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Abstract: Bifacial Photovoltaic (BiPV) module is a revolutionary technology in the Photovoltaics as this
modules are capable of generating electrical power using both the sides of the module. Using this
technology the per unit cost of generation or levelized cost of electricity (LCOE) is decreased and the
annual energy production is increased. In order to increase the generation and reduce the cost, the
system design particularly at inverter level plays an important role. This review paper analyzes the recent
research that has been conducted on the designing of the solar power plants based on the BiPV. Bifacial
gain, albedo dependence, and orientation schemes are all factors that might have an impact on the
inverter loads in bulk plants employing BiPV panels. The study investigates novel methods that can be
utilized to enhance the design of inverters, including Power Sizing Ratio (PSR) tuning, flexible power
point tracking, and topology selected. Temperature stress on inverters is developed due to the sizing
issues of inverters in a BiPV based solar power plant, which causes them to deteriorate over time. This
study concludes with potential future choices for the design of adaptive inverters that are both powerful
and cost-effective to integrate with the BiPV.

Keywords: Bifacial Photovoltaic; Maximum Power Point Tracking; Power Sizing Ratio; Levelized cost of
energy; Net Present Value

Introduction

The BiPV technology has emerged as the undisputed victor when it comes to extracting the maximum
amount of energy from a system while simultaneously minimizing the LCOE to the greatest extent
possible. BiPV are able to absorb solar light from both the front and the back. In other words, largely
depending on the albedo of the site, they have the potential to improve energy production by anywhere
from five percent to more than thirty percent. Bifacial technology is expected to hold between 70 and 90
percent of the market from now until the end of the decade, according to blueprints developed by the
industry experts [1,2].

In spite of the fact that BiPV has obvious advantages, it makes the process of designing solar power
plants' electrical systems more challenging [3]. The PV converter, which is responsible for converting
direct current (DC) into alternating current (AC) that is compatible with the grid, is faced with challenges
that have never been encountered before in the history of BiPV systems. The inverter is subjected to
increased levels of thermal and electrical stress as a result of the rear side producing an increasing
amount of variable DC power [4,5]. Over time, this will result in a decrease in its efficiency as well as a
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decrease in its reliability. As a result of this, straightforward guidelines for selecting the appropriate
inverter size are no longer effective in designing of the solar plant employing the BiPV [6].

There is a discernible rising trend between the amount of energy gained and the albedo. This is due to
the fact that bifacial modules are extremely sensitive to the reflectance of the ground. There is a direct
correlation between higher albedo conditions and an increase in the quantity of electricity generated
from the base [7]. Additionally, the PSR—LCOE connection has a non-linear form, which demonstrates
that there is a sweet spot for sizes where economic efficiency is at its optimum [8]. Any size that is
greater than this results in lesser returns since a greater number of resources are either harvested or not
used. Moreover, the thermal profile demonstrates that there is an inverse relationship between the
running temperature and the duration of the inverter [9,10]. In bifacial systems that have a high
irradiation, this demonstrates how critical it is to minimize extended heat stress to a significant degree.
Additionally, the irradiance—power graph remains practically straight, which is a confirmation of what we
anticipated photovoltaics to do as the output of the sun gradually increases in process [11]. These
tendencies, when viewed as a whole, demonstrate how challenging it is to establish the optimal balance
between maximizing the amount of energy that can be extracted from a system and ensuring that it
remains stable. This demonstrates how essential it is to make use of integrated analytical modeling in
order to achieve the highest possible level of technological efficacy [12,13].

We require comprehensive analytical models that are able to assess the irradiance from the rear side,
simulate thermal cycling, and determine the optimal settings for the inverter in order to strike a balance
between energy yield and component degradation. In this article, the most recent mathematical
modeling techniques that are utilized to determine the optimal inverter design for bifacial solar panels
are discussed that are currently available. This brings together the various approaches that are now in
use, as well as optimization techniques and the inevitable trade-offs that exist between the cost of the
system, the amount of energy it generates, and the degree to which it is reliable [14,15.16,17]

Overview of Bifacial Solar Panel Characteristics

In order to get the most out of photovoltaic inverters, it is necessary to have an understanding of the

differences between the electrical and visual aspects of BiPV. There are a number of parameters that

collectively influence the success of BiPV systems [17,18].

i. Bifaciality Factor: It is a measurement that indicates how efficient the rear side is in comparison to
the front side, when subjected to Standard Test Conditions (STC) [19]. The bifaciality factors of
commercial BiPV cells, such as those designed using Passivated Emitter and Rear Cell (PERC)
architectures, range from 75 percent to 65 percent [20]. TOPCon, which stands for tunnel oxide
passivated contact, and HJT, which stands for Heterojunction Technologies , are two more advanced
technologies that are capable of reaching bifaciality factors that are greater than 90% [21].

ii. Albedo and Rear-Side Irradiance: The most important feature that influences the amount of energy
collected from the rear side is albedo [22,23]. It is the ratio of the irradiance that is reflected from the
ground to the irradiance that is reflected from the earth's surface [25]. The albedo of a surface can
range anywhere from ten percent to ninety percent, depending on the characteristics of the surface,
such as grass, gravel, fresh snow, or reflecting polymeric membranes [26.27]. There is a correlation
between highly reflecting surfaces and peak solar altitudes, which results in significant power
spikes.To deal for these occurrences, inverters need to be constructed. [28, 29,30].
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iii. Module Height and Row Spacing: The overall design of the photovoltaic array has a significant impact
on the amount of light that is diffused and reflected from the rear of the array. It is possible to lower
the amount of ground self-shading by increasing the module mounting height to, for example, two
meters and adjusting the inter-row spacing by adjusting the pitch. Because of this, the total DC
current that is being fed into the inverter is increased [31] for the process.

In terms of tracking and direction, the majority of systems have a fixed tilt and face south. However,
East-West BiPV designs that are positioned vertically produce two power peaks, one in the morning and
one in the afternoon scenarios. This results in a larger daily generating window, which in turn alters the
load profile of the inverter and reduces the amount of clipping that occurs at midday. It is also possible
to boost both rear and front irradiance by combining BiPV modules with single-axis tracking (SAT)
systems. This combination results in the LCOE throughout the majority of the world's land regions
[10,11,24,31] for the process.

Comparative Summary of Key Findings

It is the ability of bifacial solar panels to gather energy from both sides that is the primary advantage of
these panels. The ratio of rear-to-front nominal efficiency is the bifaciality factor, which is used to assess
this. The bifaciality factor typically falls somewhere between 0.60 and 0.95, depending on the structural
configuration of the cell. The applications in the real world reveal significant energy gains. Compared to
monofacial plants, for instance, large bifacial plants in the United Kingdom have an energy vyield
advantage that ranges from 15.12% to 17.31% overall. Additionally, vertically mounted bifacial
photovoltaic (PV) systems with high-junction thermoelectric (HJT) cells have the potential to generate up
to 26.91% more power than slanted monofacial systems during specific times of the day. This provides
these systems with distinctive generation profiles that are tailored to meet the requirements of the peak
grid [18, 24].

When it comes to the operation of an inverter, bifacial panels also are distinguished by their distinct
thermal and optical features. When looking at other wavelengths, they are better at absorbing infrared
light, which can boost energy yields in certain settings thanks to their ability to absorb infrared lights.
This is because bifacial modules do not have a fully metalized back contact, which allows them to
function at temperatures that are lower than those of monofacial modules. This is due to the fact that
they do not absorb as much infrared radiation, which therefore results in a lower rate of heat loss. One
of the most significant aspects that has an impact on the design of inverters is the fact that the radiation
from the rear is not dispersed evenly throughout space. A number of factors, including edge effects,
inter-row spacing, and structural components, are responsible for the uneven distribution of light across
the rear of the module. Because of this, there is a mismatch in the current between cells that are
connected in series. This mismatch, if it is not taken into consideration, will result in a significant
reduction in the amount of useful power that is transmitted to the inverter. As a result, it is necessary to
have sophisticated models and distinct inverter topologies [19-21, 22—-30] for the process.

Table 1. key studies that integrate analytical modeling with BiPV inverter optimization

Study Focus Area Analytical Method / Model Key Findings & Inverter Implications
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Orientation &

System Advisory Model

Vertical East-West bPV configurations
generate dual peaks, extending

1 ) L ) .
[10] Load Matching (SAM) gene'zratlon hours owe.rs inverter sizing
requirements by flattening the peak load
profile.
Bifacial-1T systems achieve the lowest
Global LCOE & Spatial modeling, Monte LCOE globally. Inverter capacity must be
[11] . e . .
Tracking Carlo sensitivity analysis increased by 20% to accommodate
bifacial gain.
[12] Ratio (PSR) Pattern Search Algorithm & . g. .
S maximizing energy  capture  and
Optimization (PSA) e o
minimizing inverter clipping costs.
. S Determined optimum sizing ratios (Rs) of
PV Array & Multi Verse OpF|m|zatlon 0.87 to 0.92 for multi-megawatt bPV
[13] . (MVO), Isotropic sky . .
Inverter Sizing plants to minimize LCOE and contain
models
power losses.
Bifacial panels increase thermal stress on
Inverter Foster electro-thermal IGBTs. High bifacial gain (>30%) severely
[14] Reliability & model, Rainflow counting, reduces inverter B10 lifetime (e.g., from
Thermal Stress Monte Carlo 34 years to 1.5 years at the component
level).
Numerically estimated bifaciality factors
[17] Yield Gain Osterwald model, NRMSE at the stringbox level, revealing 3% to
Quantification optimization 5.3% real-world yield gains depending on
site albedo.
Rear Irradiance non-uniformity causes
[21,23] Topology & MCRT optical + PV mismatch. MLPE/individual optimization
! Mismatch Mismatch electrical models | yields 1.4% more energy than string
inverters.
Advanced current-limiting (Current
[25] Grid Stability Review of GFM inverter Saturation, Virtual Impedance) s
(LVRT) control architectures mandatory for GFM inverters to survive
grid faults and maintain synchronization.
DC/AC oversizing (1.3 to 1.5) causes
[26] System Sizing & | Experimental data & SAM clipping losses, but high-albedo setups
Clipping financial modeling still maximize NPV and reduce LCOE by up
to 4%.
[28] Intelligent Hybrid Al Algorithm Al-driven scheduling handles
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Scheduling (COA-BKA) high-altitude irradiance volatility,
achieving 98% accuracy in 4.5s,
optimizing inverter dispatch to loads.

"Equivalent irradiance" models accurately

[29] Real-Time Empirical nonlinear predict SV_{mp}$ and SI_{mp}S, enabling

Control regression models faster, model-based MPPT algorithms in
inverters.

1-axis tracking combined with bifacial

31] Tracking vs. SAM modeling across six panels offers the most economically

Fixed global desert climates viable LCOE (as low as 2.45 ¢/kWh)

compared to fixed or 2-axis.

Key Contribution

Even though modeling has improved, it is still hard to find the best inverter for a BiPV system.

Lack of Standardization: Manufacturer datasheets are not reliable because there isn't a single meaning of
bifacial gain and bifaciality factors that work in all field conditions. While standards like IEC 60904-1-2 are
being made, it is hard to get the right size transformer for a building before it is built because there
aren't any clear input factors. [7,19,32] Shadows are cast on the backside by torque tubes, tracking
structures, and changing ground plants, which leads to mismatches and complex shade. It's necessary to
use GPU-based 3D modeling to accurately find electrical difference and create multi-MPPT inverter
designs, since 2D View Factor models often miss these edge effects. [21,22]

Taking care of thermal and extreme weather: Reliability models say that the loss of heat from the BiPV
system transformer is a big problem, especially in dry, high-Irradiance areas. It is important to look into
more advanced active cooling methods for transformers and long-lasting materials for power
semiconductors. Tracking methods need to meet certain standards so that buildings are safe from bad
weather without causing huge drops in generator power. [4, 7, 14] Different types of bPV systems, like
vertical agrivoltaics, floating solar, and noise-barrier PVs, produce very uneven daily power trends. A big
area of study will be optimizing inverter behavior, which includes using smart Volt Var settings to control
the amount of hosting capacity on the distribution grid without having to buy expensive battery storage
[15, 20, 24].

Conclusions

Bifacial photovoltaic panels alter the process of solar energy generation by lowering the LCOE and
increasing yields. The operation of PV inverters is significantly altered as a result of this modification. In
order to improve the design of a BiPV inverter, it was discovered that it is necessary to make use of
sophisticated mathematical models rather than using static, one-sided assumptions. Changing rear-side
irradiance can be predicted by view factor and ray-tracing models, while thermal stress and needless
clipping losses can be kept to a minimum using electrical and electro-thermal models. Studies have
shown that determining the optimal PSR, selecting the appropriate tracking systems, and ensuring that
the capacity of the inverter corresponds to the load patterns are all sensitive balances. The BiPV
technology maximizes the amount of energy that is absorbed, but it also places a great deal of stress on
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the components of the generator, which makes them less dependable. It is only via the development of
superior analytical models that next-generation BiPV power plants will be able to function properly. This
will allow for the manufacture of transformers that are more cost-effective, compatible with the grid,
and robust enough to meet the additional energy requirements of bifacial processes.

It is essential to make use of mathematical models in conjunction with one another in order to get the
most out of bifacial solar systems. Standard inverter sizes and controls are not compatible with bifacial
modules because they make use of a dynamic and non-uniform rear-side light. It is possible for system
designers to make precise predictions regarding DC yields with the use of modern optical ray tracking,
electrical mismatch models, and real-time digital twins software. With the help of this predictive power,
the DC/AC ratio of the inverter is adjusted in such a way that inverter clipping losses are reduced to a
minimum while both NPV and LCOE are optimized. In addition to this, these models choose the optimal
topology, provide an explanation as to why module-level power electronics are required to reduce
mismatch, and define robust grid-forming inverter control approaches that maintain grid stability.
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