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ABSTRACT 
Using a static bifaciality to simulate the dynamic 

output power of bifacial photovoltaic (bPV) modules 
would produce errors. To address the problem, the 
present study proposed a novel parallel equivalent 
circuit model based on the single diode model, 
incorporating the structural characteristics and electrical 
properties of bPV modules. The results showed that the 
difference between the novel model and the traditional 
model increased as irradiance decreasing. When the 
incident solar irradiance on the module was 100 W/m², 
the output power simulated by the novel model is 3.3% 
lower than that of the traditional model and is more 
aligned with actual conditions. Further analysis showed 
that the difference between the two models increased 
with module temperature, though temperature changes 
have less impact than solar irradiance changes. 
Additionally, there is a superimposed effect between 
module temperature and irradiance. When the module 
temperature is 60°C and the irradiance is 100 W/m², 
which significantly differs from the standard test 
conditions (STC), the simulation results of the novel 
model are 4.3% lower than those of the traditional 
model. 
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NONMENCLATURE 

Abbreviations  
PV photovoltaic 
bPV bifacial photovoltaic 
mPV monofacial photovoltaic 
LCOE levelized cost of energy 
EVA ethylene-vinyl acetate copolymer 
MPP maximum power point 
STC standard test conditions 
Symbols  

 
# This is a paper for the 16th International Conference on Applied Energy (ICAE2024), Sep. 1-5, 2024, Niigata, Japan. 

𝐼𝑠𝑐  short-circuit current (A) 
𝑉𝑜𝑐  open-circuit voltage (V) 
𝐼𝑚𝑝 current at MPP (A) 
𝑉𝑚𝑝 voltage at MPP (V) 
α temperature coefficient of 𝐼𝑠𝑐  (%/℃) 
β temperature coefficient of 𝑉𝑜𝑐  (%/℃) 
γ temperature coefficient of 𝑃𝑚𝑎𝑥(%/℃) 
𝐼𝑝ℎ photo-generated current (A) 

𝐼0 reverse saturation current (A) 
𝑅𝑠 series resistance (Ω) 
𝑅𝑝 parallel resistance (Ω) 

𝑉𝑡 thermal voltage of the diode (V) 
qe electron charge (1.6×10-19 C) 
Eg band gap (eV) 

K0 Boltzmann’s constant (1.38×10-23 J/K) 
G Irradiance intensity(W/m2) 
Subscripts  
f front side 
r rear side 

1. INTRODUCTION 
Bifacial photovoltaic modules (bPV) can generate 

electricity by absorbing solar energy from both 
sides[1,2]. Compared to traditional monofacial 
photovoltaic (mPV) modules, bPV offer higher power 
output per unit area and can reduce the levelized cost of 
electricity (LCOE)[3], which makes them more 
competitive in the market. In 2022, the global market 
share of bPV cells was 65%, while bPV modules held a 
market share of 30%. By 2033, the market share of bPV 
cells was expected to reach 90%, and the market share 
of bPV modules was projected to reach 70%[4]. 

To effectively deploy bPV systems, it is essential to 
develop an accurate bPV power generation model. 
Currently, static bifaciality measured under STC (1000 
W/m², module temperature 25°C, AM1.5 spectrum) is 
commonly used to simulate the output power of bPV 
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modules [5] . However, the actual operating conditions 
of bPV modules largely differ from STC. Experimental 
studies have shown that the bifaciality is not a constant 
value. It is influenced by solar irradiance intensity and 
increases with higher irradiance[6–8]. Therefore, using a 
static bifaciality to simulate the dynamic output power of 
bPV modules in actual operation often leads to 
overestimated results. Based on this, this study proposed 
a parallel equivalent circuit model on the foundation of 
the single-diode model by incorporating the structural 
characteristics and electrical properties of bPV modules. 
This model could accurately simulate the dynamic output 
power of bPV modules by considering the impact of solar 
irradiance intensity on the electrical performance of the 
module's front and rear sides. 

The paper is organized as follows. Section 2 
introduced the structure of bPV modules and the 
electrical performance parameters under STC. Section 3 
introduced the single-diode model and the developed 
parallel equivalent circuit model for bPV modules based 
on it. Section 4 compared the simulated output power of 
the bPV module under different conditions using 
traditional methods and the newly proposed method. 
Section 5 summarized the key conclusions of the paper. 

2. SYSTEM DESCRIPTION 
As shown in Fig. 1, the bPV module consists of five 

layers: upper glass, upper ethylene-vinyl acetate 
copolymer (EVA), bifacial photovoltaic cell, lower EVA, 
and lower glass. This study used a monocrystalline silicon 
bPV module, with the nameplate parameters provided 
by the photovoltaic supplier being listed in Table 1. 

 
Fig. 1 System structure configuration 

Table 1 Electrical parameters of bPV module under 
STC[9] 
Parameters Front side Rear side 

Short-Circuit Current (𝐼𝑠𝑐) 9.96 A 8.53 A 
Open-Circuit Voltage (𝑉𝑜𝑐) 44.5 V 44.1 V 
Voltage at MPP (𝑉𝑚𝑝) 37.9 V 37.7V 

Current at MPP (𝐼𝑚𝑝) 9.38 A 8.00 A 

Maximum Power (𝑃𝑚𝑎𝑥) 355 W 302 W 
Temperature coefficient of 𝐼𝑠𝑐(α) 0.048 %/℃ 

Temperature coefficient of 𝑉𝑜𝑐(β) -0.30%/℃ 
Temperature coefficient of 𝑃𝑚𝑎𝑥(γ) -0.38%/℃ 

3. METHODOLOGY  

3.1 The single-diode model 

The output power of PV modules is typically 
calculated with a single diode model. This model strikes 
a good balance between simplicity and accuracy in 
modeling, with its equivalent circuit shown in Fig. 2. The 
circuit consists of four components: a current source, a 
diode, a parallel resistance, and a series resistance. The 
relationship between current and voltage in the PV 
module can be expressed by Eq. (1)[10,11]: 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑑 − 𝐼𝑝 = 𝐼𝑝ℎ − 𝐼0 [exp (
𝑉+𝐼𝑅𝑠

𝑉𝑡
) − 1] −

𝑉+𝐼𝑅𝑠

𝑅𝑝
  (1) 

Where 𝐼𝑝ℎ is the photo-generated current, 𝐼𝑑 is diode 
current, 𝐼𝑝  is the current flowing through the parallel 

resistance, 𝐼0  is the reverse saturation current of the 
diode, 𝑅𝑠  is the series resistance, 𝑅𝑝  is the parallel 

resistance, 𝑉𝑡 is the thermal voltage of the diode. 

 
Fig. 2 Equivalent circuit of the single diode model 
𝐼𝑝ℎ , 𝐼0 , 𝑅𝑠 , 𝑅𝑝 , and 𝑉𝑡  are the five unknown 

parameters in Eq. (1). By substituting the parameters 
from the PV module's nameplate into Eq. (1), the five 
parameters under STC can be determined: 𝐼𝑝ℎ,𝑠𝑡𝑐 , 

𝐼0,𝑠𝑡𝑐, 𝑅𝑠,𝑠𝑡𝑐, 𝑅𝑝,𝑠𝑡𝑐, and 𝑉𝑡,𝑠𝑡𝑐[11]. 

The five parameters are affected by the actual 
temperature 𝑇𝑝𝑣  and the actual solar irradiance 𝐺𝑝𝑣 . 

Eq. (2) can convert the five parameters under STC to their 
values under actual operating conditions [12]: 

{
 
 
 
 

 
 
 
 𝐼ph =

𝐺pv

𝐺stc
(𝐼ph,stc + 𝛼( 𝑇pv − 𝑇stc))

𝐼0 = 𝐼0,stc(
𝑇pv

𝑇stc
)3exp [

qeEg

K0
(
1

𝑇stc
−

1

𝑇pv
)]

𝑅𝑠 =
𝑇𝑝𝑣

𝑇𝑠𝑡𝑐
(1 − 0.217𝑙𝑛

𝐺𝑝𝑣

𝐺𝑠𝑡𝑐
)𝑅𝑠,𝑠𝑡𝑐

𝑅p =
𝐺stc

𝐺pv
𝑅p,stc

𝑉t =
𝑇pv

𝑇stc
𝑉t,stc

   (2) 

Where 𝐺stc  is the solar irradiance under STC (1000 
W/m²), 𝑇stc  is the module temperature under STC 
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(25°C), α is the temperature coefficient of short-circuit 
current, qe is the electron charge (1.6×10-19 C), Eg is 

the energy band gap, and K0 is the Boltzmann’s 
constant (1.38×10-23 J/K). 

By substituting the five parameters under actual 
operating conditions into Eq. (1) to obtain the I-V 
characteristic equation under the actual operating 
conditions, the output power of the PV module can be 
calculated. 

3.2 The parallel equivalent circuit model of the bifacial 
module 

As illustrated in Fig. 3(a), the schematic structure of 
a bPV cell shows that when exposes to sunlight, light 
transmits through the anti-reflection coatings from both 
sides of the cell. Photons with energy greater than the 
bandgap of the bPV cell are utilized for PV generation. 
Considering the structural characteristics of bPV cells and 
that the total photo-generated current of bPV cells is the 
sum of the front and rear photo-generated currents, it 
can be assumed that the front and rear sides of the bPV 
cell are in a parallel relationship. The equivalent circuit is 
shown in Fig. 3(b). In this diagram, the red box represents 
the circuit of the front side of the module, the orange box 
represents the rear side. Based on this parallel 

equivalent circuit, Eq. (3) can be derived： 

𝐼 = 𝐼𝑓 + 𝐼𝑟  (3) 

Where 𝐼𝑓 is output current of the front side of the bPV 

module, 𝐼𝑟  is output current of the rear side of the bPV 
module. 

Referring to Eqs. (1) and (3), the current-voltage 
relationship of bPV modules can be expressed by Eq. (4): 

𝐼 = (𝐼𝑝ℎ,𝑓 − 𝐼𝑑,𝑓 − 𝐼𝑝,𝑓) + (𝐼𝑝ℎ,𝑟 − 𝐼𝑑,𝑟 − 𝐼𝑝,𝑟) 

  = 𝐼𝑝ℎ,𝑓 − 𝐼0,𝑓 [exp (
𝑉 + 𝐼𝑓𝑅𝑠,𝑓

𝑉𝑡,𝑓
) − 1] −

𝑉 + 𝐼𝑓𝑅𝑠,𝑓

𝑅𝑝,𝑓
+ 

 𝐼𝑝ℎ,𝑟 − 𝐼0,𝑟 [exp (
𝑉 + 𝐼𝑟𝑅𝑠,𝑟

𝑉𝑡,𝑟
) − 1] −

𝑉 + 𝐼𝑟𝑅𝑠,𝑟
𝑅𝑝,𝑟

 

(4)   

Where the subscripts "f" and "r" denote the front and 
rear sides of the bPV module, respectively. 

By substituting the characteristic parameters of the 
front and rear sides from the bPV module's nameplate 
into Eq. (1), the five parameters under STC for both the 
front and rear sides can be determined. Using Eq. (2), the 
five parameters for the front side (𝐼𝑝ℎ,𝑓, 𝐼0,𝑓, 𝑅𝑠,𝑓, 𝑅𝑝,𝑓, 

and 𝑉𝑡,𝑓) and rear side (𝐼𝑝ℎ,𝑟, 𝐼0,𝑟, 𝑅𝑠,𝑟, 𝑅𝑝,𝑟, and 𝑉𝑡,𝑟) 

under actual operating conditions can then be 
calculated. Substituting these parameters into Eq. (4) 

provides the I-V characteristic equation for the bPV 
module under actual operating conditions. 

 

(a) 

 

(b) 

Fig. 3 The structure and equivalent circuit of bPV cell:(a) 
Structure; (b) Equivalent circuit. 

4. RESULTS AND DISCUSSION 
The main content of this section is to compare the 

power generation of bPV modules simulated by the 
newly proposed parallel equivalent circuit model and the 
traditional static bifaciality model under different 
conditions. 

Fig. 4 shows the I-V characteristics curves of the bPV 
module simulated with two methods under different 
irradiance conditions. In Fig. 4(a), both the front and rear 
irradiance intensities of the bPV module are 1000 W/m². 
The traditional method has an output power of 662.5 W, 
while the novel method has an output power of 657.0 W, 
which is 0.84% lower than the traditional method. When 
the irradiance intensity decreases to 700 W/m² (Fig. 4(b)), 
the traditional method has an output power of 455.4 W, 
while the novel method has an output power of 462.7 W, 
1.6% lower than the traditional method. As the 
irradiance intensity further decreases, the difference 
between the simulation results of the two methods 
gradually increases. When the irradiance intensity 
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decreases to 400 W/m² and 100 W/m² (Figs. 4(c) and 
4(d)), the novel method's results are 2.4% and 3.3% 
lower than those of the traditional method, respectively. 
In fact, when the irradiance decreases, the bifaciality 
decreases as well [6–8]. However, traditional methods 
still use the bifaciality under STC for simulation, leading 
to an overestimation of power generation with low 
irradiance conditions. The greater the difference 
between the irradiance conditions and STC, the larger 
the relative error between the simulated results and the 
actual values. It was found that the results of the novel 
model are lower than those of traditional methods and 
their difference gradually increases as irradiance 
decreases, which is consistent with the tendency under 
the actual condition. Therefore, it was concluded that 
the novel model could improve the simulation accuracy 
compared to the traditional methods. 

Fig. 5 shows the simulated output power of the bPV 
module using two methods under different temperature 
conditions. In Fig. 5(a), with a front and rear side 
irradiance of 1000 W/m², the output power of the 
module at 25°C, 30°C, 40°C, 50°C, and 60°C is as follows: 
657.0 W, 643.8 W, 617.1 W, 590.1 W, and 563.3 W for 
the traditional method; and 662.5 W, 649.4 W, 623.3 W, 
596.9 W, and 570.2 W for the novel method. Compared 
to the traditional method, the output power of the novel 
method is 0.84%, 0.89%, 1.01%, 1.16%, and 1.28% lower 
at different temperatures. This indicates that higher 
temperatures increase the deviation of the module's 
actual operating conditions from the STC, thereby 
enlarging the discrepancy between the simulation 
results of the two methods. However, compared to 
changes in irradiance, the impact of temperature is 
relatively smaller. 

Fig. 5(b) shows the simulated output power of the 
bPV module using the two methods at different 
temperatures under a front and rear side irradiance of 
100 W/m². As the temperature increases, the 
discrepancy between the simulation results of the two 
methods gradually widens. Compared to the differences 
of simulation results at the same temperature in Fig. 5(a), 
Fig. 5(b) shows a more pronounced discrepancy between 
the two methods due to the larger deviation of 
irradiance from the STC. Particularly at 60°C, where both 
irradiance and temperature conditions significantly 
deviate from STC, the simulated output power of the bPV 
module using the traditional method is 4.3% higher than 
that by using the novel method. This difference is 
attributed to the combined effects of both irradiance and 
temperature. 

 

 

 
 

 
Fig. 4 Comparison of I-V characteristics curves simulated 
by two methods under different irradiance conditions: 
(a) 𝐺𝑓 = 𝐺𝑟 =1000 W/m2; (b) 𝐺𝑓 = 𝐺𝑟 =700 W/m2;(c) 

𝐺𝑓=𝐺𝑟=400 W/m2; (d) 𝐺𝑓=𝐺𝑟=100 W/m2. 



5 

 
(a) 

 
(b) 

Fig. 5 The output power of the bPV module under 
different temperatures: (a) 𝐺𝑓 = 𝐺𝑟 =1000 W/m2; (b) 

𝐺𝑓=𝐺𝑟=100 W/m2. 

5. CONCLUSIONS 
This study proposed a novel parallel equivalent 

circuit model for bPV modules’ power simulation to 
address the overestimation problem with the traditional 
methods which adopting a static bifaciality. The results 
indicated that compared to the traditional model, the 
power output results of the novel model are lower, 
which are aligned better with actual conditions. The main 
conclusions are as follows: 

1) By comparing the output power of the two models 
under different irradiance conditions, it was found that 
the lower the irradiance conditions, the greater the 
difference between the simulation results of the novel 
model and the traditional model. When the irradiance 
intensity on the front and rear sides of the module is 100 
W/m², the power output simulated by the novel model 
is 3.3% lower than that of the traditional model. 

2) As the module temperature increasing, the 
discrepancy between the simulation results of the novel 
method and the traditional method also increases. 

However, compared to changes in irradiance, 
temperature variations have a smaller impact on the 
differences between the simulation results of the two 
methods. 

3) The difference of simulation results between the 
two methods due to the module temperature and the 
irradiance intensity has a cumulative effect. When the 
module temperature is 60°C and the irradiance intensity 
is 100 W/m², the simulated power output by the novel 
model is 4.3% lower than that of the traditional model. 
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