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Abstract: One of the key directions in the development of photovoltaic technologies is increasing 

the electrical energy yield per unit area, in which bifacial photovoltaic modules are playing an 

increasingly important role. These modules are characterized by their ability to utilize not only 

the incident radiation on the front side but also the radiation reaching the rear side, primarily 

originating from reflection from various surfaces. However, the actual performance gain strongly 

depends on the installation environment, geometric configuration, and surface reflectivity. The 

aim of the present study was to provide a quantitative evaluation of bifacial module performance 

under both real and controlled measurement conditions, with particular emphasis on the separate 

assessment of front- and rear-side irradiance contributions to electrical power output. The 

measurements were carried out in Hungary, in the town of Keszthely, under natural conditions 

with natural grass as ground cover, as well as in controlled configurations using full covering of 

the module. Based on the field measurements, bifacial operation resulted in an average power 

increase of 8.7% compared to the monofacial reference. Additional investigations revealed that, 

under controlled conditions, the electrical response of the rear side reached approximately 73% 

of the front-side power, which is consistent with the bifaciality factor of the investigated module. 

The results highlight a significant distinction between the intrinsic, module-level physical 

potential of bifacial technology and the performance gain that can be practically realized under 

real installation conditions. From a practical perspective, the applicability of bifacial technology 

is therefore highly site-specific, and its effective utilization can only be achieved through the 

combined consideration of installation environment and structural parameters, particularly 

module mounting height, tilt angle, and the availability of sufficient rear-side clearance. 

Keywords: albedo; bifacial photovoltaic modules; component-based measurement; installation 

geometry; performance analysis; photovoltaic systems; rear-side irradiance

1. Introduction 

Over the past decades, the global energy system has 

undergone significant structural transformation, primarily 

driven by increasing energy demand, challenges related to 

the security of production and supply chains, geopolitical 

uncertainties, and the growing environmental pressures 

associated with climate change1–3). This transformation is 

further reinforced by the continued growth of global 

primary energy demand, driven by economic development, 

urbanization, and population increase4–6), as well as by 

international decarbonization efforts, including the IPCC 

AR6 pathways and SDG7 on affordable and clean energy7–

10). Consequently, renewable energy technologies have 

become central to future electricity systems, with solar 

energy playing a particularly important role because of its 

broad availability, modularity, and suitability for 

decentralized generation. Current trends indicate that 

renewable technologies, particularly wind and solar energy, 

are expected to further expand their contribution to 

electricity generation in the long term11,12). 

The rapid proliferation of photovoltaic (PV) systems is 

closely linked to continuous technological advancements 

and declining costs, which have made PV increasingly 

competitive with conventional energy generation 

technologies in many regions13,14).  

During the development of PV technology, several distinct 

generations of semiconductor-based solar cells have 

emerged, including first-generation crystalline silicon (c-

Si), second-generation thin-film technologies (e.g., CdTe, 

CIGS), and third-generation advanced concepts such as 

perovskite and tandem structures. Among these, crystalline 
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silicon-based systems continue to dominate the market15–

18). The widespread adoption of PV systems is further 

supported by their modular design, which enables 

applications ranging from small-scale residential 

installations to large utility-scale power plants.  

However, one of the fundamental challenges of PV 

systems arises from their dependence on weather 

conditions. The temporal and spatial variability of solar 

irradiance introduces significant uncertainty in energy 

production, posing challenges for power system 

integration, including limited predictability of generation, 

difficulties in maintaining grid stability, and increased 

demand for system flexibility and energy storage. 

Consequently, research and development efforts are 

increasingly focused on improving efficiency, stabilizing 

energy production, and maximizing the energy yield per 

unit module area and available land19–21).  

Conventional PV system design is based on monofacial 

modules, which utilize only the solar radiation incident on 

their front surface; therefore, their energy production 

primarily depends on the intensity of direct and diffuse 

irradiance. In contrast, bifacial PV technology has gained 

increasing attention in recent years as an advanced 

development of monofacial systems22,23). Bifacial PV 

modules are capable of utilizing not only the radiation 

incident on the front side but also the radiation reaching 

the rear side, which mainly originates from reflected light 

from surrounding surfaces, thereby increasing the energy 

yield per unit area23–25).  

Previous experimental, modeling, and review studies have 

reported that the additional energy yield of bifacial systems 

typically ranges from a few percent up to approximately 

30%, showing a strong dependence on surface 

reflectivity23,26–30). For instance, in low-albedo 

environments, such as natural soil or vegetation, gains are 

typically around 5–10%, whereas under highly reflective 

surface conditions, increases of up to 25–30% can be 

achieved23,26–28). However, the resulting energy yield 

depends not only on the irradiance incident on both module 

surfaces but also on the optical and geometric 

characteristics of the installation environment, including 

ground reflectivity, module spacing, and tilt angle. 

Therefore, it is essential to determine the expected 

performance gain on a site-specific basis, as values 

reported for specific installation and surface conditions 

may significantly differ from the actual performance 

increase under real installation conditions23,26–31). 

Consequently, the performance modeling of bifacial 

systems is inherently more complex than that of 

monofacial systems, as, in addition to the conventional 

direct and diffuse components, the rear-side irradiance 

must be treated as a separate contribution32–34).  

State-of-the-art modeling approaches decompose the 

output power into individual irradiance components, 

accounting for the effects of angle of incidence and 

temperature corrections, while treating the rear-side power 

contribution separately32). This component represents the 

energy generation originating from reflected radiation, and 

its magnitude depends on the bifaciality factor (i.e., the 

ratio of rear-side to front-side electrical response)35), as 

well as on the reflectivity of the surrounding environment. 

Previous modeling and validation studies have shown that 

rear-side irradiance cannot be simply described as an 

extension of diffuse radiation, as its spatial and temporal 

behavior differs significantly and is strongly influenced by 

environmental conditions32–34). Accordingly, the reliable 

estimation of bifacial system performance typically 

requires model parameters to be derived from 

measurement data, enabling a consistent treatment of the 

different irradiance components32).  

The development of bifacial technology is closely linked 

to advancements in modern solar cell architectures, such as 

Passivated Emitter and Rear Cell (PERC), Tunnel Oxide 

Passivated Contact (TOPCon), and heterojunction (HJT) 

structures, which enable efficient dual-side light 

harvesting and improved conversion efficiencies36–38).  

The economic relevance of bifacial technology is further 

enhanced by the fact that bifacial modules are increasingly 

approaching cost parity with monofacial systems, while 

offering the potential for higher energy yield depending on 

environmental and installation conditions. This can lead to 

a reduction in the levelized cost of electricity 

(LCOE)23,39,40). Based on current technological and market 

trends, the share of bifacial PV systems is steadily 

increasing, and several industry projections anticipate their 

continued expansion over the coming decade. 

Consequently, a detailed understanding of the operation, 

performance, and optimization potential of bifacial 

systems is of growing importance for both research and 

practical applications22–24).  

Based on the above, bifacial PV technology exhibits 

significant potential for increasing the electrical energy 

generated per unit area. However, the extent to which this 

potential can be realized strongly depends on installation 

conditions, environmental reflectivity, and the geometric 

configuration of the modules. Since rear-side irradiance 

can vary substantially with environmental and geometric 

conditions, the applicability of bifacial technology must be 

assessed in a site-specific, system-level context29–31).  

At the same time, a reliable interpretation of system-level 

behavior fundamentally relies on a detailed understanding 

of the physical processes occurring at the module level, 

particularly through the separate analysis of front- and 

rear-side irradiance components32–34). Although previous 

studies have demonstrated the potential performance 

benefits of bifacial technology under favorable or high-

reflectivity conditions23,26–30), the direct applicability of 

these findings to real, natural installation environments 

may be limited. 

Based on the technological characteristics and application 
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conditions outlined above, the present study focuses on the 

quantitative analysis of bifacial module performance. 

Particular emphasis is placed on the separate evaluation of 

power components originating from front- and rear-side 

irradiance. A key source of uncertainty in bifacial 

performance estimation is the rear-side contribution under 

realistic operating conditions, which cannot be reliably 

inferred from nominal bifaciality factors or generalized 

literature values alone. Therefore, component-separated 

measurements are essential not only for directly 

quantifying the rear-side power component, but also for 

providing experimental validation data for bifacial 

performance assessment and modeling. Accordingly, one 

of the primary objectives of this study is to assess the 

extent to which rear-side contributions measured under 

real, natural albedo conditions deviate from the ranges 

reported in previous studies23,26–30). 

The central hypothesis is that the intrinsic rear-side 

response of a bifacial module, determined under controlled 

component-separated conditions, can substantially differ 

from the performance gain realized under natural low-

albedo operating conditions. To test this hypothesis, field 

measurements under natural grass-covered conditions 

were combined with controlled covering configurations 

that isolate front- and rear-side power components. This 

approach enables the direct comparison of front- and rear-

side power components of a PV module and clarifies the 

difference between module-level physical potential and 

practically achievable performance gain, thereby 

supporting a more realistic engineering assessment of 

bifacial PV installations. 

2. Materials and methods 

The following two subsections present the experimental 

methodology applied for the investigation of bifacial PV 

module performance, including the measurement 

conditions, the experimental setup, and the instrumentation 

used for recording electrical and environmental parameters. 

The applied measurement configurations, namely real 

environmental conditions and controlled fully covered 

arrangements, enabled the separate and quantitative 

evaluation of front- and rear-side power components. 

2.1. Experimental setup and measurement 

conditions 

This section describes the experimental conditions and 

measurement configurations applied in the study. For 

clarity, the setup is presented in three parts: site and 

measurement timing, module selection and installation 

geometry, and experimental configurations. 

2.1.1. Experimental site and measurement timing 

The measurements were carried out in Hungary, in the 

town of Keszthely (46.7675° N, 17.2661° E), which is 

characterized by a temperate continental climate and can 

be considered representative for Central European PV 

applications. 

The measurements were conducted on three separate days 

in May and June 2025: May 21 (12:15–14:00), May 22 

(11:30–12:00), and June 13 (12:15–13:15). Continuous 

data acquisition was applied in all cases. The primary 

objective of selecting these time periods was not to 

determine total daily or seasonal energy yield, but to 

investigate module-level behavior under high irradiance 

and ideal weather conditions (clear sky, cloud-free). These 

conditions ensured that the measured results represent the 

near-maximum operating states of the bifacial modules 

while minimizing uncertainties arising from variable 

meteorological factors, thereby improving the 

comparability of different measurement configurations 

(e.g., grass-covered surface and controlled full cover).  

During each measurement window, multiple repeated 

observations and configuration changes were performed, 

while environmental and electrical parameters were 

continuously monitored. Conducting the measurements on 

multiple independent days allowed the verification of 

reproducibility under similar high-irradiance conditions. In 

addition, long continuous measurement periods and high 

sampling frequency provided a substantial number of 

repeated observations for the evaluation of each 

configuration.  

During data evaluation, instead of using averages over the 

entire measurement period, only those time intervals were 

selected in which irradiance and environmental conditions 

could be considered nearly constant (quasi-stationary 

conditions). Within these intervals, the system exhibited 

stable operation, and electrical power was determined 

based on short observation periods (typically 10–20 s), 

representing the quasi-stationary operating state 

characteristic of each configuration. This approach 

enabled the analysis of bifacial module performance under 

operating conditions corresponding to high irradiance 

levels. Within the selected quasi-stationary intervals, 

electrical power remained stable at the applied 

measurement resolution, while front- and rear-side 

irradiance varied only slightly, typically within 

approximately 1–2 W/m². Since the selected intervals 

represented stable operating states, standard deviations 

were calculated from the independent measurement days 

to characterize day-to-day variability rather than 

fluctuations within the short quasi-stationary intervals. 

2.1.2. Module selection and installation geometry 

The study was based on ground-mounted bifacial PV 

technology, and the investigation focused on module-level 

measurements, as the primary objective was to examine the 

physical and radiative phenomena directly associated with 

bifacial operation at the module and its immediate 

surroundings. Accordingly, the analysis did not aim to 

evaluate system- or string-level performance, but rather to 
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provide a detailed assessment of module-level behavior, 

with particular emphasis on energy generation 

characteristics arising from bifacial irradiance. 

The investigated system consisted of four bifacial modules 

with identical technical specifications, whose performance 

was evaluated under operating conditions. Preliminary 

comparative measurements revealed only negligible 

differences among the modules; therefore, their behavior 

was considered representative. This step also served to 

verify measurement stability and reproducibility. 

Consequently, the detailed measurement and analysis 

focused on a single selected module, which proved suitable 

for characterizing the overall system behavior. The 

selection of this module was not based on predefined 

criteria, as no significant performance differences were 

observed among the modules, thus any unit could be 

considered representative.  

The modules were installed with southern orientation and 

a tilt angle of 35°, which is considered close to optimal for 

maximizing annual energy yield under Hungarian climatic 

conditions41). 

For measurements conducted on a grass-covered surface, 

two identical mobile mounting structures were constructed 

(Figure 1), of which one was used in the present study. The 

mounting system allowed the adjustment of the tilt angle; 

however, a fixed tilt of 35° was applied in all 

measurements. In this configuration, the lower edge of the 

module was positioned 1 m above ground level, ensuring 

a setup representative of real installation conditions while 

promoting a more uniform distribution of rear-side 

irradiance and more effective utilization of ground-

reflected radiation, which is of key importance for bifacial 

operation35).  

For rear-side measurements, the module was removed 

from the mounting structure and placed directly on the 

ground. This approach was necessary both to avoid  

 

Fig. 1: Mobile mounting structure used for the 

investigation of the bifacial PV module 

shading effects and to ensure safe handling, as stable 

fixation of the inverted configuration on the mounting 

structure could not be guaranteed and would have posed a 

risk of damage to the glass surface of the module. 

2.1.3. Experimental configurations 

The surface behind the module differed between 

measurement configurations and represented different 

environmental conditions: on the one hand, a natural, 

vegetation-covered (grass) surface, and on the other hand, 

a controlled configuration in which the front- and rear-side 

irradiance of the module was modified through complete 

covering. The controlled (fully covered) measurements 

were carried out in May, while the measurements under 

natural (grass-covered) conditions were performed on all 

three measurement days, as the controlled experiments 

showed consistent behavior. 

In the controlled covering configurations, one side of the 

module was fully covered at a time, allowing the electrical 

response associated with the exposed side to be recorded 

separately. In the case of complete covering, the effect of 

albedo was not considered, since the module was operated 

under a monofacial reference condition. The natural grass-

covered measurements and the controlled covering 

configurations were therefore treated as separate 

measurement cases during data evaluation. 

For the grass-covered surface, reflected irradiance was 

measured using a pyranometer (see Section 2.2), oriented 

according to the tilt angle of the module and directed both 

towards the sky and the ground. Therefore, the 

measurements represent plane-of-module irradiance 

components rather than global horizontal irradiance. It 

should be noted that a dedicated albedometer or horizontal 

up-/down-facing pyranometer configuration was not used 

in this study; therefore, the measured reflected/incident 

ratio should not be interpreted as strict surface albedo. 

Instead, it represents an effective rear/front irradiance ratio 

in the module plane, which is directly relevant to the 

bifacial operating configuration investigated here. 

According to literature data, the albedo of grass typically 

ranges between 0.15 and 0.25, and may reach values up to 

0.26 in the case of fresh grass42). 

2.1.4. Methodological positioning relative to 

previous studies 

To place the present case study in the context of earlier 

bifacial PV research, Table 1 summarizes selected studies 

according to their methodological approach, installation or 

surface focus, and relevance to the present experimental 

design. This comparison highlights that the present study 

combines natural grass-covered field measurements with 

controlled component-separated measurements, thereby 

enabling a direct distinction between practical 

performance gain and module-level rear-side response. 
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Table 1: Methodological comparison of the present case study with selected previous bifacial PV studies 

Study 
Methodological 

approach 
Installation / surface focus 

Main relevance to 

bifacial PV assessment 

Contribution to bifacial PV 

assessment 

Yakubu et 

al. 2024 23) 

Systematic literature 

review 

Broad range of bifacial PV 

applications 

Summarizes major 

factors affecting bifacial 

PV performance and 

applications 

Provides general context for 

the need for site-specific 

bifacial assessment 

Gu et al. 

2020 26) 

Review and 

technology outlook 

Different bifacial PV 

configurations and 

operating conditions 

Highlights the 

dependence of bifacial 

gain on environmental 

and system parameters 

Supports the interpretation 

that generalized bifacial gains 

cannot be directly transferred 

to all sites 

Sun et al. 

2018 27) 

Modeling and global 

performance analysis 

Different albedo and 

mounting conditions 

Shows the importance of 

albedo and installation 

configuration for bifacial 

gain 

Supports the site-specific 

interpretation of bifacial 

performance 

Dincer 

and Ozer, 

2025 29) 

Parametric analysis Albedo, tilt, height, and 

mounting configuration 

Evaluates the sensitivity 

of rear-side contribution 

to installation geometry 

Supports the focus on module 

height, tilt angle, and surface 

reflectivity 

Alam et 

al. 2023 30) 

Performance 

comparison under 

different ground 

albedo conditions 

Different ground-reflectivity 

cases 

Demonstrates the 

influence of ground 

albedo on bifacial 

performance gain 

Confirms the relevance of 

reflected-irradiance 

measurements under different 

ground-reflectivity conditions 

Brecl et al. 

2025 32) 

Bifacial PV 

performance modeling 

Direct and diffuse irradiance 

components 

Treats bifacial 

performance through 

component-based 

irradiance and power 

modeling 

Supports the need for 

measurement data that can 

help validate component-

based performance 

assessment 

Ernst et al. 

2024 34) 

Bifacial irradiance 

modeling and 

validation 

View-factor and ray-tracing 

approaches 

Compares and validates 

approaches for modeling 

bifacial irradiance 

Supports the relevance of 

separating front- and rear-side 

irradiance contributions 

Present 

study 

Field measurements 

and controlled 

covering 

measurements 

Natural grass-covered 

surface in Keszthely, 

Hungary; controlled front-

/rear-side covering 

configurations 

Separates practical field 

gain from module-level 

rear-side response 

Provides direct component-

separated experimental 

evidence for a Central 

European natural grass-

covered case study 

2.2. Measurement system and instrumentation 

The measurement system was designed to enable the 

simultaneous recording of bifacial PV module operation 

and the associated environmental parameters with high 

temporal resolution. 

The system consisted of a CR1000 data logger43) and a DS-

2 ultrasonic anemometer (Figure 2)44) connected to it. The 

CR1000 ensured continuous and reliable acquisition of 

sensor data under field conditions, while the DS-2 

ultrasonic anemometer provided supplementary data 

related to air temperature45). The data acquisition was 

performed with a one-minute sampling interval. 

The module temperature was determined using a Testo 

872s thermal imaging camera46) , which enabled the non-

contact measurement of the module surface temperature, 

as well as the assessment of local temperature distributions 

and potential inhomogeneities. The temperature data were 

primarily used for qualitative interpretation.  

 

Fig. 2: Measurement setup of the DS-2 ultrasonic 

anemometer 
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Incoming and reflected irradiance were measured using 

two Hukseflux LP02 pyranometers47). The LP02 sensors 

were used to determine irradiance components in the plane 

of the module. The sensors were installed according to the 

tilt angle of the module, with the same orientation as the 

module plane, thereby measuring plane-of-module 

irradiance components from both the sky and the ground, 

under identical geometric conditions. The use of two 

sensors enabled the separate and accurate determination of 

incident and reflected radiation components, while the 

measurement uncertainty was typically ±1–3% according 

to the sensor specifications.  

The pyranometer signals were recorded using a four-

channel HOBO analog data logger48), which enabled 1 s 

temporal resolution for tracking irradiance conditions. The 

voltage signals measured by the pyranometers were 

converted into irradiance values using the sensitivity 

(calibration) factors provided by the manufacturer. No 

additional statistical filtering or modeling was applied 

during data processing. 

The electrical power output of the PV module was 

determined using a Victron Energy SmartSolar MPPT 

75/15 charge controller49). The device is equipped with 

built-in Bluetooth communication, enabling real-time 

monitoring of operating parameters (voltage, current, and 

power) with 1 s temporal resolution via the application 

provided by the manufacturer. During the measurements, 

the system was connected to two Banner Energy Bull 

batteries (12 V nominal voltage, 60 Ah capacity) 

connected in series50), forming a 24 V system. The charge 

controller was selected to ensure that its maximum power 

handling capacity (440 W at 24 V) provided sufficient 

margin relative to the nominal power of the investigated 

370 W bifacial module, thereby covering the full 

operational range. The applied Maximum Power Point 

Tracking (MPPT) control enables continuous operation of 

the module at its maximum power point under varying 

irradiance and temperature conditions. The MPPT control 

allowed the module to operate near its maximum power 

point during the selected quasi-stationary intervals. 

For data synchronization, the HOBO irradiance data and 

MPPT electrical data recorded with 1 s temporal resolution 

were used to identify quasi-stationary 10–20 s evaluation 

intervals. The one-minute CR1000/anemometer air-

temperature data were synchronized to these intervals 

using timestamps, with the nearest time-matched 

temperature value assigned to each interval. Intervals were 

retained only when irradiance and electrical power 

remained stable. 

The investigated PV module was a JA Solar JAM72D00-

370/BP bifacial, glass–glass monocrystalline PERC 

module51), with a nominal power of 370 W under standard 

test conditions. The main electrical parameters of the 

module include an open-circuit voltage (Voc) of 48.44 V 

and a short-circuit current (Isc) of 9.80 A, which are 

essential for interpreting system performance. The 

bifaciality factor of the module is 70% ± 5%, indicating 

that the rear-side energy conversion can reach a substantial 

fraction of the front-side performance under appropriate 

irradiance conditions. The temperature coefficient of 

power is −0.380%/°C, indicating a decrease in module 

performance with increasing temperature, thus 

highlighting the importance of thermal conditions in real 

operating performance. 

To consolidate the instrumentation and data acquisition 

procedure, the main sensors, acquisition systems, sampling 

intervals, and relevant specifications are summarized in 

Table 2. 

Table 2: Summary of measurement devices and data acquisition parameters 

Parameter Device / sensor 
Acquisition 

system 

Sampling 

interval / 

resolution 

Uncertainty / key 

specification 
Role in the study 

Air 

temperature 

DS-2 ultrasonic 

anemometer 

CR1000 data 

logger 

1 min Manufacturer 

specification 

Supplementary 

environmental 

parameter 

Module 

surface 

temperature 

Testo 872s thermal 

imaging camera 

Thermal 

imaging 

Measurement-

campaign 

dependent 

Manufacturer 

specification 

Qualitative assessment 

of module temperature 

distribution 

Incident and 

reflected 

irradiance 

Two Hukseflux 

LP02 pyranometers 

HOBO four-

channel analog 

data logger 

1 s Typically ±1–3% Determination of plane-

of-module irradiance 

components from sky 

and ground directions 

Electrical 

parameters 

Victron Energy 

SmartSolar MPPT 

75/15 

Manufacturer 

application via 

Bluetooth 

1 s Maximum efficiency up to 

98% 

Determination of 

module voltage, current, 

and electrical power 

PV module JA Solar 

JAM72D00-

370/BP bifacial 

glass–glass PERC 

module 

— — 370 W nominal power; 

bifaciality factor 70% ± 

5%; power temperature 

coefficient −0.380%/°C 

Investigated bifacial PV 

module 
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3. Results and discussions 

The experimental results are presented in two parts. First, 

the effect of the rear-side irradiance under natural grass-

covered conditions is evaluated by comparing the bifacial 

operation with the monofacial reference case, indicating 

the practical performance gain achievable in a low-albedo 

environment. Second, the front- and rear-side power 

components are analyzed separately under controlled 

covering conditions, providing a direct basis for 

interpreting the module-level rear-side response. 

3.1. The effect of rear-side irradiance on 

module performance 

Figure 3 shows the measurement setup used to evaluate the 

bifacial PV module under real environmental conditions.  

The measurement results clearly demonstrate that the 

presence of rear-side irradiance increased the electrical 

power output of the module in all investigated cases. 

Across the three independent measurement days, the 

electrical power increased from 308 W to 336 W, from 306 

W to 333 W, and from 297 W to 321 W when comparing 

the monofacial reference condition (rear side covered) to 

bifacial operation (rear side exposed). These correspond to 

performance increases of 9.1%, 8.8%, and 8.1%, 

respectively, with an average increase of 8.7% and a 

standard deviation of 0.5 percentage points among the 

three independent measurement days, corresponding to a 

coefficient of variation of approximately 5.7%. The 

consistency of the results is particularly noteworthy, as 

only minimal variation was observed between different 

measurement periods and environmental conditions. 

During the measurements on the grass-covered surface, the 

rear-side irradiance ranged between 77 and 102 W/m², 

while the front-side irradiance was approximately 938–977 

W/m² (Table 3). The resulting reflected/incident ratio 

varied between 0.082 and 0.105, with an average value of 

~0.097. This value can be interpreted as an effective 

rear/front irradiance ratio for the given measurement 

configuration. Although it is not identical to the strict 

definition of surface albedo, the ratio characterizes the  

  

Fig. 3: The measurement setup of the bifacial PV module 

under real environmental conditions (1: Hukseflux LP02 

pyranometer; 2: JA Solar JAM72D00-370/BP PV module) 

irradiance actually available to the rear side of the inclined 

bifacial module under the investigated operating 

configuration. 

The results indicate that, under real environmental and 

geometric conditions, the observed performance gain may 

exceed the typically reported ~5–6% values associated 

with low-albedo (~0.15) grass-covered surfaces [28]. The 

measured average increase of ~8.7% is more consistent 

with previously reported values for higher albedo 

conditions (~0.25), where gains approaching ~10% are 

expected. This suggests that the albedo of grass can vary 

significantly depending on environmental conditions, and 

that more favorable surface characteristics can 

substantially enhance rear-side electrical output.  

At the same time, the results highlight that the actual 

performance gain in practical applications is not 

determined solely by nominal albedo values, but also by 

site-specific geometric factors, including module height, 

tilt angle, and the combined effects of diffuse and reflected 

irradiance components. Overall, the measured results show  

Table 3: Performance comparison between monofacial and bifacial operation 

Date 21.05.2025 22.05.2025 13.06.2025 

Measurement interval 12:15-14:00 11:30-12:00 12:15-13:15 

Average module temperature (°C) 52 53 57 

Front-side irradiance (W/m²) 977 975 938 

Rear-side irradiance (W/m²) 102 102 77 

Monofacial power (W) 308 306 297 

Bifacial power (W) 336 333 321 

Rear-side power contribution (W) 28 27 24 

Performance increase relative to the monofacial reference (%) 9.1 8.8 8.1 

Average performance increase relative to the monofacial reference (%) 8.7 

Standard deviation of performance increase among the three measurement 

days (percentage points) 

0.5 
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qualitative agreement and quantitative consistency with 

previously reported trends regarding the relationship 

between albedo, installation geometry, rear-side irradiance, 

and bifacial performance23,26,27,29,30). 

3.2. The component-based analysis of the 

bifacial module performance 

A component-based analysis of electrical power was 

carried out using controlled fully covered configurations to 

directly compare the front- and rear-side power 

components. This approach allowed the rear-side electrical 

response to be quantified separately from the total bifacial 

performance gain observed under real environmental 

conditions. 

Two different measurement configurations were applied 

(Figure 4). In the first case, the rear side of the module was 

covered, and thus the measured electrical power originated 

exclusively from front-side irradiance. This configuration 

served as a reference condition, representing operation 

close to that of a conventional monofacial module. 

In the second configuration, the module was inverted while 

maintaining the same geometric arrangement, and the front 

side was covered. This setup enabled the direct 

determination of the electrical power potential associated 

with rear-side irradiance. Under these conditions, the 

measured electrical output represents the rear-side 

response under direct irradiation, allowing this component 

of bifacial operation to be quantified independently under 

controlled conditions. 

The covering blocked incident radiation on the covered 

side; therefore, these measurements were used only for 

controlled side-by-side comparison and not as a 

representation of real operating conditions. 

The results clearly indicate the dominant role of front-side  

 

Fig. 4: The controlled fully covered configurations for the 

component-based evaluation of the front-side and rear-side 

power in the bifacial module (A: rear side covered; B: 

front side covered) 

operation. The measured electrical power values ranged 

between 303 and 304 W under nearly identical irradiance 

conditions of approximately 972–974 W/m². This 

demonstrates that the module response under front-side 

irradiance was stable and highly reproducible, accurately 

representing a quasi-stationary operating state under high 

irradiance conditions. 

In contrast, the electrical power measured for the rear side 

was significantly lower, with values between 221 and 222 

W (Table 4). These results reflect the controlled operation 

with direct rear-side irradiance and do not represent real 

operating conditions. However, the lower power output 

does not indicate negligible rear-side contribution, but 

rather a physically justified difference arising from the 

bifacial module design, as the rear-side light conversion 

efficiency is typically lower than that of the front side. 

Importantly, the results demonstrate that under favorable 

irradiance conditions, the rear side alone is capable of 

delivering a substantial level of electrical power. 

Based on the measurements, the rear-side power reached 

approximately 73% of the front-side output under 

controlled conditions, which is in good agreement with the 

bifaciality factor of the investigated module (~70%). The 

ratio derived from the measured values (221–222 W vs. 

303–304 W, ~0.73) indicates that the rear-side electrical 

response closely follows the manufacturer’s specifications. 

These findings confirm that the rear-side performance of 

the module is physically consistent with its specified 

characteristics, and that the measured values provide a 

realistic representation of the electrical contribution 

associated with bifacial operation. 

The results of the component-based analysis not only 

support the qualitative interpretation of bifacial operation 

but also enable a clear distinction between the physical 

potential of the technology and the performance gain 

achievable under real environmental conditions. While the 

measurements conducted under natural grass-covered 

conditions (Section 3.1) showed an average performance 

increase of approximately ~8–9% attributable to rear-side 

contribution, the controlled experimental configuration 

revealed that the rear side alone can produce up to ~73%  

Table 4: The comparison of the front-side and rear-side power 

under monofacial and bifacial operation 

Date 21.05.2025 22.05.2025 

Measurement interval 12:15–

14:00 

11:30–

12:00 

Average module temperature 

(°C) 

54 53 

Front-side irradiance (W/m²) 972 974 

Front-side power (W)  

(rear side covered) 

303 304 

Rear-side power (W)  

(front side covered) 

222 221 

Rear/front power ratio (%) 73.3 72.7 
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of the front-side power under direct illumination. 

However, it is important to emphasize that this ratio cannot 

be directly interpreted as a realistic performance gain 

under actual operating conditions. The observed ~73% 

ratio reflects the intrinsic electrical response capability of 

the rear side under given irradiance conditions and is 

closely related to the bifaciality factor of the module, but it 

does not represent a system-level performance increase. In 

practical applications, the rear-side contribution to the total 

power output is typically significantly lower, and even 

under favorable installation conditions, the achievable gain 

rarely exceeds ~30%. 

In addition to albedo and installation geometry, angle-of-

incidence (AOI) and spectral effects may also influence 

rear-side performance. The measurements in the present 

study were conducted during midday periods under high-

irradiance conditions, corresponding to relatively 

favorable AOI conditions for the investigated fixed-tilt 

configuration. Under low sun-angle conditions, AOI-

related optical losses may become more pronounced, and 

the angular distribution of rear-side irradiance may differ 

from that of front-side irradiance because the rear side 

receives a combination of ground-reflected and diffuse 

radiation. This is particularly relevant for bifacial PV 

modules, where incidence-angle effects are influenced by 

both front-side beam irradiance and rear-side reflection52). 

Furthermore, vegetation-covered surfaces may modify the 

spectral composition of reflected irradiance, while 

crystalline silicon PV modules and broadband 

pyranometers do not necessarily have identical spectral 

responses. Therefore, spectral mismatch may affect the 

relationship between measured rear-side irradiance and the 

effective irradiance converted by the module. Since 

spectral irradiance was not measured in the present study, 

the reflected/incident ratio should be interpreted as a 

broadband plane-of-module irradiance ratio rather than a 

spectrally resolved rear-side contribution53). 

These findings show that the evaluation of bifacial PV 

systems cannot rely solely on module specifications or 

bifaciality factors, but must also account for site-specific 

environmental and geometric conditions. The present 

results confirm that in low-albedo natural environments, 

the performance gain remains moderate, whereas higher-

reflectivity or optimized configurations may allow the 

advantages of bifacial operation to be utilized more 

effectively. 

4. Conclusions and future scope 

The results demonstrated that under natural, low-albedo 

grass-covered conditions, bifacial operation provides a 

stable and reproducible performance gain, averaging 

approximately 8.7% relative to the monofacial reference 

case. In addition, the component-based analysis revealed 

that under controlled conditions the rear side alone can 

reach approximately 73% of the front-side power, 

corresponding to the bifaciality factor of the investigated 

module. However, this value does not represent a realistic 

performance gain under actual operating conditions but 

rather illustrates the intrinsic physical potential of the 

module and, more generally, that of the bifacial design. 

The combined application of real-environment and 

controlled measurement approaches clearly highlights the 

substantial difference between the theoretical technical 

potential and the performance gain that can be effectively 

realized under site-specific installation conditions. These 

findings emphasize that bifacial gains are strongly 

dependent on site-specific and geometric conditions, 

particularly rear-side clearance, mounting height, tilt angle, 

and surface reflectivity. 

From a practical perspective, the present study also points 

out that the application of bifacial modules can only be 

considered justified if the installation configuration allows 

for a meaningful contribution from rear-side irradiance. 

In configurations where modules are mounted close to a 

surface, such as on pitched roofs or inclined roof planes 

with minimal rear-side clearance, the utilization of rear-

side irradiance is significantly limited. In such cases, the 

advantages of bifacial design may be negligible. In contrast, 

ground-mounted systems with sufficient height, favorable 

surface reflectivity, and optimized geometric configuration, 

as well as flat-roof installations with adequate rear-side 

clearance, offer conditions under which the benefits of 

bifacial technology can be effectively exploited. In these 

configurations, the artificial enhancement of surface 

reflectivity may further increase performance; however, its 

practical applicability must also consider maintenance 

requirements, as maintaining high albedo may require 

regular cleaning or surface treatment. 

From an engineering perspective, it is also important to 

consider that bifacial modules, particularly those with 

glass–glass construction, typically have higher weight 

compared to conventional monofacial modules. This has 

implications for mounting structure design, roof load 

capacity, fixation methods, and overall installation 

planning. Therefore, the deployment of bifacial technology 

requires careful technical and economic assessment in 

each specific case. 

Based on the present results, it can be concluded that the 

applicability of bifacial modules cannot be generalized, but 

it is strongly dependent on whether the specific installation 

environment enables effective rear-side energy utilization. 

Future research should focus on the geometric 

optimization of ground-mounted bifacial systems, 

particularly investigating how the spacing between 

adjacent modules influences rear-side irradiance and 

overall energy yield. In parallel, longer-term 

measurements under different climatic, surface-reflectivity, 

vegetation, moisture, and mounting conditions would 

allow the site-specific findings of the present case study to 
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be evaluated across a broader range of operating conditions. 

Future studies should also compare module technologies 

with different bifaciality factors, as this would help 

determine how strongly the observed distinction between 

intrinsic rear-side response and practical field gain 

depends on the specific module design. Another important 

research direction is the analysis of shading sensitivity in 

bifacial systems, with particular emphasis on partial 

shading effects and hotspot formation mechanisms. Such 

investigations can contribute to more robust system design, 

not only from an energy yield perspective, but also in terms 

of operational reliability and long-term performance. 
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