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Abstract. The investigation of innovative energy solutions that combine high energy efficiency with 

aesthetic, economic, and site-adaptability requirements represents a key direction in the development of 

photovoltaic technologies. Although conventional photovoltaic modules provide high energy performance, 

their application in dense urban environments is largely limited to rooftop installations, particularly in the 

case of buildings with glazed façades. In this context, semi-transparent photovoltaic modules emerge as a 

promising alternative, offering significant systemic benefits for Building-Integrated Photovoltaics (BIPV) 

applications. This study presents a comparative experimental analysis of fundamental electrical parameters 

used to evaluate the performance of photovoltaic cells, providing relevant insights into the processes 

governing the conversion of solar radiation into electrical energy. The experimental results indicate that 

conventional photovoltaic modules achieve higher electrical power values in both analyzed configurations, 

whereas semi-transparent modules exhibit enhanced stability of the electrical response throughout the 

diurnal cycle, especially under conditions of reduced or variable irradiance. This behavior suggests 

improved adaptability to natural lighting variations and a more robust energy performance in urban 

environments characterized by non-uniform exposure and diffuse radiation. Consequently, the assessment 

of semi-transparent photovoltaic modules should adopt an integrated approach that considers not only 

energy and economic criteria but also the functional and architectural benefits specific to BIPV applications.

1 Introduction 

In the current context, the sector of electricity generation 

from solar photovoltaic sources is among the fastest-

growing segments within the renewable energy 

landscape [1]. The reduction in costs associated with 

photovoltaic systems, coupled with the substantial 

potential for lowering electricity expenditure, has 

significantly supported the expansion of installed PV 

capacity in recent years [2]. Renewable energy sources 

contribute both to mitigating environmental impact and 

to reducing dependence on energy imports. In 2023, the 

European Union (EU) covered approximately 42% of its 

total energy demand through domestic production, 

while the remaining 58% was met through imports [3]. 

In response, numerous European countries have 

implemented support mechanisms and incentive 

schemes aimed at fostering the adoption of renewable 

energy sources for electricity generation. The EU’s 

strategic objectives include reducing net greenhouse gas 

emissions by at least 55% by 2030 compared to 1990 

levels [4], as well as achieving climate neutrality by 

2050, targets that underpin both climate action and 

sustainable economic development across Europe [5].  

In this regard, Directive (EU) 2023/2413 (RED III) 

redefines the European renewable energy framework, 
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establishing a binding target of at least 42.5% renewable 

energy in gross final energy consumption by 2030, 

complemented by an indicative target of 45%, and 

promoting renewable deployment across the electricity, 

heating, and transport sectors [6].  

Data for 2023 indicate that renewable energy sources 

accounted for approximately 46% of total electricity 

production in the EU, representing the largest 

contribution within the energy mix [3]. Against this 

background, consumers are becoming increasingly 

aware of environmental protection issues and, alongside 

adjustments in energy consumption behavior [7], are 

progressively opting for products and solutions that 

support sustainability objectives, including the use of 

renewable energy [8]. 

Semi-transparent solar panels represent a significant 

innovation in renewable energy conversion 

technologies, as they simultaneously enable electricity 

generation and visible light transmission, thereby 

opening a wide range of applications in architecture, 

construction, and consumer electronics [9]. These 

photovoltaic devices combine energy functionality with 

aesthetic and structural integration into the built 

environment [10]. 

A particularly promising application area is (BIPV), 

where semi-transparent panels can be incorporated into 
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façades, roofs, or glazed surfaces [11]. In this context, 

they fulfill a dual function: forming part of the building 

envelope, thus contributing to both energy performance 

and architectural quality, while converting incident solar 

radiation into electricity. The application potential is 

considerable; in the United States alone, an estimated 7 

billion m² of glazed surfaces, ranging from residential 

windows to skyscraper façades, could potentially be 

utilized through transparent photovoltaic technologies 

[12]. 

From a performance perspective, the efficiency of 

semi-transparent photovoltaic modules reflects a trade-

off between light transmission and energy conversion 

capacity. While conventional monocrystalline panels 

typically achieve efficiencies between 19-24%, semi-

transparent modules exhibit lower values due to the 

partial transmission of solar radiation to provide natural 

daylighting [13]. Nevertheless, their integration into 

building architecture contributes not only to electricity 

generation but also to reducing energy consumption 

associated with artificial lighting and air conditioning, 

thereby playing an important role in energy transition 

strategies and greenhouse gas emission reduction [14]. 

The efficiency of semi-transparent photovoltaic 

panels results from a complex interaction among 

technological, environmental, and operational factors 

that influence both energy performance and long-term 

durability. Energy performance is closely correlated 

with the underlying technology employed [15]. Tandem 

photovoltaic systems represent an advanced solution, 

combining different technologies to maximize 

absorption across the solar spectrum. Such systems can 

achieve energy conversion efficiencies of up to 15%, 

while maintaining an average visible light transmission 

above 55%, making them particularly promising for 

BIPV applications [16]. Recent experimental advances 

have also reported the development of transparent 

photovoltaic cells with transparency levels of up to 80% 

and conversion efficiencies of approximately 8%, 

characteristics that aesthetically approximate double-

glazed architectural windows [17]. 

2 Method 

2.1  Experimental setup 

A comparative experimental setup, illustrated in Figure 

1, was designed to investigate the performance and 

characteristics of different photovoltaic technologies. 

On the left side, a semi-transparent photovoltaic module 

based on thin-film cadmium telluride (CdTe) 

technology is installed. CdTe is recognized for its 

efficient solar radiation conversion capability while 

maintaining a significant degree of transparency (in this 

case, 70%). 

The left-positioned module enables an integrated 

assessment of both the energy performance of the semi-

transparent photovoltaic panel and its optical properties, 

particularly light transmission and its influence on 

photoelectric conversion. On the right side, a 

conventional opaque photovoltaic panel based on 

monocrystalline cells is installed, known for its high 

conversion efficiency and long-term operational 

stability in standard applications. This type of module 

represents a mature technological benchmark widely 

deployed in residential and industrial photovoltaic 

systems. 

 

Fig. 1. Comparative experimental setup. 

The comparative arrangement of the two modules 

provides the framework for a rigorous analysis of 

behavioral differences between emerging semi-

transparent technologies and conventional photovoltaic 

systems. Electrical performance parameters, response to 

irradiance variations, and the potential effects of an 

overlaid configuration are evaluated. This experimental 

approach facilitates a comprehensive understanding of 

the trade-off between energy efficiency and 

transparency, as well as the suitability of each 

technology for various architectural integration 

scenarios. 

Within the experimental study, data series for short-

circuit current (Csc) and open-circuit voltage (Voc) 

were collected for two distinct configurations: 

individual operation and overlaid configuration. 

Measurements were conducted over the diurnal interval 

from 07:00 to 20:00 at a constant time step of 15 

minutes, in order to capture the full daily variation of 

electrical parameters under changing solar irradiance 

and ambient temperature conditions, on September 5 

and 6, 2025. 

The measurement interval was selected according to 

the local sunrise and sunset times in order to capture the 

complete diurnal variation of incident solar radiation. 

Measurements were performed at 15-minute intervals 

over a 13-hour period, under clear-sky conditions (0% 

cloud cover) on both days, thereby ensuring constant 

and unobstructed exposure of the panels to direct solar 

radiation. Cloud cover, expressed as a percentage (%), 

represents the fraction of the sky dome covered by 

clouds and constitutes a key meteorological parameter 

in photovoltaic performance analysis. A cloud cover of 

0% indicates clear-sky conditions with full exposure to 

direct solar radiation, whereas high values (>80%) 

correspond to predominantly overcast conditions, 

significantly reducing global irradiance and, 

consequently, the short-circuit current of the panels. 

The values of (Csc) and (Voc) were determined 

using Extech MM750W measuring instruments, 
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illustrated in Figure 2, which enable accurate real-time 

recording of electrical parameter variations. 

 

Fig. 2. The measuring instruments used were Extech 

MM750W devices. 

The photovoltaic panels were installed at a tilt angle 

of 45° relative to the horizontal plane and oriented 

toward the south, in accordance with the geographical 

coordinates of the experimental site (latitude: 

47.7136395°, longitude: 26.1938819°). The selection of 

this tilt angle optimizes solar radiation capture 

throughout the year for the analyzed geographical 

region, ensuring a balanced compromise between 

incident solar flux intensity during the summer and 

winter seasons. 

2.2 Experiments 

The present study investigates two distinct experimental 

configurations designed to highlight differences in 

electrical performance and optical behavior among 

various photovoltaic panel arrangements. Scenario 1 

involves the individual installation of photovoltaic 

panels, with the objective of determining the 

performance of each panel type under standard solar 

irradiance conditions. The configurations corresponding 

to this scenario are illustrated in Figures 3 and 4, which 

present the testing arrangements for the conventional 

and semi-transparent panels, respectively. 

 

Fig. 3. Individual installation of the photovoltaic panels-front 

view. 

Fig. 4. Individual installation of the photovoltaic panels-rear 

view. 

Scenario 2 involves the implementation of an 

overlaid configuration, in which the semi-transparent 

panel is mounted directly above the conventional panel, 

forming a layered structure with dual optoelectronic 

functionality. This arrangement aims to evaluate the 

combined behavior of the two technologies and to 

analyze the impact of optical interaction on the 

fundamental electrical parameters (Csc) and (Voc). The 

corresponding experimental setups are illustrated in 

Figures 5 and 6. 

Fig. 5. Overlaid installation of the photovoltaic panels-front 

view. 

 

Fig. 6. Overlaid installation of the photovoltaic panels-rear 

view. 

Table 1 presents a comparative analysis of the main 

technical indicators of the two panel types, with 

particular emphasis on the correlation of their electrical 

performance. This evaluation provides a relevant 
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framework for understanding technological trade-offs 

and for supporting informed decisions regarding the 

selection of photovoltaic solutions according to the 

specific application context. 

Table 1. Comparative analysis of the specific characteristics 

of semi-transparent thin-film and conventional 

monocrystalline photovoltaic panels. 

* The estimated efficiency was calculated by relating 

the maximum power output to the standard irradiance 

of 1000 W/m². 

3 Results 

Datele The processed experimental data highlight the 

temporal variation of the short-circuit current (Csc) as a 

function of the time interval, both in the individual and 

overlaid configurations, providing insight into the 

influence of mounting conditions on the electrical 

response of the photovoltaic panels. In parallel, the 

evolution of the open-circuit voltage (Voc) was 

analyzed under the same experimental conditions to 

assess voltage stability and its sensitivity to irradiance 

and temperature variations throughout the day. 

Based on the measured current and voltage values, 

the instantaneous electrical power (Pe) was determined 

for each sampling interval, while the total energy (Et) 

generated during the experiment was calculated using 

the trapezoidal method, which is suitable for the 

numerical integration of discrete datasets. 

This approach enabled a rigorous comparative 

estimation of the energy produced under each 

experimental scenario, ensuring a coherent quantitative 

assessment of the analyzed systems’ performance and a 

reliable approximation of continuous power integration 

over time. 

Figure 7 illustrates the temporal variation of the 

short-circuit current (Csc), highlighting the current 

generation performance of both the conventional and 

semi-transparent panels, in individual and overlaid 

configurations. For all configurations, an increase in 

current intensity is observed between 7:00 and 12:30, 

followed by stabilization around peak values and a 

pronounced decrease after 15:30, a trend closely 

correlated with the daily dynamics of solar irradiance. 

 

 

Fig. 7. Short-circuit current variation as a function of time 

interval-individual and overlaid. 

In individual operation, the conventional panel 

records the highest (Csc) values, exceeding 650 mA, 

indicating superior conversion efficiency under direct 

illumination conditions. The semi-transparent panel 

reaches significantly lower peak values (approximately 

150 mA), due to the partial transmission of solar 

radiation through its optical structure. In the overlaid 

configuration, both panels exhibit lower current 

intensities compared to individual operation, as a result 

of the attenuation of the luminous flux reaching the 

lower panel. 

Moreover, the overlaid configuration demonstrates a 

more uniform variation throughout the day, suggesting 

good functional stability under filtered illumination 

conditions. Although peak values are reduced, the 

maintenance of significant (Csc) levels confirms 

acceptable efficiency even under suboptimal conditions, 

supporting the applicability of such solutions in (BIPV) 

systems. 

The data presented in Figure 8 illustrate the variation 

of (Voc) for both conventional and semi-transparent 

panels, analyzed in individual and overlaid 

configurations as a function of time. In all cases, (Voc) 

increases rapidly during the first 30-45 minutes of the 

morning, followed by stabilization between 8:00 and 

17:00, confirming its sensitivity to early-morning 

irradiance and its stability under relatively constant solar 

radiation conditions. 

The semi-transparent panels, both in individual and 

overlaid configurations, exhibit higher (Voc) values, 

generally ranging between 21-23 V during the central 

part of the day. The conventional panel in individual 

operation shows stable values of 20-21 V, whereas the 

overlaid conventional configuration records the lowest 

values (17-19 V), due to optical losses caused by its 

placement beneath the semi-transparent panel. This 

behavior highlights the direct influence of irradiance on 

(Voc) and underscores the advantage of semi-

Characteristic Semi-

transparent 

photovoltaic 

panel (thin-

film) 

Conventional 

monocrystalline 

photovoltaic panel 

Dimensions 300 × 300 mm 300 × 280 mm 

Area 0,09 m² 0,084 m² 

Transparency 70% 0% (opaque) 

Technology Cadmium 

telluride 

(CdTe) / Thin-

film 

Monocrystalline 

silicon 

Maximum 

power (Pmax) 

3,74 W 10 W 

Power density 

(Pdens) 

41,56 W/m² 119,05 W/m² 

Open-circuit 

voltage (Voc) 

21,60 V 21,49 V 

Voltage at 

maximum 

power (Vmp) 

16,20 V 18 V 

Short-circuit 

current(Csc) 

0,51 A 0,62 A 

Current at 

maximum 

power (Imp) 

0,47 A 0,55 A 

Estimated 

efficiency* 

~4,85 % ~13,1 % 
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transparent materials in maintaining a relatively high 

electrical potential even under filtered illumination 

conditions. 

 

 

Fig. 8. Open-circuit voltage variation as a function of time 

interval-individual and overlaid. 

Daily voltage variations remain limited across all 

configurations, indicating good thermal and operational 

stability. After 17:00, a gradual decrease in (Voc) is 

observed, more pronounced in the overlaid conventional 

configuration. 

Figure 9 presents the variation of the generated 

electrical power (Pe) for both conventional and semi-

transparent panels, analyzed in individual and overlaid 

configurations as a function of time. All configurations 

display an increase in power between 7:00 and 12:30, 

driven by the intensification of solar irradiance, 

followed by stabilization near peak values and a marked 

decrease after 15:30, as the incident luminous flux 

diminishes. 

 

 

Fig. 9. Electrical power variation as a function of time 

interval-individual and overlaid. 

In individual operation, the conventional panel 

reaches the highest power values, approximately 13-14 

W, confirming its superior performance under direct 

illumination. The semi-transparent panel generates a 

maximum of 3.5-4 W, a difference attributable to the 

partial transmission of incident radiation. In the overlaid 

configuration, the power output of both panels is lower 

than in individual operation, due to the reduced 

irradiance reaching the lower panel and the non-uniform 

distribution of the photonic flux. 

The overlaid configuration exhibits a more uniform 

power distribution throughout the day, with attenuated 

variations, suggesting enhanced operational stability 

under filtered illumination conditions. The differences 

between the conventional and semi-transparent panels 

remain relatively constant, indicating predictable 

behavior of the overlaid system. 

The graph illustrated in Figure 10 depicts the diurnal 

behavior of the total energy for the analyzed 

photovoltaic systems, both in individual and overlaid 

configurations.  

 

Fig. 10. Electrical power variation as a function of time 

interval-individual and overlaid. 

All curves display a bell-shaped profile, 

characteristic of daily solar radiation variation, with 

lower values in the morning and evening and a 

pronounced plateau between 10:30 and 14:30. 

It is noteworthy that the conventional panel 

operating individually achieves the highest total energy 

(Et) values, confirming its superior conversion capacity 

under conditions of maximum direct irradiance. 

The overlaid systems record significantly lower total 

energy values compared to the individual 

configurations, as a result of shading effects and optical 

losses induced by panel stratification. The semi-

transparent panel allows partial radiation transmittance, 

enabling a compromise between its own energy 

production and the energy supplied to the lower panel. 

Overall, the analysis of total energy variation confirms 

the pronounced impact of mounting configuration on the 

system’s energetic performance. While individual 

installation maximizes energy yield, the overlaid 

configuration provides functional and architectural 

advantages, with an acceptable trade-off in overall 

efficiency. 

4 Conclusions 

The transition toward passive buildings, particularly 

nearly Zero-Energy Buildings, entails significant 

challenges related to balancing energy efficiency with 

the integration of renewable energy sources, managing 

local fluctuations, and defining appropriate performance 

standards. This complexity is further amplified by the 

inclusion of life-cycle energy consumption and the need 

for collective energy performance assessments. Through 

strategic planning and rigorous evaluation, 

policymakers can effectively support the achievement of 

the EU’s emission reduction and climate neutrality 

objectives. 

The experimental results reveal clear differences 

between conventional and semi-transparent panels, both 

in individual and overlaid configurations. The analysis 

of (Csc) and (Voc) indicates that the semi-transparent 

panel provides enhanced stability throughout the day, 

particularly under low or variable irradiance, suggesting 

superior adaptability in dense urban environments. 

Although the overlaid arrangement reduces the 

electrical parameters of the lower panel, the diurnal 

trend is preserved, and the semi-transparent 

configuration exhibits a more uniform variation and 
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improved voltage retention, making it suitable for 

applications requiring partial transparency and the 

utilization of diffuse radiation. 

The evaluation of (Pe) and (Et), performed through 

numerical integration, confirms the functional 

differences: while the conventional panel achieves 

higher peak power values, the semi-transparent panel 

demonstrates more consistent performance during early 

morning and late afternoon periods. In the overlaid 

configuration, energy production decreases for both 

panel types; however, the more balanced behavior of the 

semi-transparent panel supports its application in BIPV 

systems and active façades, where trade-offs between 

natural daylight and energy generation are critical. The 

optimal selection depends on illumination conditions 

and architectural requirements. 

From a techno-economic perspective, semi-

transparent panels exhibit higher costs per watt and a 

higher levelized cost of energy, placing them at a 

disadvantage in applications focused solely on 

maximizing energy output. Nevertheless, they provide 

substantial architectural and functional benefits, 

contributing to daylighting, solar control, and aesthetic 

integration. Consequently, conventional panels remain 

optimal for maximum energy production at minimal 

cost, whereas semi-transparent panels are recommended 

for complex urban and architectural projects where 

integration and occupant comfort are primary criteria. 

Future research directions should focus on extending 

the experimental analysis over longer monitoring 

periods (seasonal and annual) to assess the behavior of 

semi-transparent panels under diverse climatic 

conditions and real operating scenarios. The integration 

of dynamic energy simulation models, calibrated with 

experimental data, would enable performance analysis 

under various orientations, transparency levels, tilt 

angles, and construction configurations specific to BIPV 

applications. 
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