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Abstract 7 

Open questions remain regarding the use of bifacial photovoltaic (PV) modules, such as how to 8 

link the energy-yield modelling of large bifacial PV plants with further on-site measurements 9 

campaigns, the effect of the non-uniformity of the rear irradiance, as well as the convenience 10 

of varying the geometry of the plants to enhance the bifacial contribution. A simplified two-11 

dimensional view factor model for bifacial PV plants is presented in this paper, as well as a 12 

specific definition of performance ratio (PR) for this type of installations. This model has been 13 

implemented in SISIFO --an open simulation tool --for static structures and horizontal single-14 

axis trackers. Yearly energy yield has been simulated for two representative static and tracker 15 

PV plants located in Madrid with an albedo of 0.3 and a bifacial power coefficient of 0.7, 16 

resulting in yield increases driven by rear irradiation of 8% and 7%, respectively. In general, the 17 

influence of varying structure height is lower than that of row-to-row spacing. The model also 18 

reveals a non-homogeneous rear irradiance. This question of non-uniformity of rear irradiance 19 

is analyzed in light of experimental 10-month observations in a 6.6 kWp PV system. The 20 

average of the rear irradiance observed at the center and at the two borders of the PV array is 21 

an adequate predictor for DC power estimations. A pioneering chapter of bifacial PV modules 22 

industrialization that took place between 1984 and 1989 in Spain, and probably the first 23 

application of view factor to model bifacial PV modules, are also presented. 24 
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Nomenclature: 28 

a Ratio of thermal voltage to open circuit voltage 

AC Alternating Current 

𝐵GROUND Direct solar irradiance on the ground 

𝐵REAR
SKY  Direct solar irradiance on the rear side of the modules 

c Two-dimensional(2D) radiant intensity (radiant flux emitted per unit angle) 

CT Coefficient of variation of cell temperature with irradiance  

DHI Diffuse horizontal irradiance 

𝐷CIR,GROUND Circumsolar component of the diffuse irradiance on the ground 

𝐷ISO,GROUND Isotropic component of the diffuse irradiance on the ground 

𝐷REAR
SKY  Diffuse irradiance from the sky on the rear side of the modules 
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dR Infinitesimal flat receptor 

DC Direct Current 

Dy(0) Yearly diffuse horizontal irradiation 

EDC DC energy output throughout the considered period  

EAC AC energy output throughout the considered period  

FT Transparency factor 

G Irradiance 

G* Irradiance at STC 

GREAR Irradiance on the rear side of the PV module, or rear irradiance 

GREAR,CENTER GREAR at the center point of the rear side of the PV module 

GREAR,AVERAGE GREAR as an average of three points on the back of the PV module 

𝐺REAR
𝐿12  Contribution of a reflector segment L1L2 to the rear irradiance 

𝐺GROUND Irradiance on the ground (it is equal to GHI when the ground is not shaded)  

𝐺REAR
GROUND Ground reflected component of irradiance on the rear side of the PV module 

𝐺REAR
ROW  Rear-row reflected component of irradiance on the rear side of the PV module 

𝐺REAR
SKY  Irradiance from the sky on the rear side of the modules 

𝐺MAX Maximum value of irradiance along a side of the row 

𝐺MIN Minimum value of irradiance along a side of the row 

GFRONT Irradiance on the front side of the modules 

𝐺1A An approximation to G (intermediate variable) 

𝐺FRONT(1A) An approximation to GFRONT (intermediate variable) 

𝐺REAR(1A) An approximation to GREAR (intermediate variable) 

𝐺𝑅
𝐿12 Contribution of the segment L1L2 to the irradiance at the receptor 

GNU Irradiance non-uniformity index  

GHI Global horizontal irradiance 

GBR Irradiance bifacial ratio 

GmBR, GyBR Monthly and yearly irradiance bifacial ratio, respectively 

Gy(0) Yearly global horizontal irradiation 

𝐺SHADED Irradiance on a shaded segment 

𝐺UNSHADED Irradiance on an unshaded segment 

H Row center height, normalized to the transversal width of the row 

INU Current non-uniformity index 

ISC Short-circuit current 

𝐼SC,REAR
∗   Short-circuit current of the rear side of the PV module 

𝐼SC,REAR
∗  Short-circuit current of the rear side of the PV module at STC 

𝐼SC,FRONT Short-circuit current of the front side of the PV module 

𝐼SC,FRONT
∗  Short-circuit current of the front side of the PV module at STC 

𝑘1 Anisotropic index 

L Row-to-row space, normalized to the transversal width of the row 

L1L2 Reflector segment  

m Slope of a regression line 
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MPP  Maximum Power Point 

NOCT Nominal Operation Cell Temperature 

𝑃𝑅𝐸𝐴𝑅
∗  Peak power of the rear side of the PV module 

𝑃FRONT
∗  Peak power of the front side of the PV module 

PMPP PV power of PV modules 

PDC Measured power (DC) 

PRB Bifacial Performance Ratio (considering both front and rear side irradiances) 

PRF Front Performance Ratio (considering only the front side irradiance) 

PV Photovoltaic 

PVGIS Photovoltaic Geographic Information System 

𝑆1
𝑁 , 𝑆2

𝑁 Coordinates of both edges of the shadow N (N=0 is the own module shadow) 

STC Standard Test Conditions 

TA Ambient temperature 

TC PV module temperature 

𝑇C,FRONT PV module temperature at the front side 

𝑇C,REAR PV module temperature at the rear side 

𝑇C,MPP PV module temperature at MPP 

𝑇C,VOC PV module temperature neglecting the effect of temperature on short-circuit current 

𝑇𝑐
∗ PV module temperature at STC 

VOC Open-circuit voltage 

𝑉𝑂𝐶
∗  Open-circuit voltage at STC 

VFS View factor from shaded segments to a point at the rear side 

VFNS View factor from unshaded segments to a point of the rear side 

WGNU Weighted rear irradiance non-uniformity index 

WINU Weighted rear current non-uniformity index 

XF Calculation point along the transversal section of the row (range from -0.5 to 0.5) 

𝛼𝑇 Thermal coefficients of ISC 

𝛽  Tilt angle 

𝛽𝑇 Thermal coefficient of VOC 

Ρ Albedo of the reflector 

ϒ Power temperature coefficient 

ϒ'S Profile angle of the Sun 

ф1, ф2 View angles of a shadow 

ф𝐸1, ф𝐸2 Extreme angles which define the field of vision of the ground from XF 

𝜑𝐼 Bifacial short-circuit current coefficient of the PV module 

𝜑𝑃 Bifacial power coefficient of the PV module 

𝜂FRONT
∗  Efficiency of the frontal side of the PV module 

𝜇 Angle of the top edge of the rear row with the horizontal from XF 

 29 

1. Introduction 30 
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The research of bifacial PV technology dates back to 1960 (Hiroshi, 1966) and received a rush 31 

of attention in the late 1970s and early 1980s when a certain number of papers on high-32 

efficiency bifacial solar cells were published. This early chapter of the bifacial PV history is 33 

widely known and often referred to in current publications (Cuevas, 2005), (Liang, 2019). In 34 

contrast, it is largely unknown that this early research on bifacial cells also led to the first 35 

industrial production of bifacial modules, which were released in Spain by Isofoton Inc. from 36 

1984 to 1989. They were mainly installed in stand-alone PV systems for the rural electrification 37 

market, and on a 40 kWp bifacial array of a 100 kWp PV plant demonstrator connected to the 38 

grid (Solera, 1985). Figure 1 pays homage to this early chapter of bifacial PV industrial 39 

production, showing bifacial PV plants installed at that time. Even more, we have recently 40 

learned about bifacial modules produced at that time that are still in operation, as the one 41 

shown in Figure 1-d. However, this early industrial production and practical use of bifacial PV 42 

modules has passed into oblivion. For example, a recent IEA report (IEA, 2017) asserts that the 43 

first commercial bifacial modules were released by Sanyo in 2009. Other publications set back 44 

this date to 2000 (Podlowski, 2019; Chunduri and Schmela, 2018). On similar lines, other 45 

recent reviews say that the concept of bifaciality lived on after the early research on solar cells 46 

with no more than some propositions for several niche applications (noise barriers (Nordmann, 47 

2012)1, shades and fences) during the 1990s and early 2000s (Liang, 2019); or that bifacial 48 

systems construction started in Japan in 2013 (Nussbaumer, 2019). 49 

 
 

(a) (b) 

  
(c) (d) 

                                                            
1 The first bifacial PV noise barrier was built in 1997 along a highway in Zürich, according to (Nordmann, 
2012).  
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Figure 1. PV plants with bifacial modules produced in the 1980s. (a) A 8.1 kWp one installed in 
Noto (Senegal) in 1986 (Lorenzo et al., 1988); (b) a 9.9 kWp one installed in Rio Madera (Spain) 
in 1989 (Lancho, 1989); (c) Rural Andalusian houses and (d) a 5 kWp PV pump still in operation2 
in Jaen (Spain). Photos belong to IES-UPM own collection. 
 
Not surprisingly, the use of bifacial modules in the 1980s created interest in examining the 50 

radiation reflected by the ground or other surroundings (the albedo), and the first energy-yield 51 

simulation models were also developed and published at this time. In 1984 (Luque et al., 1984) 52 

inaugurated both the calculation of the irradiance received at the rear of the modules, GREAR, 53 

by means of the “view factor” commonly found in heat transfer text books (McAdams, 1980), 54 

and the assumption that ground and surroundings are ideal diffuse (i.e. Lambertian) reflector 55 

surfaces in the sense that the intensity of the reflected radiation is uniformly distributed 56 

irrespective of the nature of the incident radiation. Two years later, (Egido and Lorenzo, 1986) 57 

extended the application of this model to single-axis and two-axes trackers and, finally, 58 

(Krenzinger and Lorenzo, 1986) improved the model and enlarged its application to the case of 59 

modules surrounded by several diffusely reflecting surfaces, considering the effect of the 60 

interreflections among them.   61 

We could not find publications dealing with bifacial radiation modeling up to 2014 (Yusufoglu 62 

et al., 2014). It is opportune mentioning that, in those early days of PV bifacial use in the 63 

1980s, we spent quite some time experiencing with specific preparations to increase the 64 

albedo of the ground under the bifacial PV plants, as show in Figure 1-a, 1-b and 1-c. The 65 

general result was that, mainly because horizontal or low tilted surfaces are prone to 66 

accumulating dust, artificial increases of albedo usually last for a short time (a few months). 67 

Hence, these experiences suggest that the only practical solution for nowadays commercial 68 

bifacial PV plants entails just relaying on natural grounds, whose albedo (Iqbal, 1983) typically 69 

stays below 30% and more often below 20%. Outstanding exceptions are snow and vertical 70 

reflectors, as the one shown in Figure 1-c. In this latter case, we profited from the traditional 71 

yearly routine of whitening the walls by means of a coat of quicklime, widely extended in rural 72 

Andalusian homes. The vertical reflectors increase the GBR in winter, which is just the worst 73 

period for rural applications. 74 

Currently, several companies are already offering industrial bifacial PV modules, and the 75 

corresponding market share is expected to grow to about 40% by 2028 (VDMA, 2018). And, 76 

again, this is increasing interest in rear radiation modelling, as shown by the corresponding 77 

rush of related publications3 since 2015 and the recent inclusion of bifacial modelling 78 

capabilities in commercial PV simulation software4. In essence, there are two different 79 

approaches to model the radiation received by the rear-side of the PV module (Deline et al., 80 

2017): the classic view factors, as described above, and ray-tracing simulation by means of 81 

specific software like Radiance (Asgharzadeh et al., 2017; LO et al., 2015) or TracePro (Soria et 82 

al., 2016). In general, ray-tracing is more suitable for exploring the effects of detailed features, 83 

                                                            
2 Isofoton production of bifacial PV modules ceased in 2000. The modules in this system were part of a 
remaining stock and have been installed in 2013. 
3 Several Workshops specifically devoted to Bifacial PV are being regularly held. Corresponding 
presentations can be found at https://pvpmc.sandia.gov/pv-research/bifacial-pv-project/; http://bifipv-
workshop.com/;  
4 Bifacial modelling is available in PVsyst since 2017 

https://pvpmc.sandia.gov/pv-research/bifacial-pv-project/
http://bifipv-workshop.com/
http://bifipv-workshop.com/
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such as spacing between modules and/or cells, rack, etc. However, view factors are less 84 

demanding computationally and are found to be easier for analyzing large and regular arrays 85 

(Hansen et al., 2016), which are typically deployed in large-scale PV plants. That helps to 86 

explain why the view factors approach is the most extensively used today (Catena et al., 2017; 87 

Marion et al., 2017; Shoukry et al., 2006; Wang et al., 2015). Even more, simplified two-88 

dimensional view factors can effectively model PV arrays formed by a large number of 89 

relatively long rows of PV modules equally spaced over the ground plane. Because shading 90 

ends at the edges of a PV array, the rear irradiance on the modules located close to the edges 91 

increases. However, some studies suggest that this is scarcely relevant in the case of large PV 92 

arrays. For example, it has been shown that, for single-axis trackers, 5 rows with 10 modules 93 

each bring the rear irradiance within 5% of the here considered 2D assumption (Hansen et al., 94 

2016; Pelaez et al., 2018). The same reason has been argued by other authors in order to 95 

justify the option for 2D models (Marion et al., 2017). 96 

Despite all this valuable work, an agreement on engineering practices for dealing with large 97 

bifacial PV plants has still not been reached. In particular, open questions remain in how to link 98 

the modelling of the energetic yield with further on-site measurement campaigns, i.e. on 99 

performance indexes definition and testing. This is in part due to the non-uniformity of the 100 

rear irradiance that raises the question of the representativeness of the observed value at any 101 

given point and the question of associated mismatch losses. These impact both the estimation 102 

of energy yield and the determination of the Performance Ratio (PR).  103 

This paper aims to contribute on the establishment of such bifacial engineering practices. First, 104 

a simplified two-dimensional view factor optical model (section 2) and a bifacial power model 105 

have been developed and integrated in SISIFO --an open software for general PV system 106 

performance simulations freely available at www.sisifo.info. 2D view factor models have the 107 

advantage of being particularly simple to implement in already existing energy yield simulation 108 

tools for standard monofacial plants. In particular, only three additional items of data are 109 

required: the albedo, the height of the mounting structures and the power bifacial coefficient 110 

of the PV modules. The validity of the bifacial power model and the convenience of  two 111 

different performance ratio PR formulations have been assessed in light of the experimental 112 

observations on a 6.6 kWp bifacial PV array connected to the grid on the terrace of the IES-113 

UPM since May 2019. Finally, we have analyzed the impact of the mounting structure layout of 114 

both static and horizontal single-axis trackers on yearly in-plane global irradiation (front plus 115 

rear) and on energy yield of a hypothetical PV plant located in Madrid. 116 

 117 

2. The 2D bifacial radiation model  118 

2.1 Shaded and unshaded segments of ground 119 

Figure 2 shows a projection onto a vertical plane orthogonal to the rows composing a PV array 120 

with bifacial modules (i.e. forming an angle with the meridian plane equal to the azimuth of 121 

the rows). The ground is flat and parallel to the edge of the rows (but not necessarily 122 

horizontal). PV array geometry is defined by tilt angle, 𝛽, row-to-row space, L, and row center 123 

height, H. Note that L and H are normalized to the row width, so that the Ground Cover Ratio 124 

http://www.sisifo.info/
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is equal to 1/L. The angle between the horizontal and the projection onto this vertical plane of 125 

the line drawn between the center of the Sun and the center of the Earth forms an angle 𝛾𝑆
′ ,  126 

that is sometimes called profile angle (IEA, 2017). That the length of the rows is infinite and 127 

that the number of rows is also infinite are basic hypotheses of this model. That is, the edges 128 

of each row and of the photovoltaic array are not considered. The key is to realize that the 129 

regular disposition of the rows translates into a basic pattern, composed by a shaded and an 130 

unshaded segment, which repeats with a period equal to L. Note that this projection plane 131 

typically coincides with the North-South direction in the case of static arrays but with the East-132 

West direction in the case of one-axis tracked ones. 133 

 134 

Figure 2. Two-dimension (2D) geometry of a bifacial PV array. 135 

As a second step in the explanation of this model, let us imagine the hypothetical case of a 136 

ground made by an infinite and homogenous Lambertian reflector uniformly illuminated with 137 

irradiance,𝐺GROUND, and an infinitesimal flat receptor, dR, parallel to it (Figure 3). 138 

Independently of the nature (direct or diffuse) of the incident radiation on the reflector, the 139 

rear surface of the receptor becomes isotropically illuminated with irradiance GREAR equal to  140 

𝐺REAR = 𝜌𝐺GROUND    (1) 141 

being ρ the albedo of the reflector. The contribution of a reflector segment L1L2 to this 142 

irradiance, 𝐺REAR
𝐿12  is given by  143 

𝐺REAR
𝐿12 = ∫ 𝑐 × cos𝜃𝑑𝜃

ф2

ф1
= 𝑐 × sinθ|

ф1

ф2 = 𝑐 × (sin ф2 − sin ф1)  (2) 144 

where c is the 2D radiance intensity (radiant flux emitted per unit angle) and (sin ф2 − sin ф1) 145 

is the 2D view factor from the segment L1L2 to dR. The integral over the whole reflector 146 

ф2 =  
𝜋

2
;  ф1 =  −

𝜋

2
 must be equal to GREAR, hence: 147 

𝑐 = 𝜌𝐺GROUND/2    (3) 148 

On the other hand, if the infinitesimal receptor is not parallel to the reflector but forms an 149 

angle 𝛽, the irradiance is the same but the view factor changes. Now, the contribution of the 150 

segment L1L2 to the irradiance at the receptor, 𝐺(𝛽)REAR
𝐿12  is given by 151 
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𝐺(𝛽)REAR
𝐿12 = 𝑐 × [sin(ф2 − 𝛽) − sin(ф1 − 𝛽)]  (4) 152 

In turn, establishing the origin of coordinates at the projection of dR on the reflector 153 

ф1 = atan (
𝐿1

𝐻
)        𝑎𝑛𝑑      ф2 = atan (

𝐿2

𝐻
)  (5) 154 

where H is the height of dR. 155 

 156 

Figure 3. Geometry of the view factor from the segment L1L2 to a surface element dR. 157 

These equations can be extended to calculate the contribution of the ground to the rear 158 

irradiance, 𝐺REAR
GROUND, which is given by the sum of the contributions from all of the individual 159 

basic patterns described above (each composed by the combination of a shaded and an 160 

unshaded segment) and seen by the point of concern XF at the rear side of the PV module. 161 

Figure 4 helps to explain such calculation for the center of the PV module (XF=0). The 162 

coordinates of the shade cast by the own module, numbered as 0, are 163 

𝑆1
0    [

1

2
𝑐𝑜𝑠𝛽 −

𝐻−
1

2
𝑠𝑖𝑛𝛽

𝑡𝑎𝑛𝛾𝑆
′ ; 0]     𝑎𝑛𝑑     𝑆2

0    [−
1

2
𝑐𝑜𝑠𝛽 −

𝐻+
1

2
𝑠𝑖𝑛𝛽

𝑡𝑎𝑛𝛾𝑆
′ ; 0]  (6) 164 

Because of the periodicity of the shade pattern, the coordinates of shade N are given by 165 

𝑆1
𝑁    [

1

2
𝑐𝑜𝑠𝛽 −

𝐻−
1

2
𝑠𝑖𝑛𝛽

𝑡𝑎𝑛𝛾𝑆
′ + 𝑁𝐿; 0]     𝑎𝑛𝑑     𝑆2

𝑁    [−
1

2
𝑐𝑜𝑠𝛽 −

𝐻+
1

2
𝑠𝑖𝑛𝛽

𝑡𝑎𝑛𝛾𝑆
′ + 𝑁𝐿; 0] (7) 166 

where N is a positive or negative integer. 𝐺REAR
GROUND is calculated as the sum of the 167 

contributions corresponding to all segments inside the field of view defined by the extreme 168 

angles given by 169 

ф𝐸1 =
𝜋

2
− 𝛽          𝑎𝑛𝑑         ф𝐸2 = atan [

(𝐿−
1

2
𝑐𝑜𝑠𝛽)

1

2
𝑠𝑖𝑛𝛽

]  (8) 170 

and considering that 𝐺GROUND  is composed by three different components: a direct,  171 

𝐵GROUND, a circumsolar diffuse, 𝐷CIR,GROUND, and an isotropic diffuse, 𝐷ISO,GROUND. In this 172 

work, we assume that unshaded and shaded segments are illuminated by 𝐺GROUND and 173 

𝐷ISO,GROUND, respectively. In case of somewhat transparent PV arrays (spaced cells or 174 

modules), the incident irradiance on shaded segments also includes a direct and a circumsolar 175 
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component, both weighted by the transparency factor, FT, i.e., the ratio between uncovered 176 

and total areas of the row. That is: 177 

𝐺UNSHADED = 𝐺GROUND      (9a) 178 

 𝐺SHADED =  𝐷ISO,GROUND + (𝐷CIR,GROUND + 𝐵GROUND) 𝑥 𝐹T   (9b) 179 

Note that when the PV modules become parallel to the ground, the number of viewed 180 

segments is infinite. A simple solution to the consequent calculation problem lies in slightly 181 

restricting the view field, for example, from -89o to 89o. The corresponding error is negligible, 182 

even more when the angle correction factors are applied (Martin and Ruiz, 2005). It must be 183 

noted that considering that every ground segment is uniformly illuminated is a simplification. 184 

In fact, 𝐷ISO,GROUND should be affected by the shading of the row, which implies a different 185 

view factor of the sky for each point on the ground. The diffuse irradiance is, indeed, not 186 

uniformly distributed on the ground. However, the relative weight of this component in the 187 

total (front plus rear) in-plane irradiance is generally low (the error associated to this 188 

assumption is further discussed in sections 2.3 and 6.3), so the error derived from such non-189 

uniformity in terms of energy yield must be much lower. 190 

191 
Figure 4. Limit angles of the view field from a rear point of a PV array. 192 

More often, the term albedo refers to a ratio (upwelling/downwelling) of broadband 193 

irradiances or visible irradiances (Gueymard et al., 2019; LG, 2019). However, where PV 194 

devices are concerned it is important to consider their angular and spectral responses. On the 195 

one hand, leveling rays with an angle of incidence greater than 60o are strongly reflected by a 196 

module. On the other hand, depending on the color of the ground, reflection can change the 197 

spectral distribution of irradiance, which in turns affects the power output (Brennan et al., 198 

2014).  199 

2.2 Other rear irradiance components 200 
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Besides the ground reflected component,  𝐺REAR
GROUND, the rear side of a rack-mounted module 201 

receives also irradiance reflected by the rear row, 𝐺REAR
ROW , and from a portion of the sky, 202 

𝐺REAR
SKY , as depicted in Figure 5. Hence, the total rear irradiance, 𝐺REAR, is calculated as: 203 

𝐺REAR = 𝐺REAR
GROUND + 𝐺REAR

ROW + 𝐺REAR
SKY                            (10) 204 

 205 

Figure 5. Ground, rear row and sky contributions to the rear irradiance. 206 

The sky contribution, 𝐺REAR
SKY , comes from direct irradiation (𝐵REAR

SKY ) at the beginning and end  207 

of some days of the year (typically only in static structures) and from diffuse irradiation 208 

(𝐷REAR
SKY ). The corresponding equations are: 209 

𝐺REAR
SKY = 𝐵REAR

SKY + 𝐷REAR
SKY         and    𝐷REAR

SKY =  
1

2
 𝐷ISO

GROUND(1 − 𝑘1)(cos 𝜇 − cos 𝛽) (11) 210 

where 𝜇 is the angle of the top edge of the rear row with the horizontal from XF. At the center 211 

(XF=0) it can be calculated as: 212 

𝜇 = 𝑎𝑡𝑎𝑛 (
1

2
∙sin 𝛽

𝐿+
1

2
∙cos 𝛽

)   (12) 213 

Both 𝐵REAR
SKY  and 𝐷REAR

SKY  , as well as 𝐺REAR
GROUND

, and 𝐺REAR
ROW , are corrected by the angle of 214 

incidence as explained in (Martin and Ruiz, 2005).  215 

The irradiance reflected by the rear row is also calculated based on a view factor. Here, the 216 

receptor is always parallel to the reflector, so (see eq 2 and 3): 217 

𝐺REAR
ROW = 𝑐 × [sin(ф2) − sin(ф1)]  (13) 218 

where (sin ф2 − sinф1) is the 2D view factor from the rear row to the center of the rear side 219 

of the row, and c is the radiance: 220 

𝑐 = 𝜌𝐺FRONT/2    (14) 221 

being 𝐺FRONT the irradiance on the front side of the row, and 𝜌 value corresponds in this case 222 

to the reflectance of the module glass (typically around 2.5% in an anti-reflective treated 223 

glass), assuming that it is a lambertian reflector. Establishing the origin of coordinates at the 224 

projection of the surface element dR on the rear row plane as shown in equation (5), 225 
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ф1 = atan (
𝐿 ∙cos 𝛽+0.5

𝐿∙sin 𝛽
)        𝑎𝑛𝑑      ф2 = atan (

𝐿 ∙cos 𝛽−0.5

𝐿∙sin 𝛽
)  (15) 226 

2.3 Non-uniformity 227 

Equations (4) to (15) are only valid for the central point of the row. Equations for any other 228 

point are easily deduced in an analogous way. This is useful to analyze the non-uniformity of 229 

GREAR, the irradiance on the rear side of the row. The view factor from the ground to the 230 

calculation point decreases as this point moves from the bottom to the upper edge. 231 

Consequently, GREAR calculated at each point is not constant. It depends more on a larger view 232 

factor from the unshaded ground segments. With the sun at the position shown in Figure 4, 233 

the maximum value of GREAR occurs at the bottom edge of the row (XF=0.5) because this point 234 

has a larger view factor especially from the nearest unshaded segment (S1
0-S2

-1), but the 235 

minimum value of GREAR is located around the midpoint of the row because the upper edge has 236 

a larger view factor from the nearest unshaded segment (S2
0-S1

1) than the center of the row.  237 

Non-uniformity of GREAR can be quantified by the irradiance non-uniformity index (Deline et al., 238 

2016), GNU, as: 239 

𝐺𝑁𝑈 =
𝐺MAX−𝐺MIN

𝐺MAX+𝐺MIN
    (16) 240 

where 𝐺MAX and 𝐺MIN are, respectively, the maximum and minimum values of irradiance 241 

along the rear side of the row. 242 

As a representative example of static PV plants, we have simulated the GREAR distribution in 243 

Madrid (40.3877o N, -3.6298o W) for PV arrays characterized by 𝛽=30o, H=0.8 (2.5 m height) 244 

and L=2 (6.2 m length), south-oriented (this set of values can be found in some examples of 245 

the current market of static-structure monofacial PV plants). Simulations have been performed 246 

for 21 points (at XF position) equally distributed between both edges of the back-side row. XF=-247 

0.5 corresponds to the top edge and XF=+0.5 to the bottom edge of the row. The synthetic 248 

radiation series used as input have been generated from daily average data provided by PVGIS 249 

(Aguiar, 1992). Figure 6-a shows the values of GREAR at noon for those 21 points throughout the 250 

year, and Figure 6-b adds details for three representative days: the two solstices and the 251 

equinox. Note that, in summer, the minimum value of the rear irradiance is near the center of 252 

the row. Therefore, measuring irradiance at this point will underestimate GREAR, as we discuss 253 

below. 254 

This simulation exercise has also been extended to calculate the GNU distribution throughout 255 

the year, which is depicted in Figure 6-c and Figure 6-d. The magnitude of GNU varies greatly 256 

throughout the year. GNU reaches its maximum intraday value when solar radiation is highest 257 

throughout most of the year. The maximum and average values are GNUMAX=0.34 and 258 

𝐺𝑁𝑈̅̅ ̅̅ ̅̅ =0.13, respectively, and the GNU average weighted by GREAR at the center of the row is 259 

𝑊𝐺𝑁𝑈̅̅ ̅̅ ̅̅ ̅̅ ̅=0.15. Note that weighting by the irradiance gives each value a relative importance in 260 

energy yield terms. 261 

Non-uniformity of GREAR rises two issues of practical relevance. The first one concerns 262 

mismatch losses due to the differences in the generated current. Estimating these losses is an 263 

open question today. Hence, trying to shed some light on this question, we also consider a 264 
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current non-uniformity index, INU. Assuming that the generated current is directly 265 

proportional to the sum of the front and rear irradiances weighted by the respective 266 

efficiencies, the INU is calculated as: 267 

𝐼𝑁𝑈 =
𝜑𝐼(𝐺MAX−𝐺MIN)

2𝐺𝐹𝑅𝑂𝑁𝑇+𝜑𝐼(𝐺MAX+𝐺MIN)
  (17) 268 

where 269 

𝜑𝐼 =
𝐼SC,REAR

∗

𝐼SC,FRONT
∗     (18) 270 

is the bifacial short-circuit current coefficient of the PV module defined in the technical 271 

specification IEC TS 60904-1-2:2019, i.e., the ratio between the Standard Test Conditions, STC, 272 

short-circuit current of the rear-side to the STC short-circuit current of the front-side of the 273 

concerned PV modules, 𝐼SC,REAR
∗  and 𝐼SC,FRONT

∗ , respectively. INU can provide some insight 274 

about power losses. Note that mismatch losses depend not only on the here concerned non-275 

uniformity of GREAR but also on the electrical configuration of the PV array (number of modules 276 

in the row width, portrait or landscape mounting, and series and parallel associations) and on 277 

the shading cast onto the back of the modules by the support structures, torque tubes, etc. 278 

The estimation of these losses is an open question today. Current available studies (Lopez-279 

Garcia et al., 2019; Buβ et al., 2018; Rhonda and Jaubert, 2018; Ayala et al., 2019; Changrui et 280 

al., 2019) suggests that practical mismatch losses are rather low, typically below 1%. We 281 

currently do not have a model capable of quantifying power losses from INU values. However, 282 

simulations show that the INU values are typically one order of magnitude smaller than GNU 283 

values, which is coherent with such low mismatch losses. Resuming the example, the 284 

maximum and average values of this static-structure PV plant are INUMAX= 0.047, 𝐼𝑁𝑈̅̅ ̅̅ ̅̅ = 0.016 285 

and 𝑊𝐼𝑁𝑈̅̅ ̅̅ ̅̅ ̅̅ = 0.018. Note that the INU value is relative to total irradiance, while the GNU is 286 

calculated relative to rear irradiance. In this example, the ratio of rear to total irradiance is 287 

about 0.08. 288 

 

 
(a) (b) 
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(c) (d) 
Figure 6. Simulated distributions of GREAR along a row (XF is -0.5 for its top edge and +0.5 for its 289 

bottom edge) for a static PV plant located in Madrid (a) at noon throughout the year (b) at 290 

noon of the two solstices and spring equinox (c) GNU throughout the year (d) GNU along the 291 

two solstices and spring equinox. 292 

Figure 7 shows, in this case, the view factor from unshaded ground segments (VFNS) and view 293 

factor from shaded ground segments (VFS) to the center point of the rear side of the row 294 

throughout the year (Figures 7-a and 7-c, respectively) and throughout the two solstices and 295 

spring equinox (Figures 7-b and 7-d, respectively) are exposed. The sum of both view factors is 296 

equal to 1.72 which corresponds to the view factor from the whole view field (its limits given 297 

by equation 8). Note that the maximum value of the sum of both VFNS and VFS is equal to 2 (in 298 

case of the maximum 180o view field from the whole-ground segment). Both view factors are 299 

constant values in equinox days, as expected. From the spring equinox to the autumn equinox 300 

the maximum value of VFNS is reached when the sun is positioned in the true east and true 301 

west, respectively, as there is a non-shaded segment under the collector. In winter, the ground 302 

is completely shaded (VFNS=0) except for the central hours of the day. 303 

  

   
(a)                                                                                      (b) 

   
(c)                                                                                      (d) 

Figure 7. View factor from unshaded segments, VFNS, to the center point of the row (a) 
throughout the year (b) throughout the two solstices and spring equinox. View factor from 
shaded segments, VFS, to the center point of the row (c) throughout the year (d) throughout 
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both solstices and spring equinox. 
 304 

As a representative example of tracking PV plants, Figure 8 presents the results of a new 305 

simulation at the same location, using the same synthetic radiation series as input data, but 306 

this time for a horizontal north-south single-axis tracking PV plant characterized by H=0.8 and 307 

L=3. Note that, in case of rows whose section includes a single portrait-mounted module of 2 308 

m in length, this length corresponds to the cross width of the row and means the height of the 309 

axis is 1.6 m and the pitch is 6 m, which is a commonly found configuration in commercial PV 310 

plants. GNU has a relative minimum every day at noon. It reaches its maximum intraday value 311 

when the solar radiation is relatively low compared to the central hours of the day. Unlike the 312 

case of static structures, the daily GNU is fairly constant throughout the year. The maximum 313 

and average values are GNUMAX=0.40, 𝐺𝑁𝑈̅̅ ̅̅ ̅̅ =0.14 and 𝑊𝐺𝑁𝑈̅̅ ̅̅ ̅̅ ̅̅ ̅=0.17. Corresponding values of 314 

INU are INUMAX=0.032, 𝐼𝑁𝑈̅̅ ̅̅ ̅̅ =0.015 and 𝑊𝐼𝑁𝑈̅̅ ̅̅ ̅̅ ̅̅ =0.019. Again, the INU values are one order of 315 

magnitude smaller than GNU values. 316 

 317 

 
 

(a) (b) 

  
(c) (d) 
Figure 8. Simulated distributions of GREAR along a row (XF is -0.5 for its top edge and +0.5 for its 318 

bottom edge) for a horizontal single-axis tracking PV plant located in Madrid and characterized 319 

by H=0.8 and L=3 (a) at noon throughout the year (b) at noon of the two solstices and spring 320 

equinox (c) GNU throughout the year (d) GNU along the two solstices and spring equinox. 321 

The non-uniformity of GREAR also raises the issue of the representativeness of the GREAR value 322 

observed at a given point, which is of practical relevance for the estimation of energy yield. 323 

The center of the row is just the point receiving the lowest GREAR for both the trackers and the 324 

static-structure cases throughout the period of greatest solar radiation, and many simulation 325 

exercises have led us to suspect this is a rather general situation. The saddle-shaped pattern in 326 

Figures 6-a and 7-a indicates that energy yield estimates based on GREAR at the center of the 327 

row must be somewhat pessimistic. This is particularly important when these estimates are 328 
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part of the technical due diligence associated with the bankability of PV plants. Section 5 pays 329 

further attention to this issue. 330 

3. Electrical and thermal models 331 

We rely on a MPP (Maximum Power Point) model for calculating the DC power delivered by a 332 

PV plant, PMPP, and on a NOCT (Nominal Operating Cell Temperature) model for calculating the 333 

PV module temperature, TC.  334 

𝑃𝑀𝑃𝑃 = 𝑃∗𝐺′(1 + 𝛾𝑇𝐶
′ )

η(𝐺)

η∗  (19) 335 

 
η(𝐺)

η∗ = (𝑎1 + 𝑎2𝐺′ + 𝑎3𝑙𝑛𝐺′) (20) 336 

with  337 

𝐺′ =
𝐺

𝐺∗  ;  𝑇𝐶
′ =  𝑇𝐶 − 𝑇𝐶

∗  (21) 338 

where ϒ is the power temperature coefficient, the asterisk* refers to STC conditions; and 𝑎1, 339 

𝑎2 and 𝑎3 are empirically adjusted parameters for considering the irradiance-dependent 340 

efficiency (de la Parra et al., 2017). The factor (1 + 𝛾𝑇𝐶
′ ) corrects for the effect of temperature. 341 

The factor (η(𝐺)/η∗) corrects for the effect of irradiance. The irradiance value considered in 342 

these equations for monofacial plants is just the frontal one, 𝐺 = 𝐺FRONT . Now, for bifacial PV 343 

plants, we simply add GREAR to GFRONT, and weights GREAR by the power bifaciality coefficient, 𝜑𝑃. 344 

That is: 345 

𝐺 = 𝐺FRONT(1 + 𝜑𝑃 × 𝐺𝐵𝑅)  (22) 346 

where 347 

𝜑𝑃 =
𝑃REAR

∗

𝑃FRONT
∗     (23) 348 

and  349 

𝐺𝐵𝑅 =  
𝐺REAR

𝐺FRONT
  (24) 350 

GBR is the so-called irradiance bifacial ratio. It should be stressed that all the irradiance values 351 

in equations (19) to (24) must be “effective” values, Gef, i.e. corrected by the angular and 352 

spectral responses of the PV modules. Models for such corrections are well stablished in the 353 

available literature (Moretón et at, 2017; Martín and Ruiz, 2005) and will not be discussed here 354 

any further. 355 

Besides, we rely on a NOCT (Nominal Operating Cell Temperature) model for calculating the PV 356 

module temperature, TC. 357 

𝑇𝐶 = 𝑇𝐴 + CT𝐺  (25) 358 

where TA is the ambient temperature and CT the variation coefficient of TC with G, which is 359 

related to the NOCT characteristic of the PV module: 360 
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CT =
𝑁𝑂𝐶𝑇−20𝑜𝐶

800 𝑊/𝑚2 × 0.9  (26) 361 

NOCT is defined under the condition of a wind speed below 1m/s, which is lower than that 362 

normally observed in fields. 0.9 is just an empirical factor to approximate the cooling effect of 363 

real winds when wind information is not available. It has been adjusted in accordance with IES-364 

UPM experimental TC observations in real PV plants, aiming at concordance with the observed 365 

yearly thermal losses (Moretón, 2016). Now, for bifacial PV plants, we simply assume that solar 366 

cell heating caused by irradiance is independent of the incident side. That leads to: 367 

𝑇𝐶 = 𝑇𝐴 + CT(𝐺FRONT + 𝐺REAR)  (27) 368 

This particular model selection aims to facilitate the comparison between the actual 369 

operational data (often, in terms of G, TC and PMPP) and the initial estimates, and has been 370 

experimentally justified for standard monofacial PV plants in past work (de la Parra et al., 371 

2017). The estimation of TC in bifacial modules is an open question that is receiving the 372 

attention of several authors (Lopez-Garcia et al.,2018; Lamers et al., 2018; Wang et al., 2020) 373 

with, in some cases, contradictory results. We have opted to consider the sum of the front and 374 

rear irradiances as input to the NOCT model (Eqs. 25 and 27), because we think this is 375 

consistent with the fact that the near-white rear of white backsheet modules tend to reflect 376 

GREAR while near-black cells in bifacial modules tend to absorb it. 377 

4. Performance ratio 378 

The PR concept plays a key role in due diligence procedures, mainly because it is a key metric 379 

for acceptance/rejection decisions based on on-site Commissioning tests. The classic PR as 380 

defined in IEC 61724:1998 is given by 381 

𝑃𝑅 =  
𝐸𝐴𝐶

𝑃FRONT
∗ ∫ 𝐺′𝑑𝑡

𝑇

      (28) 382 

where EAC is the energy output and the integral is the in-plane irradiation (in equivalent hours) 383 

both over the considered time span T. In practice, they are calculated as sums of the discrete 384 

power and irradiance values, respectively, recorded in the operation database, multiplied by 385 

the recording time step (hourly or sub-hourly). 386 

Where bifacial PV plants are concerned, the PR can be referred to only the front irradiation 387 

(𝐺 = 𝐺FRONT) or to the sum of front and rear irradiations, the latter weighted by the bifacial 388 

power coefficient of the modules (G as given per eq 22). The “PR front”, PRF is often used not 389 

only for monofacial PV plants but also for bifacial ones (Ayala et al., 2018; Singh et al., 2012) 390 

mainly because it is conservative of standard practice on conventional monofacial PV plants. 391 

However, its physical meaning is doubtful, because it disregards the rear irradiation 392 

contribution to the energy yield. Instead, the “PR bifacial”, PRB, allows assessing the technical 393 

quality of the PV plant itself, irrespectively of the ground reflectance conditions. This is at the 394 

cost of measuring two irradiations instead of just one. Nevertheless, this has been the 395 

preferred option, especially for Engineering-Procurement-Commissioning (EPC) companies, in 396 

some due diligences of the IES-UPM experience. 397 

 398 
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5. Experimental observations 399 

5.1 Experimental set-up 400 

Figure 9 shows front and rear views of the bifacial PV plant located at the IES-UPM roof, which 401 

is routinely injecting energy into the grid since May 14th 2019, with the aim of adding to the set 402 

of reference bifacial facilities of European institutions (Bonilla et al., 2018; Reise et al., 2018; 403 

Gracia-Amillo et al., 2019; Nussbaumer and Janssen, 2020). PV modules are TRINA DUOMAX 404 

TWIN TSM (Nominal values: 𝑃FRONT
∗ =345 W –positive tolerance up to +5 W–and 𝜑P=0.70; 405 

Dimensions: 2 m x 1 m). Before installation, both sides of all the modules have been 406 

independently measured at the IES-UPM solar simulator, in accordance with IEC-TS 60904-1-2. 407 

Besides, 4 modules have been measured again after a Sun exposition of more than 60 kWh/m2, 408 

to determine their Light Induced Degradation, LID. Average testing result values (𝑃FRONT
∗ =353 409 

W, LID=2% and 𝜑P=0.69) essentially confirmed the in-plate data. The modules are placed in 410 

landscape position, and the PV array table is made up of 3 (width) x 7 (length) modules. The PV 411 

array is a single string of 19 modules (nominal 𝑃FRONT
∗ = 6.6 kW). The PV modules are 412 

connected to each other by means of “T” shaped quick connectors, which allow monitoring of 413 

the operating voltage of all the modules. The PV array delivers power to a 10 kW three-phase 414 

transformed-based inverter with a measured European efficiency of 91.6%. 415 

Besides, a bifacial reference module (constitution and operation described in the Annex) is 416 

placed at the center and an inactive module completes the surface of the rectangle. The 417 

geometry is defined by 𝛽=20o, H=0.47 (1.4 m), south oriented. The ground under the table is 418 

covered by white bricks (ρ=0.45). The rest of the ground is covered by gravel stone (ρ=0.22). A 419 

strip of about 4 m wide is from time to time (approximately every two months) coated with 420 

quicklime (ρ evolves from 0.6 at the beginning to 0.25 at the end). This ground arrangement 421 

provides an irradiance bifacial ratio above 20%, which is rather larger than expected in most 422 

commercial PV systems, but adequate for observing some bifaciality related phenomena. The 423 

reference module placed at the center measures GFRONT, GREAR and TC. Besides, since October 5th 424 

2019, three reference cells measure GREAR at the center and at two edges (upper-right and 425 

lower-left, rear view) of the PV array. PDC is also measured with standard electrical 426 

instruments. Values are periodically recorded every 5 minutes.  427 

Because of both edge effects and non-homogenous albedo, this PV array does not fit totally 428 

with the 2D GREAR model considered in this work. However, it is still useful to analyze the 429 

validity of the electrical model described by equations (19) to (24) and to analyze the 430 

representativeness of the GREAR value observed in the center and of the average of the three 431 

observations, in the center and in the edges. 432 
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(a) (b) 
Figure 9. Front (a) and rear (b) views of the bifacial PV plant operating at the IES-UPM roof.  433 

Figure 10-a presents the evolution throughout October 5th 2019, a clear day, of GREAR measured 434 

at the center and at the two edges of the PV array. Corresponding GNU is also depicted. GREAR 435 

reaches 250 W/m2 in the lower-left edge (GFRONT reaches 825 W/m2 at the same time) and GNU 436 

remains relatively constant throughout the day at around 0.45. These Figures are indicative of 437 

rather large and non-uniform rear-irradiance. However, the corresponding INU values are 438 

always kept below 0.08, which can help to explain why we never observed significant 439 

anomalies in the distribution of the operating voltages of the modules. This is also coherent 440 

with low mismatch losses reported by other authors, as mentioned above. Figure 10-b 441 

presents the same parameters but for October 22th 2019, a cloudy day. As expected, rear 442 

irradiance becomes lower (GREAR ≤ 50 W/m2) and more uniform (GNU ≤ 0.15).  443 

 444 

  

(a) (b) 
Figure 10. Daily evolution of the rear irradiance values measured at the center and in two 445 

edges of the PV array throughout (a) a clear day (October 5th 2019), and (b) a cloudy day 446 

(November 22th 2019). Note that the range of left-‘y’-axis is different in the graphics. 447 

5.2 Errors in PDC estimates 448 

Figure 11 shows the errors of the PDC estimates from equations (19) (21) and (22) with respect 449 

to the measured values. The left and right sides of the figure correspond to errors when using 450 

GREAR,CENTER and GREAR,AVERAGE, respectively. The statistical parameters corresponding to these 451 

errors, and to the errors weighted by the respective GREAR in each case, are presented in Table 452 

1. Figures 11-a and 11-d plot the errors versus the total effective irradiance (as per eq 22); 453 

Figures 11-b and 11-e plot the errors versus GNU (as derived from the three reference cells at 454 

the rear of the PV array), and Figures 11-c and 11-f present the error histograms. The module 455 

datasheet provides the value γ=–0.39%/°C, and we have adjusted the irradiance coefficients 456 

value a1=1.1, a2=-0.1 and a3=0.05, using the data of a clear day. The analyzed period is from 457 
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October 5th 2019 to March 9th 2020. It can be observed that errors are greatly reduced when 458 

using GREAR,AVERAGE instead of GREAR,CENTER. 459 

 460 

  
(a) (d) 

  
(b) (e) 

  
(c) (f) 

Figure 11. Errors in PDC estimates. The left and right columns correspond to errors when using 461 

GREAR,CENTER and GREAR,AVERAGE, respectively. The upper row plots errors versus irradiance. The 462 

middle row plots errors versus GNU, and the lower row presents the error histograms. 463 

  Mean Standard 
deviation 

Median 

GREAR,CENTER 
errors --1.8 2.3 -1.1 

weighted -4.5 5.7 -2.8 

GREAR,AVERAGE 
errors -0.1 2.9 -0.7 

weighted -0.8 4.0 -0.5 

Table 1. Statistical parameters of errors in PDC estimates in %. 464 

5.3 Performance and PR values 465 
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Above referred real module characteristics adhering to nominal values, sunny location, higher 466 

than usual albedo, and low mismatch losses prelude a good energy performance. In fact, the 467 

AC energy yield of the PV array for the 10-month period covered by this paper has been 1,257 468 

kWh per kWp. Table 2 presents the mean and standard deviation values of the weekly front 469 

and rear irradiations, GFRONT,w, GREAR,CENTER,w and GREAR,AVERAGE,w , and of the weekly AC energy. It is 470 

worth remembering that a week is a representative period in today PV engineering practices. 471 

For example, PR Commissioning Tests are often performed in weekly terms (IEA-PVPS, 2014; 472 

Woyte et al.,2014). The following comments apply: 473 

- 𝑃𝑅F  ranges from 0.93 to 1.06. This is very high when compared to typical values for 474 

conventional monofacial PV plants. However, this means nothing regarding technical quality. 475 

Simply, the PRF considers the bifacial contribution as free, which is meaningless in reality. 476 

- 𝑃𝑅B  solves this lack of meaning. It ranges from 0.82 to 0.93, which is directly comparable 477 

with the PR of a conventional monofacial plant of similar quality. This is particularly true when 478 

considering GREAR,AVERAGE. 479 

- The PRB when considering GREAR,CENTER is about 3 percent points higher that when considering 480 
GREAR,AVERAGE. This represents another facet of the same issue that leads to simulation 481 
underestimates commented in Section 2.3. This time, the consequent practical problem is that 482 
a PV plant with real specifications lower than expected can still pass a PR test (IEA-PVPS, 2014; 483 
Woyte et al.,2014) based on GREAR,CENTER whose passing criteria fits the simulated values. 484 
 485 

 
EAC 

[kWh] 
GFRONT,w 

[kWh/m2] 
GREAR,CENTER,w 

[kWh/m2] 

GREAR,AVERAGE,w 

[kWh/m2] 
PRF PRB,CENTER PRB,AVERAGE 

From May 14th 2019 to March 9th 2020 (43 weeks) 

Mean 193 30.0 4.2 N.A. 0.99 0.90 N.A. 

Standard 
deviation 

93 15.0 2.1 N.A. 0.04 0.03 N.A. 

TOTAL 8,296 1,289.2 179.7 N.A. 0.98 0.89 N.A. 

From October 8th 2019 to March 9th 2020 (22 weeks) 

Mean 120 18.1 2.6 3.8 1.01 0.92 0.89 

Standard 
deviation 

52 7.7 1.0 1.8 0.03 0.03 0.03 

TOTAL 2,648 397.4 58 82.7 1.02 0.92 0.89 

Table 2. Statistical parameters of the weekly results of measured AC energy, front and rear 486 

(center, and three-points average) irradiations and the corresponding front and bifacial PRs. 487 

 488 

6. Implementation in SISIFO: bifacial PV performance model  489 

SISIFO is a PV simulation software (freely accessible at https://sisifo.info) developed by the IES-490 

UPM under the umbrella of the European projects PVCROPS (European Commission, 2015) and 491 

MASLOWATEN (European Commission, 2018). Main models used in SISIFO for irradiance 492 

distribution, decomposition, transposition and spectral correction were presented in (Muñoz 493 

et al., 2013) and can be found in (Lorenzo, 2011; Hay and McKat, 1985; Perez et al., 1987; 494 

Martin and Ruiz, 1999; Lorenzo et al., 2011). SISIFO allows dealing with mutual shading 495 

https://sisifo.info/
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(Martínez-Moreno et al., 2010), different tracking types (Narvarte and Lorenzo, 2008), and 496 

both grid-connected and pumping PV systems. Bifacial PV capabilities for static structures and 497 

horizontal single-axis trackers are also available since February 27th 2019 following the 𝐺REAR, 498 

PMPP and TC models described in section 3 and the PR calculations in section 4, and considering 499 

large PV generators and, therefore, neglecting edge effects. Since then, 34% of those 500 

simulations were on bifacial PV systems. The current free version considers only 𝐺REAR at the 501 

center of the row. This may lead to somewhat underestimating the energy yield, as 502 

commented previously. Besides, mismatching losses due to non-uniform 𝐺REAR are 503 

disregarded. Future versions will try to improve the treatment of these issues. 504 

This section completes the two representative examples, a static-structure and a horizontal 505 

single-axis tracking PV plant, connected to the grid in Madrid, which were introduced in 506 

Section 2. Yearly solar irradiation, Gy(0)=1,794 kWh/m2 and Dy(0)=536 kWh/m, and ambient 507 

temperature data were obtained from PVGIS. A common ground with ρ=30% (constant value 508 

throughout the year), PV modules with 𝜑𝑃=70%, NOCT=45o C, ϒ=-0.38%/°C, and 1% soiling 509 

losses have been considered. Power losses at STC, from the nominal value (i.e., the product of 510 

the number of modules by the corresponding in-plate power) to the inverter entry, are 3.6 % 511 

(mainly due to effects like LID, PID, temperature mismatching, strings mismatching, or losses in 512 

the DC wiring). Self-shading, and its impact on efficiency, has also been considered (Martínez-513 

Moreno et al., 2010). The connection to the grid is accomplished through a transformer-less 514 

inverter with a European efficiency of 98.7%, an AC line with 1% losses at STC, and both low-515 

to-medium voltage and medium-to-high voltage transformers. If the reader wants to replicate 516 

these simulations, or to consult additional details, this can be done by following the steps 517 

listed in Annex B as the SISIFO tool is available online. 518 

6.1 Static structure 519 

The static-structure PV plant presented above and characterized by 𝛽=30o, H=0.8 (2.5 m) and 520 

L=2 (3.1 m), south-oriented, is first evaluated. Table 3 summarizes the most relevant annual 521 

results and Figure 12 depicts a Sankey diagram to further illustrate the distribution of energy 522 

losses. 523 

Irradiations [kWh/m2 per year] 

Horizontal:  
Global (GHI): 1,794 
Diffuse (DHI): 536 

In-plane front: 
Broadband (GFRONT): 2,044 

In-plane rear: 
Broadband (GREAR): 254        (GyBR: 12%) 

Specific energy yields [(kWh per kWp and per year] 

Reference (GFRONT+GREAR): 2,298 
 

DC: 1,865 
AC: 1,813 

Performance parameters [%] 

Capture losses: 
Front: 7.3 
Rear: 37.8 

System losses: 2.3 

PRF: 88.7 
PRB: 81.6 

Table 3. Results of the simulation for a representative static-structure PV plant. 524 
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   525 

Figure 12. Sankey diagram corresponding to a representative bifacial static-structure PV plant. 526 

Different values of the design parameters of the PV plant, H and L, were simulated and the 527 

results in terms of yearly irradiation bifacial ratio, GyBR, can be seen in Figure 13. Increased H, 528 

or increased L, lead to increased GyBR. 529 

 
Figure 13. Yearly irradiation bifacial ratio, GyBR, depending on H and L.  
 
As a reference, Table 4 includes the improvement ratio of different PV plant designs in relation 530 

to the analyzed case. The influence of H is lower than that of L. Compared to the base case, 531 

doubling L produces about 5% additional DC energy yield, - a part of it corresponding to an 532 

improvement in DC energy yield from the front side of the PV module due to the shorter 533 

actuation time of the backtracking mechanism -, while doubling H leads to a very small or 534 

negligible DC energy yield gain. Therefore, variations on the support structure and on the 535 

geometry design with respect to corresponding setups in traditional monofacial plants are 536 

scarcely justified and need detailed cost calculations. 537 

 



23 
 

In-plane Gy improvement ratio 

  H 

L 0.8 1.6 3 

1.5 0.87 0.88 0.88 

2 1.00 1.01 1.01 

3 1.05 1.07 1.07 

5 1.06 1.09 1.10 
 

EDC yield improvement ratio 

  H 

L 0.8 1.6 3 

1.5 0.87 0.88 0.88 

2 1.00 1.00 1.00 

3 1.04 1.05 1.05 

5 1.05 1.07 1.08 
 

Table 4 Yearly in-plane irradiation Gy=GFRONT+GREAR and yearly DC energy yield improvement 538 

ratios in relation to the analyzed (H=0.8, L=2) case. 539 

 540 

6.2 Horizontal single-axis trackers 541 

For the presented above north-south horizontal single-axis tracking PV plant, with no axis 542 

inclination and ±45o back-tracking capability, H=0.8 (1.6m) and L=3 (6 m) were considered as 543 

they probably are the most established values in the current PV plant market. Table 5 544 

summarizes the most relevant yearly results and Figure 14 depicts a Sankey diagram. 545 

Irradiations [kWh/m2 per year] 

Horizontal:  
Global (GHI): 1,794 
Diffuse (DHI): 536 

In-plane front: 
Broadband (GFRONT): 2,390 

In-plane rear 
Broadband (GREAR): 265        (GyBR: 11%) 

Specific energy yields [kWh per kWp and per year] 

Reference (GFRONT+GREAR): 2,655 DC: 2,231 
AC: 2,171 

Performance parameters [%] 

Capture losses: 
Front: 3.5 
Rear: 36.2 

System losses: 2.3 

PRF: 90.9 
PRB: 84.3 

Table 5. Yearly results of the simulation for a representative bifacial horizontal one-axis 546 

tracking PV plant. 547 
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 548 

 Figure 14. Sankey diagram corresponding to a representative bifacial horizontal north-south 549 

one-axis tracking PV plant. 550 

Finally, we have varied L and H, and observed its impact on yearly GyBR (Figure 15), and DC 551 

energy yield. It is observed that values increase both with the increase of H and L. For H=0.8 552 

and L=3, the DC energy yield is 2,231 kWh per kWp and GyBR is 0.11. With equal H and L=5, the 553 

increase in DC energy yield is less than 5%, and GyBR only increases to 0.13. Considering L=2, 554 

DC energy yield is 7% lower than with L=3 and GyBR decreases to 0.09. 555 

 
 
Figure 15. Yearly irradiance bifacial ratio, GyBR, depending on H and L.  
 
As a reference, Table 6 shows the improvement ratio of different PV plant designs in relation 556 

to the analyzed case. As in the case of static structures, the influence of H is lower than that of 557 

L. Same comments as for the static case also apply.  558 

Effective in-plane Gy improvement ratio 

  H 

L 0.8 1.6 3 

EDC yield improvement ratio 

  H 

L 0.8 1.6 3 
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2 0.93 0.94 0.94 

3 1.00 1.02 1.02 

5 1.05 1.07 1.08 
 

2 0.93 0.94 0.94 

3 1.00 1.01 1.01 

5 1.04 1.06 1.06 
 

Table 6. Yearly in-plane irradiation Gy=GFRONT+GREAR and yearly DC energy yield improvement 559 

ratios in relation to the analyzed (H=0.8, L=3) case. 560 

In this case, 2.3% of the total in-plane irradiance comes from the horizontal diffuse irradiance 561 

in shaded segments. Therefore, the non-uniform nature of the latter has little influence on the 562 

result. 563 

In both representative cases, results express rather modest GyBR and DC energy yield 564 

increases (well below 20%), which is in accordance with previously reported work (Chudinzow 565 

et al., 2019; Gueymard et al., 2019; LG, 2019; Pelaez et al., 2019; Sun et al., 2018). 566 

7. Conclusions 567 

As a contribution to the general history of photovoltaics, a pioneering industrial production 568 

and commercial use of bifacial PV modules that took place in Spain from 1984 to 1989 and 569 

which gave rise to an early and currently scarcely known bifacial PV modelling episode three 570 

decades ago, has been recollected. As far as we know, the “view-factor” concept, imported 571 

from traditional heat transfer analysis, which is the basis for many current models, was applied 572 

then for the first time. 573 

A view-factor based two-dimensional model for calculating the rear irradiance in large bifacial 574 

PV plants has been developed now, and was integrated in SISIFO (an free simulation tool 575 

developed at IES-UPM and freely available at www.sisifo.info) for static structures and also for 576 

horizontal single-axis trackers. The steps for defining such model are, first, idealizing the 577 

geometry of a large PV array as a regular disposition of an infinite number of rows of infinite 578 

length, second, realizing that the regular disposition of the rows translates into a basic pattern, 579 

composed by a shaded and an unshaded segment, which repeats with a period equal to the 580 

row-to-row space, and third, calculating the irradiance reflected from the ground by applying 581 

the concept of view factor from such segments to a given point of the rear of a row. Two 582 

additional irradiance components, the reflected by the rear row and the coming from a portion 583 

of the sky, are also considered. That allows calculating the rear irradiance at any point in the 584 

row.  585 

Errors in corresponding power estimation derived from the non-uniformities of rear irradiance 586 

considering either just a particular point at the center, or the average between that center and 587 

two borders, as a representative value of the whole row, have been discussed in the light of 588 

ten month experimental observations in a 6.6 kW (in-plate front power) bifacial PV system in 589 

routine operation at the IES-UPM roof. Two indexes for respectively characterizing the non-590 

uniformity of the rear irradiance and of the generated current have been introduced. Values of 591 

the latter are typically one order of magnitude smaller than values of the former, which is 592 

coherent with low mismatch for rear irradiance losses reported by other authors.  593 

A bifacial performance ratio PR referred to the sum of front and rear irradiation, the latter 594 

weighted by the bifacial power coefficient of the modules has been proposed and integrated in 595 

SISIFO. It keeps the meaning of the standard PR for conventional monofacial plants, as defined 596 

http://www.sisifo.info/
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in IEC 61724:1998, and can be interpreted as an indicator of the general technical quality of a 597 

bifacial PV plant with values similar to those of a monofacial one. In fact, the IES-UPM PV 598 

system described above has produced close to 11 MWh in ten months of operation. When 599 

referred to the STC front power that means more than about 1650 kWh per kW, which leads to 600 

a PR above 100%. This is much more than expected from a monofacial PV plant. In contrast, 601 

the bifacial PR considered here is slightly lower than 90%, which is similar to what can be 602 

expected from a good monofacial PV plant if incident irradiation is measured with a PV 603 

reference device. 604 

Finally, in order to present what can reasonably be expected when adding the bifacial qualifier, 605 

the energy yield for two representative static and tracked PV plants in Madrid has been 606 

simulated using SISIFO. In these cases, increasing the structure height is less relevant to 607 

improve DC energy yield than increasing the row-to-row spacing. Results express rather 608 

modest yearly irradiation and DC energy yield increases (well below 20%), which is in 609 

accordance with previously reported work. A recent Photovoltaics Institute Berlin white paper 610 

(Podlowski, 2019) says “There are many publications where energy gains with bifacial modules 611 

of more than 30% are claimed. Be careful! A lot of these studies are from the early years of 612 

bifacial PV research and have been conducted under circumstances which are not realistic for 613 

commercial systems.” We agree. 614 

 615 
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 620 

ANNEX A 621 

We have been preparing ‘reference’ monofacial modules for measuring both G and TC 622 

simultaneously for many years (Martinez-Moreno et al., 2012). For that, a part of the module 623 

is short-circuited for measuring ISC keeping the other part in open circuit for measuring VOC. 624 

Now, we have extended this practice making a bifacial reference module to measure 625 

operational conditions, GFRONT, GREAR and TC. Accordingly, the module is electrically divided into 626 

three parts (this is easily done by accessing the junction boxes) as Figure A1 shows. The upper 627 

and lower parts are short-circuited through calibrated resistances. A black vinyl sheet has been 628 

directly glued onto the front (rear) side and, then, protected with a white vinyl sheet. The 629 

black vinyl minimizes/reduces internal reflection and so it can be neglected/despised, helping 630 

to make linear the relation between G and ISC. The high reflectance of the white vinyl should 631 

help making the temperature increment of each part with respect to the ambient temperature 632 

related just to the irradiance incident on that part. 633 

This way, the corresponding short-circuit current, 𝐼SC,REAR (𝐼SC,FRONT), becomes sensitive to 634 

only 𝐺BACK(𝐺FRONT). The central part is left in open-circuit. A first approximation is obtained 635 

when neglecting the effect of temperature on short-circuit current. Then: 636 
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𝐺FRONT(1A) = 𝐼SC,FRONT ·
𝐺∗

𝐼𝑆𝐶,𝐹𝑟𝑜𝑛𝑡
∗   (A.1) 637 

𝐺REAR(1A) = 𝐼SC,REAR ·
𝐺∗

𝐼SC,REAR
∗   (A.2) 638 

𝑇C,VOC = 𝑇𝐶
∗ +

1

𝛽T
· [

𝑉𝑂𝐶

𝑉𝑂𝐶
∗ − 1 − 𝑎 · 𝑙𝑛

𝐺FRONT(1A)+𝐺REAR(1A)

𝐺∗ ]   (A.3) 639 

Where 𝛽T is the thermal coefficient of VOC and a is the ratio of the thermal voltage to the open 640 

circuit voltage (a = 0.05 is a reasonable approximation for crystalline silicon modules). A 641 

further refinement is achieved by estimating the operating temperature of the upper and 642 

lower parts. The assumption that the temperature increment with respect to the ambient 643 

temperature is linearly related with corresponding irradiance leads to: 644 

𝑇C,FRONT = 𝑇C,VOC − 𝐶T. 𝐺REAR(1A) (A.4) 645 

𝑇C,REAR = 𝑇C,VOC − 𝐶T𝐺FRONT(1A) (A.5) 646 

where CT keeps the meaning and value given in eq (23). Then, a temperature correction is 647 

applied to the first approximation G values are corrected in temperature: 648 

𝐺FRONT = 𝐺FRONT(1A)/[1 + 𝛼𝑇(𝑇C,FRONT − 𝑇C
∗)] (A.6) 649 

𝐺REAR = 𝐺REAR(1A)/[1 + 𝛼𝑇(𝑇C,REAR − 𝑇C
∗)] (A.7) 650 

where αT is the thermal coefficients of ISC. It must be noted that because αT is low (usually 651 

below 0.07%/oC) the correction of G1A to G is also low, typically less than 2% and 1% for GFRONT 652 

and GREAR, respectively. 653 

Finally, in case the PV plant is delivering power, a correction must be made to consider the fact 654 

that the reference module is slightly hotter. Then 655 

𝑇C,MPP = 𝑇C,VOC − 𝐶T · 𝐺FRONT · 𝜂FRONT
∗ · [1 + 𝛾 · (𝑇C,VOC − 𝑇C

∗)] · (1 + 𝜑𝑃 · 𝐺𝐵𝑅) (A.7) 656 

where 𝜂FRONT
∗  is the efficiency of the frontal side of the PV module and GBR is the Irradiance 657 

bifacial ratio defined in eq (21). 658 

 659 

 

 

(a) (b) 
Figure A1. Bifacial reference module (a) View of the frontal side (b) Electrical scheme. 
 660 



28 
 

This set of equations implies assuming, first, that heat transfer between the three parts of the 661 

module is negligible. That allows assuming the temperature of the middle (uncovered) part is 662 

equal to the temperature of a normal module. Besides, it implies that the optical properties of 663 

the exposed side of the upper and lower parts are not affected by the black vinyl sheet 664 

covering the non- exposed side. That obviously depends on the transparency (spaced cells) of 665 

the modules, which is typically very low. For example, the TRINA DUOMAX TWIN TSM PV 666 

modules are composed by square cells (156 mm, side-spaced 4mm). Hence, transparency is 667 

about 5%. Corresponding 𝑇C,REAR increase with respect to eq (A.5) due to the black vinyl can 668 

be estimated at a maximum of 1.5oC (for 𝐺REARas high as G*), which translate in 𝐺REAR errors 669 

below 0.1%. Finally, it also implies that the two-vinyl sheets do not alter heat dissipation of the 670 

covered parts, i.e. that the thermal isolation provided by the sheets is negligible. These two 671 

last suppositions allow us to postulate eq (A.4) and (A.5). Perhaps they are not true, and these 672 

parts are in fact slightly hotter than if they were uncovered. However, because αT is very low, 673 

the impact on corrections from G1A to G must also be negligible. 674 

On the other hand, the vertical non-uniformity of rear irradiance also deserves further 675 

comment. For that, the experimental set-up described in section 4 includes a reference cell 676 

(ATERSA Compensated Calibrated Cell) close to the reference module and in the same 677 

horizontal coordinate as the module part measuring GREAR, as Figure A2-a shows. The 678 

measurements of this cell are compensated in temperature. Both reference module and cell 679 

are calibrated in the IES-UPM against the same secondary device (Carrillo, 2017). Figure A2-b 680 

compares the simultaneous measurements of both devices from 5th October to 18th 681 

November. The difference is 1%, which is below the measurement uncertainty. Experiments 682 

with the module in vertical instead of landscape position are planned for future work.  683 

 684 

 

 

(a) (b) 

Figure A2. (a) Bifacial reference module (rear view) and calibrated reference cell to measure 685 

GREAR (b) Comparison between the GREAR measured by both devices 686 

ANNEX B 687 

If the reader wants to replicate the simulations in this paper, or to obtain additional details this 688 

can be done by following the following steps: 689 

1. Go to https://sisifo.info. 690 

http://www.sisifo.info/
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2. Click on the “Simulation” menu option. 691 

3. Click on the red square to the left of “Expand this panel to load/save file or profile”. 692 

4. Next to “Load profile”, choose the profile “Madrid – Grid-connected-Track1H-Bifacial-693 

Paper19-01” for the tracker example or “Madrid – Grid-connected-Static-Bifacial-694 

Paper19-01” for the static structures example. 695 

5. Click on the “Load profile” button. The following message will appear: “Successful 696 

profile load”. Data sections will be filled in with the data of the selected profile –tabs 697 

Site, Meteo, PV modules, PV generators, Converters, Wiring, Options, and Time. 698 

6. A simulation is performed in the Simulation tab by clicking the “Simulate!” button. 699 

7. Simulation results on various timescales can be found on the different tabs that appear 700 

after the simulation – Yearly results, Monthly results, Daily (monthly mean) results, 701 

Daily results, Hourly results, and Detailed results. 702 

The yearly values presented in Section 6 of this paper can be contrasted by following the steps 703 

above. However, it is important to mention that some of the graphics presented in this paper 704 

are not available online, because they combine the results from several simulations. 705 

Nevertheless, if the user wants to see the effect of changing some parameters, SISIFO allows 706 

up to five simulations at a time by selecting, in the Simulation tab, “N-Simulate: modifying an 707 

input parameter (from a value to another one, increasing the specified step)” instead of “One 708 

simulation”. 709 
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