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1Technical University of Denmark, Department of Photonics Engineering, 4000 Roskilde, Denmark 

2European Energy A/S, 2680 Søborg, Denmark

Abstract—The heterogenous nature and spectral 

distribution of rear plane-of-array irradiance RPOA presents 

challenges when measured by small-area sensors such as 

pyranometers. Bifacial reference modules serving as large-

area sensors can simplify irradiance monitoring because 

their electrical response follows that of the power 

generating modules in an array. This article compares RPOA 

and effective irradiance GE measured by calibrated 

reference modules against three commonly used small-area 

sensors including pyranometers, reference cells, and 

photodiodes. A technology-matched monofacial module is 

mounted side-by-side with the bifacial reference to decouple 

effective irradiance measurements into front and backside 

contributions. The results show that RPOA and GE 

measurements made with reference panels have the best 

correlation to reference cells. The mean absolute errors 

between the two measurement approaches are 9% relative, 

4 W/m2 absolute for RPOA and 4% relative, 7 W/m2 absolute 

for GE. When GE measurements from the four sensor types 

are used to predict string-level power, the reference panel 

measurements show a 3.4% prediction error, which is 

comparable to that achieved when using GE measurements 

from pyranometers (3.0%) and reference cells (2.9%) 

thereby suggesting that reference modules can be used to 

accurately measure RPOA and GE in bifacial systems. 

  
Index Terms—Bifacial PV, IEC 60904, rear irradiance, 

performance ratio, measurement. 

I. INTRODUCTION 

The commercial rise of bifacial photovoltaic (PV) modules 
and the growing capacity of bifacial systems [1] has forced the 
PV community to update several international standards that 
were initially written for single sided PV devices [2] – [5]. Of 
interest in this work are the bifacial I-V measurement procedures 
defined in IEC TS 60904-1-2.  Our aim is to assess whether the 
single-side illumination method described in [2] can be used to 
calibrate bifacial reference modules that are deployed in large-
scale bifacial PV parks to measure effective irradiance.  

Accurate bifacial PV modeling can only be achieved when 
the rear, and ultimately total (i.e., combined front and rear) 
irradiance is understood, but the PV community is still 
developing its best-practice guidance on the type, quantity, and 
placement of sensors for the assessment of rear plane-of-array 
irradiance (RPOA). The many challenges that frustrate accurate 
RPOA measurements are discussed systematically in [6]. Rear-
side edge brightening [7], non-uniform irradiance patterns that 

change with conditions [8] [9], structural shading effects [10] 
[11], and in some cases self-shading from a module’s frame 
and/or its conductors make it hardly possible for PV system 
designers to identify a single small-area location that is 
representative of the rear array. Ray-trace simulations can be 
used to determine a suitable small-area sensor location [10], but 
such methods are prohibitive due to computational intensity, 
steep learning-curve, and because the results are unique to a 
given PV substructure design and park layout. Meanwhile, 
spectral albedo effects [12] – [14] make sensor type selection 
non-trivial (e.g., pyranometer, reference cell, or Si photodiode).  

The literature contains comparisons of small-area irradiance 
sensors for RPOA measurements [15] – [18], works that used 
monofacial reference modules for frontside plane-of-array 
irradiance (GPOA) measurements [19] [20], and recently, an 
investigation of bifacial reference panels for effective irradiance 
monitoring [21].  

In this work, we evaluate the potential of bifacial reference 
panels, calibrated indoors per IEC TS 60904-1-2, to measure 
rear and effective irradiance. In section III.A, the rear and 
effective irradiance measurements from reference modules are 
evaluated against measurements from an array of small-area 
sensors that includes pyranometers, reference cells and Si-
photodiodes. We supplement the analysis in III.A by showing 
how effective irradiance derived from string-level I-V 
measurements of a 24-module array compares to the module-
level approach. In section III.B, the measurement differences 
due to spectral albedo effects are estimated using an in-plane 
spectrometer. The open-circuit voltage (VOC) data from the I-V 
curves allowed us to calculate the equivalent cell temperature, 
the results of which are reported on in section III.C. In section 
III.D, we demonstrate how RPOA sensor type and position lead 
to uncertainty of the bifacial performance ratio (PRBIFI). Finally, 
section III.E provides comparisons of yield predictions with 
effective irradiance data from the various sensors against string-
level power of an operational system. 

II. METHODS 

A. Outdoor Measurement Platform 

The testbed shown in Fig. 1(a) is located near Roskilde, 
Denmark (55.6°N, 12.1°E) within the Technical University of 
Denmark’s (DTU) outdoor PV test facility [18] [22]. The 25° 
fixed-tilt 14.2 kWp grid-tied array contains 24 large-area 
bifacial PERC (passivated emitter and rear cell) modules that 
became commercially available in 2021. Each bifacial PERC 
module contains 120 half-cut G12 (210 mm) wafers. The 
modules are framed glass/glass, have a 595 W frontside rating 
at standard test conditions (STC, 1000 W/m2, 25 °C, AM1.5G), 

This article has been accepted for publication in IEEE Journal of Photovoltaics. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JPHOTOV.2022.3201468

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.



and a mean measured PMAX bifaciality coefficient of 0.67 
(±0.02). The market share of such high-power modules based on 
large-format wafers has grown in the last two years because they 
have lower production costs per watt and potentially lower 
balance of system costs [23]. The 2022 ITRPV report states that 
M10 (182 mm) and G12 (210 mm) wafer sizes will have 
majority market share from 2022 onward [24].  

 

(a) 

 

(b) 

Fig. 1. (a) The 14.2 kWp bifacial PERC testbed. The monofacial reference 

panel is highlighted in white, the bifacial reference panel in red, and the rear-

side POA sensor plate in yellow. Panels that are not highlighted are connected 
in series to a grid-tied inverter. (b) Image of the rear POA sensor plate showing 

spectroradiometer, Si-photodiodes, Si reference cells, and pyranometers. The 

annotations A through D indicate the sensor locations.  

Two reference modules are mounted within the 24-module 
string and are highlighted with white and red polygons in Fig. 
1(a). The reference module highlighted in white was made 
monofacial by applying several spray-on layers of air-dry Plasti 
Dip® rubber to the back glass. The reference module highlighted 
in red was not modified and has the same properties as the other 
bifacial modules in the string. The monofacial and bifacial 
reference panels are electrically isolated from the grid-tied 
string. An EKO PV-Blocks system measures I-V curves of the 
reference panels every five minutes and holds them at PMAX 
between I-V scans. 

The grid-tied inverter can measure string-level I-V curves. 
Although most PV inverters have such a hardware capability, 
this inherent feature is often not used because of software 
limitations [25]. We perform continuous inverter-level I-V scans 

on three select days to estimate the effective irradiance received 
by the 24-module string, eight of which were calibrated using 
the IEC TS 60904-1-2 single-side illumination method. 

The RPOA sensor plate shown in Fig. 1(b) is mounted roughly 
eight meters from the nearest array edge. We performed ray-
trace simulations of the structure in bifacial_radiance [26] 
version 0.3.4 [27] and determined that this location avoids edge 
brightening. The naming convention we use for the highest to 
lowest sensor is A to D. The distances between the center beam, 
where the spectrometer is mounted, and the sensor locations A 
to D are as follows: A is 77 cm (70%) above, B is 33 cm (30%) 
above, C is 33 cm (−30%) below, and D is 77 cm (−70%) below. 
Table 1 summarizes the sensor types that are used in this work 
for RPOA measurements. The pyranometers and photodiodes are 
ISO 9060 Class C instruments, while the reference cells meet 
the Class B requirements defined in IEC 61724-1. 

Because IEC 61724-1 states that an optical model can be 
used to estimate RPOA as an alternative to direct RPOA 
measurement, we also present results from a 2D view factor 
model [28] at array locations A to D. The view factor model 
takes as input onsite albedo, direct normal (DNI), and diffuse 
horizontal irradiance (DHI) measurements. 

TABLE 1.  REAR PLANE-OF-ARRAY SENSORS USED 

Instrument # Make Model 

Spectrometer 1 EKO MS-711 
Si Photodiode 4 EKO ML-01 

Reference cell 3 IMT Si-I-420TC-T 

Pyranometer 4 EKO MS-40M 

B. Indoor Calibration of Bifacial Reference Panels 

The reference panels are of the same make, model, and 
batch as the 595 W panels within the 24 panel (14.2 kWp) 
string. Before deployment, a random sample of 10 panels from 
the batch was selected for flash testing at DTU according to the 
single-side illumination method described in IEC TS 60904-1-
2. The DTU flash solar simulator is a large-area Endeas 
QuickSun 540XLi (class AAA), which easily accommodates 
such large (i.e., 1300 mm x 2170 mm) panels. A summary of 
the flash test results is shown in Table 2. The expanded 
measurement uncertainty in Table 2 was derived with the 
methodology proposed by [29]. The uncertainty of backside I-
V measurements is higher than frontside because of the 
increased distance between the reference cell and the cells 
inside the test module. This effect is caused by the module 
frame’s thickness. 

The flasher and measurement method were recently 
evaluated in a round robin campaign [30] wherein bifacial PV 
module measurements per IEC TS 60904-1-2 were compared 
among several accredited European labs. The results showed 
that DTU’s bifacial PERC measurements agreed to the group 
median within uncertainty for all parameters, which gives us 
confidence in the reference panel calibration. 

Two calibration factors, CFRear and CFGe, were derived from 
the single-side illumination measurements performed indoors. 
These calibration factors are used to translate the outdoor short-
circuit current (ISC) measurements to rear irradiance (RPOA) or 
effective irradiance (GE), respectively. CFRear is the linear slope 
(in A/W∙m-2) extracted from the plot of ISC measured at multiple 
RPOA irradiances, with offset forced to the frontside ISC 
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measured at STC. Similarly, the calibration factor CFGe is 
calculated as the linear slope of ISC as a function of single-side 
equivalent irradiances GE, with offset forced to zero (see Fig. 4 
in IEC TS 60904-1-2 [2]).  

TABLE 2. SUMMARY OF I-V MEASUREMENTS MADE ON A SAMPLE OF TEN 

MODULES (N=10) AT STANDARD TEST CONDITIONS. THE TABLE SHOWS THE 

MEAN, STANDARD DEVIATION AND EXPANDED MEASUREMENT UNCERTAINTY. 

I-V Measurement  Mean 

Standard 

Deviation 

Uncertainty 

(%) 

ISC (A) 
Front  17.84 0.03 2.2 

Back  11.92 0.09 4.6 

VOC (V) 
Front  41.05 0.05 0.8 

Back  40.61 0.07 0.9 

PMAX (W) 
Front  585.91 1.61 3.5 

Back  389.99 3.31 5.5 

Fill Factor (%) 
Front    80.02 0.19 - 

Back    80.53 0.73 - 

C. Irradiance Measurements from Reference Modules and 

Small-Area Sensors 

When analyzing the field measurements, the rear POA 
irradiance from the reference modules (RPOA,Module) is 
determined using (1).  

𝑅𝑃𝑂𝐴,𝑀𝑜𝑑𝑢𝑙𝑒 =  (𝐼𝑆𝐶,𝐵𝑖𝑓𝑖 − 𝐼𝐼𝑆𝐶,𝑀𝑜𝑓𝑖)/𝐶𝐹𝑅𝑒𝑎𝑟  (1) 

Where CFRear (A/W∙m-2) is the calibration factor for rear 
irradiance, ISC,Bifi (A) is the ISC of the bifacial reference panel, 
and ISC,Mofi (A) is the ISC of the monofacial reference panel. 
ISC,Bifi and ISC,Mofi are corrected to 25°C with the datasheet ISC 
temperature coefficient and back-of-module temperature 
measurements. The back-of-module temperature sensors are 
class A PT1000s encased in aluminum housing and attached to 
the center of the module’s back glass with adhesive.  

The bifacial reference panel measurements provide a direct 
estimate of effective irradiance with (2).  

𝐺𝐸,𝑀𝑜𝑑𝑢𝑙𝑒 =   𝐼𝑆𝐶,𝐵𝑖𝑓𝑖/𝐶𝐹𝐺𝑒 (2) 

Where GE,Module (W/m2) is the effective irradiance measured 
by a single reference module, or string of modules, CFGe 
(A/W∙m-2) is the calibration factor for total effective irradiance, 
and ISC,Bifi is the ISC of the bifacial reference panel, or string. GE 
comparisons between the large-area modules and small-area 
sensors are possible with (3). 

𝐺𝐸,𝑆𝑒𝑛𝑠𝑜𝑟 =  𝐺𝑃𝑂𝐴 +  𝜑 ∙ 𝑅𝑃𝑂𝐴 (3) 

In (3) GPOA (W/m2) is the frontside POA irradiance, φ is the 
ISC bifaciality coefficient at STC (0.67 ±0.02), and RPOA (W/m2) 
is the average rear-side POA irradiance at locations A to D 
measured by a given small-area sensor type. GE calculated with 
(3) uses a consistent sensor type for GPOA and RPOA. For 
example, when using (3) to calculate GE with reference cells, the 
GPOA data comes from a reference cell mounted on the frontside 
POA that is of the same make and model of those used to 
measure RPOA. In the case of GE with pyranometers, we use 
measurements from a class A pyranometer for GPOA in (3). 

III. RESULTS 

The data presented here were recorded from January 4th to 
May 17th, 2022. Neither the sensors nor the modules were 
cleaned regularly, but frequent rainfall in Denmark’s humid 
continental climate leads to minimal soiling ratios throughout 
the year. This assumption was verified with soiling ratio (SR) 
measurements from a DustIQ optical sensor [31]. The mean SR 
during the test period was 0.997, with a minimum of 0.992.  

We apply two data filters in the analysis. First, data are 
removed when the angle of incidence (AOI) between the array 
and the Sun’s beam component is greater than 80°. Secondly, 
an irradiance stability filter removes data when global 
horizontal irradiance (GHI) measurements sampled at 1 Hz 
vary by more than 15 W/m2 within a ±15 second period around 
each RPOA measurement.  

A. Rear and Effective Irradiance (RPOA and GE)  

Fig. 2 shows exemplary RPOA and GE measurements on 
three mostly sunny days.  The diurnal profiles in Fig. 2 were 
selected to demonstrate results under different solar zenith 

                           

  
  

  
  

  
  

 
 

 

   

   

   

   

    

    

                 

          

           

              

                

      

 

  

  

  

   

   

   

 
 
 

 

Fig. 2. Timeseries of effective irradiance (GE) and rear irradiance (RPOA) on three mostly sunny days. The semi-transparent bands around RPOA timeseries 
represent the range of values measured at the sensor positions shown in Fig. 1(b). The reference cells, pyranometers, and photodiodes are sampled every minute. 

The reference modules are sampled every five minutes. The string I-V is performed every 30 minutes on the selected days.  
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angles, and to show two days when string-level measurements 
were performed for GE estimation (May 2nd and May 5th). The 
solar elevation peaked at 13° on January 14th and at 51° on 
May 5th, which explains why light intensity in May is about 
double what it is in January. The semi-transparent bands 
around the RPOA timeseries represent the range of values 
measured at the 3–4 locations shown in Fig. 1(b).  

The photodiode measurements show a positive bias relative 
to other RPOA and GE methods. In Section III.B, we quantify that 
up to 10% of the bias in RPOA measurement is due to spectral 
albedo effects. There are other reasons for the differences in 
RPOA measurement that we have not quantified including the 
different calibration sources and the nonlinearity of signal-to-
irradiance relationships. The different directional responsivities 
of the sensors are not likely causing significant RPOA 
measurement discrepancies because the sensors on the rear-side 
receive only diffuse light for practically the whole test period. 
The reference cells have embedded temperature sensors, which 
are used to translate their output to 25°. The readings from these 
embedded sensors were between −6 °C and 26 °C. Such a 
temperature range could change the pyranometer readings up to 
3% while causing minimal change to the photodiode outputs, 
according to the instruments’ datasheets. 

Fig. 3 shows the differences between RPOA measured with 
the various small-area sensors and RPOA measured with the 
large-area reference modules. Modeled RPOA at locations A to 
D using the view factor approach are shown for reference. The 
differences between methods are shown as cumulative 
distribution functions (CDFs). CDF curves with steeper slopes 
indicate distributions with lower variances. The reference cell 
group shows the steepest slope of all groups with 80% of the 
measurements agreeing to the reference module measurements 
within ±5 W/m2. The reference cell group also shows the lowest 
median bias (0.7 W/m2) of all small-area methods tested. The 
pyranometer, view factor and photodiode methods show 
median biases of −2.4 W/m2, 5.5 W/m2, and 7.5 W/m2 relative 
to the reference module, respectively. The good agreement of 
the reference cell and reference module approaches is not 
surprising given that the two device types share similar—but 
not identical—spectral, directional, thermal, and temporal 
responsivities.  

The RPOA sensor plate in Fig. 1(b) lacks a reference cell at 
location A. Our ray-trace simulations showed that light 
intensity on the top half of the system (i.e., locations A and B) 
is more homogenous than the bottom half (i.e., locations C and 
D). Therefore, a reference cell placed at location A would likely 
have yielded RPOA results comparable to that of location B. 

Fig. 4 shows how the reference module GE measurements 
compare to three small-area GE measurement approaches and 
to GE simulated with the view factor model. Only four curves 
are displayed in Fig. 4 since RPOA in Equation (3) is the average 
of the 3–4 small-area locations. The reference cell 
measurements again show the best agreement to the module-
based measurements, with 83% of the measurements within 
±10 W/m2. Although the pyranometer and reference cell 
measurements show median biases near zero (i.e., −1.1 W/m2 

and −0.4 W/m2), the pyranometers show about twice the 
dispersion, with 77% of measurements within ±20 W/m2 of the 
reference module GE measurements. 

 

Fig. 3. Cumulative distribution functions of the RPOA differences between four 
small-area measurement\simulation methods and the reference modules. The 

thick solid lines show the average of 3–4 locations within a given method.  

 
Fig. 4. Cumulative distribution functions of GE differences between small-area 

measurement\simulation methods and the reference module. 

Fig. 5 summarizes the differences between the small-area 
methods and the reference module measurements in terms of 
mean bias error (MBE), mean absolute error (MAE), and mean 
absolute percentage error (MAPE). The MBE values are 
comparable to the 50% values of the CDFs in Fig. 3 and Fig. 4, 
but there are small deviations because the distributions are non-
normal.  

Fig. 5 shows that the reference cell approach nearly always 
gives the lowest MBE, MAE and MAPE of all methods, 
regardless of the reference cell’s rear-side location. The lowest 
MAE and MAPE are achieved when the reference cell is placed 
at location B (+30% from center) or location C (−30% from 
center). This suggests that a reference cell placed at one, or 
both, locations could serve as a representative location of the 
effective rear-side irradiance – so long as the fixed-tilt 
substructures are geometrically similar to those used here. This 
result differs from [10] where ray-trace simulations suggested 
that, for single-axis trackers, placing irradiance sensors at 20% 
from the array edges yields the closest value to the average. 
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However, the result in this work is consistent with [32] where 
ray-trace simulations suggested that, for four-in-landscape 
fixed tilt systems, placing rear-side sensors 68% from the lower 
edge is representative of the average irradiance. Location B in 
Fig. 1(b) is 65% from the lower edge. 

A comparison of bifacial modules and pyranometers for GE 
measurements on trackers was recently performed by [21]. 
Their results showed pyranometer GE was on average 3.6% 
higher than reference module GE. The results in Fig. 5 show a 
6.6% MAPE for pyranometer versus reference module GE. 
Adjustments for AOI and spectral dependencies were made to 
the pyranometer GE in [21], but were not done here, which may 
be the cause of discrepancy between the two works.   

 
Fig. 5. Error summaries for RPOA and GE measurements using various methods. 

The mean bias error (MBE), mean absolute error (MAE), and mean absolute 
percentage error (MAPE) for each method and location are relative to the 

reference module results. The solid bars show RPOA and hatched bars show GE.  

Having established that the reference cell and reference 

module measurements show the strongest correlation for RPOA 

and GE, we now provide a deeper look at their relationships. 

Fig. 6 shows the difference between RPOA measured by the 

reference module pair and RPOA measured by the reference cells 

(average of locations B and C). The color scale in Fig. 6 reveals 

that the RPOA residuals have a dependence on the ratio of DHI 

to GHI, also known as the diffuse fraction (FD).   

Fig. 7 shows the difference between GE measured by the 

bifacial reference module and GE from the monofacial reference 

cell measurements calculated with (3). The difference between 

reference module and reference cell GE measurements is less 

than 1% when AOI is less than 30° and the irradiance is 

between 900 and 1100 W/m2. The reference panels have an 

antireflective coating (ARC) on the front glass whereas the 

reference cells do not. This means that the ISC of the two devices 

may not follow the same AOI dependency.  
The green asterisks in Fig.7 show GE results using string-

level ISC measurements on three days. The trend of the string-
level measurements mostly follows that of the module-level 
measurements. However, larger differences sometimes occur, 
which may be attributed to differences in ISC between modules 
within the string, edge brightening effects, and\or time 
synchronization between measurements. 

 

Fig. 6. Difference between RPOA as measured by the large-area reference 
module pair and RPOA measured with small-area reference cells. The x-axis 

shows the average of reference cell RPOA measurements at locations B and C. 

The color scale shows the fraction of diffuse light in the sky hemisphere.    

 

Fig. 7. Difference between GE as measured by the large-area bifacial reference 

module and GE measured with small-area reference cells. The asterisk symbols 
indicate GE calculated from string-level ISC measurements on select days. The 

x-axis shows GE from the reference cell measurements. The error bars at 1000 

W/m2 represent the ±2.2% uncertainty of the laboratory measurement of ISC at 

STC. The color scale shows the fraction of diffuse light in the sky hemisphere. 

B. Spectral Implications 

Here we show how spectral effects can influence the sensor 
outputs. Fig. 8(a) shows typical RPOA spectra recorded during 
green vegetation—the predominant albedo during the 
measurement campaign—and a condition with partial snow 
coverage. Consistent with [12] – [14], the green grass RPOA 
spectrum displays a heavy redshift relative to the AM1.5G 
reference spectrum. Snow spectra such as that shown in Fig. 
8(a) were observed on three days during the test period. Such 
spectra demonstrate how significantly the redshift is reduced 
during snow conditions. Fig. 8(b) shows the spectral 
responsivities (SR) of the various devices used in this work. 
The PERC cell’s backside SR is taken from the PERC 
measurements performed in [14], the photodiode and 
pyranometer SR files were provided by the manufacturer, and 
the reference cell SR was digitized from the datasheet.  
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Fig. 8. (a) normalized rear-side spectral irradiance measured at midday on clear 

days with green grass albedo and when the ground is partially covered in snow. 
The AM1.5G calibration spectrum is shown to illustrate the spectral shifts 

observed in the field. (b) normalized spectral responsivity of a PERC cell’s 

backside, photodiodes, pyranometers and reference cells used in this work.  

With the continuous in-plane spectral measurements and 
equation 7 of IEC 60904-7 [33], we derive spectral mismatch 
(SMM) for the rear-side POA. 

𝑅𝑒𝑎𝑟 𝑆𝑀𝑀 =  
𝐺𝑅𝑒𝑓 ∙ ∫ 𝑆𝑅(𝜆) ∙ 𝑅𝑃𝑂𝐴(𝜆)𝑑𝜆

𝑏

𝑎

𝑅𝑃𝑂𝐴 ∙ ∫ 𝑆𝑅(𝜆) ∙ 𝐺𝑅𝑒𝑓(𝜆)𝑑𝜆
𝑏

𝑎

 (4) 

SR(λ) is the normalized device spectral responsivity, 
RPOA(λ) is the normalized rear-side spectral measurement 
recorded every five minutes, and GRef (λ) is the normalized 
AM1.5G reference spectrum [34]. The 300 nm to 1100 nm 
integration limits are determined by the sensitive range of the 
spectroradiometer. In (4), RPOA is calculated as the integral of 
RPOA(λ) and GRef is calculated as the integral of GRef (λ) over the 
same integration limits. SMM values greater than 1 indicate 
spectrally induced gains in photocurrent relative to AM1.5G, 
and SMM values less than 1 indicate spectrally induced losses. 
If SMM is ignored, the fractional measurement error due to 
spectral shift is 1 – SMM.  

Fig. 9 shows the relationships between the rear-side SMM 
factors of each device type shown in Fig. 8(b). Each data point 
in Fig. 9 is calculated with a single rear-side spectral 
measurement. Fig. 9 therefore contains 2,655 rear-side SMM 
factors, for each device, that collectively represent the actual 
spectral conditions recorded during the four-month test period. 
The contours around regression lines in Fig. 9 highlight 90% of 
the SMM values. When snow conditions were present, the rear-
side SMM of the Silicon-based sensors is less than 1.10. 

The photodiode shows the highest SMM due to its narrow 
SR and weak response in the visible spectrum (400–700 nm). 
Some commercially available photodiode models have a lower 
visible light SR than that shown in Fig. 8(b) [35]. For such 
devices, we calculated SMM as high as 1.5 with our RPOA 
spectra above green grass. The reference cell SMM is 8% to 
11% lower than that of the photodiode. When the reference cell 
and photodiode measurements are adjusted by a factor of 
1/SMM, then the RPOA differences shown in Fig. 2 are reduced 
in half. The remaining differences may be due to different 
calibration sources.  

 
Fig. 9. Bivariate of spectral mismatch (SMM) calculated with the rear-side 

spectral measurements during the 4-month test period. The regression shows 
rear-side SMM of the photodiode, pyranometer, and reference cell versus the 

rear-side SMM of a PERC cell. The black 45° line indicates a spectral match to 

the PERC cell’s rear side. The contour around each regression line indicates 

where 90% of the SMM values are located.  

Fig. 9 shows that the reference cell SMM is 5% to 7% lower 
than PERC cell backside. In other words, the two are not 
spectrally matched and 5% to 7% of the measured differences 
are attributable to spectral effects. Although this result runs 
counter to the common perception that silicon reference devices 
are similar enough to silicon power-generating devices such 
that no spectral corrections are needed [36], RPOA is typically 
an order of magnitude less than GPOA. Therefore, spectral errors 
in RPOA measurements are likely to impact yield predictions of 
bifacial PV systems by less than 1%. 

Equation (4) assumes that the reference device is spectrally 
flat. Apart from some absorption of UV light, the pyranometer 
used in this work has a spectrally flat response and therefore its 
rear-side SMM is always near 1, wherein 90% of values are 
between 1.001 and 1.002. The spectroradiometer’s 300 – 1100 
nm sensitive range presents limitations because the 
pyranometer has a 280 – 3000 nm spectral range. However, 
rear-side SMM calculated over the full 280 – 3000 nm range 
was comparable (1.002) when using AM1.5G multiplied by the 
green grass spectral albedo from SMARTS as RPOA(λ) [37].  

C. Equivalent Cell Temperature (ECT) Results 

Back-of-module temperature (TMOD) measurements 
performed on bifacial modules will inevitably partially-shade 
some active area. The shading induced by a single TMOD sensor 
is not likely to create local hotspots when albedo is low (i.e., < 
0.3). However, bifacial TMOD measurements during high albedo 
conditions such as snow, or during periods when the sun is 
behind the PV structure, may put the partially shaded cell into 
reverse bias. The VOC data from the reference panels and string 
offer an opportunity to avoid rear-side sensor shading by 
calculating TMOD with the equivalent cell temperature (ECT) 
approach [38]. Here we describe our experience applying the 
ECT procedures to the outdoor VOC measurements of a single 
bifacial module, and to a string of 24 bifacial modules with (5). 
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𝐸𝐶𝑇 =  𝑇𝑆𝑇𝐶 +  
1

𝛽
[

𝑉𝑂𝐶

𝑉𝑂𝐶,𝑆𝑇𝐶

− 1 − 𝑎 ∙ ln (
𝐺

𝐺𝑆𝑇𝐶

)] (5) 

According to [38], ECT in (5) represents the average 
temperature (°C) at the p-n junctions within a module or array, 
VOC is the outdoor measured open-circuit voltage (V), β is the 
temperature coefficient of VOC (1/°C), TSTC is 25 °C, VOC,STC is 
the open-circuit voltage measured at STC in the lab (V), GSTC is 
1000 W/m2, G is the irradiance (W/m2), and a is a dimensionless 
parameter that depends on the module’s voltage-irradiance 
response. The value for the a coefficient was determined from 
our laboratory measurements at 200 W/m2 and 800 W/m2. We 
applied a self-referencing approach by substituting G with the 
field measured ISC, and GSTC with the lab measured ISC,STC. We 
looked to recent literature [39] to find a representative β value 
for PERC (−0.31%/°C) as the DTU lab is not equipped to 
measure β of the large-area 595 Wp modules. 

For single panel ECT measurements, the error (ECT − TMOD) 
is calculated with a single PT1000 sensor on the bifacial 
reference panel, while for string-level ECT measurements, the 
error is with the average of four PT1000 measurements across 
the string (Fig. 1a). We adjust the back-of-module surface 
temperature TMOD to cell temperature using the King model [40] 
for glass-glass modules, which adds an offset of 3 °C ∙ (GE/1000 
W/m2) to the measured TMOD. A recent field trial [41] showed 
that this simplistic approximation of cell temperature is 
reasonably accurate. 

Fig. 10 shows the difference between ECT and TMOD when 
GE ≥ 200 W/m2. In this irradiance range, the MAE is 2.5°C and 
2.1°C for the module and string measurements, respectively. 
The MBE is similar at 2.4°C and 2.1°C, respectively. The error 
has a positive correlation with irradiance. 

There are several uncertainty contributions that must be 
considered when evaluating the error, including the ECT model 
parameter values, the temperature non-uniformity of cells within 
a module, the difference between back-of-module surface and p-
n junction temperature, the PT1000 sensor accuracy, and the 
thermal contact between PT1000 sensor and module surface.  

 

 
Fig. 10. Errors between the equivalent cell temperature (ECT) method and back 

of module temperature (TMOD) measurements applied to a bifacial module and 
a bifacial string. The x-axis shows effective irradiance (GE) calculated with 

reference cell measurements. The data shown here includes four months of 

module measurements and three days of string-level measurements.  

We found that the ECT model is most sensitive to the value 

of the VOC,STC and β. For example, the expanded uncertainty of 

the VOC,STC measurements is ±0.8% (i.e., ±0.3 V for a single 

module). Varying VOC,STC within uncertainty results in a ±2.4° 

change in ECT. Meanwhile, the stated accuracy of the class A 

PT1000 sensors used to compare to the ECT method is ±1°C. 

Given, the many uncertainties, our results suggest that the ECT 

method via VOC measurements is a practical approach for 

monitoring bifacial module temperature. Previous works have 

proposed that the ECT method is more accurate than direct TMOD 

measurements of monofacial modules [42], largely because of 

the challenges and uncertainties associated with direct TMOD 

measurements [43]. 

D. Bifacial Performance Ratio (PRBIFI) 

IEC 61724-1 [3] states that the classic performance ratio 
(PR) formula [44] can be transformed to bifacial PR (PRBIFI) if 
an adjustment is made for the rear irradiance. This is done in 
practice by multiplying GPOA by a factor of either BIFsensor or 
BIFmodule. When small-area sensors such as reference cells are 
used to measure RPOA, (6) is used to calculate BIFsensor.   

𝐵𝐼𝐹𝑠𝑒𝑛𝑠𝑜𝑟 = (1 + 𝜑𝑝𝑚𝑎𝑥 ∙ 𝜌𝑖) (6) 

Where bifaciality φpmax is the ratio of rear to frontside PMAX 

at STC and the optical gain ρi is the ratio of RPOA to GPOA. When 
the reference modules are used to derive PRBIFI, BIFmodule is 
calculated with (7). 

𝐵𝐼𝐹𝑚𝑜𝑑𝑢𝑙𝑒 =
𝐼𝑆𝐶,𝐵𝑖𝑓𝑖

𝐼𝑆𝐶,𝑀𝑜𝑓𝑖

 
(7) 

Where ISC,Bifi and ISC.Mofi are the ISC measurements of the 
bifacial and monofacial panels, respectively. Since RPOA from 
small-area sensors is used to calculate PRBIFI with (6), the 
question arises: which RPOA location to use and from which 
sensor type?  

 
Fig. 11. Variability of the bifacial performance ratio PRBIFI calculated according 

to the IEC 61724-1 using three small-area sensor types, an optical model, and 
a reference module pair. All sensors are eight meters from the nearest array 

edge. See Fig. 1(b) for illustration of RPOA sensor locations A to D.  

Fig. 11 shows the 14.2 kWp system’s PRBIFI calculated with 
the five methods and four rear-side locations used in this work. 
Frontside GPOA from the same Class A pyranometer is used in all 
calculations, which means that all variation of PRBIFI in Fig. 11 

                         

                

 
 
 
  
  

 
 
 
  
  

 

 

 

 

 

 

 

 
               

      

      

 
  
 
  
 
  
 
 
  
 
  

 
 
  

  
 
  
 

    

    

    

    

    

                

 
 
 
  
 
  
 
 

 
 
  
 
 
 
 
  
 

 
 
  
  
 
 
 
  

 
  

 
  
 
  
 
 
  
  
 
 
 
 
 

 
 
  
  
 
 
 
  

 
 
 
  
 

           

             

          

                   

This article has been accepted for publication in IEEE Journal of Photovoltaics. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JPHOTOV.2022.3201468

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.



is caused by the RPOA measurement used. Fig. 11 shows that 
PRBIFI differs up to 3% with the RPOA methods considered here. 
The 14.2 kWp system used for study has a 1.7 m ground 
clearance, which is higher than typical utility-scale fixed tilt 
systems. The spread of possible PRBIFI values is likely to 
increase with lower ground clearance because nonuniformity of 
RPOA will be higher [8] [32].  

E. Comparisons of Measured and Modeled DC Power 

Here we compare the measured DC power of the 14.2 kWp 
string to modeled DC power using the various GE measurement 
methods. We model DC power using the PVWatts model [45], 
which calculates DC power with (8). 

𝑃𝐷𝐶 =  
𝐺𝐸

1000 𝑊/𝑚2
∙ 𝑃𝑆𝑇𝐶[1 + 𝛾 ∙ (𝑇𝑀𝑜𝑑 − 25 ℃)] 

(8) 

Where PDC (W) is the modeled string-level DC power, GE 
(W/m2) is the effective irradiance from either the bifacial 
reference module, reference cells, pyranometers, or 
photodiodes, PSTC (W) is the average module power measured 
at STC (Table 2) multiplied by the number of modules in the 
string, γ (%/°C) is the temperature coefficient for power, and 
TMOD (°C) is the module temperature measured at four locations 
on the back of the array.  

Equation (8) does not account for angular-dependent 
reflection losses, spectral shifts, or low-irradiance performance. 
Therefore, the results shown in Fig. 12 only contain data where 
AOI < 45°, optical air mass (AM) is between 1 and 2, and GPOA 
> 700 W/m2. Recall that GE calculations for pyranometers use 
frontside GPOA from a class A device and use the average of 
class C devices for RPOA. 

Table 3 shows the error summary when the various GE data 
sources are used to predict string-level power. The mean 
absolute error (MAE) and mean bias error (MBE) are 
normalized to the 14.2 kWp rating of the modeled array. The 
results show that photodiodes yield the highest MAE, MBE and 
MAPE, which is consistent with the comparisons shown in Fig. 
2 through Fig. 5. The normalized MAE and MAPE are all 
within about 0.5% when the pyranometers, reference cells and 
reference modules are used for GE in the modeling. However, 
the reference cell data provides the lowest bias relative to the 
field measurements.  

 
Fig. 12. Bivariate regressions of modeled DC power using four different 

sources for effective irradiance versus measured DC power. 

TABLE 3. ERROR SUMMARY RESULTING FROM USE OF DIFFERENT GE DATA 

SOURCES WHEN MODELING DC POWER. THE MEAN BIAS ERROR AND MEAN 

ABSOLUTE ERROR ARE NORMALIZED TO THE 14.2KW RATING OF THE ARRAY. 

GE Data Source MBE 
(W/kWp) 

MAE 
(W/kWp) 

MAPE 
(%) 

Photodiodes 46.4 49.1 6.1 

Pyranometers 19.0 23.6 3.0 

Reference cells   1.2 23.3 2.9 

Reference module 13.2 27.0 3.4 

IV. DISCUSSION 

We have compared rear plane-of-array (RPOA) and effective 
irradiance (GE) measurements made with calibrated reference 
modules against measurements from small-area sensors that 
included photodiodes, pyranometers and reference cells. The 
results showed that the reference cell RPOA and GE 

measurements had the strongest correlation to RPOA and GE 
measured with reference modules. The average agreement 
between the two approaches was 9% relative, 4 W/m2 absolute 
for RPOA and 4% relative, 7 W/m2 absolute for GE. We found 
that reference cells located at ±30% from the center of the fixed-
tilt array had the best agreement to the reference module RPOA 
measurements. Thus, a single small-area rear facing reference 
cell can provide comparable results to the large-area reference 
module approach.   

The GE derived from ISC measurements of a 24-module 
string agreed to module-level GE measurements within 2.5% or 
better when GE was near one-sun. Although the string-level I-
V measurements were limited to three clear days, the results are 
encouraging that continuous string-level I-V scans (e.g., made 
by inverters) can be used to estimate GE of healthy bifacial PV 
arrays. We leave deeper investigations of effective irradiance 
modeling via string-level I-V for future work.   

We examined spectral effects in RPOA measurements. 
Although the spectral distribution of RPOA differed significantly 
from the AM1.5G reference, the overall impact of rear spectral 
mismatch is less than 1% when considering that the dominant 
contribution to bifacial performance is frontside irradiance.  

We also evaluated the potential of bifacial reference panels 
to measure cell temperature with VOC measurements. We found 
mean absolute errors of 2.5°C and 2.1°C when performing this 
method with module and string-level bifacial measurements, 
respectively. This level of error translates to approximately 1% 
uncertainty in power measurements of modern Silicon modules. 
Thus, the VOC data can add value to continuous I-V 
measurements by offering a method that avoids the rear-side 
shading created by conventional module temperature sensors.  

It was shown that bifacial performance ratios can vary by 3% 
based on the placement and type of small-area sensor used for 
RPOA measurements. Using bifacial reference panels for 
performance ratio calculations can reduce this variation because 
they circumvent the need to identify representative small-area 
sensor locations.  

Finally, we used the GE data to predict string-level power. 
GE data from pyranometers, reference cells and reference 
modules resulted in 2.9–3.4% average errors relative to 
measured power. The comparable prediction errors between 
traceable small-area irradiance sensors and calibrated modules 
suggests that reference modules are a suitable and accurate 
approach for measuring irradiance in bifacial systems. 
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V. CONCLUSION 

This work investigated the capability of bifacial modules, 
calibrated per the single-side equivalent irradiance method of 
IEC TS 60904-1-2, to be used as large-area sensors that measure 
RPOA and GE. A supplemental monofacial reference module was 
used in the field to decouple the rear irradiance RPOA from the 
effective irradiance GE. We compared the reference module 
measurements to three types of commonly used small-area 
sensors, all with traceable calibrations.  

Out of all the small-area sensors tested, we found that 
reference cell measurements of RPOA and GE had the best 
agreement to those made by reference modules. The array of 3–
4 rear facing sensors showed that a single small-area RPOA sensor 
location can agree to large-area reference module RPOA 

measurements by 4 W/m2 absolute, 9% relative. PVWatts yield 
predictions that used GE data from pyranometers, reference 
cells, and modules were within 2.9%–3.4% of measured string-
level power, thereby demonstrating the absolute accuracy of the 
bifacial reference module approach.  

We found that the choice of small-area sensor type and 
mounting location adds at least ±1.5% uncertainty to bifacial 
performance ratio calculations. Calibrated reference modules 
can be used to reduce said variation in bifacial performance ratio 
calculations, while at the same time simplifying the monitoring 
system design and offering the ability to estimate cell 
temperature through the VOC of the I-V curve. 
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