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ABSTRACT: Bifacial solar technology has experienced exponential growth in recent 

years and its trend is increasing for the coming years. Considering the advantages that it 

offers over monofacial technology such as its current price equivalence, the increase in 

performance thanks to the production of the rear face and the consecutive reduction of 

the LCOE, it is logical that more and more photovoltaic plants with this technology are 

been installed. Nowadays, there are some regulatory gaps regarding bifacial technology 

and, due to this growing trend, it is necessary to study, research and implement the 

optimal way to evaluate these systems. This article has experimented with a 3.3 kW 

bifacial photovoltaic system, divided into two strings with different configurations, whose 

monitoring system has all the instrumentation included in the IEC 61724 standard, with 

the addition that it has several rear irradiance sensors arranged in different locations of 

the system to evaluate the variability of this parameter. After an experimental campaign 

of nine months, a power estimation analysis and the calculation of the PR and PR25ºC have 

been carried out using the different rear irradiance sensors. The variability of this 

parameter depending on the location of the sensor has affected the results in such a way 

that the RMSE committed in the power estimation has varied between 10.22% and 2.63%, 
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while the PR and PR25ºC of the system has oscillated between 0.84 for the most 

unfavorable case and 0.95 in the most favorable case. Assumed the great variability 

between performance ratios, it is necessary to establish a specific normative standard for 

the evaluation of Bifacial PV systems. 

1. INTRODUCTION 

Due to the energy transition [1], [2] and photovoltaic expansion in which we have been 

immersed for some time, there have been many efforts to optimize the generation of solar 

energy aiming to obtain maximum energy from the minimum space. 

As a consequence, an emerging technology such as bifacial technology begins to stand 

out, whose basic principle lies in the ability to produce electrical energy from both sides 

of the cell. 

Having overcome the price barrier of the technology, equating its price with monofacial 

technology, it has taken great relevance on the market share. Nowadays, in 2023, bifacial 

modules occupy the 70% of the global market and it is expected that by 2033 they will 

reach 90% of the market share [3]. As a result of the price reduction, research on this 

technology has increased in order to understand its behavior and to define well the new 

variables involved, as well as how to characterize them. 

Since 1980, research has been done on the energy gains that bifacial technology can have 

thanks to albedo [4], [5] but most experimental studies date from more recent dates. At 

the physical level of cell, the behavior of different materials has been studied [6], [7] and 

its efficiency has been maximized, reaching values of 32.5% [8]. Other studies compare 

the profitability of bifacial versus monofacial systems, exposing the variation of the 

parameter that may exist for bifacial installations depending on the albedo [9], [10]. 

One of the main problems is the characterization of albedo irradiance and its 

homogeneity, which depends in one hand on the height of the modules as much as the 
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arrangement and in the other hand on the materials of the albedo surface [11]–[13]. One 

proven way to maximize the gain of a BPV systems is the use of solar trackers [14], [15]. 

It is therefore important to implement irradiance models for bifacial modules with which 

reliable production estimates can be made [16], [17]. Nowadays, there is a lack of 

experimental data due to a relevant number of publications are based on simulations, but 

for the achievement of this purpose it is necessary to research operating and performance 

data. 

Regarding the scope of integration, the studies carried out try to occupy spaces not usable 

for the performance of activities, such as installations in irrigation reservoirs or water 

bodies (FPV) [18], [19] or the use of rooftops [20]–[22]. Agrovoltaics (APV) is an 

example in which it is integrated into spaces that coexist with the development of 

agricultural activity[23]–[25]. Considering the production capacity on both sides, it is 

interesting to study its behavior in vertical arrangement [26], [27]. 

With the expansion of bifacial modules, the new parameters that affect to the performance 

has to be considered, such as bifaciality coefficients and bifacial gain [28]. The current 

regulations do not facilitate the characterization of these modules, since unlike 

monofacial technology, outdoor characterization is not established, but indoor [29], [30].  

 Problems arise when monitoring a BPV system, since the existing standard only refers 

to the measurement of the rear irradiance in an appendix to IEC 61724-1 [31]. By not 

specifying the position of the rear irradiance sensor in the installation, considering the 

variability of the albedo, there is no standard for the measurements of bifacial systems to 

be carried out under similar conditions and the evaluation of the yields to be completely 

reliable. In the literature review, there are a variety of articles on estimates based on 

algorithms and models [32], but almost anyone where real performance data is offered. 
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As an example, there are studies that compares the performance of monofacial modules 

against bifacial modules as monofacial but the fact of not considering the effect of albedo 

irradiance on the bifacial implies the obtaining of uncertainty results because of the ratio 

of energy generation and irradiation received is not representative, obtaining a higher 

performance than in the case of bifacial [33].  

 Beyond the evaluation of a system correcting the performance ratio in degradation [34], 

this article shows the differences that may exist due to the variability exposed on the 

measurement of the rear irradiance depending on the position of the sensors, lengths of 

arrays and the parameters that affect this component. In this way, it is proposed to give 

visibility to the lack of a standard that allows the goodness indices that show the 

performance of BPV systems to be equivalent for all photovoltaic installations. 

2. EXPERIMENTAL SETUP AND METHODOLOGY 

For the development of the experiments, an experimental setup has been designed and 

put into operation, which is located on the north terrace of the Higher Polytechnic School 

of Jaén, Spain.  

2.1 Bifacial photovoltaic system 

The photovoltaic system consists of eight 410 W bifacial modules facing South and tilted 

30 degrees, divided into two strings with different arrangements and connected to both 

MPPT’s of the 3.3 kW inverter. 

String 1 is composed of four bifacial modules arranged in a single line array, while string 

2, composed of four other bifacial modules, is divided into two structures with two 

modules each one. Different configurations can allow observing differences in behavior 

depending on the length of the array. It should be noted that the structures used have been 

optimized as far as possible to avoid shading in the modules and have a telescopic floor 
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to modify the height of the modules with respect to the albedo surface. Figure 1 show the 

arrangement of the bifacial photovoltaic system. 

 
Figure 1: [A] String 1 arrangement. [B] String 2 arrangement 

2.2 Monitoring system 

The monitoring system, that allows the data collecting of the most relevant parameters 

for analysis, has been dimensioned complying with the IEC 61724-1 standard [31]. The 

monitoring system has been designed for the experimental purposes of understanding 

how the new variables that affect bifacial modules evolve, such as rear irradiance of 

albedo, and how it can be characterized [35]. 

In the same way as for monofacial systems, there are a weather vane and an anemometer 

for the measurement of wind speed and direction, K-type thermocouples for the 

measurement of module temperature and another thermocouple shady for the 

measurement of ambient temperature, a front and a rear spectroradiometer in order to 

measure spectral wave of frontal radiation and rear albedo and for the measurement of 

frontal irradiance there are two pyranometers, a calibrated cell and a calibrated module. 

Regarding the variables that affect the rear face, several calibrated modules have been 

arranged whose front face has been covered with vinyl to use them as rear irradiance 

sensors so that each power module is inserted between two sensors as shown in Figure 
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1[A], allowing to observe how this parameter evolves along the string. Table 1 shows the 

notation of the irradiance sensors used for the analysis. 

Table 1: Notation of the different irradiance sensors 

Name Sensor type Position Description 

GF Pyranometer String 1 Frontal irradiance sensor 

Galb Albedometer String 2 Rear global irradiance sensor 

GR1 Calibrated module String 1 (West side) Rear irradiance sensor 

GR3 Calibrated module String 1 (Central-West side) Rear irradiance sensor 

GR5 Calibrated module String 1 (Centre) Rear irradiance sensor 

GR7 Calibrated module String 1 (Central-East side) Rear irradiance sensor 

GR9 Calibrated module String 1 (East side) Rear irradiance sensor 

 

All sensors have been connected to a datalogger able to providing a daily file with the 

measurements made every minute during the nine months of the experimental campaign, 

corresponding to a Class A monitoring system [31]. Figure 2 provides a top view of the 

system, pointing the location of the most relevant elements of the system. 

 
Figure 2: Top view of the system, pointing the location of the modules and the sensors 
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2.3 Bifacial module characterization campaign 

Within the campaign to fine-tune the system an in order to ensure that the data obtained 

in the analyses are as close to reality as possible, a characterization campaign of the 

modules have been carried out to obtain the real operating parameters. To carry out this 

purpose, two modules of the same brand and same model have been transferred to the 

Centre for Energy, Environmental and Technological Research (CIEMAT), an accredited 

independent laboratory located in Madrid empowered to grant calibration certificated that 

reflect the electrical parameters of both sides of the modules measured in STC, thus 

obtaining two modules to use as a measurement standard. 

Independently, the faces of each modules that make up the photovoltaic generator have 

been measured together with a calibrated standard module, ensuring that being under the 

same conditions of temperature and irradiance, the values of the calibrated module can 

be extrapolated [36] to the module to be characterized by equation 1: 

𝑷𝒆𝒗𝒂𝒍
𝑺𝑻𝑪

𝑷𝒆𝒗𝒂𝒍

=
𝑷𝑪𝑰𝑬𝑴𝑨𝑻

𝑺𝑻𝑪

𝑷𝑪𝑰𝑬𝑴𝑨𝑻

                                                                  (𝟏) 

Where Peval
STC is the power in STC that we want to obtain from the module to be 

calibrated, Peval corresponds to the measured power of the module to be characterized, 

PCIEMAT represents the value of the measured power of the standard module and 

PCIEMAT
STC the value of the power in STC conditions of the standard module. 

After analysing the results, modules whose power difference is smaller with respect to 

the standard has been separated to be used as rear irradiance sensors and those whose 

power is similar to group them in both strings so that the power of a module of greater 

power delivery is not limited by another of lower performance. Finally, the system has a 
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characterized power of 3.621 kW, in which 1.64 kW belong to string 1 and 1.621 kW to 

string 2. 

2.4 Methodology 

The setup under study has been monitored throughout an experimental campaign from 

October 2022 to June 2023. The data obtained have been treated and processed in order 

to perform the following analyses: 

 Albedo rear irradiance analysis: For a sunny day and a cloudy day, a posterior 

irradiance map has been prepared along string 1 with the intention of visualizing 

the evolution of irradiance. Similarly, the homogeneity of the rear irradiance of 

albedo along the same string has been analysed using the GNU index. 

 Estimation of the power generation: As a representative, a day of good weather 

conditions and a cloudy day have been selected and, using a theoretical model 

applied to bifacial conditions, the daily power curve has been calculated for each 

rear irradiance sensor in order to verify which of them best fits the real measured 

power curve.  

 Evaluation of the performance of the system: The existing differences that can 

occur for the measurement of the indices of goodness, such as the PR and the 

PR25ºC, have been evaluated depending on the parameters used for their 

measurement, as well as mainly the location of the sensors for measuring rear 

irradiance.  

3. RESULTS 

3.1 Albedo rear irradiance analysis 

Since in string 1 the rear irradiance sensors are located on both sides of each generator 

module, it has been decided to make the arithmetic mean between the sensors adjacent to 

each module to obtain four more measurements of fictitious irradiance corresponding to 

the one that would occupy the position of each module, so that we would have the 
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irradiance GR2 on the position of module 2, GR4 on the position of module 4, GR6 on 

the position of module 6 and GR8 on the position of module 8. 

Figure 3 shows the rear irradiance curves for a sunny day and a cloudy day. 

Figure 3:  Evolution of the rear irradiance of albedo measured by each sensor. [A] Throughout a sunny 

day. [B] Throughout a cloudy day 

On a sunny day, it is observed that there is a symmetry with respect to the central axis of 

the array, so that the extreme sensors on the East side (GR9 and GR8) collect much higher 
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values than central sensors (from GR3 to GR7) in the morning hours and the extreme 

sensors on the West side (GR1 and GR2) act in the same way, but in the evening hours. 

However, on cloudy days, it can be seen that the difference between the measurements of 

the sensors is much smaller [37]. 

A rear irradiance map has been prepared that graphically shows the hourly evolution of 

the irradiance for each sensor, as well as the homogeneity between the irradiance value 

along the array, shown in Table 2 for a sunny day and in Table 3 for a cloudy day. 

Table 2: Rear irradiance map of string 1 throughout a sunny day 

Time 
GR1 GR2 GR3 GR4 GR5 GR6 GR7 GR8 GR9 

W/m2 W/m2 W/m2 W/m2 W/m2 W/m2 W/m2 W/m2 W/m2 

8:30 19.95 19.58 19.21 19.50 19.80 20.89 21.99 22.03 22.08 

9:30 77.63 73.32 69.00 69.10 69.20 81.14 93.09 111.16 129.23 

10:30 104.23 96.77 89.30 86.84 84.39 89.33 94.27 134.22 174.17 

11:30 126.51 115.45 104.38 102.79 101.19 99.88 98.57 147.10 195.64 

12:30 149.48 131.06 112.64 113.19 113.74 110.95 108.17 152.73 197.29 

13:30 178.24 146.49 114.74 114.75 114.76 111.80 108.85 139.76 170.68 

14:30 192.06 151.97 111.88 111.27 110.67 107.78 104.89 125.09 145.29 

15:30 188.60 147.33 106.07 103.33 100.60 98.99 97.39 106.63 115.88 

16:30 163.56 130.89 98.23 92.20 86.18 86.39 86.60 88.50 90.40 

17:30 113.99 104.59 95.20 82.50 69.80 68.09 66.39 63.73 61.08 

18:30 39.29 44.71 50.13 50.15 50.17 46.86 43.56 38.27 32.98 

19:30 0.60 0.64 0.67 0.64 0.60 0.59 0.59 0.69 0.79 

 
Table 3: Rear irradiance map of string 1 throughout a cloudy day 

Time 
GR1 GR2 GR3 GR4 GR5 GR6 GR7 GR8 GR9 

W/m2 W/m2 W/m2 W/m2 W/m2 W/m2 W/m2 W/m2 W/m2 

8:30 15.28 14.72 14.15 13.86 13.57 13.19 12.81 14.52 16.23 

9:30 45.16 42.93 40.69 40.27 39.85 40.06 40.27 44.61 48.95 

10:30 57.69 53.61 49.54 48.87 48.21 47.57 46.93 50.86 54.80 

11:30 93.09 85.76 78.43 78.17 77.90 76.95 75.99 84.55 93.11 

12:30 81.52 76.90 72.28 71.94 71.59 71.43 71.27 75.25 79.23 

13:30 68.05 63.76 59.48 58.28 57.08 56.64 56.19 59.77 63.35 

14:30 81.69 74.04 66.39 65.49 64.59 63.97 63.35 68.33 73.30 

15:30 110.19 99.41 88.63 87.57 86.52 84.79 83.07 90.01 96.95 

16:30 38.17 35.13 32.10 31.66 31.23 30.61 29.99 33.06 36.13 

17:30 12.69 11.87 11.04 10.89 10.75 10.43 10.11 11.38 12.65 

18:30 1.99 1.96 1.94 1.86 1.79 1.74 1.68 2.02 2.36 

19:30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Finally, the optical homogeneity index has been calculated by equation 2: 

𝑮𝑵𝑼 =
𝐦𝐚𝐱(𝑮𝑹𝟏ି𝟗) − 𝐦𝐢𝐧 (𝑮𝑹𝟏ି𝟗)

𝐦𝐚𝐱(𝑮𝑹𝟏ି𝟗) + 𝐦𝐢𝐧 (𝑮𝑹𝟏ି𝟗)
 (%)                                                 (𝟐) 

This index shows the percentage difference between the value of the array sensors for 

each moment of the day, being closer to zero the greater homogeneity [38]. Figure 4 

shows the daily variation of this index on a sunny day and a cloudy day. 

 
Figure 4: Evolution of GNU throughout a sunny day and a cloudy day 

On cloudy days, although the measured values are lower, it is distributed more 

homogeneously along the string maintaining differences between 5% and 15%. On the 

contrary, on sunny days there are differences of up to 35% in the rear irradiance peaks for 

the central hours of the morning and afternoon. 
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3.2 Estimation of the power generation 

The first consideration for this analysis is that, when representing the power measured 

curve throughout the entire day, there is shading caused by a building early in the 

morning, as shown in Figure 5. 

 
Figure 5: Evolution of both strings power throughout a complete measured sunny day 

Therefore, in the treatment of the data, the values of the sunny day have been filtered in 

order to use the data collected from 9:30 a.m. to 7:30 p.m. 

Finding the lack of homogeneity existing in the albedo radiation incident on the 

installation [37], it has been decided to make a power estimation analysis using a 

theoretical model applied to BPV modules for a sunny day and a cloudy day using 

equation 3 [39], [40]. 

𝑷𝑨 = 𝑷𝟎 ×
𝑮𝑬

𝑮𝒓𝒆𝒇

× [𝟏 + 𝜸 (𝑻𝒎 − 𝟐𝟓º𝑪)]                                                     (𝟑) 

Where GE is the equivalent irradiance composed defined in [28]. 
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Each array is connected in series and each module receives different irradiance so, the 

current of each string is limited to that of the module with the lowest production. 

Therefore, a theoretical power delivered has been calculated assuming that the rear 

irradiance received is that of each sensor in order to observe the discrepancies between 

each theoretical power curve and the actual power measured. The analysis has been 

carried out independently for the power of string 1, the power of string 2 and the total 

power of the system.  

Figure 6 represents a dispersion of the values estimated by each sensor for each minute 

of the day with respect to the actual measured power of string 1 for a sunny day and a 

cloudy day. 

 

Figure 6: Dispersion of power estimation values vs measured power of the string 1. [A] On a sunny day. 
[B] On a cloudy day 
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Figure 7 shows the dispersion of the values of the estimated powers for string 2 against 

the actual power measured for a sunny day and a cloudy day

 

Figure 8 shows the dispersion of the values of the estimated powers for the total system 

against the actual power measured for a sunny day and a cloudy day.  

Figure 7: Dispersion of power estimation values vs measured power of the string 2. [A] On a sunny day. 
[B] On a cloudy day 
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The estimated data have linear trends with respect to the actual power measured. Tables 

4 and 5 represent the linear fit coefficients for the power estimated by each sensor, as well 

as the R2 index that evaluates the accuracy of the adjustment. 

 

 

Figure 8: Dispersion of power estimation values vs measured power of the total system. [A] On a sunny 
day. [B] On a cloudy day 
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Table 4: Linear fit coefficients for the estimated power value by each sensor on a sunny day 

  Galb GR1 GR3 GR5 GR7 GR9 

String 1 
Fit coefficient 1.094 1.059 1.023 1.019 1.018 1.057 

R2 0.994 0.990 0.993 0.994 0.995 0.993 

String 2 
Fit coefficient 1.048 1.015 0.980 0.976 0.975 1.013 

R2 0.995 0.988 0.990 0.991 0.992 0.994 

Total 
Fit coefficient 1.071 1.037 1.001 0.998 0.996 1.035 

R2 0.995 0.987 0.991 0.992 0.993 0.994 

 

Table 5: Linear fit coefficients for the estimated power value by each sensor on a cloudy day 

  
Galb GR1 GR3 GR5 GR7 GR9 

String 1 
Fit coefficient 1.045 1.007 0.983 0.980 0.977 1.004 

R2 0.995 0.997 0.994 0.996 0.996 0.995 

String 2 
Fit coefficient 1.006 0.970 0.946 0.943 0.941 0.966 

R2 0.989 0.991 0.991 0.991 0.991 0.990 

Total 
Fit coefficient 1.026 0.989 0.965 0.962 0.959 0.985 

R2 0.993 0.996 0.995 0.995 0.995 0.994 

 

In general, it is detected that the main difference found between sunny and cloudy days 

is that the accuracy of the estimated power adjustment with each sensor is more uniform 

in the case of cloudy days. In the case of the sunny day, there is greater precision for the 

adjustment of the estimated power with the GR5 and GR7 sensors. 

To ensure the validity of the results, the mean square error index (RMSE) has been used 

as shown in equation 4: 

𝑹𝑴𝑺𝑬 =
ට∑(𝑷𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅 − 𝑷𝒆𝒔𝒕𝒊𝒎𝒂𝒕𝒆𝒅)𝟐

𝑵
∑ 𝑷𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅

𝑵

 (%)                                             (𝟒) 

The trends in the results of the application of the above equation are shown in Figure 9. 
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On the sunny day, in the case of the error in the estimated power for string 1, it is verified 

that it has a parabolic behaviour according to the position of the sensors, reaching values 

below 5% for the central sensors of the array. However, regarding the estimated power 

for string 2, it is observed that it does not share the same behaviour, but that the error 

tends to be more linear. The rear irradiance maps represented in the previous section 

Figure 9: RMSE committed on the power estimation by each sensor with respect to the measured power. 
[A] On a sunny day. [B] On a cloudy day 
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shows the evolution of irradiance along an array that occupies the space of nine modules, 

however, string 2 is composed of two rows of only two modules. Based on this map, we 

can corroborate that the homogeneity of the rear irradiance of string 2 is greater than that 

of string 1 and, therefore, there is a greater error in the power estimate of string 2, but 

more constant. 

Regarding the cloudy day, it is observed in general that there is greater error in the 

estimation of power, but less difference between the estimates of the sensors, 

corroborating the greater homogeneity existing in cloudy days than in sunny days. 

Tables 6 and 7 represent the numerical data corresponding to the calculated mean square 

errors. 

Table 6: RMSE rated values committed on the power estimation with respect to the measured power on a 

sunny day 

 RMSE 

 G alb GR1 GR3 GR5 GR7 GR9 

STRING 1 10.22% 7.13% 3.54% 3.16% 2.98% 6.65% 

STRING 2 5.92% 4.85% 4.45% 4.48% 4.35% 3.40% 

TOTAL 7.84% 5.44% 3.02% 2.83% 2.63% 4.50% 

 

Table 7: RMSE rated values committed on the power estimation with respect to the measured power on a 

cloudy day 

 RMSE 

 G alb GR1 GR3 GR5 GR7 GR9 

STRING 1 8.33% 4.66% 5.17% 5.35% 5.58% 5.51% 

STRING 2 8.24% 8.06% 9.87% 10.08% 10.36% 8.85% 

TOTAL 7.34% 5.40% 6.95% 7.17% 7.45% 6.35% 

In order to obtain a representative sensor that allows an estimate of the total power of the 

system, it is observed that on a sunny day we find from the GR5 to the GR7 sensor less 

than 3%, which indicates that they could offer relatively reliable production simulation 

data.  
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3.4 Evaluation of the performance of the system 

After collecting data from the entire experimental campaign, the following performance 

indices and metrics have been calculated applied to the DC part, encompassing the entire 

installation as a whole, obtaining a monthly daily average and then a daily average of the 

entire experimental campaign, following the IEC61724-1 [31] standard.  

 The yield of the photovoltaic array has been calculated, following equation 5: 

𝒀𝑨 = ෍
𝑷𝑨,𝒌 × 𝝉𝒌

𝑷𝟎
𝒌

=
𝑬𝑨

𝑷𝟎

                                                                         (𝟓) 

Where the product of the power output of the array (P୅,୩) and the time of the measuring 

period (τ୩) results in the energy output of the array (E୅) and P଴ represents the rated power 

value of the array. 

The reference yield has been obtained by dividing the total front irradiation (H୧) over the 

STC irradiance (G୧,୰ୣ୤), as shown in equation 6, whereas the bifacial reference yield has 

been calculated using equation 7: 

 𝒀𝒓 =
𝑯𝒊

𝑮𝒊,𝒓𝒆𝒇

                                                                                      (𝟔) 

𝒀𝒓
𝒃𝒊 = ෍

𝑮𝒊,𝒌 × 𝝉𝒌 × 𝑩𝑰𝑭𝒌

𝑮𝒊,𝒓𝒆𝒇

                                                                      (𝟕)

𝒌

 

In the numerator in equation 7, the product of the front irradiance (G୧,୩) and the bifacial 

irradiance factor (BIF୩) represents the equivalent irradiance incident in the bifacial 

module, that has been multiplied by the time of each measuring period (τ୩) in order to 

obtain the total equivalent irradiation for bifacial modules. 

It has made use of the PR index, calculated with equation 8, adapted to bifacial conditions 

by applying the relationship between frontal and posterior irradiance BIF: 
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 𝑷𝑹𝒃𝒊 =
∑

𝑷𝑨,𝒌 × 𝝉𝒌

𝑷𝟎
𝒌

∑
𝑮𝒊,𝒌 × 𝑩𝑰𝑭𝒌 × 𝝉𝒌

𝑮𝒊,𝒓𝒆𝒇
𝒌

=
𝒀𝑨

𝒀𝒓
𝒃𝒊

                                                            (𝟖) 

Finally, the PR index has been normalized through equation 9 by applying a correction 

coefficient in temperature (C୩,ଶହºେ), explained in equation 10, to obtain the temperature 

equivalent index of standard measurement conditions: 

𝑷𝑹𝟐𝟓º𝑪
𝒃𝒊ᇱ =

∑
𝑷𝑨,𝒌 × 𝝉𝒌

𝑷𝟎 × 𝑪𝒌,𝟐𝟓º𝑪
𝒌

∑
𝑮𝒊,𝒌 × 𝑩𝑰𝑭𝒌 × 𝝉𝒌

𝑮𝒊,𝒓𝒆𝒇
𝒌

=
𝒀𝑨,𝟐𝟓º𝑪

𝒀𝒓
𝒃𝒊

                                                      (𝟗) 

𝑪𝒌,𝟐𝟓º𝑪 = 𝟏 + 𝜸 × (𝑻𝒎𝒐𝒅,𝒌 − 𝟐𝟓º𝑪)                                                      (𝟏𝟎) 

Where T୫୭ୢ,୩ is the measured module temperature for each measurement period.  

The realization of this analysis aims to show a real vision of how performance metrics 

can vary depending on the position and the type of sensor used for the measurement of 

the rear irradiance.  

As a second consideration, the evaluation has been carried out in one case with the 

nominal parameters offered by the manufacturer and in another with the nominal 

parameters measured in the characterization campaign. Figure 10 shows the average daily 

array and reference yields, both monthly daily average and global campaign average. 
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Figure 10: Monthly daily average and total experimental campaign average values of the different array 

yields calculated, the frontal reference yield and the bifacial reference yield of each rear sensor 

The Figure 11 show the monthly daily averages and the global daily average of the PR 

calculated with each sensor. 
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Using only frontal irradiation for its calculation, the values are close to or greater than 1 

when considering bifacial energy production, but only with respect to frontal irradiation 

Figure 11: Monthly daily PR average and total experimental campaign daily PR average using measured 
rated values. [A] Using measured energy values. [B] Using temperature-corrected energy values to 25ºC 



23 
 

without counting rear albedo irradiation. As for the PR calculated with the frontal 

irradiation and some sensor that measures rear irradiation, the following is detected:  

On the one hand, using the albedometer, the lowest value is obtained since, as observed 

in the power estimation, it measures more irradiation than any sensor and differs greatly 

from what the module actually converts. On the other hand, paying attention to the values 

calculated with the sensors of string 1, there is a clear trend in which the lower PR's occur 

with the extreme sensors and increases as the sensor is more focused on the string centre. 

Figure 12 presents the global averages of each type of PR calculated for each sensor. 

 

Figure 12: Total experimental campaign daily average comparison between different types of PR 
calculated by each sensor 

The differences between the PR calculated using the parameters measured in the 

characterization campaign and the manufacturer's parameters are scarce, but favourable 
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to the use of the measured parameters. Whereas, the PR corrected at STC temperature 

does differ quite a bit from the PR without temperature correction. 

4. CONCLUSIONS 

As a first noteworthy conclusion, it is important to carry out a previous campaign of 

characterization and calibration of modules and instruments in order to obtain more 

reliable results in the analyses carried out. Moreover, it can allow to make a BPV modules 

degradation research in the future. 

The rear irradiance map has determined the differences between the measurements of the 

different rear irradiance sensors along a string that occupies the space of nine modules 

with a GNU of up to 35%. Thanks to this map it is possible to estimate the homogeneity 

differences that can exist in a string of shorter length. In other hand, large photovoltaic 

systems trend to have longer strings than the nine string modules analysed, so the results 

of the irradiance map suggest that the larger the array, the more homogeneous irradiance 

will be in the central part.   

In the analysis of estimation of daily power, the effects of the lack of homogeneity are 

reflected, where the RMSE of the estimated power with respect to the real one has varied 

between 10.22% and 2.63%. The results of the power estimation show dependence on the 

position of the sensor with which the prediction is made and the configuration of the string 

on which it is made. In arrays of shorter length, the rear irradiance is more homogeneous 

than in arrays of greater length, therefore, the value of effective back irradiance obtained 

in configurations of shorter length may be higher than in configurations of greater length. 

Regarding the behaviour on cloudy days, although the error in the calculation is greater, 

it is more linear in reference to the different sensor configurations, which indicates that 

the rear irradiance has an important diffuse component, making it more homogeneous. 

Finally, after evaluating the photovoltaic system through the goodness indexes, the 

difference between the possible values that can be obtained from the PR has been seen 
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depending on whether the normalized PR is calculated at STC temperature and the 

location of the rear irradiance sensor. Therefore, it is concluded that, in the case of a 

contract for a bifacial photovoltaic installation in which there is a clause that ensures a 

minimum PR value, it is important to define how this index will be measured and the 

position occupied by the irradiance sensors. 
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