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Abstract - This study compares monofacial and bifacial photovoltaic modules in a 100 MWp power plant located in Tacna, Peru, 

using a probabilistic reliability approach. The methodology is based on Markov chains to represent the failure and repair 

behavior of system components, from the PV modules to the transformer, together with the construction of COPT tables to 

calculate the energy indices ISE, ESE, and Ae. For the analysis, hourly irradiance data over one year were considered, and in 

the case of bifacial modules, a variable gain throughout the day was adopted to capture the effect of reflected radiation. The 

results indicate that bifacial modules lead to higher energy indices compared to monofacial modules, with ISE increasing from 

44,641,058.05 to 50,575,054.85 and ESE from 44,023,905.25 to 49,875,865.86, representing an increase of about 13.3%. 

However, when energy availability is evaluated, the monofacial system shows a higher value (Ae = 0.9858) compared to the 

bifacial system (Ae = 0.9321), indicating that a higher energy gain does not necessarily translate into higher final availability. 

In this sense, combining reliability modeling with energy performance analysis provides a more realistic assessment of the 

performance of large-scale photovoltaic power plants. 

Keywords - Bifacial Photovoltaics, Copt, Diffuse Fraction, Monofacial Photovoltaics, Reliability. 

1. Introduction 
The growth of photovoltaic generation has become one of 

the main pillars of the global energy transition, mainly due to 

its contribution to reducing Greenhouse Gas (GHG) 

emissions. In recent years, technological advances combined 

with cost reductions have driven a rapid market expansion, 

supported by improvements in cell architecture and in the 

materials used for both modules and inverters [1]. As a result, 

the installed photovoltaic capacity increased from 1,645 GWp 

in 2023 to 2,247 GWp in 2024, representing an addition of 602 

GWp in a single year and confirming the accelerated global 

deployment of this technology [2]. 

This expansion has also been accompanied by continuous 

technological evolution, reflected in improved energy 

performance, better operational reliability, and enhanced 

integration with the electrical grid. In this context, bifacial 

photovoltaic modules have gained attention, since they are 

capable of generating energy from both the front and rear 

surfaces, unlike conventional monofacial modules that only 

use front-side irradiance. Moreover, when combined with 

solar tracking systems, bifacial modules can further increase 

energy production and contribute to reducing the Levelized 

Cost Of Energy (LCOE). However, bifacial gain is not 

constant and depends on several installation and 

environmental factors, such as ground conditions, module 

height, and tilt angle [3]. For this reason, bifacial systems have 

been increasingly adopted in medium- and large-scale 

photovoltaic plants, not only due to their higher energy yield, 

but also because they represent a trend toward better 

utilization of the available solar resource [4]. 

From an operational perspective, there is an increasing 

demand for higher energy efficiency, improved reliability, and 

cost optimization. Nevertheless, the availability of 

photovoltaic systems is still strongly influenced by the 

behavior of critical components, especially inverters, whose 

failure can significantly reduce power generation. In addition, 

degradation mechanisms and local environmental conditions 

can modify failure rates and failure modes, directly affecting 

system availability and energy delivery [5]. Both monofacial 

and bifacial systems are subject to losses caused by resource 

variability and component failures. However, in bifacial 

systems, these effects can be more complex, since both front 

and rear irradiance contributions may be affected depending 

on the surrounding conditions and ground characteristics [6]. 

http://www.internationaljournalssrg.org/
http://www.internationaljournalssrg.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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Another important aspect is related to soiling and energy 

yield optimization. In desert environments, differences in 

performance have been observed depending on module 

configuration and maintenance strategies. For example, a 

study conducted in Qatar showed that tilted bifacial modules 

produced, on average, 4.0% more annual energy than vertical 

configurations under clean conditions. On the other hand, 

vertical configurations presented lower dust accumulation, 

reducing cleaning requirements [7]. 

Despite these advances, there is still a gap in the 

evaluation of energy performance under real operating 

conditions. This is mainly because bifacial gain varies with 

installation parameters such as module spacing, height, tilt, 

and orientation, as well as environmental factors like ground 

albedo and soiling conditions [7-9]. Addressing this gap is 

important for improving plant design and operation, since a 

combined analysis of energy performance and reliability can 

reduce uncertainties associated with energy losses and support 

better decision-making. 

Despite these advances, most studies still focus on energy 

performance analysis, bifacial gain estimation, and validations 

under specific conditions, with limited attention to the 

integration of energy performance and probabilistic reliability 

modeling at the utility scale. In addition, the impact of 

component failures and repair processes on the actual energy 

delivered by bifacial systems is still little explored, and 

comparative analyses between bifacial and monofacial 

systems considering the effectively delivered energy are not 

frequently addressed. This makes it difficult to understand 

whether the higher generation potential of bifacial systems 

actually translates into better overall performance when 

reliability aspects are considered. For this reason, a more 

comprehensive approach is needed, combining energy 

production analysis with system reliability. In this context, 

this work proposes a comparative approach between 

monofacial and bifacial photovoltaic systems based on 

probabilistic reliability modeling, integrating Markov chains, 

failure and repair rates, and COPT-based energy indices, 

allowing a joint evaluation of energy generation and system 

availability and providing a more complete assessment under 

real operating conditions, especially for large-scale 

photovoltaic power plants. 

1.1. Literature Review  

Reference [10] presents a systematic review of bifacial 

photovoltaic module technologies. The focus of this study is 

on the characteristics of bifacial modules, as well as modeling, 

performance, applications, and future trends and challenges. 

For this purpose, studies published between 2010 and 2022 

were compiled. The results show that bifacial photovoltaic 

modules can generate up to 30% more energy under optimal 

conditions, but in real photovoltaic power plants, the gain is 

usually between 5% and 25%. The study also includes a 

technical and economic comparison with monofacial modules, 

including performance metrics and LCOE analysis. Even 

though different modeling and performance methodologies 

are reviewed, the study does not propose a specific method. In 

addition, it does not address system reliability or availability, 

nor does it consider an analysis based on component failure 

and repair rates. 

A comparative experimental study between bifacial and 

monofacial photovoltaic systems is carried out in [11] using a 

solar plant located in the United Kingdom. The study 

evaluates the I–V and P–V curves under the same 

environmental conditions and also analyzes the influence of 

installation parameters such as installation height, tilt angle, 

environmental conditions, and ground albedo. The 

performance of both systems is evaluated under different 

operating conditions. The methodology is based on real plant 

data, where irradiance and energy production data are 

analyzed. The results indicate that the bifacial gain strongly 

depends on the ground albedo, varying between 6% and 15% 

for green surfaces and between 17% and 56% for white 

substrates. In addition, bifacial modules reached efficiencies 

close to 18%, while monofacial modules ranged between 11% 

and 13%. Although the study is quite complete, it does not 

consider parameters related to component failure rates, and it 

also does not include a temporal modeling approach that 

would allow a more complete evaluation of plant behavior, 

since no reliability analysis is performed. 

A comparison between bifacial and monofacial modules 

to analyze the efficiency and energy generation of these 

technologies is presented in [12]. The main focus of the study 

was to evaluate the influence of tilt angle, installation height, 

and ground albedo on module performance. For this purpose, 

data under real environmental conditions were analyzed using 

a 390 W LG NeON bifacial module and, to represent the 

monofacial module, the rear side was covered with a film to 

prevent irradiance capture. The tests were conducted in Poland 

between July and August 2022, considering different tilt 

angles, different mounting heights, and different ground 

albedo conditions. The results showed that bifacial modules 

had better performance than monofacial ones, and that this 

gain depends strongly on the installation characteristics. 

Under more favorable conditions, the instantaneous power 

increase exceeded 56%, and in the annual estimate, the gain 

reached up to 14.3% compared to the monofacial module. One 

of the most notable results was observed under high-albedo 

conditions, with a white substrate and a height of 1 m above 

the ground. Even so, the study focuses more on the energy 

performance aspect and does not further address the reliability 

of the system as a whole, nor does it present a probabilistic 

analysis of the behavior of the components over time. 

The reliability and performance of photovoltaic inverters 

operating with bifacial and monofacial modules are analyzed 

in [13]. The study evaluates inverter operation under higher 

loading conditions due to the use of bifacial modules, since 
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the inverter operates for a longer time, and the thermal stress 

can reduce its lifetime. In the methodology, a 3 kW grid-

connected system was considered, with an annual analysis 

carried out in Hyderabad, India. The work integrates the 

electrothermal modeling of the IGBT junction temperature 

using the Foster model and, for the reliability analysis, a 

Monte Carlo simulation with 10,000 samples and a 5% 

variation, fitted to a Weibull distribution, was performed. The 

analysis was conducted at both the component and system 

levels. For the scenarios, three cases were considered with 0%, 

30%, and 50% more energy generation compared to 

monofacial modules. In the case of monofacial modules, the 

reliability was higher, with a B10 lifetime of 34 years at the 

component level and 24 years at the system level. In the case 

of bifacial modules, a progressive reduction was observed, 

decreasing from 34 years in the reference case to 5 years in the 

scenario with 30% more energy, and to 1.5 years in the 

scenario with 50% more energy. Although this work 

represents an important step toward a reliability-oriented 

assessment, it is limited to inverter analysis and does not 

evaluate energy reliability indices of the power plant as a 

whole. 

A performance comparison between monofacial and 

bifacial photovoltaic modules under temperate climate 

conditions is carried out in [14], with a focus on industrial 

rooftop applications. The objective is to understand how the 

modules behave under real operating conditions, considering 

factors such as irradiance, temperature, diffuse fraction, and 

mounting structure.  

The analysis was conducted in Milan, Italy, where three 

modules were compared, including two monofacial modules 

and one bifacial module. The I–V curves were evaluated under 

different atmospheric conditions. The results showed a higher 

gain for the bifacial module compared to the two monofacial 

modules, reaching 4.3%, 5.4%, and 6.4% in relation to the first 

one, and 5.0%, 6.4%, and 7.8% in relation to the second 

module. However, the study focuses on performance 

evaluation and does not include reliability analysis or system 

availability assessment. 

A probabilistic evaluation of the reliability of a 1 MWp 

photovoltaic power plant with string topology is presented in 

taking Arequipa, Peru, as a case study. The objective of the 

analysis was to individually estimate the failure and repair 

rates of each component of the system while also considering 

the variability of solar irradiance. The authors used an 

approach based on Markov chains and the probability mass 

function of irradiance. The main results obtained were ISE = 

2,277.02 MWh, ESE = 2,179.95 MWh, and an availability of 

0.9573, showing good system availability. However, the study 

did not evaluate a comparative analysis between monofacial 

and bifacial modules. In addition, the analysis was carried out 

for a specific location, which may limit the generalization of 

the results to other climatic and geographical conditions. 

Operational data from a 34.7 MW photovoltaic power plant in 

North Yorkshire, United Kingdom, are evaluated in [11], 

considering operation data from 2020 to 2024. The authors 

analyze the real energy performance of monofacial and 

bifacial modules over several years of operation, in addition 

to evaluating degradation behavior and the influence of 

environmental factors such as ground albedo, irradiance, and 

snow.  

The results showed gains between 15.12% and 17.31% in 

comparison with traditional modules, although the bifacial 

modules also exhibited slightly higher annual degradation 

rates. In this study, 91,392 bifacial modules were evaluated, 

and the NREL RdTools tool was used for the analysis. The 

work presents a comparison between the modules and their 

energy efficiency and shows that, despite the influence of 

environmental factors, higher gains were observed in the 

bifacial modules compared to the monofacial ones, even under 

different climatic conditions. However, no reliability or 

system availability analysis was carried out. A reliability and 

criticality analysis of a large-scale photovoltaic system is 

presented in [15] using the Fault Tree Analysis approach. The 

authors used a methodology to model the reliability of a grid-

connected system, with a focus on the components and failures 

on the DC side of the system. The work aims to identify which 

failures are the most critical for reducing system performance 

and reliability. For this purpose, failure and repair rate data 

obtained from the literature were used. The results showed that 

the highest criticality factors were found in the cases of fuses, 

circuit breakers, and PV modules. In the analysis, no 

comparison of system reliability was made between different 

types of modules, and no system availability analysis was 

carried out.  

The performance of monofacial and bifacial Silicon 

Heterojunction (SHJ) photovoltaic modules is evaluated in 

[16] under desert conditions in Qatar, with a focus on 

temperature, reflected irradiance, and soiling. The study 

combines input and output measurements to compare the two 

technologies and verify which one shows better behavior 

under this type of climate.  

The analyzed period was between 2017 and 2019. The 

results showed that the bifacial modules achieved 15% higher 

energy production compared to the monofacial modules. In 

addition, under clear-sky conditions, the maximum power was 

about 12% higher than that of the monofacial modules. 

Regarding soiling, it was observed that bifacial modules are 

less sensitive to dust accumulation and, therefore, the cleaning 

frequency can be reduced for this type of module. In this work, 

the performance of bifacial and monofacial photovoltaic 

modules was addressed by analyzing energy performance, but 

not system reliability or availability. 

From the literature, it can be observed that different 

studies have been developed around bifacial photovoltaic 
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systems, mainly focusing on energy performance, bifacial 

gain, and analyses under different environmental and 

installation conditions, while other works evaluate 

degradation and long-term behavior. There are also studies 

that address reliability, but they are generally limited to 

specific components, such as inverters, or do not consider the 

variability of the solar resource. 

In addition, even when probabilistic approaches are 

applied, they are usually used separately from energy 

performance analysis, and comparative studies between 

monofacial and bifacial systems are typically restricted to 

efficiency or energy generation, without including reliability-

based indicators. 

As a result, performance and reliability are still treated 

separately, without an integrated approach at the system level. 

In this sense, the present work proposes a methodology that 

allows the joint evaluation of these aspects, providing a more 

complete assessment of photovoltaic system performance. 

2. Analysis Methodology  
The methodology follows a direct sequence, as illustrated 

in Figure 1. 

2.1. System Architecture and Topology 

Photovoltaic systems can be implemented using different 

architectures, among which centralized, string, multi-string, 

and AC module topologies stand out. Each of these 

architectures presents different connection structures, control 

strategies, and levels of operational complexity. 

According to [17], string and multi-string architectures 

offer advantages in terms of mismatch loss reduction and 

higher reliability, since they allow independent Maximum 

Power Point Tracking (MPPT) control for groups of modules.  

In contrast, centralized systems present a lower cost per 

installed power unit and a simpler structure. On the other hand, 

they tend to be more sensitive to partial shading and failures, 

since the loss of one or more modules can directly affect the 

overall system performance. 

Additionally, [18] shows that the choice of system 

architecture significantly influences the amount of energy 

effectively injected into the electrical grid, highlighting the 

importance of properly selecting the system topology 

2.2. Monofacial vs Bifacial Modules  

Monofacial photovoltaic modules convert solar energy 

from the irradiance incident on the front surface and are 

widely used in conventional systems. In contrast, bifacial 

photovoltaic modules can capture radiation from both the front 

and rear surfaces, taking advantage of the light reflected from 

the ground, as shown in Figures 2 and 3. 

 
Fig. 1 Overview of the proposed procedure 

In [19], the performance of bifacial and monofacial 

systems is compared under different ground albedo 

conditions. The results indicated that, on natural soil, bifacial 

gain ranged between 5% and 10%, while surfaces with higher 

reflectance provided increases in energy generation exceeding 

20%.  

Furthermore, [20] highlights that bifacial technology is 

becoming established as a new standard in the photovoltaic 

sector due to its potential to increase energy production. The 

configuration of bifacial systems may follow different 

strategies, such as unconstrained operation, in which each 

layer operates independently; Current-Matched (CM), where 

the layers share the same current; and Voltage-Matched (VM), 

in which the voltage is maintained equal between layers. In 

solar energy harvesting, to maximize it, climatic and 

environmental factors are considered, such as the type of soil, 

temperature, module installation, and row spacing, as 

discussed in [21]. 

End 

Start 

Definition of the system architecture and comparison 

between monofacial and bifacial configurations. 

Reliability modeling based on component failure and repair 

rates 

Reliability aggregation from the module level to the plant 

level (DC and AC sides) 

Construction of the Capacity Outage Probability Tables 

(COPT) 

Calculation of the energy indices ISE, ESE, and Ae 

considering the variability of the solar resource. 
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Fig. 2 Irradiance incidence and energy generation in a monofacial 

module 

Fig. 3 Front and rear irradiance contribution in a bifacial module 

2.3. Reliability Modeling Basis 

In this analysis, reliability is defined as the probability 

that a system performs its intended function under specified 

conditions for a given period of time. According to [22], this 

characteristic depends on the operating environment, 

operational regime, maintenance strategies, and system 

service time. 

In photovoltaic systems, reliability is directly associated 

with component failure and repair rates. These parameters can 

be obtained from field data, historical records, or, in their 

absence, estimated from technical literature. 

2.4. Markov Chains for Failure–Repair Representation 

Failure and repair dynamics can be represented using 

Markov chains, allowing the probabilistic evolution of the 

system between operational states over time to be described. 

In this approach, a two-state model is adopted to represent 

components: operation and failure, with transitions governed 

by failure and repair rates. 

2.5. PV Module Failure–Repair Model 

In the analysis of the behavior of a photovoltaic module, 

it is treated as a set of interconnected components, where the 

failure of any relevant component may reduce or even 

interrupt the energy supply. Photovoltaic modules are 

composed of bypass diodes that divide them into three 

sections, allowing that, if one section fails, the remaining 

sections can still continue generating energy. In this way, even 

with the failure of one diode, the module is still capable of 

producing energy, reducing the impact on total generation. 

Each module is characterized by a failure rate. 𝜆𝑃𝑉 and a 

repair rate 𝜇𝑃𝑉. Under the two-state Markov model (operation-

failure), the probability of operation is given by Equation (1). 

𝑝𝑃𝑉 =
𝜇𝑃𝑉

𝜆𝑃𝑉+𝜇𝑃𝑉
 (1) 

Moreover, the probability of failure is given by Equation 

(2): 

𝑞𝑃𝑉 =
𝜆𝑃𝑉

𝜆𝑃𝑉+𝜇𝑃𝑉
  (2) 

Where  𝑝 + 𝑞 = 1. 

In addition, each module is connected through two MC4 

connectors (positive and negative). Even if the cells are 

operating correctly, the failure of one of the connectors may 

interrupt energy delivery. Assuming independent behavior 

and identical reliability parameters for both connectors, the 

probability of operation of one connector is defined in 

Equation (3): 

𝑝𝑀𝐶4 =
𝜇𝑀𝐶4

𝜆𝑀𝐶4+𝜇𝑀𝐶4
 (3) 

Considering the module and its two connectors as a series 

configuration, the total probability of operation of the 

assembly is expressed in Equation (4): 

𝑝𝑡𝑜𝑡𝑎𝑙 = 𝑝𝑃𝑉 ⋅ 𝑝𝑀𝐶4
2  (4) 

2.5.1. Bypass Diode Modeling 

Consider that each photovoltaic module is divided into 𝑘 

electrical sections, each protected by a bypass diode. For each 

section 𝑖, we define: 

𝑞𝑠 = 1 − 𝑝𝑠  𝑎𝑛𝑑 𝑞𝑑 = 1 − 𝑝𝑑  (5) 

Where 𝑝𝑠 represents the probability that the photovoltaic 

section operates correctly, and 𝑝𝑑 the probability that the 

corresponding bypass diode operates correctly. Section allows 

current conduction if it is operational itself or, in case of 

failure, if the associated bypass diode conducts properly. 

Thus, the probability that a section allows current flow is 

given by Equation (6): 

𝑝sec = 𝑝𝑠 + 𝑞𝑠. 𝑝𝑑 = 1 − 𝑞𝑠 . 𝑞𝑑  (6) 
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While the probability that the section blocks the current 

flow is: 

𝑞sec = 𝑞𝑠 . 𝑞𝑑. (7) 

Since the 𝑘sections are electrically connected in series 

from the current conduction perspective, the module will 

deliver energy to the next stage only if all sections allow 

current to pass. Thus, the probability that the photovoltaic 

module with bypass diodes operates is given by Equation (8): 

𝑝𝑓𝑣
(bp)

= ∏ 𝑝sec,𝑖
𝑘

𝑖=1
. (8) 

Assuming statistically identical sections, the expression 

simplifies to Equation (9): 

𝑝𝑓𝑣
(bp)

= (1−𝑞𝑠. 𝑞𝑑)𝑘 . (9) 

2.5.2. Integration with MC4 Connectors 

Including the two MC4 connectors (positive and 

negative), the probability that the module–bypass diode–

connector assembly delivers energy to the string is given by 

Equation (10): 

𝑝𝑓𝑣𝑐
(bp)

= 𝑝𝑐−𝑝𝑓𝑣
(bp)

⋅ 𝑝𝑐+ = 𝑝𝑐−  𝑝𝑐+  (1−𝑞𝑠. 𝑞𝑑)𝑘 (10) 

Complementarily, the probability of failure of the 

complete assembly is given by Equation (11): 

𝑞𝑓𝑣𝑐
(bp)

= 1 − 𝑝𝑓𝑣𝑐
(bp)

 (11) 

2.6. String and Array Reliability Aggregation 

For string reliability calculation, the reliability of modules 

connected in series is first considered. Subsequently, multiple 

strings are connected in parallel to supply the inverter. 

Therefore, the DC side consists of modules in series forming 

strings, and strings in parallel forming the array. Each module 

can assume two states: delivering energy to the string, with 

probability 𝑝𝑓𝑣𝑐, or not delivering energy, with probability 

𝑞𝑓𝑣𝑐. When a module fails, it is isolated through its bypass 

diode. Since modules are connected in series, the string 

current is not interrupted; however, a voltage reduction occurs, 

resulting in decreased power output. The state 𝛽(𝑁𝑓𝑠) 

represents a condition in which 𝑁𝑓𝑠 modules, out of a total of 

𝑁𝑆They are not operating. The probability of this specific state 

is given by Equation (12): 

𝑃(𝛽(𝑁𝑓𝑠)) = 𝑝
𝑓𝑣𝑐

𝑁𝑆−𝑁𝑓𝑠 . 𝑞
𝑓𝑣𝑐

𝑁𝑓𝑠 . (12) 

Because different combinations of 𝑁𝑓𝑠failed modules 

may occur within the string, the probability of state 𝑆(𝑁𝑓𝑠)is 

given by Equation (13): 

𝑃 (𝑆(𝑁𝑓𝑠)) = ( 𝑁𝑆
𝑁𝑓𝑠

) 𝑝
𝑓𝑣𝑐

𝑁𝑆−𝑁𝑓𝑠 . 𝑞
𝑓𝑣𝑐

𝑁𝑓𝑠 . (13) 

Thus, the probability that a string operates with up to 

𝑚failed modules can be expressed by Equation (14): 

𝑝string = ∑ (𝑁𝑆
𝑘

)
𝑚

𝑘=0
𝑞𝑓𝑣𝑐

𝑘 . 𝑝𝑓𝑣𝑐
𝑁𝑆−𝑘

. (14) 

After modeling the strings, a set of 𝑁𝑃strings connected 

in parallel are considered. Each string is treated as a 

supercomponent with an operating probability. 𝑝stringand 

failure probability 𝑞string = 1 − 𝑝string. 

The probability that the array supplies energy to the 

inverter (i.e., that at least one string is operating) is given by 

Equation (15): 

𝑝array = 1 − ∏ 𝑞string,𝑖

𝑁𝑃

𝑖=1
. (15) 

Assuming statistically identical strings, the expression 

simplifies according to Equation (16): 

𝑝array = 1 − (𝑞string)𝑁𝑃 . (16) 

In compact form, substituting Equation (14) into Equation 

(16), the array reliability can be written according to Equation 

(17): 

𝑝array = 1 − [1− ∑ (𝑁𝑆
𝑘

)
𝑚

𝑘=0
𝑞𝑓𝑣𝑐

𝑘 . 𝑝𝑓𝑣𝑐
𝑁𝑆−𝑘

]
𝑁𝑃

 (17) 

2.7. Inverter Reliability Model 

Once the reliability of the DC array is obtained, inverter 

reliability is calculated. Inverters are characterized by failure 

rates 𝜆𝑖 and repair rates 𝜇𝑖, from which the operating 

probability 𝑝𝑖  and failure probability 𝑞𝑖 are derived. 

In this configuration, each string is connected to a single 

inverter; therefore, inverter failure implies the loss of the 

energy generated by the corresponding string. The DC switch 

connecting the string to the inverter is also considered, since 

its failure produces the same unavailability effect. 

Consequently, the inverter-DC switch assembly is modeled as 

a series configuration. The operating probability of the 

inverter–switch assembly is given by Equation (18): 

𝑝𝑠𝑖 = 𝑝𝑖 . 𝑝𝑠𝑑𝑐  (18) 

The corresponding failure probability is given by 

Equation (19): 

𝑞𝑠𝑖 = 1 − 𝑝𝑠𝑖 . (19) 
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Considering a set of 𝑁𝐼Inverters connected in parallel, the 

system continues delivering energy as long as at least one 

inverter is operating. Thus, the probability that the inverter 

stage supplies energy is given by Equation (20): 

𝑝inv = 1 − ∏ 𝑞𝑠𝑖,𝑗
𝑁𝐼

𝑗=1
 (20) 

For statistically identical inverters, the expression 

simplifies according to Equation (21): 

𝑝inv = 1 − (𝑞𝑠𝑖)
𝑁𝐼 . (21) 

2.8. Transformer Reliability Model 

Once the reliability of the inverter assembly is obtained, 

the reliability of the transformers is evaluated. Transformers 

are responsible for stepping up the voltage level and injecting 

energy into the electrical grid. They are characterized by 

failure rates. 𝜆𝑡 and repair rates 𝜇𝑡, from which the operating 

probability 𝑝𝑡  and failure probability 𝑞𝑡 are derived. Each 

transformer is supplied by a group of inverters; therefore, 

transformer failure results in the loss of energy from the 

associated inverter group. The AC-side switch or circuit 

breaker is also considered, since its failure produces the same 

unavailability effect. Consequently, the transformer-AC 

switch assembly is modeled as a series configuration. The 

operating probability of the transformer-AC switch assembly 

is given by Equation (22): 

𝑝𝑠𝑡 = 𝑝𝑡 . 𝑝𝑠𝑎𝑐 , (22) 

The failure probability is given by Equation (23): 

𝑞𝑠𝑡 = 1 − 𝑝𝑠𝑡 . (23) 

Considering 𝑁𝑇 transformers connected in parallel, the 

system continues delivering energy as long as at least one 

transformer remains operational. Thus, the probability that the 

transformer stage supplies energy to the grid is given by 

Equation (24): 

𝑝trafo = 1 − ∏ 𝑞𝑠𝑡,𝑘
𝑁𝑇

𝑘=1
. (24) 

For statistically identical transformers, this expression 

simplifies according to Equation (25): 

𝑝trafo = 1 − (𝑞𝑠𝑡)𝑁𝑇  (25) 

2.9. Reliability Indices 

2.9.1. Ideal Supplied Energy (ISE): 

The ISE represents the maximum energy that the 

photovoltaic plant could deliver to the grid, assuming perfect 

operation, meaning no component failures. It only considers 

irradiance availability, equipment efficiency, and operating 

time. 

𝐼𝑆𝐸 = 𝑇𝑜 .𝑁𝑆. 𝑁𝐼 . 𝜂𝑖 ∑ (𝐸𝑘 . 𝑃𝑘 . 𝐴𝑓𝑣. 𝜂𝑘)
𝐾

𝑘=1
 (26) 

In Equation (26), 𝐸𝑘 is the irradiance level from the 

probability distribution and 𝑃𝑘 It is associated with 

probability. 𝐴𝑓𝑣 denotes the module area and 𝜂𝑘 denotes the 

module efficiency at irradiance level 𝑘. 𝑁𝑆 is the number of 

modules per string, 𝑁𝐼 the number of inverters, 𝜂𝑖the average 

inverter efficiency, and 𝑇𝑜 The total operating time is 

considered. 

2.9.2. Expected Supplied Energy 

Unlike ISE, the ESE accounts for failures in modules, 

inverters, and transformers. The calculation is performed in 

sequential stages. The energy produced by a string depends on 

the number of operating modules and on whether the string 

voltage remains above the inverter minimum voltage. 

𝐸𝑆𝐸𝑆 = 𝑇𝑜 ∑ Γ(
𝑁𝑆

𝑓=0
𝑉𝑓) (𝑁𝑆 − 𝑓) 𝑃𝑓 (27) 

In Equation (27), 𝑓represents the number of failed 

modules, 𝑃𝑓 the probability of that failure state, and 𝑁𝑆 The 

total number of modules per string. 𝑉𝑓 is the string voltage 

under the considered condition, and Γ(𝑉𝑓) defines the 

effective power delivered by the string. The function Γ(𝑉𝑓) is 

defined as: 

Γ(𝑉𝑓) = {
∑ 𝐸𝑘 .𝐾

𝑘=1 𝑃𝑘 . 𝐴𝑓𝑣 . 𝜂𝑘, if 𝑉𝑓 ≥ 𝑉𝑚

0, otherwise
 (28) 

In Equation (28), 𝑉𝑚 is the minimum operating voltage of 

the inverter. If the string voltage drops below this threshold, 

no energy is delivered. After obtaining 𝐸𝑆𝐸𝑆Inverter 

reliability is incorporated. 

𝐸𝑆𝐸𝐼 = ∑ 𝐸𝑆𝐸𝑆  (𝑁𝐼 − 𝑔) 𝑃𝑔. 𝜂𝑖
𝑁𝐼

𝑔=0
 (29) 

In Equation (29), 𝑔represents the number of failed 

inverters, 𝑃𝑔 the probability of that state, 𝑁𝐼 the total number 

of inverters, and 𝜂𝑖 their average efficiency. Finally, the total 

supplied energy is limited by the transmission capacity of the 

transformers. 

𝐸𝑆𝐸 = ∑ min 
𝑁𝑇
ℎ=0 (𝐸𝑆𝐸𝐼

, 𝑃𝑚𝑎𝑥,ℎ). (𝑁𝑇 − ℎ)𝑃ℎ (30) 

In Equation (30), ℎrepresents the number of failed 

transformers, 𝑃ℎ the probability of that condition, 𝑁𝑇 the total 

number of transformers, and 𝑃max ,ℎ The maximum 

transferable power in that state. 

2.9.3. Energy Availability 

Energy availability represents the fraction of the ideal 

energy that is effectively delivered after considering system 
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failures. 

𝐴𝑒 =
𝐸𝑆𝐸

𝐼𝑆𝐸
 (31) 

In Equation (31), 𝐴𝑒 indicates the overall energy 

reliability of the plant, where values close to 1 represent high 

availability. 

3. Case Study 
In the present study, a 100 MWp centralized photovoltaic 

power plant was analyzed, comparing system availability and 

energy performance when using monofacial and bifacial 

photovoltaic modules. For the study, data from the city of 

Tacna, Peru, were considered due to its favorable 

characteristics, such as high levels of solar irradiance, low 

seasonal variability, and sandy soil, with predominantly clear 

skies and low humidity. For the analysis, irradiance data 

corresponding to one year were collected, as presented in 

Figure 4. In this figure, the irradiance is shown on an hourly 

basis, illustrating the variability of the solar resource over 

time, while the 24-hour moving average highlights the daily 

trend. During the analyzed period, a minimum temperature of 

8.64 °C and a maximum of 24.27 °C were recorded, which are 

considered suitable values for the operation of photovoltaic 

systems. The irradiance and temperature data for the year 2023 

were obtained from PVGIS (JRC–EU) [23], considering 

latitude −17.661°, longitude −70.337°, and an altitude of 

1,583 m above sea level. For the study, a centralized topology 

was adopted due to its advantages in terms of scalability and 

cost-effectiveness, being widely used in large-scale power 

plants. This configuration can be observed in Figure 5. 

 
Fig. 4 Hourly solar irradiance profile and 24-hour moving average 

 
Fig. 5 Centralized topology of the analyzed photovoltaic power plant 
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For availability analysis, component failure and repair 

rates were obtained from the literature. These values are 

presented in Table 1. Electrical characteristics of the 

photovoltaic modules were also considered, including bifacial 

gain, which results in increased current and power output. A 

comparison of the electrical and dimensional parameters of 

monofacial and bifacial modules is presented in Table 2. A 4 

MW central inverter was considered. The main electrical 

characteristics of the inverter, on both the DC and AC sides, 

are presented in Table 3. 

Table 1. Failure and repair rates of PV plant components 

Component 𝝀 [𝟏𝟎−𝟔𝒉−𝟏]  𝝁 [𝒉−𝟏]  

PV Generator Module 26 [24] 0.0667 [24] 

DC Junction Box 14.269 [25] 1.0208 [25] 

Inverter 180 [24] 0.0833 [24] 

DC Protection Switch 0.7 [24] 0.0208 [24] 

AC Protection Switch 0.7 [24] 0.0208 [24] 

Cell Protection Diode 5.4 [24] 0.1667 [24] 

Transformer 0.23 [25] 285.4 [25] 

Table 2. Electrical and dimensional specifications of photovoltaic modules 

General Module Specifications 

Parameter Value Unit 

Maximum Power Voltage (Vmp) 40.80 V 

Open Circuit Voltage (Voc) 48.70 V 

Power Temperature Coefficient -0.29 %/°C 

Module Height 2.384 m 

Module Width 1.303 m 

Monofacial Module - - 

Module Efficiency 23.20 % 

Maximum Power (Pmax) 720 W 

Maximum Power Current (Imp) 17.67 A 

Short Circuit Current (Isc) 18.69 A 

Bifacial Module - - 

Module Efficiency 27.80  

Maximum Power (Pmax) 864  

Maximum Power Current (Imp) 21.20  

Short Circuit Current (Isc) 22.43  

Table 3. Electrical specifications of the inverter-dc and ac sides 

Parameter Value Unit 

DC Side - - 

DC Start-Up Voltage (Vdc, start) 849 V 

Maximum DC Voltage (Vdc, max) 1500 V 

Maximum DC Input Current (Idc, max) 4750 A 

AC Side - - 

Rated Apparent Power (cosφ = 1) 4000 / 3600 kVA 

Rated Active Power (cosφ = 0.8) 3200 / 2880 kW 

Rated AC Output Current (at 35°C) 3850 A 

AC Output Voltage 600 V 

Peak Efficiency 98.80 % 

3.1. System Configuration 

For solar resource modeling, hourly irradiance data over 

one year were used, totaling 8,760 records. These values were 

divided into 20 irradiance intervals, excluding periods with 

zero irradiance. The resulting probability mass function is 

shown in Figure 6. In the case of bifacial modules, a variable 

energy gain throughout the day was considered. A gain of 20% 

was adopted during sunrise and sunset periods, 10% around 

solar noon, and 15% during intermediate periods, representing 

the effect of solar angle variation and reflected radiation. To 

allow a direct comparison between scenarios, the same 

number of modules was maintained for both monofacial and 

bifacial cases, thereby isolating the effect of bifacial gain on 

performance indices. The adopted configuration uses 28 
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modules per string, respecting MPPT voltage limits and the 

maximum DC voltage of the inverter. Due to DC input current 

constraints, 224 strings were defined in parallel. Considering 

4 MW inverters with a maximum efficiency of 98.8%, a total 

of 18 inverters were required to meet the installed capacity of 

100 MWp. 

 
Fig. 6 Probability mass function of solar irradiance intervals 

4. Results 
Considering an average irradiance of 526.11 W/m², along 

with component failure and repair rates, the indices ISE, ESE, 

and Ae were obtained from the COPT. The time fraction 

𝑇0was not considered in the intermediate stages and was 

included only in the final calculation. 

 
Fig. 7 State probability vs. Number of inverters out of operation 
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Figure 7 shows the probability as a function of the number 

of inverters out of operation. It can be observed that, as the 

number of inverters in the OFF-state increases, the probability 

of occurrence of these states progressively decreases. Figures 

8 and 9 present the power associated with the ISE and ESE 

indices for monofacial and bifacial modules, respectively. In 

both cases, the power decreases as the number of inverters out 

of service increases. Nevertheless, the bifacial case maintains 

higher values than the monofacial case for all analyzed states. 

For the inverter stage, the monofacial system presented ISE = 

44,641,058.05 and ESE = 44,023,905.25, while the bifacial 

system presented ISE = 50,575,054.85 and ESE = 

49,875,865.86. These results confirm a consistent increase in 

the indices when bifacial gain is considered. 

 
Fig. 8 ISE and ESE vs. Number of Inverters Out of Operation-Monofacial Case 

 
Fig. 9 ISE and ESE vs. Number of Inverters Out of Operation-Bifacial Cas 
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A similar behavior is observed for the transformer stage. 

Figure 10 presents the probability as a function of the number 

of transformers out of operation, while Figures 11 and 12 

show the power associated with the ISE and ESE indices for 

the monofacial and bifacial cases. Maintaining the same 

number of modules and the same installed area, bifacial gain 

is directly reflected in increased expected and supplied energy. 

The calculated energy availability was 𝐴𝑒= 

0.9858433959 for the monofacial system and 𝐴𝑒= 

0.9320796015 for the bifacial system. This indicates that, 

although the bifacial system presents higher generation 

potential, the final availability also depends on the failure and 

repair states considered in the reliability model. 

 
Fig. 10 State Probability vs. Number of Transformers Out of Operation 

 
Fig. 11 ISE and ESE vs. Number of Transformers Out of Operation-Monofacial Case 
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Fig. 12 ISE and ESE vs. Number of Transformers Out of Operation-Bifacial Case 

5. Discussion 
In the literature, the performance of monofacial and 

bifacial modules has been widely studied, mainly in terms of 

energy generation, where bifacial systems generally show 

better results due to the contribution of rear-side irradiance, 

which was also observed in this work. However, when 

reliability aspects are considered, the results show that higher 

generation does not necessarily mean better overall 

performance, since the bifacial system presented lower 

availability, possibly due to the higher level of component 

operation and the increased impact of failures over time. This 

indicates that analyzing only energy gain can lead to 

incomplete conclusions. In this sense, the adopted approach 

allows a more realistic evaluation by jointly considering 

energy generation and failure behavior, enabling a more 

consistent comparison between monofacial and bifacial 

systems. 

 

6. Conclusion 
Based on the results obtained, it was possible to compare 

bifacial and monofacial photovoltaic modules in a 100 MWp 

power plant located in Tacna. The analysis shows that bifacial 

modules provide a clear increase in energy indices, with ISE 

rising from 44,641,058.05 to 50,575,054.85 and ESE from 

44,023,905.25 to 49,875,865.86, corresponding to an increase 

of about 13.3%. This confirms the advantage of bifacial 

technology in terms of energy generation. However, when 

energy availability is considered, the monofacial system 

presents a higher value (Ae = 0.9858) compared to the bifacial 

system (Ae = 0.9321), even under the same failure and repair 

conditions. This indicates that higher energy production does 

not necessarily result in higher effective availability, since 

system performance is also influenced by the probabilistic 

behavior of component failures and repairs.  

Therefore, the evaluation of bifacial systems should not 

be based only on energy gain, but also on reliability aspects. 

Even so, both configurations present high availability levels, 

and the bifacial system maintains superior energy 

performance overall. In this sense, combining reliability 

modeling with energy performance analysis provides a more 

complete and realistic assessment of photovoltaic power 

plants, especially in large-scale applications where it is 

necessary not only to maximize generation, but also to ensure 

consistent energy delivery over time. 
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