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Abstract—Replacement of emission based energy production 
sources is vital due to the climate change effects in the world. 
One of the alternatives in this regard is the solar-powered PV 
cells. This work proposes a novel PV panel design using two 
mono-facial panels installed back to back to improve power 
efficiency at reduced space usage. A study was made with an 
outdoor setup during the winter season for three months, having 
a single-axis sun-tracking. The findings of this design suggest 
that the proposed panel gives 22% more power efficiency 
compared to the mono-facial panel of same dimension. The 
design was found less expensive compared to conventional bi-
facial PV panels. The boost in the power efficiency of the 
proposed panel design is attributed to the thermal behaviour of 
the panel, low air pressure-humidity and surface albedo. The 
findings suggest white concrete surface gives optimal surface 
albedo for rooftop PV installation. 

Keywords—Renewables, Solar energy, Bi-facial PV panel, 
Mono-facial PV panel, Single-axis tracking system 

I. INTRODUCTION

Photovoltaic (PV) is one of the most efficient renewable 
alternatives to emission based energy. The number of large-
scale PV plants and rooftop solar home systems has increased 
in the last decade. Bi-facial PV panels generate electricity 
from the front and rear surfaces of the panel. Naturally, they 
produce more energy than mono-facials [1], [2]. PV plants and 
rooftop areas with high albedo surfaces use bi-facial. The use 
of mono-facial panels is high when surface albedo is very poor 
[3]. Bi-facial is more expensive than mono-facial PV panels. 
It requires a transparent backsheet (glass) on the rear surface. 
The backsheet needs to be of high quality to withstand harsh 
weather and environmental conditions [4]. This increases 
production costs and specialized mounting systems also 
increase overall installation costs [5]. 

The objective of a bi-facial PV plant is to reduce a large 
portion of the levelized cost of energy with a minimal 
investment [6], [7]. A performance optimization concern is the 
quantity of backside irradiance dependent on ground albedo. 
Due to the indirect irradiation, uniformity of panel rear surface 
incident irradiation is not straightforward [8]. 

 Johnson evaluated a large-scale grid-tied bi-facial PV 
system with vertically mounted panels. He addressed the need 
for better models to estimate the diffuse-reflected radiation 
and the impact of shading [9]. Kreinin took outdoor measures 
of bi-facial panels in Jerusalem, Israel. The author proposed a 
method of determining nominal electrical parameters for each 
surface of the panel [10]. Yakubu investigated the 

performance of a bi-facial PV system in Nigeria. He found that 
bi-facial yields more energy than mono-facial on natural 
ground surfaces [11]. Singh used commercially available bi-
facial and mono-facial modules of the same cell technology in 
Singapore on a rooftop at the National University of 
Singapore. He improved the design of bi-facial modules for 
tropical climate conditions [12]. Janssen presented an outline 
of a model to calculate the outdoor performance of a bi-facial 
panel for optical, electrical and thermal aspects in Amsterdam. 
He identified the optimum bi-faciality factor at different 
albedos [13]. Obara demonstrated power output 
characteristics of bi-facial panels using 3kW bi-facial PV 
systems at a northern snowy area in Kitami City, Hokkaido, 
Japan [14]. Poulek developed low-concentration PV (LCPV) 
systems with bi-facial panels [15]. Yusufoglu elaborated on 
individual and combined effects on the annual energy yield of 
stand-alone south-facing bi-facial panels by simulations for 
two site locations with diverse climatic conditions. He found 
that bi-facial supplies up to 25% more energy as well as 20% 
excess power efficiency compared to mono-facial [16]. 

A novel panel design has been presented in this work using 
two mono-facial panels. An experimental setup for the bi-
facial panel was built on a rooftop in the winter months. The 
objective is to compare the effectiveness of the proposed panel 
with a mono-facial panel. The proposed panel design shows 
excellent thermal performance and power efficiency 
compared to a single mono-facial system. 

The organization of this article is: section II describes 
conventional mono-facial and bi-facial PV, section III briefly 
explains the simulation of the proposed bi-facial panel, section 
IV shows the experimental setup of the PV panels, section V 
analyzes the result and Section VI presents the conclusion of 
the work. 

II. CONVENTIONAL MONO-FACIAL AND BI-FACIAL PV

The existing mono-facial and bi-facial PV panels with
respective electrical PV cell diagrams are presented in this 
section. PV cells contain semiconductors that convert sunlight 
to electricity. To reduce reflection and collect electrons 
released by photons, anti-reflective material and metal 
conductors cover the PV cells. Mono-facial PV cell efficiency 
depends on several factors such as incidence of sunlight, 
temperature of the cells and materials used for the cells. 

The mono-facial one-diode PV cell model given in Fig. 1 
consists of equivalent series resistance (𝑅௦), parallel resistance 
(𝑅௦௛), front surface photocurrent (𝐼௣௛ି௙).  
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Fig. 1. Mono-facial PV cell one diode model: electrical diagram  

The short circuit current of the mono-facial PV cell is shown 
in (1), which is followed by short-circuit current for the panel 
[17], 

𝐼௦௖ି௙ ൌ 𝐼௣௛ି௙ െ 𝐼௡ሾ𝑒
௤൬
௏೚೎ష೑
ே௞் ൰

െ 1ሿ (1) 

𝐼௦௖ି௠ ൌ 𝐴 ൈ 𝐼௦௖ି௙ (2) 

Here in (2), 𝐴 is the area of the PV panel in square meters and 
𝐼௦௖ି௙ is the short circuit current of the front surface of the PV 
panel in amperes per square meter. In (1), 𝐼௡  and 𝑞 are the 
diode's reverse saturation current density and an electron's 
elementary charge, respectively. 𝑁, 𝑘 and 𝑇 are the ideality 
factor, Boltzmann constant and junction temperature. The 
open circuit voltage of the mono-facial PV cell and panel is 
presented in (3) and (4), respectively [18], 

𝑉௢௖ି௙ ൌ
𝑁𝑘𝑇
𝑞

ሾln ሺ
𝐼௣௛ି௙

𝐼௣௛଴ ൅ 𝐼଴
ሻሿ  (3) 

𝑉௢௖ି௠ ൌ 𝐴 ൈ 𝑉௢௖ି௙  (4) 

In (4), 𝑉௢௖ି௙ is the open circuit voltage of the front surface of 
the PV panel in volts per square meter. In (3) 𝐼௣௛଴ and 𝐼଴ are 
the diode saturation current in the absence of light and the 
diode reverse saturation current. 

 

Fig. 2. Bi-facial PV cell one diode model: electrical diagram 

Fig. 2 represents the bi-facial one-diode PV cell model. The 
cell structures are identical for both the front and rear sides of 
the panel. The bi-facial cell captures the reflected sunlight 
from surfaces such as ground and buildings. To reduce 
reflection from panel surfaces and pass sunlight through the 
rear side of the bi-facial cell, a reflective coat and a layer of 
transparent conductive material cover the PV cell. This allows 
sunlight to reach the front surface through the back of the cell. 
Several factors such as angle and intensity of sunlight, albedo 
and the cell's temperature, influence bi-facial power 
efficiency. Here albedo is the reflectivity of surfaces such as 
grounds and buildings. 

The sum of photocurrent of the front and rear surfaces for 
bi-facial is the same as that of a mono-facial cell with two 
current sources. One for each surface given in Fig. 2. The 
resultant panel current calculation is a simple sum of front and 
rear surface currents. The bi-facial PV cell and panel short 
circuit current is given in (5) and (6), respectively [19], 

𝐼௦௖ି௥௘௙ ൌ 𝐼௦௖ି௙ ൅ 𝐼௦௖ି௥ (5) 

𝐼௦௖ି௕ ൌ 𝐴 ൈ 𝐼௦௖ି௥௘௙ (6) 

Calculation of the total voltage uses front and rear surface 
open circuit voltage. The total bi-facial PV cell and panel 
open-circuit voltage is presented in (7) and (8) [20], 

𝑉௢௖ି௥௘௙ ൌ 𝑉௢௖ି௙ ൅
൫𝑉௢௖ି௥ െ 𝑉௢௖ି௙൯ ൈ ln ሺ𝑅ூೞ೎ሻ

ln ሺ
𝐼௦௖ି௥
𝐼௦௖ି௙

ሻ
 (7) 

𝑉௢௖ି௕ ൌ 𝐴 ൈ 𝑉௢௖ି௥௘௙ (8) 

Where 𝑅ூೞ೎  is the gain of short-circuit current relative to the 
panel’s front-side illumination. Using short circuit current, 
open circuit voltage and FF (fill factor), the maximum power 
equation is [21], 

𝑃௠௣௣ ൌ 𝐼௦௖ ൈ 𝑉௢௖ ൈ 𝐹𝐹  (9) 

The maximum power calculation for both bi-facial and mono-
facial is similar. In (5), FF is the ratio of the maximum power 
output of the panel to the product of its open-circuit voltage 
and short-circuit current. 

The energy [18] and power efficiency [20] calculation of 
the PV panels use the following equations 

𝐸 ൌ 𝑃௠௣௣ሺ
𝑇

1000
ሻ𝐴 ൈ 𝐻 (10) 

𝜂 ൌ
𝑃௠௣௣

𝐺௣బೌ𝑐𝑜𝑠𝜃ሾ1 െ 𝐴ሺ
𝑇௖ െ 𝑇௖ି௦௧௖

800 ሻሿ
ൈ 100% (11) 

In the above, 𝑇 and 𝐻 are the total amounts of panel exposure 
time to sunlight and the average solar irradiance on the panel, 
respectively. Equation (11) gives the power efficiency of a 
panel where, 𝐺௣బೌand 𝜃 are the plane of array irradiance and 
the angle of incidence, respectively. 𝑇௖ and 𝑇௖ି௦௧௖ are the 
temperature of the cell and standard test condition 
temperature, respectively. 

III. SIMULATION OF THE PROPOSED BI-FACIAL PANEL 

A novel bi-facial panel design is proposed in this section. 
Here the simulation is done experimentally. A brief schematic 
of the experimental setup including the proposed panel is 
shown in Fig. 4a. An identical-sized mono-facial panel was 
also used to compare the efficiency of the proposed panel 
presented in Fig. 4c. 

 

Fig. 3. Proposed bi-facial panel design 

Fig. 3 presents the proposed bi-facial panel where two 
mono-facial panels are connected in parallel. Each panel has 
the same dimension. The panels are installed back to back, 
making one mono-facial the front surface and the other the 
rear surface for the proposed bi-facial panel. The 𝑅௪௦ା and 
𝑅௪௦ି are the positive and negative terminal wire resistance 
respectively. There is a gap between the front and rear surfaces 
of the proposed panel that is absent in conventional PV panels. 



Fig. 4a shows the experimental setup of the proposed bi-
facial panel. This is compared with a single mono-facial panel 
given in Fig. 4c. Here both panels have the same dimension. 
A single-axis tracking system has been used to increase the 
power efficiency of both panels in the system. The system 
contains charge controllers, DC voltage and current sensors, a 
single-phase inverter and AC loads. The loads have similar 
ratings for both panels. Fig. 4b shows the connection diagram 
of the control unit for the experimental setup. It controls the 
data storing flow for both panels and the tracking system. The 
data collection flowchart for the system is shown in Fig. 5. It 
depicts the data flow from collection to storing using 
NodeMCU which is an IoT device. According to Fig. 4 and 
Fig. 5, the experimental setup is developed as given in the next 
section. 

 

Fig. 5. Data collection flowchart 

IV. THE EXPERIMENTAL SETUP 

Fig. 6 gives a view of the experimental setup of the system 
given in Fig. 4. The experiment was performed in the winter 
of 2022-23. The setup consists of the following: two identical-
sized PV panels supported by a single-axis tracking system 
shown in Fig. 6b, one for mono-facial, and the other one is 
proposed bi-facial. The modification of the proposed panel 
uses two identical-sized mono-facial panels installed with 
parallel connections, with one panel at the front side and the 
other at the rear side. 

 

Fig. 6. a) Monitoring system b) Single-axis sun-tracking 

 Weather parameters such as ambient temperature, 
humidity and air pressure; PV panel parameters mainly 
voltage, current and temperature were recorded. As the system 
runs on AC loads, PV output connects to charge controllers to 
maintain stable voltage levels. The charge controller is 
connected to the battery followed by an inverter. The inverter 
is then connected to the AC loads. To monitor the DC voltage 
and current in the PV panels. The DC voltage and current 
sensors were used to monitor the voltage and current in the 
circuit. The ratings of the panels are given in Table I. Here the 
proposed bi-facial panel’s parameters are measured and the 
mono-facial panel’s parameters are rated. The dimension of 
both panels is 0.44 𝑚ଶ. 

TABLE I.  PANEL RATINGS 

Panel Parameter Rating 

Mono-facial 
(commercial) 

Maximum power (𝑃௠௣௣) 20 W 
Open circuit voltage (𝑉௢௖ି௠) 22 V 
Short circuit current (𝐼௦௖ି௠) 1.4 A 
Maximum power voltage (𝑉௠௣ି௠) 17.5 V 
Maximum power current (𝐼௠௣ି௠) 1.14 A 

Proposed panel 
(bi-facial) 

Maximum power (𝑃௠௣௣) 34 W 
Open circuit voltage (𝑉௢௖ିୠ) 22 V 
Short circuit current (𝐼௦௖ିୠ) 2.15 A 
Maximum power voltage (𝑉௠௣ିୠ) 17.5 V 
Maximum power current (𝐼௠௣ିୠ) 1.94 A 

 

 
Fig. 4. Experimental setup: a) proposed bi-facial panel b) control units c) mono-facial panel 



Table II provides a list of the sensors and devices used in 
the experimental setup. A brief description of the function of 
each is included. The sensors used for the first objective of the 
table, monitor the AC and DC power of the setup. NodeMCU 
and Arduino Uno are used for WiFi connectivity and single-
axis tracing of the panels in the setup. An onboard real-time 
clock is used to track the date and time of the data that is 
recorded. 

TABLE II.  DEVICES AND SENSORS 

Objective Sensors 

Power 

0-25V Voltage Sensor Module 
ACS712 Current Sensor 
AC Voltage Sensor Module ZMPT101B 
(Single Phase) 
ACS712 Current Sensor 

The Control unit 
Arduino mega 
ESP8266 (NodeMCU) 
Arduino Uno 

Onboard clock DS1307 RTC Module 
Data security MicroSD Card Module 
Switching 2 Channel 5V Relay Board Module 

Panel temperature DS18B20 

Weather parameters 
DHT22 
BMP180 

Sun Tracking 
LDR 20mm sensors 
ROB5GRHS3115 

Power management LM2596 DC-DC BUCK CONVERTER 

 

A load-handling system was designed. It uses two double-
channel relays connected with AC voltage and current sensors 
at the input and output of the system given in Fig. 6a. It 
contains the control unit and data transmission unit. The 
control unit receives and sends all the sensor data to the IoT 
device. The IoT device then transmits the data to a Google 
sheet using a GET request with a pattern 
"https://script.google.com/…..". Entering the pattern into a 
web browser of Google's server responds by asking the 
browser to redirect to another URL with the domain 
"script.googleusercontent.com" with a new GET request [22]. 
GET is a type of HTTP (Hypertext Transfer Protocol) request 
that extracts data from a source with the help of the internet. 
A micro SD card module was used to ensure that the data is 
stored offline to avoid missing data due to the WiFi module’s 
network disturbance. 

Arduino Uno was used to control the single-axis tracking 
system. The servo motors were controlled using the LDR 
sensors (Fig. 6b). The experimental setup contains two buck 
converters to distribute the power evenly throughout the 
sensors and devices as given in Fig. 4.  

The control units used for data processing are depicted in 
Table III. Here communication protocols that were used are 
I2C  for LCDs and BMP180, Single bus for DHT22, One-wire 
bus for DS18B20, and SD and SPI bus for SD-card module. 

TABLE III.  DATA PROCESSING 

Controller unit Devices 

Arduino Mega 

LCDs 

BMP180 
DHT22 
DS18B20 
SD-card module 

ESP8266 WIFI 

For the experimental setup, a white-colored concrete 
surface was chosen since it has the highest albedo value of 
𝛼 ൌ 0.67 for rooftop surfaces. 

Fig. 7 shows the trend of energy from the PV panel. It was 
found that the energy trend of the proposed panel consistently 
produces approximately 45% extra energy compared to mono-
facial PV for the period Nov 22 – Jan 23. During December it 
was noticed that energy generation fluctuates each day 
because of the foggy weather conditions of the winter season. 
The average hourly energy generation for each day for mono-
facial and bi-facial PV panels is also shown.  

 

Fig. 7. PV panel energy variation (winter season: Nov 2022 – Jan 2023). 

V. ANALYSIS OF THE RESULT 

An analysis of the data recorded is presented in this 
section. Comparative power efficiency analysis of the 
proposed bi-facial and mono-facial panels is presented. 
Correlation analysis of the proposed bi-facial panel is 
evaluated. 

A. Power Efficiency of PV Panels 

The power efficiency is derived from the monthly mean 
power of the PV panels. SVR (support vector regressor) was 
used to analyze the power efficiency of the panels. The 
efficiency of the proposed design is based on the experimental 
data that was recorded. 

 

Fig. 8. PV panels power (Monthly Mean power) 

Fig. 8 Shows the monthly mean power recorded from the 
experimental setup during winter for both the mono-facial and 
proposed bi-facial panel. A consistent power gain is observed 



with the bi-facial compared to the mono-facial. The sharp dips 
in power for the panels are due to cloud cover. In December, 
the panels received high irradiance due to the availability of a 
more extended period of sunlight per day. In January, from the 
morning to late noon, the power generation of panels was low 
due to the foggy weather conditions of the winter season. 

Statistical analysis was done using SVR (support vector 
regressor). The SVR function employed is [23], 

𝑓ሺ𝑥ሻ ൌ෍ሺ𝛼௜ െ 𝛼௜
∗ሻ𝑘ሺ𝑥௜, 𝑥ሻ ൅ 𝑏

௡

௜ୀଵ

 (12) 

Here, x is the input to the function; 𝛼௜ and 𝛼௜
∗ are the Lagrange 

multipliers; 𝑘, 𝑛 and 𝑏 are the kernel function, the number of 
training instances and the y-axis intercept of the regression 
line, respectively. 

Fig. 9 shows the best-fit line for the experimental 
efficiency scatter points found by SVR. It was observed that 
the proposed bi-facial design is approximately 22% more 
efficient than the mono-facial one for the entire duration of the 
experiment. Considering only the noon period, the proposed 
design gives 30% more efficiency than mono-facial. 

 

Fig. 9. Panel efficiency (monthly mean) 

B. Observation of the Relationship between PV Power and 
Weather Parameters 

The correlation between the weather parameters and the 
PV power recorded through the experimental setup is 
analyzed in this section.  

The correlation effect of the parameters is compared with 
PV power. Fig. 10 shows the weather parameter's effects on 
the temperature of the panels. The proposed panel maintains a 
lower temperature compared to the mono-facial panel due to 
its simple design feature—a gap between the two panels. This 
gap provides continuous air ventilation between the front and 
rear sides. 

 The ambient temperature given in Fig. 10a shows a strong 
positive linear correlation with the proposed panel’s power in 
Fig. 11. It also shows that humidity has a strong negative 
linear correlation with ambient temperature. This correlation 
is found using the Pearson correlation coefficient. The Pearson 
correlation coefficient is [23], 

𝑟 ൌ
ሺ𝑛∑𝑋𝑌 െ ∑𝑋∑𝑌ሻ

ඥሼ𝑛∑𝑥ଶ െ ሺ∑𝑥ሻଶሽሼ𝑛∑𝑌ଶ െ ሺ∑𝑌ሻଶሽ
 (13) 

Here n, ∑𝑋 and ∑𝑌 are the number of observations, the sum 
of the deviations of 𝑋 from its mean and the sum of the 
deviations of 𝑌 from its mean respectively. 

 

Fig. 10. Weather parameter relation to panel temperatures (monthly mean) 
for a) ambient temperature and b) Air pressure-humidity 

Fig. 11 also shows that air pressure shown in Fig. 10b has 
a weak negative correlation with ambient temperature but has 
a non-linear or monotonic relationship. This correlation is 
determined using Spearman's rank correlation coefficient. The 
Spearman's rank correlation coefficient is [23], 

𝜌 ൌ 1 െ
6∑𝑑௜

ଶ

𝑛ሺ𝑛ଶ െ 1ሻ
 (14) 

Here 𝑑  and 𝑛  are the differences between the ranks of 
corresponding values of the two variables and the number of 
observations.  

 

Fig. 11. Proposed panel correlation with weather parameters 

From the correlation analysis, it is found that the ambient 
temperature’s direct positive linear correlation to the proposed 
PV panel power is indirectly dependent on air pressure and 
humidity. 



C. Cost Analysis of the Proposed Bi-facial Panel 

The proposed panel design is about 52.07% (estimated) 
less expensive than conventional bi-facial panels. Table IV 
shows that the proposed bi-facial panel is more cost-effective 
than the conventional bi-facial. It also shows that the proposed 
panel is 43.81% more than the conventional mono-facial 
panel. The conventional mono-facial and bi-facial panel prices 
are taken from references [5], [24] and [1], [7] respectively. 

TABLE IV.  PRICE COMPARISON OF THE PROPOSED DESIGN WITH 
EXISTING PANELS 

Continent Panel prices ($) 
Mono-facial 
(commercial) 

Bi-facial 
(commercial) 

Proposed design 
(bi-facial) 

North America 105 315 151 
Europe 87.5 245 138 
Asia-Africa 70 210 126 

 

In Table IV all the panels have a similar dimension of 
1,98𝑚ଶ. The watt rating of the mono-facial panel is 350W 
[24]and the bi-facial panel is 420W [4], [23]. The estimated 
rating of the proposed bi-facial is 422W. 

VI. CONCLUSION 

A novel bi-facial PV panel design has been presented in 
this work. The bi-facial panel is constructed connecting two 
mono-facials back to back. Statistical analysis of the recorded 
data shows that the proposed bi-facial scheme gives 22% 
higher efficiency compared to the existing mono-facial 
systems. This increase in efficiency is attributed to the lower 
temperature of the panels in the proposed scheme. The boost 
in efficiency is also because of the high albedo of the white 
rooftop.  

The proposed design has also been observed to be less 
expensive compared to the bi-facial panels available in the 
market.    
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