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This paper describes the design of a solar photovoltaic (PV) system using
simulation of PVsyst software. This work involves the simulation of bifacial
and mono-facial PV solar in a large-scale solar system. For a bifacial system,
the yearly total energy to the grid is 1699.6 MWh, with an average of
4.57 kWh/kWp/day. For a mono-facial system, the total energy to the grid
over the year is 1645.3 MWh, with an average of 4.05 kWh/kWp/day. The
average collection losses obtained for bifacial and mono-facial modules
were 0.33 kWh/kWp/day and 0.82 kWh/kWp/day, respectively, with system
losses of 0.15 kWh/kWp/day (bifacial) and 0.18 kWh/kWp/day
(mono-facial). The average performance ratio for bifacial and mono-facial
was 0.904 and 0.801, respectively. The bifacial PV system was able to
generate profit in terms of Return on investment (ROI), around 357%, and
reach a breakeven around 7 years. The payback period for a mono-facial PV
system was around 8.1 years, with an ROI of 290.4%. This work mainly
focuses on a comparative analysis of bifacial and mono-facial photovoltaics,
emphasizing the effectiveness and the implementation suitability of bifacial
photovoltaics over mono-facial PV solar systems.
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1. INTRODUCTION

Solar energy for electric energy generation is an important source of green and renewable energy,
experiencing remarkable expansion in recent years [1]. According to Lewis [2], solar energy can satisfy the
energy demand satisfactorily because it is abundant in nature and a free energy source, making it very
attractive for power generation. Solar energy is harnessed through various technologies, for example, solar
photovoltaic (PV), thermal electricity, solar heating, solar architecture, solar fuels, and artificial
photosynthesis [3]-[6]. However, PV technology has dominated the renewable market, with the installations
reaching the capacity of 183 GW in total by the end of 2021 [7]. The interest is due to the advantages of PV
technology that can be built as standalone systems, as well as continuous support from the government, cost
reduction, reliability, and limited supply of non-renewable sources [8], [9]. PV system have numerous
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technological applications, including reverse osmosis plants [10], [11], solar home systems [12], [13], power
generation [14], [15], water pumping [16], [17], remote buildings [18], [19] and other applications [20], [21].
Therefore, the demand for a PV system is increasing every year, and the analyst has revised its outlook for
2022, expecting a new PV system may total between 204 and 252 GW [7].

In the past few years, the PV industry has made significant efforts to develop highly efficient solar
cells capable of producing greater electricity power [22]. There has been growing market interest in bifacial
PV module types, which are expected to be the next breakthrough technology in the field [23], [24].
Currently, bifacial PV modules correspond to approximately 20% of the market share of PV technologies,
which is expected to increase up to 35% by 2030 [25]. The growing interest arises from developing solar
cells with rear-side metallization, and their integration into glass—glass modules enable the utilization faces of
the bifacial PV module to be used for generating electricity. By taking advantage of this bifaciality, more
significant amounts of energy can be produced compared to mono-facial module PV panel, which utilizes
solar from only one side [26]-[28]. Depending on the installation, about 20% more energy can be produced
by bifacial PV modules side by side compared to equivalent mono-facial modules. Moreover, bifacial PV
modules cost the same as conventional mono-facial modules with the same front surface [29].

Previously, various solar plants were proposed for evaluating the performance of bifacial and mono-
facial PV systems. Tina et al. [30] proposed and compared the performance of bifacial PV and mono-facial
modules in floating power plants. Gallegos et al. [31] have analysed the performance of bifacial and
traditional PV modules in terms of cost-effectiveness. Perera and Wen [32] proposed a performance analysis
of a 10 kW grid-connected solar power system with a comparison in the integration of bifacial PV systems
versus mono-facial PV systems. Perera and Wen [32] focused on smaller solar power stations and only on the
solar panel's efficiency. Hundreds of companies worldwide are involved in producing PV modules with
varying efficiencies and limitations. Additionally, the installation costs for solar PV vary depending on the
system and the project. The expected increase in energy yield is strongly influenced by various factors such
as ground reflection properties, module orientation, mounting height, number and distance of surrounding
modules, geographical location, climate, and others. Thus, the PV system cannot be predicted in a general
way with simple estimations, and it is crucial for the researcher to evaluate the implementation of the PV
system in a specific location.

This research aims to provide the performance and economic feasibility of an investment project to
determine whether there is any potential for PV project implementation. Malaysia is a country that heavily
promotes renewable energy because of its tropical location. The country receives an average monthly solar
irradiation of 400-600 MJ/m? and thus has the potential to build large-scale solar (LSS) power plants [33]. In
this study, the focus is on the northern state of Malaysia, which is Perlis. The state has the advantage of
receiving an average of 12 hours of sunlight per day, making it the hottest state in Malaysia with the highest
level of solar radiation [33]. Malaysia has developed a high electricity demand as a developing country on the
verge of economic development. To reduce greenhouse gas emissions, the government has approved a LSS
scheme to support the national electricity grid and contribute to developing an environmentally friendly
energy source in the country [34]. This programme allows the LSS farm to generate electricity, which will
then be sold to the national Tenaga Nasional Berhad (TNB) grid. Other government incentives for renewable
energy utilisation include the self-consumption (SELCO) and net energy metering (NEM) schemes.
However, the SELCO scheme applies when electricity is generated for personal use only, and any excess is
not permitted to be exported to the grid. In contrast, the NEM scheme allows only excess electricity to be
exported to the grid after the solar PV installation has been consumed [35], [36].

In this work, PVsyst was proposed to determine the performance of the bifacial and mono-facial PV
systems widely used in Malaysia's LSS projects. The simulated results for both PV modules for the LSS
power plant were compared and discussed. The yearly mean normalized performance indices such as array
yield (Ya), reference yield (Yr), final yield (Yf), performance ratio (PR), array capture loss (LC) and system
loss (LS) was evaluated using International Electrotechnical Commission (IEC) Standard 61724 [37]. It is the
industry-standard method for performing technical analysis on a solar PV array, and it has been used by
several researchers in their studies [38]-[43]. In the financial analysis part, the return on investment (ROI),
including project payback times, was calculated where annual production, financial performance, and the
results of the investments also had been investigated. Finally, the implementation suitability of bifacial PV
over mono-facial PV for LSS power plants is highlighted in this paper.

2. METHOD
2.1. Tested system

The proposed site is in Perlis, Malaysia with longitude and latitude of 6.4406° N and 100.1984° E,
respectively. By using the standard test conditions (STC), which are given by 1000 W/m? irradiance, 25 °C
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temperature and AM 1.5 spectrum, the estimated total power output of a mono-facial solar power plant is
1.16 MW [44]. However, the bifacial solar power plant has an estimated total power output of around
1.507 MW which is around 23% more than a mono-facial solar power plant. Both types of PV systems were
set to have the same ground albedo of 20%, tilt angle of 15° and azimuth angle of 0° [45]. Table 1 shows the
specifications of the modules for bifacial solar and mono-facial solar modules.

Table 1. PV modules specifications

Components/parameters Bifacial solar modules Mono-facial solar modules
Name of module JKM400M-72H-BDVP NU-JC370
Type of module Monocrystalline silicon Monocrystalline silicon
Modules per string (unit) 28 28
Number per string (unit) 88 88
Number of PV modules (unit) 2464 2464
Total Pnom (kW) 986 999
Pmax (W,,) 400.00 370.00
Imp (A) 9.76 10.75
Vmp (V) 41.00 34.42
Isc (A) 10.24 11.54
Voc (V) 48.80 40.81

Table 2 shows the specifications for the selected inverter used in bifacial and mono-facial LSS
systems. This study uses 5 units of 175 kW, to get 875 kW,.. The output is set to 800 V at 50 Hz for grid
compatibility in Malaysia. The inverter is required for any grid-connected system to convert direct current
(DC) to alternating current (AC). Several factors influence inverter performance, including voltage range,
configuration (series or parallel), and others.

Table 2. Details of inverter

Components Specifications/parameters
Manufacturer Huawei technologies
Model SUN2000-185KTL-H1
Unit nom. power (KWjc) 175
Number of inverters 5 unit
Pnom total (kW) 875
Pnom ratio (W) 1.126
Operating voltage (V) 550-1500

2.2. Performance analysis
2.2.1. System yields

Reference yield: it is the total energy of the system when operating at nominal efficiencies. The
reference yield, Y, is given in (1) and can be expressed as [43]:

=
Y=gt 1
Where H; and G, are the total irradiance on a horizontal plane and the global irradiance at STC, respectively.
Array yield: the array field, Ya in (2) represents the DC energy generated from the PV array and can be
demonstrated as [46], [47]:

E
Yo = PLOC )

Where P, and Epc are the nominal power and DC energy output of the PV array at STC. The value of Epc
can be calculated in (3):

Epc =Vpe X Ipe X't 3)
Where Vpc and Ipc are the DC output voltage and current of the PV array, respectively, while t refers to the

time in hours. Final system yield: this parameter refers to the amount of energy injected into the grid. The
final system yield, Y is given in (4) and can be expressed as [48], [49]:
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Pp
where Exc is the AC energy output of the PV system, and Pp is the peak power of the PV array at STC.

2.2.2. System array and energy losses

The losses parameters, in addition to the yield parameter, influence the performance of a PV system,
where the losses are feasible in every component used in the design of a grid-connected PV system. There are
primarily two types of loss parameters: array capture and system losses. Array capture losses: several factors
cause this loss, such as PV cell temperature rise, partial shade, dust accumulation on PV array, and
mismatching. Array capture loss, Lc is given in (5) and can be expressed as [44]:

Le=Y -7, (5)
Where Y, and Y, are the reference yield and array yield, respectively. System losses: system losses are created
by the inverter system and other electrical components required for grid integration. The equation for system
loss, Ls, is given in (6) and expressed as [40]:

Ly =Y, —Yf (6)
where Y, and Y:is the array and final system yield, respectively.

2.2.3. PV efficiency

Performance ratio: the PR, PR, can be calculated by determining the ratio of final system yield to
reference yield or by dividing the grid energy by the nominal power [45], [46]. The mathematical expression
for PR is given in (7) and can be written as:

Y E_Grid
PR=-L=
Yy GlobInc

()

Where Y; is the calculated final system yield in (4), and Y, is the reference yield. The E_Grid is the energy
injected into grid (MWh), and Globlnc is global incident irradiation.

2.2.4. Investment and cost

The profitability of the system can be summarised based on three important results expressed in
(8)-(10) [47]. Payback period: the years required to recover the net investment cost defined in the installation
and operating costs section. The payback period is unknown if the system is not profitable (more expenses
than income). The following formula is used to calculate the amount recovered each year [47]:

The recovered amount for year; = Net balance of year; + Self — consumption saving for year;
+Redemption part of the loan for year; (8)

Where the net balance of the year equals the after-tax profit minus any dividend payments. The redemption
part of the loan is the capital repayment of the borrowed amount (annuity excluding interest). The SELCO
saving is the energy consumed from own production multiplied by the consumption tariff. Net present value
(NPV): the difference in the present value of cash inflows and cash outflows over time. The mathematical
expression for NPV is given in (9) and can be written as [47]:

Ry

NPV = B, o5 ©

Where Ry is the net balance for the year (t), i is the discount from alternative investments, E; is the electricity
production of the year, and the system's lifetime is denoted by n. ROI: this parameter measures the
profitability of the system and can be calculated using (10) as shown [47]:

ROI ratio = Net benefit at the end of lifetime/Total investment (10)

where negative ROI indicates that the system is not profitable.
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2.3. Proposed method

The PVsyst software tool is used to simulate the simulation model of a planned PV system
consisting of PV modules, inverters and a grid interface network [47]. This software enables the design of the
system and allows the amount of energy generated to be calculated. The sizing of the PV system will affect
the output performance, which is heavily influenced by the geographical location. The outcomes may include
several simulation variables, which can be demonstrated in hourly, daily or monthly values [48], [49]. The
simulation procedure adopted for analysis is explained below:

- Step 1: defining the project. A grid-connected PV system project is created in the project design menu by
specifying meteorological data and the geographical location where the solar farm is to be implemented.

- Step 2: creating the system variant. The relevant plant design data is specified. The data includes PV
module type and orientation, PV plant installation data, load power and inverter data from the PVsyst
database.

- Step 3: simulating and analyzing. After all the necessary data has been specified, successive variants are
added, and simulation is performed. The simulation generates various graphs and reports to analyse and
further evaluate the PV system.

3. RESULTS AND DISCUSSION

The simulated results for the bifacial PV system are shown in Table 3. The data for global horizontal
radiation and ambient temperatures were taken from Meteonorm 8.0, provided in PVsyst software. From
Table 3, the input of the system is given by the yearly global horizontal radiation, which is 1837.4 kwh/m?.
The maximum global horizontal solar irradiance in March was 186.7 kWh/m?, with the highest ambient
temperature of 28.49 °C. The minimum global horizontal solar irradiance is in November with 131.6 kWh/m?
and an ambient temperature of 26.90 °C. Annual global incident energy that is irradiation incident on the
collector plane is 1845.9 kwh/m?2. The total effective global irradiance, GlobEff, is the remaining irradiation
reaching the collector area given by 1743.3 kWh/m?. Variations in PV energy production can be caused by
solar irradiance and ambient temperature changes. According to Table 3, the maximum DC energy of the PV
array is produced in March for the considered location, which is 170.7 MWh. The months of June and
August have the lowest DC energy output of 123.7 MWh. The total mean DC energy generated from the PV
array over the year is 1699.6 MWHh. Overall, the yearly total AC energy to the grid is 1645.3 MW, with the
maximum energy generated in March (166.0 MWh) and minimum energy in June (116.6 MWHh).

Table 3. Main results of bifacial LSS
GlobHor T_Amb  Globinc GlobEff  EArray E_Grid
(KWhim?)  (°C)  (kWhim?)  (KWh/m®) (MWh)  (MWh)

Parameters and month

January 163.1 2741 181.0 171.7 164.9 160.4
February 170.7 28.19 182.6 173.6 164.7 156.6
March 186.7 28.49 188.2 178.2 170.7 166.0
April 172.8 28.17 165.4 156.2 152.2 148.1
May 159.9 28.38 147.8 138.7 138.3 134.7
June 144.0 27.59 130.9 122.6 123.7 116.6
July 147.6 27.72 135.4 126.9 127.7 124.4
August 139.8 27.57 132.7 1248 123.7 119.3
September 141.8 26.89 139.8 131.7 129.4 126.0
October 137.8 27.05 142.0 134.4 130.3 126.8
November 131.6 26.90 142.3 135.1 130.0 126.4
December 1415 27.20 157.6 149.5 144.0 140.0
Year 1837.4 27.63 1845.9 1743.3 1699.6  1645.3

The main results for the mono-facial PV system are shown in Table 4. The input to the system for
mono-facial PV is also taken from Meteonorm 8.0, where the data for global horizontal radiation and ambient
temperature are constant. From Table 4, the maximum DC energy output of the mono-facial PV array was
156.4 MWh in March, while the lowest DC energy output was 109.6 MWh in June. Compared to the results
in Table 4 with Table 3, the annual DC energy of the PV array for mono-facial PV systems is 1543.8 MWh,
which is less than bifacial PV, which produced 1699.6 MWh. Therefore, less total energy was obtained from
the mono-facial PV system for load/grid over the year, which is 1477.2 MWh, with the maximum energy
generated in March (150.5 MWh) and minimum energy in June (105.5 MWh). Furthermore, the findings
show that mono-facial LSS lowered monthly and annual global efficiency compared to bifacial LSS.

Comparative analysis of grid-connected bifacial and standard mono-facial ... (Nor Hidayah Abdul Kahar)
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Table 4. Main results of mono-facial LSS
GlobHor T_Amb  Globinc GlobEff  EArray E_Grid
(KWhim?)  (°C)  (kWh/m?) (KWh/m®) (MWh) (MWh)

Parameters and month

January 163.1 2741 181.0 171.3 151.7 145.9
February 170.7 28.19 182.6 173.2 152.1 146.2
March 186.7 28.49 188.2 177.8 156.4 150.5
April 172.8 28.17 165.4 155.8 137.9 132.7
May 159.9 28.38 147.8 138.3 123.3 114.1
June 144.0 27.59 130.9 122.2 109.6 105.5
July 147.6 21.72 135.4 126.5 1134 109.2
August 139.8 27.57 132.7 124.4 111.2 106.7
September 141.8 26.89 139.8 131.3 1175 1131
October 137.8 27.05 142.0 134.0 119.1 1115
November 131.6 26.90 142.3 134.8 119.4 114.7
December 1415 27.20 157.6 149.2 132.2 127.0
Year 1837.4 27.63 1845.9 1738.7 1543.8  1477.2

The results for bifacial and mono-facial LSS normalized productions for 12 months are shown in
Figure 1. The IEC Standard 61724 [50] defines normalized outputs as standardised variables for evaluating
PV system performance. Comparing Figure 1(a) with Figure 1(b), the average losses in the bifacial PV array
are 0.33 kWh/kWp/day, which is lower than the mono-facial PV array, which has losses of
0.82 kWh/kWpl/day. This is because the bifacial PV panels can collect incident light from both front and back
sides, allowing more irradiation from the rare side to penetrate the PV panel. This will increase the energy
yield, resulting in increased useful energy injected into the grid. As a result, the bifacial LSS inverter can
produce an average of 4.57 kWh/kWp/day of energy, which is higher than the mono-facial LSS inverter,
which only produced 4.05 kWh/kWp/day. The loss in the system is due to system components which in our
case is inverter [51]. The average bifacial LSS system loss is 0.15 kWh/kWp/day, which is lower compared
to the mono-facial LSS system, with the loss in the system being 0.82 kWh/kWp/day. From the table, it also
can be seen that there is big difference in term of collection loss or PV array loss while only small difference
in term of system loss for both systems. This is because both systems have almost identical design with same
type of inverter except for the type of solar panels used. So, most of the loss in mono-facial system came
from the PV array including thermal, module quality, mismatch and incident angle modifier (IAM) losses,
shading, and other inefficiencies.

Normalized Productions (per installed kWp) Normalized Productions (per installed kWp)
8 8

L. Collection Loss (PV-array losses) 0.33 KWh/kWp/day L, Collection Loss (PV-array losses) 0.82 kWh/kWp/day
7 B L. System Loss (Inverter,...) 0.15 KWh/kWp/day 7 B L,: System Loss (Inverter,...) 0.18 kWh/kWp/day

SN L/ Produced useful energy (inverter output) 4.57 kWh/kWp/day A L Produced useful energy (inverter output) 4.05 kWh/kWp/day

o
1
o
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Figure 1. Energy output throughout the year; (a) bifacial LSS and (b) mono-facial LSS

The performance of the PV plant can be evaluated based on the PR, as shown in Figure 2. For the
bifacial system, the annual PR is between 0.870 to 0.932 and shows the average PR for a year is 0.904. For
the mono-facial system, the annual PR is found between 0.773 to 0.809 and shows the average PR for a year
is 0.801. This is due to the higher amount of solar irradiance received by the bifacial PV panel compared to
the mono-facial PV panel. These findings proved that a bifacial PV module is more efficient than a
mono-facial PV module. According to the European PV guidelines, a good PR value ranges between
0.8-0.85 and a value below 0.75 indicates a problem [52], [53]. For most of the months of the year, the PR
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for bifacial and mono-facial systems is almost constant with less than a 1% difference between maximum and
minimum values, which is satisfactory. Figures 2(a) and 2(b) show PR performance for each month,
demonstrating a variation in PR throughout the year for both bifacial and mono-facial LSS. It is be due to the
thermal fluctuations of the ambient temperature affecting the PV modules. The PR diminishes because of the
PV array's higher operating temperature, leading to higher temperature losses [54], [55].

Performance Ratio, PR Performance Ratio, PR
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0.95 RXA PR: Performance Ratio (Yf/Yr): 0.904
PIRR 0.85 m PR: Performance Ratio (Yf/Yr): 0.801
@ 0.90 225 B st Bl I R T s s . e
o TR R K R e et R R BRI S = o
- q d d 4 q q d 4 4 - q S757Sa [ 4 d 575753 q 3 J
£ 0.5 J55 BRR1 1 KA RS 501 R4 B0 K501 BR81 B B R 5 s b I s
T 4 1 54 [ RIIKY KRXI XXX R KRR KR4 KXY R3S < X KRR KA KRXS 1020 R334 K554 KLY KRR 3684 (KA
4 9 B BRSK53 Besesd 554 KR4 X5 SR8 6 Bosesd RS KES8S o <] BR324 3ot BS54 P32 RS RS BRSSS] oo IS RS K
8 0.80 -1 B BEH BR300 RS e oot KGR s G KO S 8 0.75 {5 b2 s KRS RS RS RS 501 ol RSt RS B
= <3 RS RS589 0] oosesd RS 80538 BRI Roaesd K1 Besesd (R c 3 053 8859 Boxd RS Ko R0 eed BG83 Bosed RS Koot
1] R0 K3 K331 KK (oK RIS K [0 (98] 051 05 (0 « PR RS9 339 K0 (005 [0 50 KK RS XS] 1504 (X
E 0,75 B B3] foseed R84 Kasssd KRS KIS 00 05081 oooeod et Reescs £ (3R R0 1535 B35 KR8 O] 20009 RS Koo RS [d 8
S TR R RS Kooy ioxesd R K] BRG] [ 5K (RS (RS S 0.70 LB BRI K353 155d KXY K] KX K2 RS0Sd oe5eed K] RoeeKs
£ 00 RS 05K K553 33500 Rosed eEeod oK S eed g R £ R B33 oo Re0d BRSKSd [5d [00sd 8o<5] B0 RS BRS8d 0ot
3] K33 KRS 1103654 R 00 KX RO R K0 1R K009 K6 o R332 BR300 KK [R5 [R5 [ KK KK 00X (KX 6K
0 0.70 R RS %4 559 K603 [oS5d K53 KX 155054 5d K eesd a RS oK [0 (50554 8 [R5 RS S Rkl KoSsd S oo
RS R3304 3303 KRS RS Raesel ooesa 83834 RSSEd RS0 RSt st o35 35 3 RS R84 i (RIS KX RR5od RSed BSsd oxesd
RSSO0 [R50 3360 KEGoed 65050 RGeS Koo BSS] [0od RS e 0.65 (R 38 KSq B3 peooed koaed RS 188 kXS] Kook oesed ko
0.65 {555 B3] BS5cq RSK] BR8KSH 1000od i 05050 R8RS S804 B8 (050 B0 B35 B3] 023 BREST KEooed 005 B3 082K [eSeod RGeS KoK
R R B384 o RSG5 KK RS [RSesed 0oesct Sd K] K R K0 (3054 02 50 KXeed KSR 05T 150 (X0
.00 155 B RS K S e el B R R S 0,60 1B pesed K I e el 3 e R
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month Month
(@) (b)

Figure 2. Performance ratio; (a) bifacial and (b) mono-facial LSS

Figure 3 depicts the output energy to the load over the year after several loss corrections, where
different stages of simulation can be visualized through the Sankey diagrams below. From Figures 3(a)-(b),
the top of the diagram is referred to the input energy, which is the horizontal global irradiation. The diagram
starts with 1837 kWh/m? for both bifacial and mono-facial LSS. The increase of +0.5% for a global incident
in the coil plane is referred to as the transposition factor from horizontal global irradiation (GlobHor) to
global incident irradiance (Globlnc). Following this increase, losses due to near shading, IAM and soiling are
shown as energy loss arrows. Each arrow value represents a relative loss of the remaining energy at the
previous stage. Based on both figures, the diagrams show that the final irradiation on the collector for bifacial
LSS is 1743 kWh/m? multiplied by a total collector area of 5524 m2, and mono-facial LSS is 1739 kWh/m?
multiplied by a total collector area of 5045 m? for getting total luminous energy available on the collectors.

In Figure 3(a), a bifacial diagram adds the energy incident on the PV array after reflected from the
ground. The additional irradiation is taken into account before the electrical losses are considered. The
diagram shows irradiation on ground reflection, which is 1309 kWh/m? with an area of 18954 m?. However,
there is -70% ground reflection and -77.76% view factor for rear side losses when the ground albedo is
0.30. The incident solar energy on the bifacial PV module varies with the value of ground reflectance
(albedo), where higher albedo will increase the amount of solar irradiation reflected on the backside of the
bifacial PV module [56], [57]. There is also 16.45% irradiation on the rear side, which is 1309 kWh/m? with
-5% shading loss, on which the values are dependent.

The solar energy is then converted into electrical energy by multiplying the nominal efficiency of
the modules at STC. From the diagrams, the nominal energy of the array after bifacial and mono facial PV
conversion is 1943 MWh and 1739 MWh, respectively. The next two losses, which are irradiance level and
temperature, are since PV modules do not work at STC. The PV loss due to the irradiance level is caused by
the low-light relative efficiency and may be lower during sunny weather conditions. The PV loss due to the
temperature is the notable decrease of efficiency where the loss may be very high in hot climates [55]. Other
array losses like the light-induced degradation, the module quality, the mismatch between modules and the
ohmic wiring losses will decrease the array power further [58]. Finally, the array of virtual energy obtained at
maximum power point (MPP) was given by 1700 MWh and 1544 MWh, available at the input of the bifacial
and mono-facial inverter.

Then, there are several losses at the inverter level. The inverter loss during operation is also known
as efficiency loss [59], wherein in this case, -1.72% for the bifacial inverter and -1.80% for the mono-facial
inverter. The diagrams also show that a bifacial PV system has an extra -0.04% of losses due to power
clipping at the nominal power of the inverter due to an undersized inverter [60]. Subsequently, the available
energy at inverter output is reduced to 1670 MWh and 1516 MWh for bifacial and mono-facial, respectively.
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Additionally, other losses occur in the AC circuit, further decreasing the energy injected into the grid [61].
Finally, the total electrical energy injected into the grid for the bifacial and mono-facial systems is
1645 MWh and 1477 MWh, respectively.

1837 KWhim?

1743 kWhim? * 5524 m? coll.

+0.5%

0.53%
-2.26%
-3.00%
A+0.15%

efficiency at STC = 17.83%

1343 MWh

1700 MWh

1670 MWh

(@)

Global incil
1302 kWhim? on 18954 m*

-70.00% (0.30 Gnd. albedo)

-T7.76% View Factor for rear side

Global horizontal irradiation
Global incident in coll. plane

Mear Shadings: iradiance loss
1AM factor on global

Soiling loss factor

Ground reflection on front side

Bifacial

on ground

i
i
1
I
i
i
Ground reflection loss !
I
i

Irrad. scale. 1:2

Sky diffuse on the rear side
Beam effective on the rear side
Shadings loss on rear side

16.45% Global Irradiance on rear side (287 kWh/m?)

Effective irradiation on collectors
PV conversion, Bifaciality factor = 0.80

Array nominal energy (at STC effic.)
PV loss due to iradiance level

PV loss due to temperature

Shadings: Electrical Loss , sheds2 strings in width
Module quality loss

LID - Light induced degradation
Mismatch loss, modules and strings
Mismatch for back iradiance

Ohmic wiring loss

Array virtual energy at MPP

Inverter Loss during operation (efficiency)
Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Night consumption

Available Energy at Inverter Output

Auxiliaries (fans, other)
AC ohmic loss

System unavailability
Energy injected into grid

1837 kWh/m?*

+0.5%

0.67%
2.24%
-3.00%

1739 kWh/m? * 5045 m* coll.

efficiency at STC = 19.83%

1739 MWh
-0.68%

-1.70%
0.00%
+0.50%
-2.50%

-1.00%

0.20%
1544 MWh

-1.80%
4 0.00%
14.0.00%
14.0.00%
N 0.00%
14.0.00%
N 0.00%
1516 MWh

N -0.40%
N -0.53%
N -1.10%
N 0.00%

N-054%

1477 MWh

\/

(b)

Global horizontal irradiation
Global incident in coll. plane

Near Shadings: irradiance loss
|AM factor on global

Soiling loss factor

Effective irradiation on collectors
PV conversion

Array nominal energy (at STC effic.)
PV loss due to irradiance level

PV loss due to temperature

Shadings: Electrical Loss , sheds2 strings in width
Module quality loss

LID - Light induced degradation
Module array mismatch loss

Ohmic wiring loss

Array virtual energy at MPP

Inverter Loss during operation (efficiency)
Inverter Loss over nominal inv. power
Inverter Loss due to max. input current
Inverter Loss over nominal inv. voltage
Inverter Loss due to power threshold
Inverter Loss due to voltage threshold
Night consumption

Available Energy at Inverter Output

Auxiliaries (fans, other)

AC ohmic loss

Medium voltage transfo loss
MV line ohmic loss

System unavailability
Energy injected into grid

Figure 3. Yearly Sankey diagrams for; (a) bifacial and (b) mono-facial LSS

Table 5 display the final economic evaluation for LSS. It displays that for bifacial LSS, the starting
cost or capital cost is much higher at approximately RM10 million, while mono-facial is at approximately
RM 9 million. This is because the bifacial solar panels used by bifacial LSS are more expensive than
mono-facial solar panels. The feed-in tariff of both systems is the same because both systems have identical
operating locations.

Table 5. Bifacial and mono-facial economic evaluation

Parameters

Bifacial LSS

Mono-facial LSS

Own funds

A tariff on feed-in

Financing

10312412.67 MYR

Electricity sale

Peak
Off-peak

Tariff warranty duration
Annual connection tax

Annual tariff changes

Feed-in tariffs reduce warranty

Payback period
Net present value

Return on investment

1.1400 MYR/KWh
0.9120 MYR/kWh
20 years
0.00 MYR/kWh
0.0%/year
50.00%

Return on investment

36816139.49 MYR

7 years

357.0%

9049390.91 MYR

8.1 years

26279489.35 MYR

290.4%
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For return-on-investment analysis, bifacial LSS will reach the payback period or breakeven period
much sooner at seven years, while mono-facial LSS takes around 8.1 years. This is because bifacial solar
panels are more effective than mono-facial solar panels and help generate more income for the company. For
bifacial LSS, the ROI and NPV were also calculated, resulting in 357% and RM 36816139.49, respectively.
These values are higher than mono-facial LSS, which was calculated to have 290.4% and RM 26279489.35
for ROI and NPV, respectively. Therefore, the results show that any investment made into bifacial LSS will
profit more than mono-facial LSS in the long run. Based on the results achieved by the economic feasibility
provided, it can be stated that the bifacial solar panels are viable since it offers excellent financial savings in
the medium and long term.

4. CONCLUSION

This work demonstrated bifacial solar panel efficiency compared to the mono-facial solar panel.
This goal was achieved by simulating two different LSS systems with a total capacity of 1 MW that have
almost identical parameters except for the type of solar panels used. According to the simulation, the bifacial
PV system can produce 1645.3 MWh/year of electricity to the grid with specific production on a daily basis
per installed kWp is 4.57 kWh/kWp/day. The energy is higher than the mono-facial PV system, which only
produced 1477.2 MWh/year with specific production is 4.05 kWh/kWp/day. The maximum energy injected
into the grid was in March, where bifacial LSS injected 166.0 MWh compared to mono-facial, which only
injected 150.5 MWh. The least electricity energy generated was in June, where bifacial LSS produced
116.6MWh while mono-facial produced only 105.5 MWh. Besides, the PR of a bifacial PV system is higher,
which is 90.44%, compared to the mono-facial PV system, which has a lower PR of 80.1%. Therefore, the
increment of the bifacial LSS compared to the mono-facial LSS is around 10.34%. These findings proved
that a bifacial PV module is more efficient than a mono-facial PV module. This is due to the higher amount
of solar irradiance received by the bifacial PV panel compared to the mono-facial PV panel. In this case, the
bifacial system has additional irradiation on ground reflection of 1309 kWh/m? with an area of 18954 m? and
16.45% irradiation on the rear side which is 1309 kWh/m?2. Based on the economic evaluation for both
systems, bifacial systems have higher starting costs with approximately RM10 million, while mono-facial is
at approximately RM 9 million. However, in the long run, the bifacial PV system was able to generate more
profit in terms of ROI, around 357%, and reach a breakeven point even sooner, around seven years. The
payback period for a mono-facial PV system was around 8.1 years, with an ROI of 290.4%. Based on the
economic feasibility analysis, it can be stated that the bifacial solar panels are viable since it offers excellent
financial savings in the medium and long term. Therefore, the comparative analysis between bifacial and
mono-facial PV systems showed the effectiveness and the implementation suitability of bifacial PV over
mono-facial PV solar systems for LSS systems.
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