling from back of PV module is impeded (Sandia) [1]. That
means when ambient temperature is 25°C, solar cell temperature will
increase to 45°C (NOCT) + 18°C = 63°C. In warmer climates than
25°C, the cell temperature will be higher than 63°C, thereby reducing
the power output substantially.

In the past, researchers have tried many different matrixes for cool-
ing PV modules [2-14]. Unfortunately, each configuration which has
been tried so far causes non-uniform cooling of individual solar cells
in a module. Various cooling pipe layout proposed in the past [15]
suffer from major disadvantage that solar cells used within a solar
module will operate at different temperatures thereby achieving less
benefit [15]. They do not integrate circulation of cooling water at indi-
vidual cell level and this impacts negatively the electrical performance
of the BIPV-T system.

As the temperature of the cooling water picks up heat starting at first
solar cells at inlet, its temperature continue to rise. As the cooling wa-
ter flows, solar cells next in order for cooling receives higher tempera-
ture than first solar cells Figure 1 depending on cooling pipe configu-
ration. Hence the drop in voltage of the solar cells in module will in-
crease as its temperature rises and efficiency will be lower. Though
current output increases slightly at higher temperatures, it does not
contribute in increasing power output. However, with the temperature
increase, voltage decreases more significantly than the increase in
current in same conditions.

This is because current generated by solar cells at lowest tempera-
ture will be the final output current for the module. This progressive
increase in the cell temperature appears when the water flows from the
first cell at the inlet to the last cell at the outlet. For example, the cur-
rent coefficient is in the order of the +0.04% and those of voltage is -
0.4%. The solar module voltage drops significantly when its tempera-
ture increases. To solve this problem, we suggest in this work to devel-
op a novel cooling system based on individual cell cooling to extract

maximum heat from the BIPV-T module to maximize electrical out-
put.

Accordingly, first, we will use TRNSYS to design a new configura-
tion of a BIPV-T water cooling path. Secondly, we simulate the ther-
mal behaviour of the module using different water flow rates through
individual cell. The simulated results will be compared to those of
classic parallel tube flow cooling design. Thirdly, we will analyse the
thermal behaviour of the BIPV-T obtained in this work to those of the
parallel tube type cooling system.

2. BIPV-T MODULE ENERGY BALANCE USING
SIMULATION MODEL AND EXPERIMENTAL
INPUT PARAMETERS

Based on the TRNSYS simulation model, the following equation is
shown for the energy balance on the photovoltaic panel neglecting
conduction along the surface [8]:

Tpy -Taps
0=35- hauter(TPV - Tamb) - hrad (TPV - Tsky)_%rb (1)

where,

S [kJ/hr] — The net absorbed solar radiation (total absorbed —
PV power production)

houter [kJ/hr-mz-K] — The heat transfer coefficient from top of
the PV module surface to ambient air;

Tpy [°C] — The PV cell temperature

Tamp [°C] — The ambient temperature for convective losses
from top surface

hyaq [kJ/hr-mz-K] — The radiative heat transfer coefficient from
the top of PV surface to the sky

Taps [°C] — The PV surface temperature (absorber temperature)

Ry [h-m*K/kJ] — The resistance to heat transfer from PV cells
to the absorber plate at the back
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a. CONVENTIONAL PV-T SOLAR COLLECTORS WITH 36 CELLS

Fig. 1. Conventional BIPV-T and PV-T cooling pipe layout

The PV power output can be calculated as [8]:

PV o = (@), IAM - Gr - Apy - Ty @)

power [
where,
(ta), — The transmission-absorptance product for the PV mod-
ule at normal incidence
IAM - Incidence angle modifier
Gy [kJ/hr-m?] — The total solar radiation incident upon the sur-
face of BIPV-T module
From the relation (2), #py the module efficiency is very sensitive to
the temperature variations. Efficiency 7p, can be expressed by

npy = Efficiency of PV module
= Nnominal ° XCellTemp ) XRadiation

(©))

where,
Wnominat 15 the module efficiency at standard test condition (STC)

XCellTemp[l/oc] =1+ EffT(TPV - Tref) (4)

L

COLD WATER

€ Cold Water Inlet for each String
b. ONE STRING OF 9 CELLS

Xcentemp is the multiplier for PV cells efficiency is a function of
the temperature

XRadiation [h mz/k]] =

XRadiation 18 the multiplier of radiation,
where,
Goris 1000W/m?* (3600 kJ/hr-m?)
Effr is the module temperature coefficient. This coefficient is al-
ways negative, and its value depends on the module technology.
In this work: Eff; = -0.0048 [1/C] and Effg = is 2.5x107 [h.m*/kJ]
The thermal output of the BIPV-T module can be calculated as [8, 9]

1+ Eff;(Gr - Gror)

Q. = m: Cp (Trruiaout — T fruia,in) (6)

where,

Cp [kJ/kg.K] — The specific heat of the fluid flowing through the
BIPV-T collector

0, [kJ/hr] — The rate at which energy is added to the flow stream by
the BIPV-T module

m [kg/hr] — The flow rate of fluid through the collector of the BIPV-
T module
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Fig. 2. Simulation results for 9 series connected Solar Cells in a 140W
temperature.

Tpuigoue [°C] — The temperature of fluid flowing out of the BIPV-T
module
The thermal efficiency of BIPV-T module can be calculated as fol-
lows [8, 9]:

Qu
Gr-Apy

(7

Nthermal =
Based on these above concepts, the input parameters used to achieve
TRNSYS Simulation are indicated in Table 1. We use a solar module
of 1.483m length and 0.665m width. In the designed prototype the col-
lector length is 1.466m and width 0.66m. The absorber plate is made of
copper sheet to paste at the back of the module. Its thickness is
0.0005m and the thermal conductivity is given by the supplier is
1386kJ/hr.m.K (385W/m.K). For each solar cells we used 2 tubes in
contact with copper sheet to circulate water to collect heat. The diame-
ter of each tube is 0.03m. The contact (bond) width between plate and
to be is taken as 0.01m whereas bond thickness is taken as 0.01925m.
The bond thickness (th) is calculated from the simple relation,

b
(kpb)

Where, ¢ is the copper sheet and tube interface conductance, kj is
the bond thermal conductivity and b is the bond width. In our case ¢, =
200W/mk, k, =1386 kJ/hmk and b = 0.01m.

The thermal resistance of the substrate is calculated as

th =

®)

Total thickness of PV laminate material

Mean thermal conductivity of PV laminate material

CELL 5 CELL6 CELL7 CELL8 CELL9

67 Lit/Hr Flow s 2.5 Lit /Hr Flow

== == == |NITIAL WATER TEMP.

module at varying flow rates for 800W/m? Solar Radiation, 20°C ambient

The total thickness of PV laminate is 0.00818m and mean thermal
conductivity of PV laminate material [4] is taken as 136.7W/mK.
Therefore, the thermal resistance works out to 6x10° m*K/W (1.7x10°
Sm’K/kT)

The resistance of the back insulation is taken as 1 x 10 hm*K/kJ
from manufacturers data, the reflectance is calculated as (1-(glass trans-

Table 1. Input parameters for simulation using TRNSYS software

S.N  DESCRIPTION VALUE UNIT

1 Collector length 1.483 m

2 Collector width 0.665 m

3 Absorber plate thickness 0.0005 m (24 gage)

4 Thermal conductivity of the absorber 1386 kJ/hr-m-K

5 Number of tubes 8 -

6  Tube diameter 0.03 m

7  Bond width 0.01 m

8  Bond thickness 0.01925 m

9  Bond thermal conductivity 1386 kJ/hr-m-K
10 Resistance of substrate material 0.000017 h-m?-K/kJ
11 Resistance of back material R6.7 h-m*K/kJ
12 Fluid specific heat 4.18 kl/kg-K
13 Reflectance 0.19 Fraction
14 Emissivity 0.9 Fraction
15 1st order IAM (by) 0.136 -
16 PV cell reference temperature 25 °C
17 PV cell reference radiation 3600 kJ/hr-m?
18 PV efficiency at reference condition 0.175 Fraction
19  Efficiency modifier - temperature -0.0048 1/°C
20  Efficiency modifier - radiation 0 h-m%/kJ

NOTE: To determine the flow rate for simulation reference EUROFINS, Italy [5] and

TUV Reinland [6] which is conducted outdoors and indoors respectively.
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Fig. 3. Simulation results of individual wattage of nine series connected Solar Cells at varying cooling water flow rates for 800W/m? solar radiation

and 20°C ambient temperature

mittance x cell absorptance)) where transmittance of the glass is taken
as 0.9 and the absorptance of the cell is taken as 0.9. Therefore, the
reflectance works out to (1-0.9x0.9) = 0.19.

1AM is the incidence angle modifier and is calculated from following
equation

1

cosf

(€))

K'm: =1- bﬂ(( - 1)11

where b, is the incidence modifier coefficient and n is a constant
specific to type of coating on the absorber. In our study for a flat cover
n is taken as 1.

The PV reference temperature is taken as 25°C which is the reference
temperature define for the PV performance under standard test condi-
tion (STC). The PV cell reference radiation of 3600 kJ/hr.m*(or
1000W/m?) is the same as solar radiation used for testing PV module
under standard test condition (STC). The PV efficiency at reference
condition is once again efficiency of PV module at STC. In our case it
is taken as 0.142 or (14.2%). The efficiency modifier for the tempera-
ture is the temperature coefficient for power output of the PV module.
This is given by the PV module manufacturer obtained from module
certifying authority like TUV or UL. We have used the manufacturers
data as -0.0048 (or 0.48%/°C). The efficiency modifier for the radiation
depends on air mass. It has been neglected as the modules are tested at
near noon time when the air mass is close to 1.

3. TRNSYS ANALYSIS

3.1. Conventional BIPV-T Cooling Circuit Analysis

Figure 1 shows the how conventional cooling circuits for BIPV-T or
PV-T modules are used [1, 3, 5, 8]. Infact, various cooling circuit
(cooling pipe layout) proposed such as parallel flow [3, 5, 8], split flow
[2], direct flow [2], spiral flow, parallel serpentine [2], web flow, duel
pass, drip flow, oscillatory flow etc. All these concepts could be ex-
plained through Figure 1. All these flow models are characterized by
one inlet fluid flow through the panel to one output fluid flow. In this
case the same fluid goes in one line from a cell to another cell of the
panel. In other words we take one string of cells which is shown in
Figure 1, we see that the same cooling fluid is going from celll to cell
9. In such configuration the temperature of cell 9 will higher then tem-
perature of celll. The Figure 1 outlet temperature of cooling fluid from
celll is denoted as t1 and outlet temperature of fluid at the exit of cell 9
is denoted as t9 where t9 > t1. Therefore, in this cooling pipe configu-
ration the temperature of the cells in a module cannot be uniform.

Using the experimental parameters tabulated in Table 1 for running
TRNSYS simulation, Figure 2 shows the variation of each cell temper-
ature with the number of the cell; from n°l1, the number of the first cell
which receives the inlet of the flow rate to n°9 the number of the last
cell from which we have the outlet of the flow rate result for 9 series
connected solar cells in a 4 x 9 (36 cell) solar modules. The tempera-
ture increases from cell n°1 to cell n°9 for a given flow rate. For a fixed
number of cells, the temperature of the cell decreases when the fluid
rate through the panel increases.
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Fig. 4. Individual Cell Cooling of 9 series cells using novel water cooling pipe layout.

These results are in agreement with those published elsewhere by
Zondag H. A., et al., [16] where it was found a progressive increase of
the cell temperature from the first cell at the inlet of the fluid flow to
the last cell of the outlet of the fluid flow. The thermal efficiency ob-
tained in his work was 33% for combi panel as compared to 54% for
conventional thermal panels. Electrical efficiency of Combi panel was
found to be 6.7% as compared to 7.2% for conventional PV panels
measured in the same condition.

Figure 2 shows how the current output of solar cell increases with
temperature. However, it will have negligible effect in output power as
cell with lowest cell current output will be the net current output for
series connected solar cells.

For the purpose of explanation and clarity, Figure 1 depicts conven-
tionally made water cooling pipe configuration. A nine cells series
connected solar cells are shown. separately for analysis as cooling wa-
ter will get divided in four parallel paths. Therefore, the performance of
each 9 series connected solar cells will be identical but non-uniform.

Figure 3 shows the variation of the wattage power with the number
of the cell. When the cell number increases the cell wattage power
decreases. From the cell n° 1 to cell n°9, the drop in the power increas-
es when the flow rate decreases for each cell. This results in power
drop of solar cell indicates that power output of each cell will be differ-
ent. The net effect of this cooling scheme is a limited increase in output
power of solar modules. But the performance in power of the module is

Table 2. Performance of PV module at varying cooling water flow rates. The cooling is based on flowing cooling water over none cells in a row

versus individual solar cells using at 800W/m? & 20°C ambient.

Flow rate 140W, 36 cell module wattage .. . . .
lit/hr Series cooling Individual cell uniform cool%ng Gain over series cells Individual cell gain % Gain over Stagnation %
1.67 107.02 111.68 4.66 4.35% 10.53%

2.50 108.35 111.96 3.61 3.34% 10.82%
3.33 109.18 112.11 2.93 2.69% 10.96%
0.00 101.03 101.03 0.00 0.00% 0.00%

NOTE: cooling water inlet temperature 20°C

Table 3. Electrical & thermal efficiency of BIPV-T module for cooling by passing water over nine cells in a row versus individual cell cooling.

Flow rate Series cells cooling Module Individual cell uniform cooling
lit/hr PV Eff % Therm Eff % Overall Eff % PV eff % Therm Eff % Overall Eff%
1.67 13.38 25.22 38.60 13.96% 45.21% 59.17%
2.50 13.54 30.44 43.98 14.00% 46.36% 60.36%
3.33 13.65 33.60 47.25 14.01% 46.95% 60.96%
0.00 12.63 0.00 12.63 12.63% 0.00% 12.63%
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Fig. 5. Design of a 36 cell BIPV-T solar module with a novel cooling pipe layout. This individual cooling system has never been developed before
and it better perfornace than previous cooling system are not individually cooled.

significantly worst without cooling. As shown in Figure 3, the power of
each of the 9 cells will vary as the cooling water moves from one solar
cell to next. The graph also shows that first cells will have higher pow-
er where cooling water enters the cooling circuit. When compared to
the power of the non cooled system which temperature will rise to
53.83°C, the power drops to 2.806 W whereas the cooled first cell has a
voltage of 3.102 W at a flow rate of 1.67/litres per hour. With this watt-
age at 53.83°C used for comparison, the gap of the wattage in the first
cell is around 0.300 Volt whereas it is 0.008 Volt for the last cell if the
water cooling flow rate is 1.67 litres/hour. In Figure 3, we see that
when the water flow rate increases, difference of wattage increases
from the situation without cooling (2.806 Watts) to the value of 3.110
Watt for the first cell and is almost independent of the flow rate. But it
increases from 0.08 Watt to 0.16 W when the flow rate increases from
1.67 lit/hour to 3.33 lit/hour. This is an indication of the effect of the
flow rate on the thermal efficiency of the system. For purpose of the
explanation red and violet dotted lines showing cell wattage of 2.806

Wattage at the temperature of 53.83°C for not cooled system
(stagnation).

Simulation of the variation of the wattage power with the number of
the cell for a created for a 36-cell 140W polycrystalline module. Figure
3 shows the wattage of 9 individual cells connected in series. Each cell
will operate at different wattages mainly because voltage of solar cells
drops as the temperature of cells rises. For reference, the power output
of solar cell at stagnation temperature is shown in red.

3.2. Concept and New Design of Cooling Water Circuit

In order to understand the new concept refer to graphical perfor-
mance shown in Figure 4, Table 2 and Table 3 below.

As seen in Figure 5, a sub header 2 water input pipe is placed along
the length of 9 cells to feed cooling water in individual cells. On the
otherside of cells width another outlet header pipe 2 is use to collect hot
water after water picks up heat from each solar cells. This design re-
quires additional feeder(inlet) and outlet pipes to feed the sub-header
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pipes along the cells. Similarly, additional sub-header pipe for taking
out the heated water is connected to main hot water outlet header pipe.
It is made sure, header pipes do not touch any solar cells to transfer
heat.

The analysis clearly indicates that if all solar cells in a BIPV-T or
PV-T modules are cooled uniformly at same temperature we can get
achieve high module output. At higher cooling water flow rate the cell
temperatures are lower and temperature rises at lower flow rates. Also
noticeable is that higher or lower cooling water flow rates there is in-
significant variation in temperature and output gain. The main ad-
vantage of new cooling pipe configuration is that even at higher tem-
peratures all solar cells can be maintained at uniform temperature.

Figure 4 graph shows the cooling effect of different water flow rates.
A BIPV-T solar module will operate 28 to 29°C below the stagnation
temperature of solar cells. The power and efficiency gains are shown in
Table 2 and Table 3.

Figure 2 show the variation of the cell temperature with the number
of cells for the same water cooling flow rates as for Figure 3. A same
constant temperature of the cell is obtained from the first to the last
cell. For the same flow rate. This indicated that each cell of the panel
has the same temperature prior to the individual cooling.

Figure 4 depicts lowest cell temperature for all cells if cooling water
enters and exits from individual cells. Combining Figure 3 and Figure
4. shows if all solar cells have same temperature as the first cell then
we can get highest power output from each cell. For example at 1.671ph
flow rate all cells will deliver 3.102W (1** Cell) x 9 cells = 27.92W if
they operating at uniform temperature same as first cell. For non-
uniform cooling combining the strings of 9 will deliver 2.883W (9™
Cell) x 9 cells = 25.95W. The higher power generated by other 8 cells
will be dissipated in the 9™ cells until the current output of all cells
become equal. Therefore, uniformly cooled individual cells will deliver
7.6% higher power.

Table 2 and Table 3 show clearly an important wattage gain over the
series cooling with and individual cell gain of 4,35 % for a flow rate of
1,67 lit/hr and a gain over stagnation about 10,5% for the same flow
rate.. there is not a significant gain over stagnation with the flow rate
increases.

Based on the improved performance results for individual cell cool-
ing in a module, a novel cooling coil layout was designed as shown in
Figure 5.

Figure 5 Shows our proposal for a new design of a 36 cell BIPV-T
solar module with novel cooling pipe layout. In the actual prototype a
copper sheet attached to cooling water tube is pasted at the back of
standard commercially available solar module. The cold and hot water
headers (depicted in blue and red in Figure 5) are higher than riser
pipes (depicted in orange) to prevent the former from touching the solar
cells.

In this case as shown in Figure 5 we have main input header pipe 1
where cooling water enters and distributes cooling water to three input
sub-headers 2. Each sub-header pipe 2 then feeds cooling water to riser
tubes (Figure 5) to cool individual cells. The outlet sub-header pipe 2 is
provided on the otherside of individual cells to collect warm fluid
which picks up heat from each cell. This cooling pipe configuration
ensures uniform temperature of individual solar cells in the modules.
The two outlet sub-headers pipe 3 connects to main header pipe 1 for
warm water to exit from the module. The results obtained from the
TRNSYS and experimental meausrements made on a protype based on
individual cell cooling we will fabricate to show an important improve-
ment of the cooling system in comparison of the other previous cooling
system.

The fabricated BIPV-T prototype is expected to have following im-
provements over water cooling pipe configurated used by other re-
searchers

1. All 36 solar cells in BIPV-T module will operate at uniform temper-
ature with minimum variation.

2. The mismatching of solar cells electrical output will be minimised
which will improve efficiency.

3. The even cooling will prevent overheating of any solar cells that
causes premature failure of modules.

4. The overall efficiency will increase due to heat gain in cooling wa-
ter. The combined thermal and electrical efficiency will boost over-
all efficiency of BIPV-T module.

4. CONCLUSION

The TRNSYS simulation results shows approximately 10.5% to 11%
improvements in performance of BIPV-T modules using novel water-
cooling circuit over conventional BIPV modules. In addition, the simu-
lation indicates that novel cooling circuit layout will have 3.2% to 4.3%
improvement over BIPV-T modules with series cooling proposed by
some researchers and commercially available from some manufactur-
ers. Additionally, thermal efficiency between 45% to 47% is achieved
by collecting heat in cooling water.

The novel design prevents negative effect of non-uniform cooling of
solar cells in a module. In conventional cooling pipe configuration used
in other studies will generated highest current by hottest cells at the
outlet. Since all cells in modules are connected in series, the cells at the
inlet will operate at lowest temperature and higher current generated by
cells at higher temperature will get absorbed this cell. This can cause
overheating of cell/cells that generate lower current. As PV technology
is progressing fast, solar cells are generating higher currents year after
year. This means current mismatching can have more severe effect.

The uniform cooling of individual cells proposed here will ensure
mismatching of current does occur.

Infact, BIPV-T modules with glazing will have more severe effect in
mismatching as the solar cell operate at even higher temperature. The
uniform cooling even at higher water temperature, as shown in graph
Figure 4 and novel cooling pipe layout shown in Figure 5, will have
major advantage in keeping the solar cells at uniform temperatures.

Though this study was conducted for water based cooling system
same concept of uniformly cooling individual cell could be applied to
air cooling system in BIPV-T modules.

A BIPV-T module design based on cooling of individual solar cells
was constructed and tested outdoors in natural sunlight. In next paper,
complete design and fabrication details as well as test result of proto-
type is discussed.
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