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Abstract 

In the current study, the simulation software (Aladdin) is assessed and demonstrated in detail with 
regard to its ability to numerically modeling monofacial and bifacial photovoltaic power systems. 
The electricity generation from monofacial photovoltaic systems, from bifacial photovoltaic systems 
at a low albedo, and from bifacial photovoltaic systems at a high albedo in seven cities of Oman is 
analyzed. Both annual outputs and monthly variations are compared, and national-level estimates 
are derived. The study asserts the huge potential of solar energy in Oman, as demonstrated by an 
attractive electric yield that can exceed 2 MWh/kWp/year (5.5 kWh/kWp/day). The current study 
does not recommend using bifacial photovoltaic modules in dark soil lands (having a very low albedo 
near 0.1) due to the insignificant gain that is combined with a cost penalty, extra handling challenges 
due to having the rear side covered with optically sensitive photovoltaic cells, and added restrictions 
against utilizing the rear side as a heat source in case the bifacial photovoltaic system is upgraded to 
a hybrid photovoltaic-thermal system. The current study is useful to both a local audience having a 
particular interest in the Omani energy mix and the prospective transitioning to renewable energy, 
and a global audience having an interest in computer-aided engineering (CAE) of photovoltaic power 
systems. 
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1. Introduction 
1.1. Background 

The United Nations adopted 17 broad Sustainable Development Goals (SDGs) or “Global Goals” 
in 2015 as a universal initiative that shapes a multi-faceted 2030 vision toward ending poverty, 
protecting the Earth, and reaching a global state of prosperity and peace [1,2]. The seventh 
Sustainable Development Goal (SDG 7 Affordable and Clean Energy) is particularly important 
because it penetrates into almost all other SDGs [3]. SDG 7 recognizes that increasing demand for 
energy that is derived from burning fossil fuels (coal, crude oil, and natural gas) poses an 
environmental threat due to the byproduct of greenhouse gas (GHG) emissions and consequently 
climate change [4]. Therefore, phasing out fossil fuels in favor of renewable energy resources (such 
as solar energy, wind energy, and hydropower) is vital for achieving SDG 7 by 2030 [5]. 

SDG 7 has five targets, which are: 

• Target 7.1: By 2030, ensure universal access to affordable, reliable and modern energy services. 
• Target 7.2: By 2030, increase substantially the share of renewable energy in the global energy 

mix. 
• Target 7.3: By 2030, double the global rate of improvement in energy efficiency. 
• Target 7.a: By 2030, enhance international cooperation to facilitate access to clean energy 

research and technology, including renewable energy, energy efficiency and advanced and 
cleaner fossil-fuel technology, and promote investment in energy infrastructure and clean 
energy technology. 
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• Target 7.b: By 2030, expand infrastructure and upgrade technology for supplying modern and 
sustainable energy services for all in developing countries, in particular least developed 
countries, small island developing states, and land-locked developing countries, in accordance 
with their respective programmes of support. 

Target 7.2 of SDG 7 has one indicator [6], which is 

• Indicator 7.2.1: Renewable energy share in the total final energy consumption. 

There has been considerable progress in that target. For example, the share of renewables in the 
total final energy consumption (TFEC) reached 17.9% in 2022. In the electricity sector alone, the share 
of renewable energy in the total final electricity consumption (TFELC) was 30% in 2022. 

Target 7.b also has one indicator, which is 

• Indicator 7.b.1: Installed renewable energy-generating capacity in developing and developed 
countries (in watts per capita) 

There has been considerable progress in that target as well. In 2023, the global renewable energy 
capacity per capita reached a record 478 W/capita. This means a 13% increase from the 2022 value. 
Developed countries reached 1,162 W/capita, and developing countries reached 341 W/capita. 

More deployment of solar energy systems is an important way to achieve the 7th Sustainable 
Development Goal (SDG 7). The strong connection between SDG 7 and solar energy is depictable in 
the iconic symbol of that SDG, which is the sun. Because the solar energy market is dominated by 
photovoltaic (PV) power systems [7], and because the other branch of solar energy (concentrated 
solar power, CSP) cannot compete with PV systems in terms of the cost of produced electricity over 
the lifetime of the system [8] (the levelized cost of electricity, LCOEL [9]); then speaking about 
photovoltaic energy is de facto equivalent to speaking about solar energy. More deployment of such 
PV systems is necessary to meet the expectations of SDG 7. 

Photovoltaic (PV) solar power technology is the fastest-growing renewable energy type [10–12]. 
Although the PV solar technology had a small share of the global electricity generation (5.4%) at the 
end of 2023, the share of electricity generation by all renewable energy sources was also not high 
(30.3%), making the PV solar technology one of the three main contributors to clean electricity, 
coming in the third place after the hydropower (hydroelectricity) technology (14.3% share) and the 
wind technology (7.8% share; counting both onshore and offshore wind systems) [13]. Other 
renewable energy technologies; such as concentrated solar power (CSP), geothermal power, and 
ocean wave power; contributed a small share of only 2.8% of the electricity generation in 2023 globally 
(this is half of the contribution made by PV solar alone). The global PV installations are growing 
rapidly enough to predict that this renewable energy technology may exceed the wind power 
technology in 2027, and then exceed the hydropower technology in 2029. 

Photovoltaic (PV) solar electricity generation has increased by 25% in 2023 (relative to the 2022 
value of 1,280 TWh), which is an increase of 320 TWh, causing the global generation using this 
renewable energy technology to reach 1,600 TWh. This increase of 320 TWh of renewable electricity 
in 2023 was the largest among all renewable energy technologies in 2023. The global capacity of the 
PV power technology reached 1.411139 TW in 2023, marking a large capacity addition of 0.346864 
TW compared to the power capacity of 2022 (1.064275 TW), and this capacity addition was 32.59% of 
the 2022 global PV capacity [14–16]. 

Photovoltaic (PV) solar power technology is on track for achieving the Net Zero Emissions by 
2050 (NZE) Scenario of the International Energy Agency (IEA) [17]. PV solar power has several 
advantages when compared to other renewable energy technologies (such as renewable biofuels, 
thermoelectric generators [18], geothermal power [19], concentrated solar power [20], and wave 
energy [21]) that help in the rapid deployment of these renewable energy systems, such as 
modularity, maturity [22,23], predictability [24], attractive lifetime [25], simple infrastructure, 
flexibility in terms of the installation scale, immediate output generation, and the lack of moving parts 
[26]. On the other hand, the wind power technology and the hydroelectricity power technology are 
not growing at a satisfactory rate [27]. Similarly, electrification (which is a promising route for 
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decarbonization [28]) is not progressing globally at a satisfactory pace [29,30], but needs more 
accelerated efforts [31,32]. Likewise, sustainable transitioning in the areas of building envelopes 
[33,34] and space-cooling technologies [35,36] is in need of corrective actions. 

Photovoltaic (PV) solar power is a potentially successful way for achieving a global energy 
transition, which is important for mitigating greenhouse gas (GHG) emissions from combustion 
processes [37] in conventional fossil-fuel-fired power plants or industrial processes in chemical plants 
[38–40], thereby combating climate change [41]. 

Photovoltaic (PV) solar power technology has advanced in the past years through introducing 
adaptations that increase the energy conversion efficiencies of the individual PV modules (panels). 
Such upgrades in the PV technology include the half cut (HC) cells or half-cells [42,43], the passivated 
emitter and rear contact (PERC) topology [44–46], the multi-busbar (MBB) and super multi-busbar 
(SMBB) connectivity [47–49], the N-type design [50,51], and the interdigitated back contact (IBC) 
layout [52–54]. 

The bifaciality concept is another technology improvement for PV modules, where not only the 
front face of the module is able to convert solar radiation into direct current (DC) electricity, but also 
the rear face [55–57]. Bifacial PV modules had a global market share of about 5% in 2016, which 
increased to 15% in 2019, then increased to 20% in 2020, and reached 33% in 2023 [58–60]. The global 
market share of bifacial PV modules is expected to reach 50% in 2026, 60% in 2029, and 70% in 2033 
[61] (or even as early as 2030 [62]). The global market of bifacial photovoltaic modules was predicted 
to grow at a CAGR (compound annual growth rate) of 15.1% between 2024 and 2030 [63], and at a 
CAGR of 18.17% between 2024 and 2032 [63,64]. 

A key factor in the feasibility of a bifacial PV module is the ground albedo (or ground reflectivity) 
for the constructed foundation or the plain land beneath the installed bifacial PV modules. The 
ground albedo is a radiative property that describes the ability of the ground (the foundation or land) 
under the PV modules to reflect incident solar radiation, and this reflected part forms a source of 
irradiance to the rear faces of the bifacial PV modules [65,66]. Like other radiative properties, such as 
the emissivity and absorptivity, the albedo can be a spectral function of the wavelength of the 
incoming radiation [67,68]. However, it is common to treat the ground albedo as a scalar quantity, 
which means a spectrally-integrated value [69,70]. It is useful to add here that the electromagnetic 
spectral wavelength portion of interest for crystalline silicon PV modules is approximately 0.4–1.1 
µm (400–1,100 nm) [71,72]. Therefore, strictly speaking, the albedo for PV solar power applications 
should be an integrated value of the spectral reflectivity over this range [73,74]. However, in the 
current study, these spectral characteristics were overlooked for simplification [75,76]. Likewise, the 
directional [77–79]characteristics [80,81] and seasonal characteristics [82–84] of the albedo are not 
considered here. 

Bifacial PV modules are rated by their front-face-only peak power capacity at standard test 
conditions (STC) [85]. The electricity generation from the rear face of the bifacial PV module is 
typically estimated as a percentage of the front-face-only performance, and such a percentage is called 
bifacial gain (BG) [86]. The bifacial gains (BG) describe the expected gain in the total (considering the 
contribution of both the front face and the rear face) DC power output as compared to the 
contribution from the front face only [87]. It should be noted that the rear face of the bifacial PV 
module is not simply a duplicate layer of the front face that is affixed to its rear side. This apparently 
simple design/manufacture approach may double the cost of the module while only a small gain can 
actually be achieved (because in any case, the rear face is known to receive much less irradiance than 
the front face, and this “indirect” irradiance has a different nature than the “direct” irradiance 
received by the front face). Therefore, the rear face should be customized such that it does not lead to 
a large cost increase through admitting less efficiency and operational quality than that of the front 
face. The rear face of a bifacial PV module is less efficient in converting incident radiation into DC 
power output than the front face. The ratio of these energy conversion efficiencies (the rear efficiency 
to the front efficiency) at the standard test conditions (STC) is denoted by the bifaciality factor (BF) or 
the module bifaciality (MB) [88–90]. 
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A number of studies were performed recently, in which the impact of albedo on bifacial 
photovoltaic (PV) cells or modules was investigated, and the performance of bifacial PV cells or 
modules was compared to that of monofacial ones. 

For example, simulations were conducted using the online calculator (SunSolve™) [91] to 
analyze the characteristics of a monofacial PV cell and a bifacial PV cell under standard test 
conditions (STC) with different albedos [92]. The simulation results showed that the bifacial solar cell 
produces more short-circuit (SC) current density and more DC output power relative to the 
monofacial cell. Also, the results of that study concluded that higher output power is delivered at 
higher albedos. 

In another study [93], the performance of a bifacial photovoltaic system (consisting of a single 
PV module) at different albedo conditions was compared experimentally to that of a monofacial 
photovoltaic system (consisting also of a single PV module) at Heriot-Watt University, Edinburgh 
campus, UK. The researchers augmented their study through numerical simulations using the 
commercial solar modeling tool “PVsyst” [94–96], and they used it to estimate the bifacial gain at 
different albedo values. They reported a high bifacial gain of 19.6% when white tiles were used as a 
ground cover. They reported an intermediate bifacial gain of 12.4% when white pebbles were used 
as a ground cover. They reported a low bifacial gain of 10.5% when concrete was used as a ground 
cover. Their study showed consistency with the output of the PVsyst simulations. 

Another study [97] evaluated the annual performance of a bifacial photovoltaic system in Beijing 
(China) by considering dynamic variations of environmental/outer conditions, and found that a 
bifacial gain between 12.37% and 15.50% can be reached. In that study, the bifacial PV modules had 
a bifaciality factor (BF) of 80%, and a front-side efficiency of 21.23%. 

1.2. Importance of Photovoltaic Energy for Oman 

Oman has recently paid a lot of attention to solar energy and other alternatives [98,99] to the 
traditional gas-fired combined cycle and gas turbine power plants [100,101] (natural gas accounted 
for 88% of the country’s total energy supply “TES” in 2022 and it accounted for over 95% of Oman’s 
electricity generation in 2023 [102]), economic diversification [103], education and scientific research 
[104], sustainable cities [105,106], mobility [107–110], globalization [111,112], novel solutions for a 
low-carbon environment [113,114], and urbanization [115]. The country adopted an ambitious green 
hydrogen national program with the aim of becoming a global producer and exporter of green 
hydrogen by 2030 [116,117]. This large-scale investment in green hydrogen also requires a large-scale 
investment in photovoltaic power systems, which are expected to supply roughly half of the 
renewable electricity needed to operate the water electrolyzers that produce the green hydrogen from 
water (with the remaining renewable electricity to be produced using wind farms) [118–120]. Green 
hydrogen (or e-hydrogen or electric hydrogen) is a clean alternative energy carrier that can be used 
as a fuel (either via combustion [121,122] or via fuel cells [123–125]). Green hydrogen can also be used 
as a feedstock for producing sustainable fuels (such as SAF “sustainable aviation fuel”, also called e-
kerosene [126]), for producing renewable feedstock chemicals (such as green methanol [127] and 
green syngas [128,129]), for producing synthetic industrial products (such as green ammonia 
[130,131]). It can also be used in oil refineries through hydrocracking to break down heavy petroleum 
fractions into more valuable lighter products [132,133], and in hydrotreating (also called 
hydrodesulfurization) to remove sulfur and other undesirable impurities (like nitrogen) from 
petroleum products and from natural gas [134]. Green hydrogen can also be used in microgrids that 
are powered by green hydrogen, and these microgrids represent energy infrastructures that depend 
on green hydrogen as their primary energy carrier in a local network [135]. 

1.3. Goals of the Study 

The current study extends the research work conducted in the areas of bifacial photovoltaic 
power generation, its gain compared to monofacial units, and general photovoltaic system 
simulations. 
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The current study is considered to have an educational value, where some of the contents can 
be used in teaching undergraduate and postgraduate courses [136] in renewable energy, computer-
aided engineering, and sustainability [137,138], and clean energy generation. 

The goals of the current study can be summarized as follows: 

1. To introduce the approximated bifacial gain (ABG) as an effective metric to compare bifacial PV 
modules or systems against monofacial ones 

2. To present how the modeling software “Aladdin” provides powerful features in modeling 
monofacial PV systems and bifacial PV systems 

3. To assess the annual and monthly electricity generation from monofacial PV systems in seven 
Omani cities 

4. To assess the annual and monthly electricity generation from monofacial PV systems in Oman 
as a whole 

5. To assess the annual and monthly electricity generation from bifacial PV systems under low 
albedo in seven Omani cities 

6. To assess the annual and monthly electricity generation from bifacial PV systems under low 
albedo in Oman as a whole 

7. To assess the annual and monthly electricity generation from bifacial PV systems under high 
albedo in seven Omani cities 

8. To assess the annual and monthly electricity generation from bifacial PV systems under high 
albedo in Oman as a whole 

Seven cities in Oman were selected to perform simulation-based assessments of the gain of 
bifacial PV modules over monofacial PV modules. These cities form good geographic and climatic 
diversity for the country. Ordered alphabetically, the selected Omani cities in the current study are 

1. Buraimi or Al Buraimi [139] (an inland city bordering the United Arab Emirates, about 270 km 
“straight-line distance” west-northwest of Muscat) 

2. Duqm or Al Duqm [140] (a coastal city in the east of Oman, facing the Arabian Sea) 
3. Ibri [141] (an inland city, about 200 km “straight-line distance” west-southwest of Muscat) 
4. Khasab [142] (a coastal city in a northern exclave peninsula of Oman called “Musandam”, and 

located near the Strait of Hormuz [143]) 
5. Muscat [144] (the capital of Oman, a coastal city facing the Gulf of Oman) 
6. Salalah [145] (a coastal city in the south of Oman) 
7. Sohar [146] (a coastal city in the northern mainland of Oman, facing the Gulf of Oman) 

1.4. Contribution to Existing Literature 

Despite the availability of previous studies related to some of these research questions, the 
current study contributes to the field of solar photovoltaic utilization in Oman and the computational 
modeling of photovoltaic systems in general by addressing all research questions together. Therefore, 
the current study can be of interest to those seeking a top-level overview of the expected gain in 
electric generation due to either installing a new bifacial photovoltaic power system or upgrading an 
existing monofacial photovoltaic system to a bifacial version. The current study can also be of interest 
to those seeking a free yet powerful alternative tool for modeling photovoltaic systems (both 
monofacial and bifacial), as an alternative to commercial tools or limited-functionality free tools 
[147,148], with artificial intelligence capabilities and evolutionary computation concepts [149,150]. 
This can be particularly valuable in educational settings [151] by including such tools in teaching 
undergraduate STEM (science, technology, engineering, and mathematics) subjects and artificial 
intelligence subjects [152–154] related to sustainability, photovoltaic solar systems, concentrated solar 
power, wind energy, green building design, and energy storage. Aladdin is capable of handling all 
these topics in a convenient interactive cloud environment for computer-aided engineering (CAE). 
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2. Research Method 
2.1. Research Type 

The present study falls under the category of quantitative applied research, where a combination 
of solar energy principles and numerical modeling software is used to answer well-defined research 
queries. 

2.2. Rationale Behind the Technical (Non-Economic) Scope of the Study 

The current study is focused on technical performance, expressed in terms of the annual and 
monthly estimated electricity generation, and how bifacial PV modules outperform monofacial PV 
modules at different geographic locations in Oman at two important albedos. The economic aspect 
of the comparison between monofacial and bifacial PV modules in Oman is not covered here. Such 
economic analysis is largely volatile compared to the energy analysis performed here, where costs 
not only change over time, but also change from one location to another depending on several factors 
like shipping expenses, scale of the installation [155], pre-existing infrastructure, possibility of power 
purchase agreement (PPA) or solar lease [156], subsidies or external financial aids, aimed project 
lifetime [157], time-dependent load profile, power demand variations, energy storage options, 
constraints on the available land, ground coverage ratio (GCR) [158], structural design, terrain profile, 
wind loads, and hydrodynamic forces [159], or aerodynamic fluctuations. Therefore, the scope of the 
current study is limited to the energy performance of the simulated photovoltaic systems, and further 
economic investigation is left to the interested installers or investors; and such an additional economic 
[160] feasibility study can be performed using conventional economic metrics, such as the levelized 
cost of electricity (LCOEL) [161], simple payback period (SPP) [162], internal rate of return (IRR) [163], 
and net present value (NPV) [164]. 

2.3. Rationale Behind the Seven Selected Omani Cities 

A justification for selecting the seven Omani cities for analysis in the current study can be made 
here as follows: 

Khasab is a representation of the northern part of Oman. 
Salalah is a representation of the southern part of Oman. 
Duqm is a representation of the eastern part of Oman. 
Buraimi is a representation of the western part of Oman, near the country’s western borders with 

the United Arab Emirates (UAE) and the Kingdom of Saudi Arabia (KSA). 
Ibri is a representation of the middle part of Oman. 
In addition to their four geographic-edge cities, the capital, “Muscat” is included due to its 

political importance. 
Similarly, the port city “Sohar” (or “Suhar”) is also added as an important economic center and 

industrial hub in Oman [165,166]. Sohar was the capital of Oman during an ancient era [167]. Sohar 
has the second established university, “Sohar University (SU)” in Oman; coming into operation after 
the first established university, “Sultan Qaboos University (SQU)” in Muscat was established [168]. 

In the remaining part of the current subsection, useful information about these seven Omani 
cities is provided. This information familiarizes the reader with these sites, and also helps in making 
the results reproducible. This information includes the geographic GPS (global positioning system) 
coordinates (displayed in two common formats for convenience) [169,170], and the optimum tilt 
angle as estimated by the PVGIS (Photovoltaic Geographical Information System) modeling tool 
[171]. 

The information about the seven selected Omani cities is listed in Table 1. 
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Table 1. Additional specific modeling settings for the main simulation cases (4.5 kWp single-row photovoltaic 
systems, monofacial and bifacial). 

Omani location 
GPS coordinates (degree, 

minute, second – DMS) 

GPS coordinates (decimal 

degree – DD) 

Fixed 

optimum tilt 

Buraimi N 24°15’3’’, E 55°47’35’’ 24.250833° N, 55.793056° E 25° 

Duqm N 19°39’43’’, E 57°42’13’’ 19.661944° N, 57.703611° E 21° 

Ibri N 23°13’32’’, E 56°30’56’’ 23.225556° N, 56.515556° E 25° 

Khasab N 26°10’47’’, E 56°14’51’’ 26.179722° N, 56.247500° E 25° 

Muscat N 23°35’2’’, E 58°24’28’’ 23.583889° N, 58.407778° E 25° 

Salalah N 17°0’54’’, E 54°5’32’’ 17.015000° N, 54.092222° E 21° 

Sohar N 24°20’50’’, E 56°42’33’’ 24.347222° N, 56.709167° E 25° 

2.4. Rationale Behind the Two Selected Albedos 

A large number of ground albedo values are mentioned in the literature, depending on the type 
of ground. The albedo can be determined naturally based on the original type of the ground, or 
controlled through adding an artificial cover layer that improves sunlight reflection [172–174]. In 
Table 2, examples of these estimated albedo values under different conditions are listed. In the current 
study, two values of albedo are considered of special interest; which are 0.30 (a low value, 
representative of plain sandy or dusty land without specialized land coverage) and 0.65 (a high value, 
representative of ground covered with white pebbles or white tiles). 

Table 2. Different albedo values in the literature (ascendingly ordered by value). 

Ground / Foundation characteristics Albedo value Reference 

perfectly black surface 0 [175] 

black road pavement 0.05-0.10 [176] 

dark soil 0.05-0.15 [176] 

unpainted streets 0.15 [177] 

green meadows 0.10-0.20 [176] 

grassland 0.1 [178] 

dark-colored soil surfaces 0.1-0.2 [178] 

soil surface 0.10–0.15 [93] 

crops 0.15-0.25 [176] 

grayish (sometimes called “white”) roof shingles 0.25 [179] 

concrete 0.17-0.27 [176] 

savanna and grassland Below 0.18 [180] 

grassland 0.2 [181] 

bare ground 0.2 [175] 

desert 0.25-0.30 [176] 

cement foundation surrounded by sand 0.3 [182] 
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average ground albedo 0.3 [183] 

concrete 0.30–0.35 [93] 

dune sand 0.35-0.45 [176] 

sand 0.4 [175] 

white pebbles 0.5-0.6 [93,175] 

concrete 0.50-0.55 [184] 

white tiles 0.7 [185] 

white tiles or white waterproof materials Above 0.7 [186] 

white tiles 0.7–0.8 [93] 

fresh snow 0.75-0.95 [176] 

Snow Up to 0.92 [186] 

highly reflective material (mirror or white surface, 

capable of total reflection) 
1 [175] 

As shown above, literature data suggest that the albedo value representative of bare sandy 
ground is reasonably 0.30, while the albedo value representative of artificially whitened ground is 
reasonably 0.65. Therefore, these two albedo values (0.30 and 0.65) are adopted in the current study; 
respectively; as a low-albedo configuration corresponding to untreated natural ground foundations 
over which the PV modules are mounted, and a high-albedo configuration corresponding to a treated 
ground foundation covered by a white artificial cover to boost the light reflection to mounted bifacial 
PV modules. 

Figure 1 is a photo of a bifacial photovoltaic system, with a plain soil ground. This example can 
represent an albedo value of about 0.1 (very low albedo). If the ground is sandy, it becomes lighter in 
color and more reflective; thus, it can represent a better albedo of 0.30 (low albedo). 

 
Figure 1. Photo of a bifacial photovoltaic system with a soil ground with a dark color, thus allowing very low 
albedo (photo taken by the author). 
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Figure 2 is a photo of a bifacial photovoltaic system also, but with the ground covered by white 
gravel to increase the albedo. This example can represent an albedo value of 0.65 (high albedo). If the 
ground is processed further by covering it with very white and very smooth tiles, it becomes lighter 
in color and more reflective; thus, it can represent a better albedo near 0.8 (very high albedo). 

 
Figure 2. Photo of a bifacial photovoltaic system with the ground covered intentionally by gravel to improve 
light reflection, thus allowing high albedo (photo taken by the author). 

2.5. Rationale Behind the Fixed Albedo 

In the performed Aladdin simulations, the ground albedo is treated as a fixed input parameter 
(either 0.30 or 0.65) during a computer simulation that results in estimating the annual yield of 
electricity. Therefore, this assumption of a constant albedo ignores the fact that albedo changes 
seasonally, and this affects the performance of the bifacial PV system. However, one justification for 
this is the scope of the study and its goals. When the albedo is fixed at a single value, it becomes easier 
to view it as an independent scalar parameter; while if it is treated as a time-varying function, its 
impact on the year-wise electricity performance becomes difficult to quantify. Another justification is 
that Oman has a hot climate where snow is not expected. In addition, precipitation (stormwater) is 
infrequent. Thus, seasonal variation in the albedo due to such weather influences becomes negligible. 
Furthermore, having the same assumption (fixed albedo) when comparing the performance of a 
bifacial system establishes a fair and meaningful comparison. Therefore, the fixed albedo assumption 
appears to be not only reasonable, but also recommended in the current study. 

2.6. Rationale Behind Modeling Single-Row PV System 

In the performed simulations here for Omani cities, small-capacity PV systems having a single 
row in an open area were intentionally modeled. Thus, shadows from nearby objects or due to self-
shading from neighboring PV modules are not present. This assumption helps in focusing attention 
on the influence of the important variables for this study, such as the albedo and the city location, 
while suppressing undesirable influence from the shadows. In addition, a properly spaced and sited 
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PV array can have a small shading loss [187,188], which makes this simplification nearly realizable. 
The shading loss factor is system-specific (requires information about the terrain and nearby objects 
around the PV system), and thus, it is better to exclude it from the analysis in the current study in 
order to reduce uncertainty and elevate generalizability. 

By modeling a single row of PV modules (rather than multiple rows) here, the advantage of 
reducing the influence of self-shading [189,190] caused by neighboring PV rows is achieved. 

The elimination of this self-shading effect makes the results of the current study more general 
and less affected by the pitch (spacing) design parameter of PV rows, which arises in a multi-row PV 
array. This design decision makes the current study focused successfully on the influence of the 
bifaciality feature of the PV modules. 

2.7. Rationale Behind Modeling Fixed-Panel PV System 

Similarly, being a fixed PV array, not equipped with a sun tracking mechanism, either with one 
degree of freedom [191] (1 DOF or single-axis) or two degrees of freedom (2 DOF or two-axis) [192] 
helps in eliminating additional details with regard to these optional features, and thus removes the 
interference of these design options with the results of the current study. The current study aims to 
concentrate on the bifaciality feature of the PV module, and the albedo feature of the ground. The 
simplifications made in the modeled PV system are thus important and purposefully useful. 

2.8. Aladdin (The Primary Photovoltaic Modeling Tool Here) 

The main simulation tool used in the current study is “Aladdin” [193], which is a free cloud-
based simulation tool by the Institute for Future Intelligence (IFI) in Natick, Massachusetts, USA 
[194]. Aladdin is a project supported by the United States National Science Foundation (NSF), an 
independent federal agency [195–198]. Aladdin is designed to model and predict the performance of 
different domains of renewable energy systems and architectural designs (not just photovoltaic 
systems), such as wind farms, buildings (energy demands and heat map of the envelope), solar 
updraft towers, and battery storage [199]. 

The modeling process of Aladdin follows a system-level integral approach based on satisfying 
steady-state energy balance (energy conservation). Thus, the incoming solar radiation to a PV module 
should exactly be equal to the electricity produced (through predefined energy conversion efficiency 
that depends on the module’s temperature), and the remaining energy is dissipated as heat. 

Like several other engineering and industrial modeling software programs (such as Aspen 
HYSYS in modeling chemical processes [200]), the system-level integral approach is realistic because 
it combines speed and simplicity while providing an adequate level of detail. On the other hand, 
point-level differential approaches require solving the nonlinear system of partial differential 
equations that govern the thermal and transport aspects of the modeled system to compute the spatial 
and/or temporal distribution of the fluids and solids within the system [201]. A computational fluid 
dynamics (CFD) [202] software tool, like Ansys Fluent, falls under this differential approach. It 
provides enormous amounts of details for the solution [203,204], and permits powerful modeling 
capabilities. However, the excessive demands on computational power and specialized 
computational skills do not justify using CFD modeling [205,206] instead of a simpler but sufficient 
integral approach [207]. 

More details about the modeling within Aladdin, the assessment of its accuracy versus 
independent data sources, and the quality of its built-in weather database (for more than 800 locations 
in the world) can be found in an earlier work and also in another reference that describes a 
mathematical framework followed by Aladdin [208]. 

2.9. Demonstration of the Aladdin Modeling Environment 

To further demonstrate the online modeling program Aladdin, various views of its simulation 
environment are provided in the current subsection, showing how the modeling process is performed 
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using this free simulation tool that has the ability to model photovoltaic solar systems as well as some 
other renewable energy technologies. 

It is worth mentioning here that Aladdin uses solar time, rather than standard/local time [209]. 
Thus, 12 noon in Aladdin means the instant during the day at which the sun is at its peak elevation 
(maximum height) in the sky. This convention allows better modeling that eliminates the effects of 
time adjustments due to changes in longitudes [210] or daylight saving time [211,212] (daylight 
saving time is not practiced in Oman). This feature has the advantage that Aladdin simulation data 
that correspond to different geographic locations or days of the year can be compared and interpreted 
more meaningfully and more consistently, especially data that involve variation during the day. 

Figure 3 shows the entire screen of the Aladdin program and also shows the monthly weather 
data available (maximum and minimum air temperature, and sunshine hours) for Muscat (the capital 
city of Oman) on 21 December at 12 noon solar time. The heliodon (the locus surface of the sun’s 
position relative to the modeled system on the ground) effectively visualizes the elevation angle of 
the sun at that time [213,214]. Also, the shadows of the photovoltaic modules are adequately 
compatible with the sun’s position. 

Figure 4 is another view of the same example system in Muscat at the solar noon, but on 21 June 
(instead of 21 December). The elevation of the sun is nearly 90° as expected for this geographic 
location at this selected instant, causing the shadows to be approximately at their minimum extent. 

 
Figure 3. Illustration of the interface of the Aladdin web-based modeling software. The heliodon is enabled. This 
particular view corresponds to 12 noon (solar time) on 21 December in Muscat. The view also shows the built-
in weather data (monthly profiles of the maximum and minimum air temperature, and the sunshine hours). 
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Figure 4. Illustration of the interface of the Aladdin web-based modeling software. The heliodon is enabled. This 
particular view corresponds to 12 noon (solar time) on 21 June in Muscat. 

Figure 5 shows monthly weather data as displayed for the western Omani city of Buraimi, as a 
selected example. Because Buraimi is not among the cities in the database of Aladdin, the nearby city 
of Dubai (United Arab Emirates) is used as an alternative source of climate data. The straight-line 
distance between the two cities is 124 km (77 mi) [215]. The sun’s position in this figure corresponds 
to 5 pm solar time (which means five hours after the sun was at its highest level in the sky). The day 
is 21 June. 

Figure 6 shows hourly profiles of air and ground temperatures as displayed by Aladdin for 
Buraimi also. The sun’s position in that figure corresponds to 2:30 pm (solar time) on 21 June. A 
brighter scene is noticeable in this figure when compared to the previous one; and this indicates the 
realistic rendering capability of Aladdin, where solar illumination is properly visualized. 

Figure 7 shows the feature of adopting a user-defined photovoltaic panel in Aladdin, outside 
those already pre-defined commercial photovoltaic panels within the software, by specifying general 
properties. These general properties include the crystallinity type (monocrystalline or polycrystalline 
[216,217]) and the dimensions (length and width). The sun’s position in that figure corresponds to 12 
noon (solar time) on 21 June, and the location is still Buraimi. An even brighter scene can be 
recognized in this figure compared to the previous figure, and this increase in optical brightness is 
compatible with the higher elevation of the sun. 

Figure 8 is a sequel to the previous figure, where the electric properties of a new user-defined 
photovoltaic panel can be specified for a customized panel. These electric properties include the rated 
voltage (Vmpp) at maximum power point (MPP) [218,219], the rated current (Impp) at maximum power 
point (MPP), the baseline cell efficiency at standard test conditions (STC), and the temperature 
coefficient of power (the negative rate at which the maximum power changes due to an increase in 
the cell temperature). The sun’s position in that figure corresponds to 9:30 am (solar time) on 21 June, 
and the location is still Buraimi. Compared to the previous figure, a slightly darker scene is possible 
to identify in the current figure as a result of the drop in the sun’s elevation. 

Figure 9 shows how the ground albedo can be adjusted manually by the user in Aladdin, and 
shows that this albedo is approximated as a constant scalar parameter. The sun’s position in this 
figure corresponds to 7 am (solar time) on 21 June, and the location is still Buraimi. An even darker 
scene appears in this figure (compared to the previous figure) as a result of the lower elevation of the 
sun, which is here near the horizon. 

Figure 10 displays characteristics of the Jinko Solar Eagle PERC photovoltaic module 
“JKM300M-60” (monofacial, 300 Wp, monocrystalline, 60 cells per module) [220,221] as per its pre-
defined records in Aladdin. The sun’s position in this figure still corresponds to 7 am (solar time) on 
21 June, and the location is still Buraimi. However, it can be observed that the scene here is darker 
than the scene in the previous figure although the sun position is the same. This is explained by an 
intentional artificial darkening by the Aladdin program to allow visual emphasis on the displayed 
window having the PV module’s properties. The displayed data are in good agreement with the 
manufacturer’s specifications. For example, the displayed standard test conditions (STC) cell 
efficiency of 18.33% by Aladdin is exactly equal to the one appearing in the manufacturer’s datasheet. 
Also, the nominal operating cell temperature (NOCT) of 45.0 °C displayed by Aladdin is compatible 
with the information in the manufacturer’s datasheet, which includes additional information about 
the uncertainty or variability, expressing this property as 45±2 °C. The nominal operating cell 
temperature (NOCT) refers to the temperature reached by the cell (with a no-load open-circuit 
operation) under more realistic outdoor test conditions than the lab-type indoor standard test 
conditions (STC). The NOTC conditions correspond to less irradiance of 800 W/m2, and a calm wind 
with an air speed of 1 m/s and a bulk ambient temperature of 20 °C [222,223]. The NOTC air mass 
(AM) is still 1.5 as in the case of the STC reference environment. 
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Figure 5. Illustration of the interface of the Aladdin web-based modeling software. The heliodon is enabled. This 
particular view corresponds to 5 pm (solar time) on 21 June in Buraimi. The view also shows the built-in weather 
data (but corresponding to Dubai, the closest city available in the internal database of Aladdin). 

 
Figure 6. Illustration of the interface of the Aladdin web-based modeling software. The heliodon is enabled. This 
particular view corresponds to 2:30 pm (solar time) on 21 June in Buraimi. The view also shows the modeled 
hourly (per hour, during the day) variation in air temperature and ground temperature (but corresponding to 
Dubai, the closest city available in the internal database of Aladdin). 
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Figure 7. Illustration of the interface of the Aladdin web-based modeling software. The heliodon is enabled. This 
particular view corresponds to 12 noon (solar time) on 21 June in Buraimi. The view also shows the ability to 
define a customized PV panel (general properties) when no model in the built-in database is suitable. 

 
Figure 8. Illustration of the interface of the Aladdin web-based modeling software. The heliodon is enabled. This 
particular view corresponds to 9:30 am (solar time) on 21 June in Buraimi. The view also shows the ability to 
define a customized PV panel (electrical properties) when no model in the built-in database is suitable. 

 
Figure 9. Illustration of the interface of the Aladdin web-based modeling software. The heliodon is enabled. This 
particular view corresponds to 7:00 am (solar time) on 21 June in Buraimi. The view also shows a user-adjustable 
albedo value of 0.30. 

Figure 11 shows hourly profiles of air and ground temperatures as displayed by Aladdin for the 
southern Omani city of Salalah. The sun’s position in that figure corresponds to 3 pm solar time on 
21 December. The projection feature of Aladdin is used in this figure to display a perfect two-
dimensional top view. 

Figure 12 is similar to the previous figure (same location of Salalah and same solar time of 3 pm), 
except that the day changed from the extreme winter day of 21 December to the extreme summer day 
of 21 June. This change is intentionally adopted here to accentuate the corresponding big changes in 
the plotted temperature profiles and the marked sun position on the heliodon. On the heliodon, the 
sun was shifted from the extreme most-upright path to the opposite extreme most-inclined path, as 
expected. These logical changes support the robust implementation of sun path modeling in Aladdin. 
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Figure 10. Illustration of the interface of the Aladdin web-based modeling software. The heliodon is enabled. 
The view shows characteristics of the pre-defined monofacial PV panel (JKM300M-60) by the manufacturer Jinko 
Solar. 

Figure 13 shows a modified version of the modeling case in the previous two figures (the city is 
still Salalah, and the day is still 21 June) by changing the solar time from 3 pm to 12 noon. The albedo 
value of 0.65 (high) is displayed as an adjustable parameter. The sun’s position and the resultant 
irradiance brightness adequately changed in response to the change in the solar time within the 
model, where the sun reached its peak elevation, and thus the brightness is maximized. 

Figure 14 is a continuation of the previous figure, where the Omani location (Salalah), the day 
(21 June), the solar time (12 noon), and the ground albedo (0.65) are preserved. The main new element 
of the current figure is the displayed one-day simulation results plot, which shows how the electricity 
generation (electricity yield) changes during that selected day of 21 June, in the form of hourly data 
points connected by a line curve. There are two output curves, one for a monofacial PV system, and 
another for a bifacial one. Either PV system has an STC (standard test conditions) capacity of 4.5 kWp. 
Although not shown in the figure, it is important to add that these plotted curves are interactive, and 
the user can extract numerical values of the plotted data points as well as can change the plot’s 
appearance (for example, by plotting the total summed yield from both systems together, rather than 
comparing the yield from the individual systems). Also, it is important to add that this example 
simulation is a daily one (for one day, in the form of hourly data points), but Aladdin also performs 
annual simulations (for the entire year, in the form of monthly data points). 

Figure 15 is also a continuation of the previous figure, where the Omani location (Salalah), the 
solar time (12 noon), and the ground albedo (0.65) are preserved. However, the day changed from 21 
June to 21 December. The daily simulation results plot is also the focus of this figure (like the previous 
figure). By contrasting the results plot in the current figure with the results plot in the previous figure, 
the seasonality influence on the yield profile during the day is efficiently demonstrated, and one can 
recognize the remarkable drop in the selected winter day (21 December) compared to the selected 
summer day (21 June). The change in the sun’s position and the small reduction in the scene’s natural 
illumination are additional useful changes that facilitate and validate the modeling process using 
Aladdin. 

Figure 16 is again a continuation of the previous figure, where the Omani location (Salalah), the 
solar time (12 noon), and the day (21 December) are preserved. The only change made in the 
simulation settings compared to the previous figure is reducing the ground albedo from the high 
value (0.65) to the low value (0.30). While this albedo change does not affect the simulated monofacial 
system, it causes a decline in the electricity output from the bifacial system. Attention should be given 
to the scale of the vertical axis (the yield axis) because the axis’s range in the current figure (from 0 to 
3.4 kWh) was automatically adjusted and became much smaller than that range in the previous figure 
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(from 0 to 8 kWh). Thus, optical inspection in isolation of the companion axis range may give a false 
impression about the decline that occurred in the yield due to the decline in the albedo. 

 
Figure 11. Illustration of the interface of the Aladdin web-based modeling software. The heliodon is enabled. 
This particular view corresponds to 3 pm (solar time) on 21 December in Salalah. The view also shows the 
modeled hourly (per hour, during the day) variation in air temperature and ground temperature. 

 
Figure 12. Illustration of the interface of the Aladdin web-based modeling software. The heliodon is enabled. 
This particular view corresponds to 3 pm (solar time) on 21 Jun in Salalah. The view also shows the modeled 
hourly (per hour, during the day) variation in air temperature and ground temperature. 

2.10. Aladdin Versus Other Solar Simulation Tools 

It is admitted that the energy modeling program Aladdin is not as popular as other older 
software programs, like SAM (System Advisor Model) [224] or PVsyst [225]; Aladdin is relatively 
new (released January 2023), while these more common programs are much older (the first public 
version of SAM dates back to August 2007 [226,227], while PVsyst was released in 1992 [228]). 
Therefore, this disparity in popularity is justified. Also, Aladdin still has unique features that make 
it attractive; such as being totally free, being able to handle multiple domains of renewable energy 
systems as well as buildings, having a cloud-only environment, offering an easy way to store and 
share design cases (both online and offline), providing a user-friendly interactive interface (with 
animations and three-dimensional realistic rendering), having a broad built-in weather data, 
featuring convenient explanations of user parameters within the parameter-entry section itself (no 
need to consult a separate document), and being supported with a comprehensive set of ready-to-use 
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complete examples. While SAM is also a free simulation software covering multiple domains of 
renewable energy [229]; it runs in a desktop environment only [230] (no cloud version like Aladdin), 
and it is more oriented toward techno-economic analysis [231], lacking the interactive user experience 
and three-dimensional visualizations of the system being modeled (like Aladdin). PVsyst is a highly 
trusted simulation software program within the photovoltaic industry, particularly for feasibility 
testing [232]. One of its great advantages is the detailed reporting, enabling informative documents 
about technical and financial performance [233], and thus making a decision regarding the system’s 
feasibility. However; PVsyst is not free like Aladdin (but requires paying an annual subscription fee 
[96]), it does not accommodate multiple renewable energy technologies like Aladdin, and it is not 
available on the cloud like Aladdin. 

 
Figure 13. Illustration of the interface of the Aladdin web-based modeling software. The heliodon is enabled. 
This particular view corresponds to 12 noon (solar time) on 21 Jun in Salalah. The view also shows a user-
adjustable albedo value of 0.65. 

 
Figure 14. Illustration of the interface of the Aladdin web-based modeling software. The heliodon is enabled. 
This particular view corresponds to 12 noon (solar time) on 21 Jun in Salalah. The view also shows the hourly 
(per hour, during the day) profile of the electricity generation from two 4.5 kWp systems, one of which is 
monofacial while the other is bifacial. 
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Figure 15. Illustration of the interface of the Aladdin web-based modeling software. The heliodon is enabled. 
This particular view corresponds to 12 noon (solar time) on 21 Jun in Salalah. The view also shows the hourly 
(per hour, during the day) profile of the electricity generation from two 4.5 kWp systems, one of which is 
monofacial while the other is bifacial. The ground albedo is 0.65 (high). 

 
Figure 16. Illustration of the interface of the Aladdin web-based modeling software. The heliodon is enabled. 
This particular view corresponds to 12 noon (solar time) on 21 Jun in Salalah. The view also shows the hourly 
(per hour, during the day) profile of the electricity generation from two 4.5 kWp systems, one of which is 
monofacial while the other is bifacial. The ground albedo is 0.30 (low). 

Despite being a recent simulation tool, Aladdin has been used in several research studies [234–
239], and this testifies to its accuracy and impact. 

It is pointed out here that Aladdin’s utilization can go far beyond engineering modeling. It can 
be customized for classroom teaching where engineering design, social studies, and environmental 
modules can be integrated [240]. Aladdin can be used in a visually appealing and attractive way to 
demonstrate specialized concepts to students [241]; such as multi-objective optimization [242,243], 
the difference between passive and active control, and the use of artificial intelligence (AI) in design 
[244]. 

2.11. Soiling Modeling 

In the performed Aladdin simulations, soiling is modeled through an irradiance loss factor 
[245,246]. Soiling depends on the frequency of cleaning the photovoltaic modules as well as the 
terrain surrounding these modules, and these factors can be controlled even in a dusty environment 
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[247,248]. Thus, no specific loss factor is necessarily the best. The default value of 5% in Aladdin is 
comparable to those mentioned in the literature, such as a range of 4–7% [249], a range of 3–4% [250], 
and a value of 6.5% after two months [251]. 

2.12. Tilt Angle Modeling 

In the performed Aladdin simulations, the tilt angle of the PV modules was fixed at its optimum 
or typical value; and the same was adopted for the azimuth angle. The lack of solar tracking is 
favorable, as this eliminates its interference with the results as an additional binary design variable. 
Because Oman is located within latitudes of 26.5° N and 16.5° N (low latitudes, not very far from the 
equator) [252], the gain in electricity production due to a solar tracking mechanism is not large [253]. 

2.13. Uncertainty in Aladdin Validation 

In the performed Aladdin simulations, there is uncertainty in part of the validation work 
reported in the current study due to the difference in the geographic location between the 
benchmarking simulation site and the regular simulation sites. One of the benchmarking cases 
corresponded to a location in Turkey, while the primary portion of the results corresponded to 
locations in Oman (which is located at much lower latitudes than the Turkish benchmarking location, 
thus having a different climate). The current study does not evaluate this matter. Although this is a 
valid limitation, the validation is not for the particular photovoltaic system modeled in the 
benchmarking test case. Rather, the validation testing is for the simulation software itself. Thus, being 
able to produce reasonable results in one place is an indication that the software has a sound 
prediction process regardless of the location at which it is applied. 

2.14. Sensitivity to Albedo 

Performing a sensitivity analysis or a parametric study can increase the robustness of the study’s 
findings by examining how variations in key parameters influence the results [254,255]. Conducting 
such a sensitivity analysis can also help identify the most critical factors affecting the performance of 
either monofacial or bifacial photovoltaic modules. However, sensitivity analysis deserves a 
dedicated new study (or even a series of studies) given the large design space that can be explored. 
Also, this sensitivity analysis is not one of the main goals of the current study, which has specific, 
well-defined points in the design space that are aimed to be investigated. Despite this, the Aladdin 
modeling software was used in additional simulations outside the two selected albedo values of 
importance (0.30 and 0.65), and it was found that the electric yield in all seven Omani sites considered 
here is linearly proportional to the ground albedo. Thus, the yield at an albedo value between 0.30 
and 0.65 can be deduced via linear interpolation, and this is a reasonable behavior. Although 
performing additional sensitivity analysis for the ambient temperature can reveal interesting 
outcomes, such a climatic quantity is not a simple user-defined constant parameter; instead, it is a 
function of time that varies from one day to another. Therefore, a sensitivity analysis for such a 
quantity or similar quantities is not performed here, but is recommended as a possible extension of 
the study in the form of a follow-up study. 

2.15. Auxiliary Photovoltaic Modeling Tools (Energy3D, PVGIS, PVsyst) 

For inspecting the accuracy of the results derived from the Aladdin tool, comparisons were 
performed with results that were obtained using two other software tools (also free) through 
benchmarking [256]. One of the benchmarking photovoltaic simulation tools used for the current 
study is “Energy3D”, which is a desktop application capable of modeling photovoltaic (PV) systems 
and concentrated solar power (CSP) systems [257]. The other photovoltaic (PV) simulation tool used 
for inspecting the accuracy of the main results is the cloud-based software “PVGIS” (Photovoltaic 
Geographical Information System), managed by the European Commission’s Joint Research Centre 
(EC-JRC) [258–260]. The Energy3D and the PVGIS external benchmarking case is for monofacial 
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photovoltaic (PV) systems, and the comparison with the data derived from Aladdin is in terms of the 
monthly AC electricity yield per unit peak power in Muscat (the capital of Oman). As of the time of 
preparing this study, neither Energy3D nor PVGIS has the capability of modeling bifacial PV systems. 

In addition, published data in the literature were used, and these data were generated using a 
fourth modeling tool (commercial desktop software) for simulating photovoltaic power systems 
(including bifacial modules), which is “PVsyst”. PVsyst is a popular tool that has been used in several 
studies [261–263]. The PVsyst external benchmarking case is for a bifacial photovoltaic (PV) system, 
with a rated power of 30 kWac (alternating current form) in Salihli, Turkey [264–266]. 

2.16. Approximated Bifacial Gain (ABG) 

Bifacial photovoltaic (PV) modules are commonly characterized by their expected bifacial gain 
(BG) values, which refer to the additional electric capacity or additional (secondary) electric energy 
from the bifacial module due to the contribution of its rear face; and this addition is expressed as a 
percentage of the base (primary) value corresponding to the front face. Therefore, BG = kWhሺrearሻkWhሺfrontሻ (1)

The bifacial gain (BG) is a good way to describe a particular bifacial PV module. However, it is 
computed for the same PV module. In a situation where a monofacial PV module is compared to 
another bifacial PV module with the same power capacity, the BG values become quite irrelevant and 
not very useful. For example, this aforementioned scenario can be faced when an individual or an 
organization wants to make a decision and choose whether to purchase a 10-kWp monofacial system 
or a 10-kWp bifacial system. The decision is not about either purchasing a 10-kWp bifacial PV system 
with BG 5% or purchasing the same 10-kWp bifacial PV system with BG 10%. The information about 
the bifacial gain (BG) for a given bifacial PV module does not aid in the decision-making in this 
example. 

Therefore, another metric is introduced here with the purpose of assessing the performance of 
bifacial PV modules relative to monofacial modules, which is the approximated bifacial gain (ABG). 
The introduced ABG quantity is defined as the ratio of the additional electricity generated from a 
bifacial photovoltaic module or array relative to the electricity generated from another monofacial 
module or array having the same power capacity (same kilowatts-peak). It should be noted that for 
the bifacial module, the equivalent power capacity refers to the capacity of the front face only. 
Therefore, the following expression mathematically defines the proposed ABG metric: ABG = kWhሺbifacialሻ − kWhሺmonofacialሻkWhሺmonofacialሻ ቤୱୟ୫ୣ ୩୛୮ ( 2) 

Although the ABG and BG values have similar purposes, ABG is established when comparing a 
bifacial module with another reference monofacial module. On the other hand, BG compared a 
bifacial module under a certain operational condition with itself but under another operational 
condition (namely, when the rear-face electricity generation is disabled). 

2.17. Advantages of Approximated Bifacial Gain (ABG) over Bifacial Gain (BG) 

The ABG and BG values can be close to each other. Therefore, the reader may treat the ABG 
values as good indicators of the BG values. 

To further clarify the relationship between the bifacial gain (BG) and the approximated bifacial 
gain (ABG) and why their values are expected to be close to each other but not necessarily the same, 
the following rationale is provided. 

As a performance metric, the bifacial gain (BG) measures an increment in power or energy 
generation (expressed as a percentage) due to an added PV rear face to a base monofacial PV module. 
On the other hand, the approximated bifacial gain (ABG) measures also an increment in power or 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 October 2025 doi:10.20944/preprints202510.2022.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.2022.v1
http://creativecommons.org/licenses/by/4.0/


 21 of 52 

 

energy generation (and also expressed as a percentage) but due to replacing that base monofacial PV 
module (thus, having a front face only) with a different PV module that is bifacial (thus, having a 
front face and a rear face) provided that they generate the same electricity when operating at the 
standard test conditions (STC) while also having the replacement bifacial PV module blocked from 
any solar radiation on its rear side. If the front face of the replacement bifacial module is exactly the 
front face of the base monofacial module, only in this case does the ABG value become identical to 
the BG value (but their meanings remain different). In other conditions (other than the STC 
conditions), the numerical values of the ABG and BG metrics may deviate slightly due to differences 
in the performance of the two front faces outside the STC conditions. 

The proposed approximated bifacial gain (ABG) is considered advantageous to the conventional 
bifacial gain (BG), because the approximated bifacial gain allows realistic evaluative comparisons 
between two different physical modules (one bifacial and another monofacial), rather than a 
theoretical estimate of performance due to hypothetical changes in the environment. Also, the 
proposed approximated bifacial gain can be experimentally obtained by measuring the electric 
output of the two compared photovoltaic modules simultaneously, while the conventional bifacial 
gain (BG) requires two sequential measurements (of the same bifacial photovoltaic module) at two 
different times. 

2.18. Example of Using ABG for Informed Decision Making 

There is one more difference between the bifacial gain (BG) and the approximated bifacial gain 
(ABG) that stems from the way they are interpreted. While the BG metric is purely technical (it gives 
information about how much extra electricity can be generated from a given bifacial PV module), the 
ABG metric has a broader and more useful scope, because it compares two different PV modules (one 
monofacial and another bifacial). Therefore, the ABG metric pertains more to a decision-making 
scenario, where a decision is sought regarding which of the two PV modules to purchase and install, 
and this decision can be effectively made by comparing the ABG value to the percentage of extra cost 
incurred by purchasing the more expensive bifacial module. If the ABG value is larger than the cost 
penalty (for example, 15% ABG versus 5% cost increase), then an informed decision can be made by 
selecting the biracial PV modules. The BG metric does not provide the advantage of quick feasibility 
testing and resolving the trade-off between the financial side and the technical side of a photovoltaic 
power system. 

2.19. General Simulation Parameters for the 4.5 kWp Monofacial and Bifacial Systems 

For estimating the electric gain and the albedo effect when using bifacial photovoltaic (PV) 
modules compared to a monofacial module, a small PV bifacial system was modeled in Aladdin, and 
this system consists of 10 ground-mounted modules (belonging to the JinkoSolar or “Jinko Solar” 
brand, which is a leading Chinese manufacturer of PV modules [267,268]) with a capacity of 450 Wp 
(0.45 kWp) each. Their layout is simply a single row, with a portrait orientation. 

The tilt angle of the PV array is fixed at a year-round optimum value. The azimuth angle is 180° 
(if measured from the geographic north) or 0° (if measured from the geographic south). This azimuth 
angle means that the array modules are facing the geographic south, which is an optimized setting 
for fixed PV arrays installed in the northern hemisphere [269,270]. 

The reference monofacial PV system analyzed in Aladdin has the same rated power capacity of 
4.5 kWp, but it consists of 15 PV monofacial modules (also belonging to the JinkoSolar brand), with 
an individual module’s capacity of 300 Wp (0.3 kWp). The monofacial array also has a single row. 

Table 3 lists modeling parameters for the 4.5 kWp bifacial PV system and its reference 4.5 kWp 
monofacial PV system in Aladdin. In this table, the (pole height) parameter refers to the structural 
element supporting the PV modules, and the (pole spacing) parameter refers to the pitch (the uniform 
spacing) of these structural elements. 
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Table 3. General modeling settings for the 4.5 kWp systems (bifacial and monofacial). 

Characteristics Used value 

Total nominal (peak) power capacity 4.5 kWp 

DC-to-AC ratio 1.14* 

Pole height 1.35 m 

Pole spacing 3.00 m 

Mounting type Ground mounting 

Solar tracking None (fixed orientation)  

Soiling loss (default value in Aladdin) 5% 

Aladdin energy analysis option: sampling frequency 
30 samples per hour (the highest available 

value) 

Inverter efficiency 98%** 

Bifacial PV module  

Jinko Solar Tiger LM 72HC-BDVP*** 

(Monocrystalline cells, 72 cells as 144 half-

cut cells per module) 

Bifacial PV module type and nameplate DC power  JKM450M-72HLM-BDVP (450 Wp) 

Bifacial PV module temperature coefficient of power  –0.35% (–0.0035) 

Number of bifacial PV modules 10 

Monofacial PV module  

Jinko Solar Eagle PERC 60M 

(Monocrystalline cells, 60 cells per 

module) 

Monofacial PV module type and nameplate DC 

power  
JKM300M-60 (300 Wp)**** 

Monofacial PV module temperature coefficient of 

power  
–0.39% (–0.0039) 

Number of bifacial PV modules 15 

* In the external study used here for bifacial benchmarking cases, the reported DC-to-AC ratio was 1.13 
(computed as 34.00 kWp ÷ 30.00 kWac = 1.1333). Here, the DC-to-AC ratio is slightly increased to 1.14 to have 
the same inverter’s nominal AC power of 30.00 kWac as the external benchmarking cases, despite the PV nominal 
peak power here being 34.20 kWp (rather than 34.00 kWp). Thus, the entered DC-to-AC ratio in the Aladdin 
simulation is computed as 34.20 kWac ÷ 30.00 kWp = 1.1400). This value (1.14) is then retained in all other main 
simulations (the term “main simulations” here refers to the simulations dedicated to obtaining data for the seven 
Omani cities, not for benchmarking in the Turkish site of Salihli). ** This inverter efficiency was estimated from 
the external study for the bifacial benchmarking cases, as the quotient of dividing 65,038 kWh (AC output energy 
from the inverter stage, available for addition into the grid) by 66,229 kWh (DC output energy from the PV 
array). This quotient is 0.9820. In Aladdin, the resolution that could be recognized as a user’s input value for this 
parameter was 0.01 (two digits after the decimal point). Thus, the value of 0.98 (rather than 0.9820) was used 
after rounding to two decimal places. Although for real-world inverters, a DC-to-AC conversion efficiency of 
98% may look high [271,272], it is still achievable with modern transformer-less inverters [273,274]. Such a high 
(but still realistic) value had to be adopted for consistency with the benchmarking case. In Aladdin, this efficiency 
remains constant during the simulation. *** In the external study for the bifacial benchmarking cases, the bifacial 
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module was GG1H-425 Bifacial PERC-72 by the Turkish PV manufacturer GTC. This exact type was not available 
in the online energy modeling software “Aladdin” at the time of conducting this study. Thus, an alternative 
model was used with proper adjustments in the number of PV panels and DC-to-AC ratio to make the modeled 
bifacial PV system equivalent to the one in the external study. **** This choice of the PV module type (JKM300M-
60) allows us to construct a reference monofacial PV system with the exact DC power capacity of the bifacial 
system (given that: 10 modules × 450 Wp “bifacial” = 15 modules × 300 Wp “monofacial”). Also, the use of the 
same manufacturer (Jinko Solar) for this modeled monofacial module and the modeled bifacial module 
(JKM450M-72HLM-BDVP) is encouraged for better consistency. Figure 17 shows a three-dimensional view of 
the single-row 4.5 kWp bifacial system and the single-row 4.5 kWp monofacial system as modeled in Aladdin. 
This figure corresponds to the geographical location of Muscat, and to the solar noon [275,276] (when the sun is 
at its highest elevation in the sky) of 21 June, as an extreme summer day occurring during the summer solstice 
(estival solstice or aestival solstice) in the northern hemisphere with the sunshine hours being maximum during 
the year [277,278]. Figure 18 provides a similar three-dimensional view for the two single-row PV systems, but 
in an extreme winter day (21 December) belonging to the winter solstice (hibernal solstice) with the sunshine 
hours being minimum during the year [279,280] in the northern hemisphere, at 9 am solar morning (thus, three 
hours before the solar noon). Figure 19 is another three-dimensional view of the two single-row 4.5 kWp PV 
systems together (the monofacial and the bifacial), focusing on the layout of the PV modules within each PV 
system. These views show how well optical effects are captured in Aladdin, such as the dynamic changes in the 
shadows, and the natural illumination by the sunlight and its visual reflection. 

 
Figure 17. Illustration of the bifacial and monofacial PV single-row 4.5 kWp systems of the current study. This 
particular view corresponds to the location of Muscat in Oman, on 21 June, at the solar noon (when the sun is at 
its highest elevation above the horizon). 
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Figure 18. Illustration of the bifacial and monofacial PV single-row 4.5 kWp systems of the current study. This 
particular view corresponds to the location of Muscat in Oman, on 21 December, at 9 am solar time (three hours 
before the sun is at its highest elevation above the horizon). 

 
Figure 19. Illustration of the bifacial and monofacial PV single-row 4.5 kWp systems of the current study. The 
bifacial row (having 10 PV modules) is near the lower edge of the figure, while the monofacial row (having 15 
PV modules) is near the upper edge of the figure. Illumination effects due to incident sunlight are clearly visible. 

3. Benchmarking Results 

In this section, comparisons are provided between selected data computed based on the Aladdin 
simulation tool and those data published in an independent external study using a different 
simulation tool. 

The benchmarking cases are divided into two categories: (1) monofacial PV system in Muscat 
(Oman), and (2) bifacial PV system in Manisa (Turkey). 
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3.1. Monofacial Benchmarking Simulation Parameters 

The monofacial benchmarking case corresponds to the estimated electricity from a normalized 
capacity of 1 kWp per month, in Muscat. Thus, the metric being compared is the kWh/kWp/month 
for the 12 months of a typical year. In addition, the year-average AC monthly specific electric yield 
(in kWh/kWp/month) is also compared. When this year-average monthly quantity is multiplied by 
12, it gives the annual kWh/kWp/year (thus, gives the estimated annual performance). The PV 
modules are tilted at a year-round optimized angle of 25°. 

The external results are obtained using the PVGIS web simulation software and the Energy3D 
desktop simulation software. 

3.2. Monofacial Benchmarking Simulation Assessment 

The comparison results for the normalized monthly electric yields are displayed in Figure 20. 
Although the monthly trends are not identical for the three software tools, the deviations are not large 
and thus are considered acceptable. Such deviations exist not only between the Aladdin-based results 
and either the PVGIS results or the Energy3D results, but also between the PVGIS results and the 
Energy3D results. This is an inevitable characteristic in computational models [281–284], where 
differences in specific modeling assumptions, algorithms, and weather data lead to modeling results 
that are not identical. 

 
Figure 20. Monofacial benchmarking results in terms of the monthly specific yield of electric energy 
(kWh/kWp/month). This benchmarking corresponds to Muscat in Oman. 

The annual normalized electric yield (expressed in kWh/kWp/year) is compared in Figure 21; 
the deviations appear small, and the three sources of results favorably provide comparable values. 
This is considered successful validation for the predictions of monofacial photovoltaic performance 
using Aladdin. 
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Figure 21. Monofacial benchmarking results in terms of the annual specific yield of electric energy 
(kWh/kWp/year). This benchmarking corresponds to Muscat in Oman. 

3.3. Bifacial Benchmarking Simulation Parameters 

The bifacial test case corresponds to a published simulation case for a bifacial photovoltaic (PV) 
system in Caferbey, Salihli, Manisa (Turkey) [285]. The external simulation was performed using the 
PVsyst modeling tool. The system had an AC-rated power of 30 kWac, and a peak DC power of 34 
kWp. The PV modules had an optimum fixed tilt of 30°. The PV modules were disturbed in four rows. 

Table 4 lists various characteristics of this benchmarking bifacial PV system. The peak power in 
the Aladdin-based simulation is 34.2 kWp, which is close to the external value of 34.0 kWp but not 
identical to it because it was not possible to exactly achieve the published 34.0 kWp capacity. 
However, it was possible to match the AC power rating (the rated inverter power) through slightly 
adjusting the DC-to-AC ratio. 

Table 4. Additional specific modeling settings for the benchmarking case. 

Characteristics Used value 

Location 
Caferbey (community/village), Salihli 

(municipality/district), Manisa (province), Turkey 

Latitude (degree, minute, second – 

DMS) 
N 38°28’38” 

Longitude (degree, minute, second – 

DMS) 
E 28°5’50” 

Latitude (decimal degree – DD) 38.4772° N 

Longitude (decimal degree – DD) 28.0972° E 

Tilt 30° (year-round optimum) 

Azimuth angle 180° from north (0° from south) 
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Row-to-row spacing (inter-row 

spacing, or array pitch) 
5 m 

PV nameplate power capacity 

34.2 kWp  

(In the external study, 80 bifacial modules “GG1H-425 

Bifacial PERC-72” by the Turkish PV manufacturer GTC 

were modeled in PVsyst; thus, the nominal PV power 

was 34.00 kWp. Here, the modeled nominal PV power in 

Aladdin is 34.20 kWp, as 76 modules with 0.450 kWp 

each.) 

Inverter nameplate power capacity 

30 kWac 

(In the external study, this is obtained as: 34.00 kWp ÷ 

1.1333; here, it is obtained as: 34.20 kWp ÷ 1.1400.) 

Number of rows of PV array 

4  

(In the external study, 20 PV modules are stacked 

horizontally in each row; here, 19 PV modules are 

stacked horizontally in each row.) 

Albedo 0.30 (for the low-albedo simulation) 

0.65 (for the high-albedo simulation) 

Figure 22 is a two-dimensional view (top view) of the bifacial benchmarking system as modeled 
in Aladdin. 
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Figure 22. Layout of the bifacial PV array used here in the bifacial benchmarking simulation that corresponds to 
Caferbey in Turkey. This particular view corresponds to 3 pm solar time (three hours after the sun is at its highest 
elevation above the horizon). 

3.4. Bifacial Benchmarking Simulation Assessment 

Table 5 compares the Aladdin-based predicted annual electricity generation with the 
independently published results for two albedo values. These albedo values are the same as the ones 
adopted later for a 4.5 kWp bifacial PV system in the seven Omani cities (these subsequent cases are 
referred to as the “main simulations” to distinguish them from the present temporary “benchmarking 
simulations”). These selected albedo values are 0.30 (low albedo) and 0.65 (high albedo). 

If the Aladdin-based value is denoted by 𝑥, and the external value is denoted by 𝑦, then the 
relative deviation 𝑑 between the two values is computed as 𝑑 = 2 𝑥 − 𝑦𝑥 + 𝑦 × 100% ( 3) 

This deviation is the signed difference between the two values (the Aladdin-based value minus 
the external value) expressed as a percentage of the arithmetic mean of the two compared values. 

It can be seen in the table that for either albedo, the magnitude of the relative deviation is small, 
below 0.5%, which supports the matching between the Aladdin-based results and the external results. 

Table 5. Assessed deviation between the predicted annual electric yield from a 30 kWac bifacial system in the 
bifacial benchmarking case. 

Albedo 

Total annual 

electric yield 

(using 

Aladdin) 

Total annual 

electric yield 

(external 

study) 

Difference in 

total electric 

yield (Aladdin 

value – external 

value) 

Averaged total 

electric yield 

Relative 

deviation 

(difference ÷ 

average) × 

100% 

0.30 
60,405.78 

kWh/year 

60,600 

kWh/year 

–194.22 

kWh/year 

60,502.89 

kWh/year 
–0.32% 

0.65 
65,332.24 

kWh/year 

65,038 

kWh/year 
294.24 kWh/year 

65,185.12 

kWh/year 
0.45% 

Figure 23 visualizes a similar comparison between the Aladdin-based results and the external 
results for the 30 kWac test bifacial PV system of Manisa, Turkey. However, instead of comparing the 
total annual electricity generated, a normalized version of this (normalized annual electricity by the 
peak DC capacity) is compared, and this counterbalances the small difference between peak DC 
capacity (34.2 kWp) adopted in the Aladdin model, and the slightly-smaller peak DC capacity (34.0 
kWp) adopted in the external one. It can be seen that the Aladdin-based normalized annual specific 
electric yields (in kWh/kWp/year) are also in good agreement with those belonging to the external 
independent simulations, with the magnitude of the percentage deviation limited below 1% for either 
albedo. 
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Figure 23. Bifacial benchmarking results in terms of the annual specific yield of electric energy (kWh/kWp/year). 
This benchmarking corresponds to Caferbey, Manisa in Turkey. 

4. Main Results 

After the validation check of the Aladdin simulation process through comparisons of results 
with independent sources for both monofacial photovoltaic (PV) modeling and bifacial PV modeling, 
the main results of this study are presented in the current section. All these main simulations are 
related to comparing a 4.5 kWp monofacial PV system and a 4.5 kWp bifacial PV system in seven 
locations (seven cities) in Oman at two archetypal albedo values, with the purpose of quantifying the 
expected gain in electricity generation, thus the technical feasibility of using bifacial modules in lieu 
of monofacial ones. For monofacial modules, the effect of albedo is neglected. Whereas for bifacial 
modules, the albedo has a direct weakly nonlinear (thus, can be approximated as linear) influence on 
the electricity generation [286,287]. 

4.1. Gain in Annual Electric Yield with Bifacial Modules (Low and High Albedos) 

In this subsection, three sets of the estimated annual specific electricity yields (in 
kWh/kWp/year) for the seven selected Omani locations are contrasted under three respective 
conditions; namely: 

(1) monofacial PV modules 
(2) bifacial PV modules with a low ground albedo of 0.30 
(3) bifacial PV modules with a high ground albedo of 0.65 
The contrasted specific yields are visualized in Figure 24. With the exception of Khasab, the 

remaining six Omani locations have similar estimates. The city of Khasab at the northern tip of Oman 
has a slightly lower annual yield. This special feature of Khasab can be attributed to the relatively 
important horizon height there, affected by its terrain; where the Hajar Mountains fall steeply from 
heights near 2,000 m into the coast [288,289]; and this reduces the duration of available sunshine 
reaching the PV modules. 
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Figure 24. Aladdin-based estimated annual specific electricity yield in seven Omani cities, with monofacial PV 
modules, bifacial PV modules with a low albedo value of 0.30, and bifacial PV modules with a high albedo value 
of 0.65. 

For the monofacial PV system, the annual specific electricity yield ranges from 1,633.1 
kWh/kWp/year in Khasab to 1,868.8 kWh/kWp/year in Duqm. If the average of these seven diverse 
locations is taken as an approximate national average for Oman, then a national value of 1,821.6 
kWh/kWp/year (or 4.99 kWh/kWp/day for a 365-day year) is obtained. 

For the bifacial PV system with the low albedo of 0.30, the annual specific electricity yield ranges 
from 1,747.4 kWh/kWp/year in Khasab to 1,999.6 kWh/kWp/year in Duqm. If the average of these 
seven diverse locations is taken as an approximate national average for Oman, then a national value 
of 1,949.1 kWh/kWp/year (or 5.34 kWh/kWp/day for a 365-day year) is obtained. 

Considering the increase from a national (Omani) average of 1,821.6 kWh/kWp/year to 1,949.1 
kWh/kWp/year, the estimated national average approximated bifacial gain (ABG) in Oman at albedo 
0.30 is 7.0%. 

For the bifacial PV system with the high albedo of 0.65, the annual specific electricity yield ranges 
from 1,878.1 kWh/kWp/year in Khasab to 2,149.1 kWh/kWp/year in Duqm. If the average of these 
seven diverse locations is taken as an approximate national average for Oman, then a national value 
of 2,094.9 kWh/kWp/year (or 5.74 kWh/kWp/day for a 365-day year) is obtained. 

Considering the increase from a national (Omani) average of 1,821.6 kWh/kWp/year to 2,094.9 
kWh/kWp/year, the estimated national average approximated bifacial gain (ABG) in Oman at albedo 
0.65 is 15.0%. 

Considering the increase from a national (Omani) average of 1,949.1 kWh/kWp/year to 2,094.9 
kWh/kWp/year, the estimated increase in the electric generation from a bifacial PV system in Oman 
when the ground coverage is artificially whitened (causing an increase in ground albedo from 0.30 to 
0.65) is 7.5%. 

4.2. Monthly Electricity Generation with Monofacial PV Modules 

In this subsection, the monthly specific electric yield (in kWh/kWp/month) for the seven Omani 
locations selected in the current study with monofacial PV modules is demonstrated. The contrasted 
profiles of the monthly specific electric yields for these seven Omani locations are visualized in Figure 
25. 

For the southern city of Salalah, a noticeable decline in electricity generation can be observed in 
the summer. This can be explained by the summer monsoon (locally in Oman called “Khareef” or 
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“Al-Khareef” season) [290,291], where rains obstruct the photovoltaic electricity generation. On the 
other hand, the rainy season in Khasab is in the winter, and this is consistent with the observed 
decline in the monthly electric yield during that period. The ability of Aladdin to capture these 
seasonal phenomena reflects the good meteorological data incorporated within it. 

 
Figure 25. Profiles of the monthly (per-month) specific yield of electricity for the seven Omani locations studied 
here, with monofacial PV modules. 

If the average of the seven Omani cities selected here is taken as a representative national average 
for Oman, then these approximate national monthly (per-month) specific electric yields (with 
monofacial PV systems) are demonstrated in Table 6, with an overall average (averaged over the 12 
months of the year) of 151.8 kWh/kWp/month. The month with the highest electricity generation is 
May, while the month with the lowest electricity generation is December. The observation that the 
month of highest photovoltaic electricity generation in Oman is May (rather than June or July, which 
are closer to the summer solstice) can be explained by a higher degree of particles (dust) in the 
atmosphere in the period of June-August, which tend to diffuse and disperse the incoming direct 
normal irradiance (DNI) [292–294]through the two-phase air-dust medium [295–297]. Animated and 
historical aerosol data from NASA (United States National Aeronautics and Space Administration) 
support the presence of this phenomenon in Oman in general [298–300]. 

Table 6. Approximate national (Oman) monthly (per-month) specific yield with monofacial PV modules 
(expressed in kWh/kWp/month). 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average 

142.3 139.3 151.4 154.4 167.5 152.3 140.4 149.0 161.8 170.3 154.8 138.3 151.8 

4.3. Monthly Electricity Generation with Bifacial Modules at Low Albedo 0.30 

In this subsection, the monthly specific electric yield (in kWh/kWp/month) for the seven Omani 
locations selected in this study with bifacial PV modules and a low ground albedo of 0.30 is 
demonstrated. The contrasted profiles of the monthly specific electric yield (for the seven Omani 
locations) are visualized in Figure 26. 
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Figure 26. Profiles of the monthly (per-month) specific yield of electricity for the seven Omani locations studied 
here, with bifacial PV modules and ground albedo 0.30 (low). 

If the average of the seven Omani cities selected here is taken as a representative national average 
for Oman, then this approximate national monthly (per-month) specific electric yield (with low-
albedo bifacial PV systems; 𝛼 = 0.30) is demonstrated in Table 7, with an overall average (after the 
city-averaged monthly values are further averaged over the 12 months of the year) of 162.4 
kWh/kWp/month. This is 7.0% above the monofacial overall average value of 151.8 kWh/kWp/month 
that was mentioned earlier. 

Table 7. Approximate national (Oman) monthly specific yield with bifacial PV modules and a low albedo of 0.30 
(kWh/kWp/month). 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average 

150.6 147.4 160.8 165.9 182.4 166.7 152.6 159.7 171.8 180.4 164.1 146.7 162.4 

Figure 27 shows the monthly variations of the approximated bifacial gain (ABG) for the seven 
selected cities in Oman. There is noticeable agreement among the seven locations, where the monthly 
ABG exhibits an increase in the summer, with a peak of about 9.5% observed in the month of June. 
In the winter, the ABG is nearly constant near a value of 6%. 

4.4. Monthly Electricity Generation with Bifacial Modules at High Albedo 0.65 

In this subsection, the monthly specific electric yield (in kWh/kWp/month) for the seven Omani 
locations selected in this study with bifacial PV modules and a high ground albedo of 0.65 is 
demonstrated. The contrasted profiles of the monthly specific electric yield (for the seven Omani 
locations) are visualized in Figure 28. 
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Figure 27. Profiles of the monthly approximated bifacial gain (ABG) in electricity generation for the seven Omani 
locations studied here, with ground albedo 0.30 (low). 

 
Figure 28. Profiles of the monthly (per-month) specific yield of electricity for the seven Omani locations studied 
here, with bifacial PV modules and high ground albedo 0.65 (high). 

If the average of the seven Omani cities selected here is taken as a representative national average 
for Oman, then this approximate national monthly (per-month) specific electric yield (with high-
albedo bifacial PV systems; 𝛼 = 0.65) is demonstrated in Table 8, with an overall average (after the 
city-averaged monthly values are further averaged over the 12 months of the year) of 174.6 
kWh/kWp/month. This is 15.0% above the monofacial overall average value of 151.8 
kWh/kWp/month that was mentioned earlier, and 7.5% above the low-albedo (𝛼 = 0.30) bifacial PV 
systems overall average value of 162.4 kWh/kWp/month that was also mentioned earlier. 
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Table 8. Approximate national (Oman) monthly (per-month) specific yield with bifacial PV modules and a high 
albedo of 0.65 (kWh/kWp/month). 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average 

161.0 157.4 172.2 178.9 198.3 181.7 165.5 171.6 183.5 192.4 175.4 157.1 174.6 

Figure 29 shows the monthly variations of the approximated bifacial gain (ABG) for the seven 
selected cities in Oman. Similar to the previously discussed case with a lower albedo of 0.30, there is 
still noticeable agreement among the seven Omani locations under the higher albedo of 0.65; where 
the monthly ABG exhibits an increase in the summer, with a peak of about 19% observed in the month 
of June. In the winter, the ABG is nearly constant near a value of 13%. 

 
Figure 29. Profiles of the monthly approximated bifacial gain (ABG) in electricity generation for the seven Omani 
locations studied here, with ground albedo 0.65 (high). 

5. Conclusions 
5.1. Summary of Achievements 

The current study successfully achieved its goals. The new simulation software, Aladdin, was 
assessed and demonstrated in detail in terms of its ability to handle the numerical modeling of 
monofacial and bifacial photovoltaic power systems. The electricity generation from monofacial 
photovoltaic systems, from bifacial photovoltaic systems at a low albedo, and from bifacial 
photovoltaic systems at a high albedo in seven cities of Oman was deeply analyzed. Both annual 
outputs and monthly variations were compared, and national-level estimates were derived. The 
study asserts the huge potential of solar energy in Oman, as demonstrated by an attractive electric 
yield that can exceed 2 MWh/kWp/year (5.5 kWh/kWp/day). 

The current study does not recommend using bifacial photovoltaic modules in dark soil lands 
(having a very low albedo near 0.1) due to the insignificant gain that is combined with a cost penalty, 
extra handling challenges due to having the rear side covered with optically sensitive photovoltaic 
cells, and added restrictions against utilizing the rear side as a heat source in case the bifacial 
photovoltaic system is upgraded to a hybrid photovoltaic-thermal system. 

The current study is useful to both a local audience having a particular interest in the Omani 
energy mix and the prospective transitioning to renewable energy, and a global audience having an 
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interest in computer-aided engineering (CAE) of photovoltaic power systems or having a similar 
environment to the Omani cities analyzed here. 

The unique contributions of this work include the application cases presented using the Aladdin 
simulation tool, the comprehensive illustration of its modeling procedure, the benchmarking checks 
presented, the introduced and well-defined approximated bifacial gain metric for decision-making 
in photovoltaic systems, the small dataset of specific electric yields under three categories of 
photovoltaic systems (monofacial, bifacial with low albedo, and monofacial with high albedo) in 
seven important cities of Oman, the data-driven estimates of national specific yields under each of 
these three categories, the estimated monthly variations in the specific yields, and the corresponding 
approximated bifacial gains. 

5.2. Areas for Improvement 

Despite the listed accomplishments of the current study, it remains subject to multiple 
improvements or extensions that can increase its value and broaden its audience. 

For example, addressing any of the limitations of the study that were mentioned earlier can 
strengthen this work and make it more robust. This can be through investigating the impact of dust 
accumulation on the output of photovoltaic or photovoltaic systems in harsh weather conditions. 

Another area of improvement is exploring the performance gains of combining the photovoltaic 
system (for generating clean electricity) with a thermal system (for generating clean heat), and how 
such a gain differs between a monofacial system and a bifacial system. 

In addition, examining various cleaning methods for photovoltaic panels, and possible decision-
making strategies, as well as optimizing the cleaning scheduling of the photovoltaic panels, form a 
good topic in the field of photovoltaic solar power. Again, the solutions and frameworks for 
monofacial modules can be compared with those for bifacial modules, since the two module types 
have different optical configurations. 

Conducting field experiments to validate the simulation-based findings (rather than relying 
totally on benchmarking against a different simulation method) can strengthen the credibility of the 
current work. 

Earlier, the matter of sensitivity analysis was discussed. Beyond the revealed linear dependence 
of the electric yield on the ground albedo, a further sensitivity analysis that considers additional key 
parameters can lead to useful insights about optimizing photovoltaic power systems, and which 
parameters are more influential than the others. This approach not only improves the reliability of 
the results but also broadens their applicability to a wider range of systems, and makes them useful 
to a larger audience size beyond the Omani context. 
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Nomenclature 

CAE  Computer-aided engineering 
CFD  Computational fluid dynamics 
CSP  Concentrated solar power 
Impp Rated current of a photovoltaic panel at its maximum power point 
MPP Maximum power point 
NASA United States National Aeronautics and Space Administration 
NOCT  Nominal operating cell temperature 
NSF United States National Science Foundation 
SC Short circuit 
SDG Sustainable Development Goals of the United Nations (UN) 
STEM Science, technology, engineering, and mathematics 
TES Total energy supply 
TFEC  Total final energy consumption 
TFELC  Total final electricity consumption 
UN United Nations 
Vmpp Rated voltage of a photovoltaic panel at its maximum power point 
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