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Photovoltaic (PV) panels account for a majority of the cost of photovoltaic thermal (PVT) panels. Bifacial silicon solar panels are
attractive for PVT panels because of their potential to enhance electrical power generation from the same silicon wafer compared
with conventional monofacial solar panels. This paper examines the performance of air-based bifacial PVT panels with regard to
the first and second laws of thermodynamics. Four air-based bifacial PVT panels were designed. The maximum efficiencies of 45%
to 63% were observed for the double-path-parallel bifacial PVT panel based on the first law of thermodynamics. Single-path bifacial
PVT panel represents the highest exergy efficiency (10%). Double-path-parallel bifacial PVT panel is the second preferred design
as it generates up to 20% additional total energy compared with the single-path panel. However, the daily average exergy efficiency

of a double-path-parallel panel is 0.35% lower than that of a single-path panel.

1. Introduction

Solar energy is one of the most environment friendly sources
of renewable energies that can be utilized in thermal and
electrical applications. Photovoltaic thermal (PVT) collec-
tors are especially designed to generate both electrical and
thermal energies simultaneously. Solar air-heater panels, also
referred to as hybrid panels, have been widely studied in the
last decade and have been found to be strongly suitable for
applications that require both electrical and thermal energies,
such as space heating and drying.

A PVT panel generally consists of PV cells, an absorber
plate, and a heat removal system. In a bifacial PVT panel,
monofacial PV cells are replaced by bifacial PV cells, and the
absorber plate is replaced by a reflector. Reducing the number
of solar cells will significantly reduce the cost of the module,
given that solar cells are expensive [1].

1.1 Bifacial Solar Cells. Recent studies on PV solar cells have
developed the bifacial PV solar cell [2]. The bifacial solar
cell, in contrast with monofacial solar cell, has the capability
to absorb solar radiation from the rear surface as well

as the front surface, simultaneously. Figure 1 compares the
mechanism of solar radiation absorption between a bifacial
solar cell and a monofacial solar cell.

Solar radiation absorption by the rear surface increases
electrical energy generation [3]. A bifacial PV panel gen-
erates 30% to 90% additional electrical energy compared
with a monofacial PV panel at optimum adjustment [4, 5].
Industrialized bifacial solar cells have front and rear effi-
ciencies of 16.6% and 12.8%, respectively. Assuming identical
microstructures on the front and rear surfaces of solar cells,
the lower energy conversion efficiency of the rear surface
compared with the front surface may be due to different
optical responses of the front and rear surfaces [6, 7].
Electrical energy generated by the rear surface of bifacial
solar cells strongly depends on reflection performance of the
reflector [8].

1.2. Reflector. Bifacial solar cells increase electrical efficiency
of flat-plate PV panels at negligible cost increase [9]. Addi-
tional electrical energy generated by the rear surface of
bifacial panels strongly depends on reflection properties and
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FIGURE 1: Radiation absorptions of monofacial and bifacial PV solar cells.

installation attitude of the reflector. Three key parameters
have significant effects on panel performance: panel slope,
reflector slope, and reflection efficiency. However, bifacial
solar panels are effective without a reflector in certain
applications [10-14]. In general, solar panels are classified
either as one-sun (1X) panel or concentrator panel (multi-
X). For bifacial panels, the definition of 1X panel and multi-
X panel may overlap. The front surface of a bifacial cell
receives 1X solar radiation, whereas the rear surface may
receive additional 1X beam radiation [15]. Reflection property
of the reflector depends on surface roughness and color.
A wide range of reflectors including diffuse, mirror, and
semitransparent have been studied [1, 10, 11, 16]. Uematsu
[1] developed a flat plate bifacial panel by adding a static V-
groove concentrator to provide 1X solar radiation on the rear
surface of the bifacial cell, which resulted in 85.6% power
enhancement.

Intensity of solar radiation on the rear surface affects
the power generated by a bifacial PV panel [8]. Moehlecke
et al. [5] studied the reflection properties of painted reflectors
placed beneath the bifacial solar cells. They observed up
to 25% enhancement in solar absorption, compared with
conventional monofacial panels. White-colored reflector is
the optimum painted reflector with 75% average reflectance.
Yellow is the second best color for reflectors followed by
orange, red, green, blue, brown, purple, grey, dark blue, and
dark green colors, which give 61% to 32% reflection [5].

1.3. Residential Applications of Bifacial Solar Cells. Building-
integrated applications of monofacial PV and PVT pan-
els have been widely studied, whereas the performance of
building-integrated bifacial solar panels has not. Bifacial PV
panels could be integrated into residential and commercial
buildings as window-integrated, wall-integrated, or parking
lot-integrated panels [9].

Bifacial solar cells partially cover the panel area. In wall-
integrated application, the panel is installed with an offset
distance from the wall. Front surface of bifacial solar cells
absorb a portion of solar radiation, whereas a portion of
solar radiation penetrates through transparent vacant space

between cells; the wall reflects light back to the rear surface
of bifacial cells [16].

Window-integrated bifacial PV panels produce electrical
energy while permitting penetration of faint solar radiation
into the interior area for lighting of residential or commercial
buildings [9, 17]. Packing factor of solar panel has significant
impact on the amount of solar radiation that penetrates
the PV module [18]. Space heating and drying applications
could also be considered depending on the climate of the
installation site.

1.4. Air-Based PVT Panel. Air-based PVT collectors are
useful for both industrial and residential applications, such
as drying and space heating. Air-based panel designs are
classified according to the number or glazing and air-path.
Single-glazing double-path (monofacial) panels have higher
electrical and thermal efficiencies compared with single-path
panel types [19]. In an air-based PVT panel, PV cells are
placed at the top of the absorber plate and absorb a portion of
solar radiation that reaches the front surface. The remaining
portion of solar radiation penetrates the PV cells and reaches
the absorber plate where it is converted into thermal energy.

Substituting monofacial PV cells with bifacial PV cells
has led to the development of bifacial PVT panels. A bifacial
PVT panel equipped with aluminum reflector generates 40%
additional electrical and thermal energies [20].

Most of the existing PVT panel designs are inappropriate
for bifacial solar cells because the absorber plate covers the
rear surface of bifacial solar cells [21-24]. Absence of solar
radiation on the rear surface of bifacial solar cells misses the
benefit of dual surface solar radiation absorption of bifacial
solar cells. Panel modification is essential; the absorber plate
should be substituted by a reflector to reflect back solar
radiation to the rear surface of bifacial solar cells.

The current research aims to develop new designs of
air-based PVT panels based on bifacial solar cells and to
evaluate the performance of the panel with regard to the first
and second laws of thermodynamics. This paper represents
steady-state simulation and daily simulation based on the
climate of Malaysia.
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FIGURE 2: Cross-section view of bifacial PVT panel: (a) Model 1; (b) Model 2; (c) Model 3; and (d) Model 4.

2. Mathematical Modeling

Electrical and thermal performances of PVT panel strongly
depend on cell temperature, air flow rate, and packing factor
of the solar panel. Energy balance method and exergy method
are the two most well-known methods for performance
evaluation of PVT panels. The former (energy balance
method) is based on the first law of thermodynamics, whereas
the latter (exergy method) is based on the second law of
thermodynamics.

2.1. PVT Panel Design. Varieties of air-based PVT panels
have been widely studied in the last decade. Most PVT panel
designs are incorporated with an opaque absorber plate on
which PV cells are pasted. A few monofacial PV and PVT
panel designs have the potential to be developed into a bifacial
PVT panel [25, 26]. Kamthania et al. [25] proposed and
tested PV cells installed with a separation from the absorber
plate and consequently found lower PV cell temperature and
additional electrical energy generation. This design has the
potential to be developed into a bifacial PVT solar panel.

In a bifacial PVT panel, the absorber plate should be
substituted by an appropriate reflector installed beneath the
bifacial PV cell to provide solar radiation on the rear surface
of bifacial solar cells. The reflector is the key component of a
bifacial PV panel. Both mirror-type and diffuse-type reflec-
tors are suitable for bifacial panel design. Figure 2 represents
four air-based bifacial PVT panels developed based on the
existing monofacial PVT panel designs and the requirements
of bifacial solar cells.

Configurations of four bifacial PVT panels are described
as follows.

Model 1. Single-path, air-based bifacial PVT panel with
a reflector placed beneath the PV lamination. Air flows
between the lamination and the reflector (Figure 2(a)).

Model 2. Double-path, air-based PVT panel with additional
layer of glazing above the PV lamination. Two parallel air
streams exist. One air channel is above the PV lamination,
and the other is beneath the lamination (Figure 2(b)). The two
channels have similar geometries. Each channel carries 50%
of flow rate.



Model 3. This model has a similar configuration to Model
2, except that air in the lower channel flows in the direction
opposite the upper channel (Figure 2(c)).

Model 4. This panel was developed based on Model 3. The
upper and lower channels are in a series. Air flows above the
PV lamination and flows back through the channel beneath
the lamination (Figure 2(d)).

2.2. Energy Balance Method. All four models were simulated
based on the first law of thermodynamics. The following
assumptions were made.

(i) Both surfaces of the PV cell have the same electrical
efficiencies.
(ii) The reflector has 70% reflection efliciency.
(iii) Natural convection is suppressed inside the panel.
(iv) The only temperature gradient is along the panel.
(v) Thermal losses through insulation are negligible.

(vi) Ambient airspeed is equal to 1ms™".

Energy balance equations were developed and solved
for all models. Output energy of the PVT panel consists of
electrical and thermal parts, and efficiency of the panel is a
combination of thermal and electrical efficiencies.

2.2.1. Heat Transfer Coefficients. Free convection heat trans-
fer coefficients in ambient condition can be obtained from
Dufhie and Beckman [27]:

h, =28 +u,,, @

where u,;. is the air velocity over the panel, which was

assumed to be ITms~".

Internal forced convection heat transfer coeflicients is
defined as [28]

K,.
he = =¥ Nu, )
DH

where h, can be determined from Tan and Charters [29],
which has been used by Shahsavar and Ameri [30]:

D
h =0.0182Re™®Pr® |1+ 5 =H |, (3)
c L

where

L L
s’:14.3log<—>—7.9, for0<<—>s60,
DH DH

L (4)
=17.5, for 60 < (—),
Dy
D
Re = P42
H (5)
Pr=0.7.
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2.2.2. Evaluation of Performance. The total efficiency of the
PVT panel is a function of electrical and thermal efficacies.

Both surfaces of the bifacial PV cell contribute to elec-
trical energy generation, where the total electrical energy
generated by bifacial PV cell is defined as follows:

(6)

The actual electrical efficiency of the PV cell varies
according to its temperature as [31]

=Mpv,.,. = Mref Ll - (Dref (TCell - Tref)J > (7)

rear

Elpy = Elpy, +Elpy

rear

7/IPmem

where T,y = 25°C, @,y = 1/(Tpy — T,)> and 7, is the
electrical efficiency of the panel at reference temperature
(19, 32].

The thermal efficiency of a PVT panel is defined as the
ratio of thermal energy transferred to working fluid(s) over
total solar radiation reaching the collector area:

_ f’i’lCP (To - Ti)

_ )
th SxA

Electrical energy has a higher value compared with
thermal energy, which should be considered in calculating
total efficiency [30]. The total energy efficiency of PVT panel
is defined as

Mgl

- bl
Mpower Plant

)

Ntotal = H1h +

where #pgwer plant = 0.38 is the efficiency of conventional

power plant [33].

2.3. Exergy Analysis Method. Aforementioned studies eval-
uated the panels based on the first law of thermodynamics.
However, exergy method evaluates panels based on the sec-
ond law of thermodynamics. In exergy method, environment
temperature is the reference temperature in calculating the
theoretical maximum work done by the system in order to
reach equilibrium with the reference environment [34].

Increasing the number of glazing is an advantage in PVT
panel. Glazing reduces thermal losses and increases thermal
efficiency, which is an advantage according to the first law of
thermodynamics. However, solar radiation reflected back by
the cover glass reduces solar radiation to solar cells, thereby
decreasing electrical energy generation. Electrical energy has
a higher value compared with thermal energy according to
the first law of thermodynamics [35].

In accordance with the second law of thermodynamics,
high-value electrical energy loss from reflected light caused
by additional glazing should be compared with thermal
energy saved from additional glazing.

In PVT panels, the maximum output exergy is observed
at an inlet fluid temperature of 35°C, whereas the maximum
output energy is observed at an inlet fluid temperature of
31°C [36]. Energy and exergy efficiency rates of PVT panel
vary indifferent designs. Table 1 presents energy and exergy
efficiencies observed in previous studies.

The total output exergy of the PVT panel is higher than
that of PV panel, and the thermal energy output of a PVT



International Journal of Photoenergy

90

Packing factor = 1

(e
(=}
1

70 —- T

(=)}
(=]
1
\

\
\
\
\
\

Total efficiency (%)
3
1

)
(=)
1

20 A

10 T T T T T T

0.02 0.04 0.06 0.08 0.1 0.12 0.14
Flow rate (kg/s)

== Model2 Model 4
--- Model 3 —— Model 1

()

\o
(=}

Packing factor = 0.5

> w N ~ [
(=) (=] (=} (=) (=]
1 1 1 1 1

Total efficiency (%)

W
(==}
1

20 +

10 T T T T T T

0.02 0.04 0.06 0.08 0.1 0.12 0.14
Flow rate (kg/s)

== Model2 Model 4
--- Model 3

\O
(=}

Packing factor = 0.7

w (=) N (e
(=] (=] =} (=]
1 1 1 1

Total efficiency (%)
[N
S
1

W
(=}
1

20 A

10 T T T T T T
0.02 0.04 0.06 0.08 0.1 0.12 0.14

Flow rate (kg/s)

-—-—= Model2 Model 4
--- Model 3 —— Model 1

(b)
90

g0 4 Packing factor =0.3

[« ~
(<=} (=)
1 1

Total efficiency (%)
3
1

W
(=]
1

20 4

10 T T T T T T
0.02 0.04 0.06 0.08 0.1 0.12 0.14

Flow rate (kg/s)

-—-— Model2 Model 4
--- Model 3

FIGURE 3: Total efficiencies of the four models at different packing factors.

TaBLE 1: Comparison of energy and exergy efficiencies.

Panel type Energy efficiency ~ Exergy efficiency
Unglazed PV T-air [36] 45% 10.75
Single glazed PV T-air [37] 55% 13.5%
Single glazed PV T-air [38] 55%-66% 12%-15%
Double glazed T-air [39] — 7.4%
PVT-air [40] 33%-45% 11.3%-16%
PVT-water [41] — 3%-15%

PVT: photovoltaic thermal; T: thermal.

panel is significantly higher than its electrical energy output
[42]. However, from the perspective of the second law of

thermodynamics, thermal energy has a lower value compared
with electrical energy.

Output exergy of a PVT panel is the sum of electrical and
thermal exergies [43]:

Exou = Exg + Exqp,. (10)

Electrical energy could be efficiently converted to work.
Thus, electrical exergy is assumed to be equal to electrical
energy [35]:

EXEI = EnEl 5

(11

Eng = Enpy = #jpy X Apy X P X S.



Thermal exergy is defined as [44]

T, y-1 P
Exy, = mC, [T2 -T,-T, <lnﬁ + ”Tln 17;)] , (12)
where T, denotes ambient temperature and T, T,, P, and P,
are the temperatures and pressures at the inlet and outlet of
the PV'T panel, respectively.
Exergy of solar radiation reaching the PVT panel is
defined as [45]

T T. \*
Exg, =S 1_‘_*( )1( ) W)
3 TSLll’l 3 Tsun

Exergy efficiency is defined as the output exergy (the sum
of electrical and thermal output exergies) over the exergy of
solar radiation [36, 44, 46, 47]:

_ EXOut

= (14)
EXSun

HEex

3. Results and Discussion

The mathematical model used in simulating the four panels
at steady-state and daily climate of Malaysia is based on the
first and second laws of thermodynamics.

3.1. Steady-State, First Law of Thermodynamics (Energy Bal-
ance Method). The total efficiency of each of the four model
panels was calculated using (1) to (9) as shown in Figure 3.
Additional glazing of Models 2, 3, and 4 reduces thermal loss
and increases total efficiency. The effect of additional glazing
is advantageous according to the first law of thermodynamics.

Increasing the air flow rate leads to increase of internal
forced convection heat transfer coefficients according to
(2). The higher heat transfer coefficient results in higher
heat extraction rate, higher thermal efficiency, and lower
panel operation temperature. The lower PVT panel operation
temperature results in higher PV panel electrical efficiency
(see (7)). The total efficiency of the panel is a function of
thermal and electrical efficiencies (see (9)), which is expected
to increase by increasing the air flow rate, as observed in
Figure 3. The total efficiency of Model 4 was higher than
that of Model 1 because it has a larger heat transfer surface.
This finding is similar to the findings of earlier studies [19].
Model 2 has higher total efficiency rating than Model 4, which
can be attributed to the lower temperature of air entering
the channel beneath the PV lamination. Thermal efficiency
increases with increasing air mass flow rate because of the
increase in heat transfer coeflicient, as reported by other
researchers 30, 48, 49].

3.2. Steady-State, Second Law of Thermodynamics (Exergy
Method). Steady-state exergy was computed using (10) to
(14). The exergy output of a PVT panel is the sum of thermal
and electrical exergies (see (10)) [43]. The electrical exergy of
a PVT panel is equal to its electrical energy, as confirmed by
(11). Figure 4 shows the electrical exergy of the four models
with a packing factor of 0.7. All four models showed the same
trend as Figure 4 for the packing factors 0.3, 0.5, and 1.
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Models 2, 3, and 4 showed lower electrical exergies
compared with Model 1 because of the reflection caused by
additional glazing. Moreover, the white reflector only had
70% reflection performance, which affected the electrical
exergy output of the rear surface of bifacial cells in all four
models. Electrical exergy efficiency increases by increasing
the air flow rate (Figure 4), which is attributed to higher heat
extraction rate, lower PV panel temperature, and higher PV
panel electrical efficiency consequently (see (7)). Model 1 is
the most simple panel design among four models, which
shows the best performance in terms of electrical output
exergy.

Thermal exergy of all four models was calculated using
(see (12)), as shown in Figure 5. All four models showed the
same trend as Figure 5 for the packing factors 0.3, 0.5, 0.7, and
L.
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FIGURE 6: Total exergy efficiencies of the four models at different packing factors.

Increasing the air flow rate from 0.03 kg/s to 0.14 kg/s did
not significantly affect electrical exergy, as shown in Figure 4.
However, according to Figure 5, a low flow rate is preferred in
the case of all four models.

This observation is in accordance with the second law
of thermodynamics and indicates that panels operate at low
temperature that reduces the quality of output thermal power
(exergy) with respect to the second law of thermodynamics
(12). Models 2, 3, and 4 demonstrated higher thermal exergy
at lower air flow rate, which has also been observed in
earlier studies [25]. All four models show the same trend
for thermal output exergy (Figure 5). Output exergy dropped
with increasing air flow rate.

The exergy output of a PVT panel is the sum of thermal
and electrical exergies (see (10)) [43]. Model 1 had a total

exergy efficiency of 4.48% to 10.15%, whereas its energy
efficiency was 38% to 53% for packing factors 0.3 to 1. Energy
output of each of the four models increased with the air flow
rate (Figure 3). However, the total exergy output of all four
panels drops by increasing the air flow rate. The effect of air
flow rate increase from 0.03kg/s to 0.14 kg/s is less that 1%.
Electrical output exergy of the PVT panel is the dominant
output exergy, which is not much depended on air flow rate
(Figure 4).

Models 2, 3, and 4 had additional glazing that improved
their thermal exergies. However, additional glazing has a neg-
ative effect on electrical exergy because of solar absorption
and reflection as observed by previous authors [30]. Electrical
exergy has higher contribution in total exergy output of a
PVT panel compared with thermal exergy of a PVT panel;
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from the perspective of the second law of thermodynamics, a
single-path bifacial PVT panel is preferable.

3.3. Daily Simulation. Monthly average, hourly solar radia-
tion, and dry bulb temperature of Malaysia [50] were used to
evaluate the bifacial PVT panels. Daily simulation was carried
out by one-hour step time, whereby the temperatures of PV
panel, reflector, and glazing at each step time were obtained
and used as initial data for the next step.

As indicated by steady-state simulation, panel Models 2
and 1 were the best designs because of their performances
as based on the first and second laws of thermodynamics,
respectively.

Model 2 had the highest output energy (Figure 3),
whereas, Model 1 had the highest output exergy (Figure 6).
Therefore, Models 1 and 2 were selected for daily simulations.
Figure 7 shows daily outlet air temperature increase for
Models 1 and 2 at a flow rate of 0.08 kg/s in a typical day in
Malaysian climate. Output air temperature of Model 2 was
higher than that of Model 1 (Figure 7).

Daily average energy and exergy efficiencies of Models
1 and 2 were calculated (Figure 8). Model 2 had the highest
daily average energy efficiency among the four models,
whereas Model 1 had the highest daily exergy efficiency. Daily
average efficiency of Model 2 was 20% higher than that of
Model 1 at the same flow rate, but its exergy efficiency was
only 0.35% lower than that of Model 1. Model 2 is preferred for
applications that demand high amount of low-grade energy
(low-temperature thermal), whereas Model 1 is preferred for
applications that require high-quality energy (electrical).

The exergy efficiencies of the panels were improved by
increasing the packing factor from 0.3 to 0.7. Meanwhile, the
energy efficiencies showed less dependence on the packing
factor. This contrast is because total exergy output is mainly
dependent on electrical energy output (see (10) and (14)),
whereas total energy output is mainly dependent on thermal
energy output (see (9)).

4. Conclusions

Four air-based PVT panels were equipped with bifacial
solar panel and were studied based on the first and second
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FIGURE 8: Daily average efficiencies of Models 1 and 2; (a) energy
and (b) exergy.

laws of thermodynamics. Double-path-parallel panel had
the highest total energy efficiency (35% to 75%), followed
by double-path-counter flow panel, double-path-returning
flow panel, and single-path panel. However, the single-path
panel showed the highest exergy efficiency (4.48% to 10.15%),
followed by double-path-parallel panel, double-path-counter
flow panel, and double-path-returning flow panel. Double-
path panels have an additional glazing that improved thermal
energy and exergy efficiencies but have a negative effect
on the electrical energy and exergy outputs. Single-path
panel is the best option if electrical energy is the desired
energy output of the panel, whereas double-path-parallel
panel is recommended for maximum thermal energy output.
Daily energy and exergy simulations were performed under
the tropical climate of Malaysia. Double-path-parallel panel
represented a daily average energy efficiency that was 20%
higher than that of single-path panel. However, daily average
exergy efficiency of double-path-parallel panel was only
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0.35% lower than that of single-path panel at the same flow
rate. PVT panels are mostly used for drying applications at
tropical climate of Malaysia; the double-path-parallel panel
is mostly recommended to maximize thermal energy harvest.
The harvested electrical energy could be used to run electrical
components of drying system such as air blowers and control
system. High packing factor is preferable with regard to the
first and second laws of thermodynamics. Economic analysis
would be able to recommend the optimum packing factor.
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