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In this work, a validated finite element-based coupled optical, thermal, and elec-
trical model is used to assess the performance of a dual concentrated photovoltaic
system thermally regulated using a PCM for the environmental conditions of La-
hore, Pakistan. Thermal management of the system is achieved using a selected
PCM. That has a melting temperature of 53-56 °C, a thermal conductivity of 19
W/mK, and heat of fusion of 220 kJ/kg. Thermal regulation and power output of
the system are analyzed for a clear day of six months of a year. It is found that the
maximum temperature of the upper PV cell is ~80 °C while for the bottom PV cell is
~82 °C in July. The percentage power gain obtained after the addition of an upper
concentrated PV cell is ~17.9%. The maximum and minimum power of the system
is found to be 0.079 kWh/day/m? and 0.041 kWh/day/m’ in May and November,
respectively.

Key words: compound parabolic concentrator, parabolic trough concentrator,
concentrated photovoltaics, PCM, output power

Introduction

Conventional energy has wreaked havoc on the environment in several aspects, in-
cluding GHG emissions and global warming. It is because of this reason that conventional
energy is being replaced by renewable energy. Solar energy is the most widely used renewable
energy resource for electric power generation. The PV cells turn irradiance into electrical en-
ergy through the PV effect. However, the conversion efficiency of PV cells is limited and even
the best-efficiency silicon cell converts 21.2-27.6% of irradiance to electricity, and the rest is
dissipated as heat [1].

The output power of PV cells can be enhanced using concentrated photovoltaic (CPV)
systems. These systems use optical concentrators to concentrate the irradiance on a smaller
area, thereby, resulting in reduced PV cell area and higher electrical output power as com-
pared to a conventional non-CPV systems [2]. However, the high incident irradiance increases
the PV cell temperature, concomitantly decreasing its solar-to-electrical conversion efficiency
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in fig. 1 and the electrical, 7., and thermal, 7,
efficiency obtained from these approaches are
tabulated in tab. 1.

An analysis of the optical performance of
the solar power parabolic trough collector sys-
tem with and without a secondary reflector has
been carried out. A secondary reflector in the
system increased the optical efficiency by 20%
over a conventional collector at a solar inci-
dence angle [9]. In another work, a compound

parabolic concentrator (CPC) was modeled and analyzed experimentally on a thermoelectric
module. It was observed that the system can generate enough power to lighten up small appli-
ances along with the dissipated heat for additional uses [10]. A feasibility study of the CPV
system was carried out by Kamath ez a/. in [11] for the weather condition of India and achieved

the system’s efficiency of 30%.

Table 1. Thermal management approaches

Thermal management technique Type CR 1. [%0] N [%] | Reference
) . . 5 16.8 66.5
Micro-channel heat sink Active [4]
20 132 70.3
Water cooled Active - 15 50 [5]
PCM Passive 25 7.8 46.6 [6]
Nanofluid Passive - 6.6 46.84 [7]
PCM + nanoparticles Passive 20 8 - [8]

The benefit of dissipating heat passively is that it does not require any external input
energy to operate. Among passive techniques, thermal regulation using a PCM is a useful tech-
nique due to its thermal energy storage and efficient thermal regulation of PV and CPV systems
[12]. The stored energy reduces the temperature of a PV cell and enables the utilization of ther-
mal energy on demand asynchronously.

The effect of micro-channels with porous media and nanofluids was analyzed for
a CPV system. The results demonstrated a 17% reduction in the temperature of the system
with the micro-channel and found this technique 30% more efficient than conventional cooling
methods [13]. Studies have shown that incorporating a PCM behind a PV system can increase
yearly power output by 5.9% when compared to a conventional PV system [14]. The power
output of CPV with PCM was found to be 27% higher and its efficiency was 22% higher than
the CPV without PCM under typical operating conditions with CR 3 [15].

The performance of a CPV system with RT47 as PCM was analyzed for the weath-
er conditions of Doha, Qatar with CR of 25 [16]. It was observed that the PCM maintained
the temperature of the PV cell below 85 °C for all months of a year. In a building-integrat-
ed CPV system combined with a PCM heat sink, the temperature of the system was regulat-
ed below 78 °C with passive cooling while the temperature was under 43 °C in active cool-
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ing with uniform distribution at five suns concentration [17]. The thermal performance of
a CPV employing PCM laden with graphene nanoplatelets depicted a 7% and 6% increase
in power output and efficiency, respectively for 0.5% volume concentration of nPCM at
CR=5118].

The power output of PV cells can also be enhanced using bifacial photovoltaic
(bPV) cells. The output power of these cells is higher than conventional PV cells because
they collect photons from the incident as well as albedo radiation that is reaching both sides
of a solar panel. In comparison a conventional PV cell, the bPV cell performed 2% better
[19]. The CPV systems have also utilized these cells, but only at low CR due to the lack of
thermal management. To overcome this issue of thermal management of the concentrated
bPV, a CPV system was presented by Sarwar et al. [16] that is similar in working to bPV.
The CPV system consists of an aluminum container enclosing PCM and two mono facial PV
cells, one at the top surface of the container for non-concentrated sunlight and the other at the
bottom for concentrated sunlight.

In this work, the configuration presented by the authors in [16] is modified in such a
way that the upper non-CPV cell of the system is replaced with a concentrating one. Two cells
are being used at a time, one at the upper and the other at the bottom of the aluminum container.
The reduction in the cell area makes the system inexpensive as less material will be required
along with the increased power output. The new configuration consists of an aluminum contain-
er, encapsulating the PCM having a melting temperature of 53-56 °C, a thermal conductivity of
19 W/mK, and heat of fusion of 220 kJ/kg. The CPV cells are attached to the upper and bottom
sides of the aluminum container. The upper cell is concentrated using a non-ideal CPC while
the bottom is concentrated using a non-ideal parabolic trough concentrator (PTC) having CR of
~5.5 and ~18.4, respectively. Optical and thermal analysis of the new configuration is carried
out to investigate the performance of the system. Moreover, the power output of the system is
determined for each month of the year.

Material and methods
Physical model

The non-ideal PTC and non-ideal CPC in this study are designed using the segment
division method in which the parabolic curves are divided into straight segments of equal or
unequal length depending upon the type of concentrator [20]. The lower part of the system
consists of a receiver and a non-ideal PTC whereas the upper part of the system consists of a
receiver and a non-ideal CPC. The receivers in the system are PV cells which are labelled as
UCPV and BCPYV in fig. 2(b) and the whole system is using single axis tracking. The tempera-
ture of both PV cells is passively regulated using a PCM. Two mono-facial crystalline silicon
PV cells are used in the system.

The non-ideal PTC is modeled by altering the ideal geometry of parabolic curve into
straight segments of equal length depending upon the width of the concentrator and non-ideal
CPC is modeled by altering the ideal geometry of the parabolic curves into straight segments of
increasing length depending upon its projection length on the PV cell. For the non-ideal PTC,
the segment length is taken to be 16 mm, which is equal to the width of the absorber surface.
The width of the PV cell is 15 mm whereas the width of the absorber surface is kept 16 mm.
Non-ideal CPC is also designed on the same principle, but the length of each segment is de-
termined based on its projected length on the absorber plane as discussed earlier. Figure 2(a)
shows different design parameters of dual concentrated parameters of dCPVPCM like aperture
area Wepe and Were of both concentrators, cell width, d, CPC height, 4, non-ideal PTC focal
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length, £, and the gap between non-ideal PTC profile, D. The schematic illustration of the sys-

tem is shown in fig. 2 (b).

W, =89.12mm - d—so2 W,
h=155.73 mm U A
d=16mm \ /
f=254.46 mm /
D=105mm \ [ 1ss7s
W, =443.79mm | / h
16.00 = f
d \ 1

I l CPC

__________ UCPV cell
PCM
BCPV Aluminum

(a)

cell e A
()
[
U AN
15mm
\ Concentrated
sunlight Parabolic
- trough
BCPV UCPV
cell 3mm_ 3emm  3mMm cell
— 3mm
PCM 2
EH § I 315
(b) = 3mm

Figure 2. (a) Geometrical parameters of the system and
(b) schematic illustration of the system (not to scale)

The model employs two polycrystalline silicon PV cells having a width of 15 mm each,
two concentrators, and a footprint of 1 m?. Both PV cells are attached to an aluminum contain-
er, one at the top surface and the other at the bottom surface. Thermal regulation is passively
achieved using the PCM, which is encapsulated in a 0.105 m x 0.042 m x 0.015 m aluminum
container that acts as a heat sink. A single-axis tracking system is assumed with the concentrator.

Non-ideal CPC

CPC absorber

PCM block

PTC absorber
Non-ideal PTC

Figure 3. Design model Imported in TracePro

For the optical analysis of the non-ideal
CPC and PTC, the computer-aided design de-
signed in SOLIDWORKS was imported into
TracePro (Optical design software) [21] for ray
tracing analysis. The modeled design is shown in
fig. 3. After importing the design in TracePro, re-
flective and absorptive properties were assigned
to the concentrators and the PV cells, respective-
ly. The simulation was performed for 30 million
rays so that the convergence of the solution the
exact values can be obtained thus providing more
accurate results. TracePro takes into account the
refraction, reflection, transmission, and absorp-
tion properties of the material as a function of the

incident angle of the irradiance, therefore, no separate incident angle modifier studies are re-
quired. The irradiance value used was 1000 W/m?.

The bottom PV cell, the top PV cell, and the system will be referred as BCPV, UCPV,
and dCPVPCM, respectively in the subsequent text. A validated finite element-based coupled
optical, thermal, and electrical model is used to assess the performance of the /{CPVPCM for the
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environmental conditions of Lahore, Pakistan (latitude: 31.6946 °N and longitude: 74.2441°E).
The incident beam irradiance, ambient temperature, and wind speed data are obtained from the
World Bank and a clear day of each month is selected for the analysis. The data has also been
used by authors elsewhere [22]. The variation of the weather data with time is shown in fig. 4.
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Theoretical model

A coupled thermal, optical, and electrical model is used to examine the effect of ambi-
ent temperature and the thermophysical properties of PCM on the power output of the dCPVP-
CM system. Fresnel lens equation is used for developing the optical model that determines
the reflectivity and absorptivity losses through the glass covering of the PV cell. The thermal
and electrical behavior of the system is determined using the thermophysical properties of the
selected PCM. For the thermal model, a 2-D differential heat diffusion equation is used to in-
vestigate the convective and radiative heat losses. At the PV surface, heat flux represented as
incident irradiance is used as a boundary condition. The fundamental egs. (2) and (3) related to
convection and radiation boundary conditions are reported by the author [23]. The detailed ther-
mal model is presented by authors elsewhere [23] and the weak formulation of energy balance
equation obtained from egs. (1)-(3) is given in eq. (4):

AT _jor(, ot |
Po ot Ox; ¥ axj B (1
H=h  AAT ()
R =h,  AAT 3)
oT asT ( or asT ( or
0T p,c—0Q+ || k — |+k — | |0Q— 6T qoA+|oT(H+R)04=0
i g i { "o, (ﬁxlj 2 o, {ze H Joraea+for(uir) @)

where p, is the density, ¢ — the heat capacity, k — the thermal conductivity, 7 — the temperature,
t — time, Q — the domain, x; and x; are unit vectors, 07 — the test function, and 4. and A, are
convective and resistive heat loss coefficients, respectively. The matrix form of energy balance
equation:

M7 +KT-q+(H+R)T =0 (5)
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where M is the mass matrix, q — the irradiance matrix or boundary flux matrix, the temperature
is represented by 7, and its time derivative is 7. The K is the conductivity, H — the convection,
and R — the radiation matrix. The coupled optical and electrical model is shown [14]:

g, =(1-p-a)q,
9. = [nei—STC +:u(T_Ta ):| 9, (6)
9=4, 4.
where 7., stc 18 the efficiency of the PV cell at standard test conditions, 4 — the temperature coef-
ficient of the power output, 7, — the ambient temperature, ¢, — the effective irradiance available
after all the losses, and ¢; — the incident flux. At every time step, irradiance, ambient tempera-
ture, and wind speed are given as input parameters and for that, the values of heat generated,
optical losses, and electrical conversion are updated for each step. These values are then used

in the thermal model to evaluate the temperature of the PV cells for each time step. The total
amount of energy absorbed by the PCM, Q,, is determined using:

mcS(T—Tl) T<T

0 - mey (T, =T)+mc, (T—T,) T, <T <T, N

meg (T, =T)+me, (T -T,)+me; (T -T,)T > T,

where 7 and T, are the solidus and liquidus temperatures of PCM, respectively. The electrical
power output is determined using the five-parameter model as described in detail in [24]. The
equation of five- parameter model relating current, and voltage is given:

V+RI V+R]I
I=1,-1,|ex — |- £ 8
p { p( V;a J:| Rp ()

The parameters are photocurrent /,,, reverse saturation diode current /,, shunt and
series resistances R, and R, and diode ideality factor a. The power gain of the system with total
power, Prand initial power P; is calculated using eq. (9) and the material properties used in this
analysis are tabulated in tab. 2:

Pgain = (9)
Table 2. Material properties

Thermophysical properties
Material T.[°C] | H[kJkg1] EIWm'K'] |p, [kgm?3] | ¢ (s, ) [kJkg 'K™']
PCM 53-56 220 19 880 2
Aluminum - - 211 2675 0.9
PV - - 1254 2205 0.8
Electrical properties of PV cell
VIVl | LAl | VaplV] Iy [A] K, [%K ] K [%K]
32.9 8.21 26.3 7.61 —0.1 0.0032
Optical properties
PV n K [m'] x [m]
4 4710 5-10*
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Results and discussion
Optical analysis of non-ideal concentrator

The design of the half profile of the non-ideal PTC and CPC is shown in fig. 5. The
flux distribution profile along the PV cell for both concentrators is shown in fig. 6 which depicts
that the distribution of the flux is uniform from —7.5 mm to 7.5 mm on the PV cell surface. The
value of irradiance absorbed by BCPV drops from 18423-789.6 W/m? to for -8 mm to —7.5
mm, and 7.5-8 mm in the horizontal and vertical direction. The geometrical efficiency of PTC
is about 89% and the geometric loss comes out to be about 11% due to its non-ideal geometry.
The irradiance absorbed by UCPV drops from 5465-2006.1 W/m? for 8 mm to —7.5 mm and
7.5-8 mm in horizontal and vertical directions.
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Figure 5. Half profile of non-ideal CPC Figure 6. Flux distribution profile for
and PTC CPC and PTC

The geometrical efficiency of CPC is about 66.7% and the geometric loss comes out to
be about 33.3% due to its non-ideal geometry. While fig. 7 shows the total absorbed flux along
the PV cell for both concentrators. A non-ideal PTC concentrates uniformly distributed irradi-
ance (~18.4x) on the bottom PV cell shown in fig. 7(a) while the non-ideal CPC concentrates
uniformly distributed ~5.5x irradiance on the top PV cell shown in fig. 7(b).
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Figure 7. Irradiance map for (a) non-ideal PTC and (b) non-ideal CPC



Sarwar, J., et al.: ANovel Configuration of a Dual Concentrated Photovoltaic ...
2860 THERMAL SCIENCE: Year 2023, Vol. 27, No. 4A, pp. 2853-2863

Thermal regulation

To analyze the thermal management of the system, the comparison of maximum and
average temperatures of UCPV and BCPV is carried out for six months of a year. The variation
of temperature of UCPV and BCPV throughout the day for selected months of the year is shown
in fig. 8(a). The temperature is high during the middle of the day as there is more irradiance
available to UCPV and BCPV for a longer duration.

The results for the comparison of peak temperatures of UCPV and BCPV are plotted
in fig. 8(b). The peak temperature of BCPV consistently stays higher than the peak temperature
of UCPV because non-ideal PTC with higher CR is concentrating irradiance on BCPV. The
lowest peak temperature for BCPV and UCPV is in November as the irradiance and ambient
temperature in this month are the lowest among all months of the year.

The results for the comparison of average temperatures of UCPV and BCPV are plot-
ted in fig. 8(c). The average temperature of BCPV consistently stays higher or almost equal
to the average temperature of UCPV. The trend line in figs. 8(b) and 8(c) is showing that the
peak temperature and average temperature for UCPV and BCPV is increasing during the early
months of the year and have the highest values during the midsummer because of higher ir-
radiance with longer duration and then the temperature for UCPV and BCPV is decreasing at
the end of the year. The variation of temperature from BCPV to UCPV including the PCM and
aluminum container at different hours of the day for July is shown in figs. 8(d)-8(f). Early in the
day, at 9:00 a. m. and 10:00 a. m., the center of the PCM is at 53.8 °C and 55.1 °C, respectively,
while the BCPV and UCPV are at higher temperatures because their surfaces are absorbing
irradiance and begin to charge thermal energy inside PCM as shown in fig. 8(d). This resulted
in the heating of the PCM and then at midday, at 11:00 a. m. and 12:00 p. m., the temperature
of PCM reached 59 °C and 77.8 °C, respectively which is the indication that PCM has absorbed
heat and melted to regulate the cell temperatures as depicted in fig. 8(e). The temperature of
PCM has again decreased in the afternoon hours, at 1:00 p. m. and 2:00 p. m., to 76.3 °C and
73.1 °C, respectively which is indicating that the PCM has started releasing its absorbed heat
for regeneration as shown in fig. 8(f).
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Figure 8. (a) Variation of temperature of UCPV and BCPV over the day, (b) comparison of peak
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and (d) and (f) the melting behavior of PCM over the day
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Output power

Further studies are carried out to calculate the power output of BCPV and UCPV of
dCPVPCM and the power gain obtained after adding UCPV in the dCPVPCM system. The
comparison of power output per day of UCPV and BCPV is evaluated for six months of a year
and the results are shown in fig. 9(a). The power output from BCPV is almost ~3% higher than
UCPV due to the higher geometric CR of non-ideal PTC compared to non-ideal CPC. The
maximum power of UCPV is obtained for May i.e., 0.017 kWh/day/m?.

0.07 . . T r T 0.08 T

kWh per day per m*
kWh per day per m’

Jan.  Mar. May  Jul Sept. Now. Jan.  Mar. May  Jul Sept. Now.
(@) Months (b) Months

Figure 9. (a) Comparison of output power of upper PV cell and bottom PV cell and
(b) output power of the system

The maximum power of BCPV is obtained for May i.e., 0.062 kWh/day/m?. During
summer months when there is increased irradiance available to BCPV and UCPV for longer du-
rations, the power output of the system in turn increases. The total power output per day of the
dCPVPCM is also evaluated for six months of a year and the results are shown in fig. 9(b). The
maximum power of dCPVPCM is obtained for May i.e., 0.079 kWh/day/m?. The total power
obtained is also showing the same trend as of UCPV and BCPV as it’s the summation of both.
The percentage power gain obtained after the addition of UCPV is ~17.9 %.

Conclusions

In this work, a finite element based coupled optical, thermal, and electrical model is
used to evaluate the thermal regulation and the power output of a dual CPV system. The system
comprised of an aluminum container encapsulating PCM with two polycrystalline silicon cells
attached at the top and bottom of the container. Both cells are concentrated using CPC and PTC.
Following are the conclusions obtained from this study, are as follows.
® Both non-ideal CPC and non-ideal PTC provided uniform flux distribution and CR of ~5.5
and ~18.4, respectively.

® The temperature of the UCPV and BCPV remained below 83 °C for six months of the year
which makes the selected PCM suitable for the current configuration.

® The power output of the system is found to be highest in May i.e., 0.079 kWh/day/m?.

The proposed system is suitable for achieving higher electrical output because of the
utilization of two concentrated cells in a single system. However, further studies would be done
to investigate the reduction of temperatures of UCPV and BCPV by using a larger volume
of PCM, the utilization of stored energy of PCM for water heating, and optimization of the
system in terms of geometry and materials. For the simplicity of current studies, wind loading
is not considered for the system, however, it is one of the primary horizontal loads that act on
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structures that are exposed to a direct environment thus limitations due to wind loadings on the
height of CPC would be considered in future analysis.

Nomenclature

a —diode ideality factor
¢ —heat capacity, [JK']
D — gap between non-Ideal parabolic
trough concentrator profiles, [mm]
d —cell width, [m]
f —non-ideal PTC focal length, [m]
H - convection matrix
h — CPC height, [m]
h. — convection heat transfer
coefficient, [Wm=K™']
h, — resistive heat transfer
coefficient, [Wm2K™']
— reverse saturation diode current, [A]
v — photo current, [A]
— thermal conductivity, [Wm'K™]
K - conduction matrix
M - mass matrix
q - irradiance matrix or boundary
flux matrix, [Wm~2]
q; —incident flux, [Wm2]
q, — effective irradiance available after
all the losses, [Wm™2]
R - radiation matrix
R, — shunt resistance, [Q2]
R, — series resistance, [Q]
T —temperature, [K]
T, —ambient temperature, [K]
T —time derivative of temperature
T, — solidus temperature, [K]

N~
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T, —liquidus temperature, [K]

t —time

V. —mean wind speed, [ms™']

Wepc — aperture of compound parabolic
concentrator, [mm)]
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concentrator, [mm]

Greek symbols

o — absorptivity

n. —electrical efficiency

n. — efficiency of the PV cell

na — thermal efficiency

u  —temperature coefficient of the
power output

p —reflectivity

po — dynamic density of air

Q — domain

Acronyms

BCPV — bottom concentrated photovoltaic

bPV  — bifacial photovoltaic

CPC — compound parabolic concentrator

CPV  — concentrated photovoltaic

CPVPCM - concentrated photovoltaic system
with phase change material

CR  —concentration ratio

PTC - parabolic trough concentrator

UCPYV — upper concentrated photovoltaic
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