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Bifacial solar technology was first 
developed back in the 1960s. Initially 
considered too costly, over some 

decades it remained dormant while the 
overall PV market boomed. However, with 
bifacial cells now becoming more or less a 
commodity within various cell technologies, 
the sleeping beauty of bifacial PV has finally 
awakened. 

To accompany the rapid uptake of 
bifacial installations it is essential to provide 
practical guidelines for their configuration 
to optimise LCOE. Compared to monofa-
cial installations the bifacial configuration 
concerns more parameters with complex 
interrelations and different geographical 
response. The ultimate goal of model-
ling is to turn the complexity of so many 
system parameters and with varying 
constraints into a manageable simplicity, 
offering reliable and simplifying solutions 
using straightforward input. This article 
summarises how the rapid progress made 
over recent years has improved understand-
ing of design rules for bifacial PV. It also 

examines some case studies from within the 
ATAMOSTEC consortium operating in the 
Atacama Desert in Chile, as a collaborative 
effort between several institutional and 
industrial partners.

With the improved understanding of 
bifacial yield and the resulting best practic-
es, bifacial PV shows strong signs of bloom 
in emerging markets such as Latin America, 
where companies such as Enel Green Power 
are turning to bifacial PV in order to power 
large-scale (200-600MW) solar projects in 
Chile, Brazil and Mexico. In addition, due 
to the recent exemption of bifacial panels 
from Section 201 import tariffs, US bifacial 
installations are expected to reach 2GW in 
2020. [1]

Looking back: bifacial manufactur-
ing, measurement and modelling
While the first bifacial cell patent was 
granted in 1960 and bifacial solar technol-
ogy further developed in the late 1960s, it 
took surprisingly long – until the early 1980s 
– before the simple yet effective energy gain 

of the module backside was even consid-
ered for effective exploitation by collecting 
the ground albedo. Researchers at UPM 
Madrid reported bifacial energy gains of 
35% in summer and over 50% in winter 
by using white painted walls and ground 
surfaces. [2] In 1986, the same group at 
UPM Madrid came up with a bifacial model 
based on a View-Factor approach that again 
estimated very high bifacial gains of up to 

Modelling |  Alongside the recent rapid boom in bifacial solar deployment, extensive work has been 
underway to fine-tune the yield modelling of bifacial systems. Drawing on case studies from the 
ATAMOSTEC test site in Chile, researchers involved in the collaborative venture describe how it is 
helping improve understanding of bifacial yield and laying the foundations for a set of new rules to 
inform system design and installation

The Atacama desert in Chile as a 
bifacial hotspot: yield modelling 
within the ATAMOSTEC project

A) 2D models give correct relative trends but underestimate 
absolute rear irradiance 

B) The impact of the mounting structure cannot be 
neglected for bifacial gain diagnoses, forecast and yield.

C) The optimal tilt angle for bifacial systems is larger than for 
monofacial systems. This difference increases with ground 
albedo and latitude. 

D) For vertical bifacial configurations, the bifaciality of 
the module (back-to-front ratio) strongly affects the 
energy yield and the LCOE of the system. This effect is 
independent of ground reflectivity.

E) The gain obtained by tracking is additive to the bifacial 
gain of a fixed-tilt system

Five rules of thumb for bifacial installation 
design as found by modelling and as 
discussed in this article
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60% in winter. [3] Much more modest gains 
of around 20-25% were reported in 1993 by 
Martin Green at UNSW Sydney. [4]

The earliest appearance of bifacial PV in 
real-world applications, although somewhat 
out of this world, happened in Russian 
spacecrafts in the 1970s [5] and later on in 
the International Space Station, launched 
in 2000, where bifaciality offered increased 
sunlight collection from the Earth’s albedo, 
which could avoid sun-tracking as required 
for monofacial modules. On the space 
station the module backside was found to 
produce about one third of the power of the 
module frontside. This in-orbit performance 
validated the results of a bifacial perfor-

mance model that had been developed by 
NASA [6].

Whereas bifacial modules were deployed 
at the ISS because their doubled-sided light 
capture allowed the system to avoid sun 
tracking, recent years have seen a growing 
awareness of the benefits of using tracking 
on ground based bifacial systems. ENEL 
Green Power is operating such an innova-
tive bifacial plant with horizontal single-axis 
tracking (HSAT) [7] at the site of La Silla in 
Northern Chile. Tracking of the modules and 
the resulting increase of tilt angles appears 
effective in reducing the effect of soiling 
in sandy climates like a desert [8,9]. Some 
modelling results on the La Silla plant will be 

discussed in the section on case studies. 
Another bifacial configuration of increas-

ing interest is illustrated in Figure 4. The use 
of vertical systems allows combined use of 
land for PV and agriculture (‘agri-voltaics’) 
[10]. Such a vertical configuration reduces 
soiling losses and saves on cleaning costs. 
It is also reported to give significantly lower 
operating temperatures due to optimised 
convection [11]. This not only gives a better 
performance ratio but may also lead to 
improved long-term reliability. When snow 
is involved a vertical bifacial installation 
even benefits due to the increased ground 
reflection (figure 4b).

Modelling and measuring: intimate 
partners
The choices to be made for the design 
and financing of a bifacial installation 
are the result of a complex multi-criteria 
assessment where modelling can help to 
minimise lengthy trials and costly errors.

However, yield modelling is more than 
just predicting the exact value for the 
energy production of a bifacial PV plant. 
It can also help in the project definition 
by determining the most and least critical 
design parameters, related to the geometric 
configuration and geographical location. 
This can be done by a sensitivity analy-
sis with varying parameter settings. In 
addition, measurements in the field do not 
have control over many of the ‘intangible’ 
parameters involved, such as meteorologi-
cal events. This kind of ‘noise’ can only be 
filtered out by statistical methods which 
require lengthy data acquisition sequences, 
whereas modelling offers strict control 
over parameters and can pinpoint noise 
by taking it into account separately. The 
fact that modelling allows separation of 
the front and rear contributions enables 
identification of the most significant contri-
butions to the energy yield and their design 
origin. Finally, modelling can help to build a 
common ‘language’ to define comparative 
test and measurement standards. 

In general, the set of parameters taken 
into account for bifacial yield modelling 
consists of:
• Geographical location;

Figure 2. Double junction bifacial cell from a 1960 patent by H. Mori from Sharp 
(Japan). 1: n-type silicon, 2 and 2’: p-type emitter regions

Figure 3. The International Space Station powered by bifacial PV
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Figure 4. (a) vertical bifacial configuration for agri-voltaics (left); (b) vertical test bench with bifacial heterojunction modules during winter at CEA-INES 
(Bourget-du-Lac, France)
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• Local ground reflectivity;
• Local weather dataset (direct, diffuse 

irradiance, ambient temperature, wind 
speed, etc.);

• PV module specs, like efficiency, dimen-
sion, bifaciality, temperature coefficient, 
etc.;

• PV field design parameters: module tilt, 
module elevation above ground, row 
spacing, number of modules in a row, 
number of rows, module installation 
format (portrait/landscape), ground 
cover ratio (GCR).

Modelling challenges – opportuni-
ties and obstacles
Simulation of bifacial module performance 
involves the integration of optical, electrical 
and thermal models. Climatic parameters 
such as irradiance, ambient temperature 
and wind speed serve as input to the 
thermal and optical models that on their 
turn delver the input for the electrical model 
to obtain the projected energy output from 
the system. The main difference between 
monofacial and bifacial simulation is of 
course in the optical model. Currently, the 
most important available bifacial irradiance 

models are based on ray-tracing (RT) or 
view-factor (VF) methodologies.

A third, empirical, approach is based on 
fitting formula derived from simulations and 
measurements using geometrical system 
configuration and albedo as input param-
eters. These types of models vary a lot since 
the coefficients can be computed based on 
theoretical models, measurements, etc.

The main difference between 2D and 3D 
View-Factor models is the complexity of the 
equations. The 2D-VF approach assumes 
the PV module rows to be of infinite length, 
with PV arrays described as a two-dimen-
sional cross-section of the rows. Conse-
quently, analytical formulas can be used and 
calculations can be made within the order 
of seconds. This approximation is well suited 
for long regular rows such as in large-scale 
ground-mounted PV installations, or on flat 
rooftop commercial installations. However, 
it cannot be directly applied to smaller 
bifacial systems where the backside irradi-
ance may vary drastically from the centre 
to the edge of the array. These edge effects 
can well be taken into account by 3D View-
Factor models. But for these models there 
are no simple analytical formulas: integrals 

need to be solved and simulations can take 
from minutes to several hours, like for the 
simulation of a tracker system.

Ray-Tracing algorithms simulate the path 
of light rays and are capable of reproduc-
ing a highly detailed interaction between 
geometries of the modules and their 
supporting structure but at the expense 
of computational cost, typically days on a 
standard laptop. One of the best-known 
ray-tracing tools is ‘bifacial_radiance’ [12]. 
Table 2 lists some other open-source tools 
and commercial products, as well as some 
academic simulation tools [13].

Modelling case studies – modelling 
versus measurements
A - The discrepancy between bifacial gain 
as modeled by 2D-VF and ray-tracing 
methods
2D view-factor modelling may give the 
correct tendencies for parameter sensitivi-
ties but users need to be aware that they 
may underestimate the absolute value of 
the bifacial gain by a few percent compared 
to ray-tracing methods. Modelling of the 
front-side irradiance is nowadays fairly 
straightforward using commercial packages 
like PVsyst, which is a 2D view-factor model.

To compare the accuracy of rear-side 
irradiance of the different modelling 
approaches ISC Konstanz evaluated two 
open-source tools from NREL: ‘Bifacial VF’ 
(2D-VF) and ‘Bifacial Radiance’ (ray tracing) 
were applied for rear-side simulation 
whereas the front side was modelled using 
2D view-factors [14]. For comparison, the 
same simulations were run using PVSyst 
for both front and rear side. As a case study 
the 1.7MW La Silla PV system in Chile was 
used, the first large PV system combin-
ing horizontal single-axis tracking (HSAT) 
and bifacial modules. In order to identify 
trends, a sensitivity study on the elevation 
of the modules above ground was made. 
Results are presented in Figure 5. Since this 
is a tracked system, module elevation is 
relatively high.

We can see that ‘PVSyst’ and the 
equivalent ‘2D-VF’ approach from NREL 
give very similar results and trends, as 
expected. However, when comparing with 
the Ray-Tracing results, the rear-side results 
appear largely different. Both approaches 
give a similar trend, but the ray-tracing 
approach predicts a significantly (2-3%) 
larger bifacial gain (defined as the ratio of 
backside irradiance to total irradiance).

These modelling results were then 
compared to measurements from the La 
Silla site, as given in Table 3, which shows 

View-factor (VF) Ray-tracing (RT)

Origin From heat transfer studies Rendering image method

PV System definition 
(the modules)

2D (infinite row 
hypothesis)

3D 3D

Modelling rear side inhomogeneity  
(edge effect)

No Yes Yes

Precise structure shading (racking)? No 
(at best a global shading factor)

Yes

Reflection nature (scattering) Isotropic only All types of reflection 
(isotropic, specular, etc.)

Unconventional configurations: BIPV, 
curved surfaces etc.

No Yes

Computation time to simulate yearly 
irradiance on a standard laptop

Seconds to minutes Hours Days

When to use? Rules of thumb
trends
yield calculation

Yield 
calculation
diagnostic and 
prevision

Diagnostic and prevision

Table 1. Comparison of ray-tracing (RT) and view-factor (VF) methods

Table 2. Overview of most used bifacial simulation tools

*available in Python as 
open-source software

2D view-factor 3D view-factor Ray-tracing Empirical

Open source pvfactors*
PUB model
bifacial_vf*

bifacial_ radiance* Prism Solar

Commercial PVSyst
Polysun

PVCase Polysun

Research/academic BIGEYE
MoBiDiG
TriFactors

MoBiDiG
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that MoBiDiG with ray tracing gives a 
bifacial gain close to the one measured 
in the La Silla PV plant. However, all the 
three simulation models (PVSyst, MoBiDiG 
with 2D-VF and MoBiDiG with ray tracing) 
underestimate the measured bifacial 
gain. This raises the question whether the 
measured value for the bifacial gain might 
be affected by an artefact such as a faster 
field degradation of the STC power for the 
monofacial (p-type) modules compared to 
the bifacial (n-type) modules.

Of course, it can be questioned if this 
2-3% higher precision of the ray-tracing 
approach justifies a simulation time that 
explodes from minutes to days. However, 
it has to be kept in mind that other types 
of simulation, like for the loss diagnosis 
discussed in the next section, require 
smaller simulation time steps that will lead 
to discrepancies between 2D-VF and RT 
approaches that can go up to 10%.

B – The impact of the mounting struc-
ture on bifacial yield diagnosis and 
forecast. 
To forecast bifacial energy production 
profiles over the day, accurate values 
of rear irradiance are necessary at a 
minute-wise resolution. The precision 

depends on the capability to reproduce 
the exact configuration of the PV system, 
including the mounting structure. The 
mounting structure (racking) will influence 
rear irradiance and its uniformity over the 
entire rear surface of the bifacial PV array. 
Non-uniformity of the rear irradiance can be 
a significant loss factor and has been found 
to increase with higher ground albedo, 
direct radiation from the sky and with lower 
tilt angle of the PV array [15]. 

The impact of racking was evaluated at 
the test bench of CEA-INES by comparing 
measured and simulated rear irradiance. 
As indicated in Figure 6 it was measured by 
reference cells facing ground at the plane 
of the array (POA) in positions E (edge) and 
C (centre). Using ray tracing, the test bench 
is simulated with the mounting structure 
as it is (Figure 6, bottom left) and without 
any structure, assuming free-floating panels 
(Figure 6, bottom right). 

The mean absolute error (MAE= 1/nƩΔi) 
was used as an indicator of precision for the 
simulation. It was found that the influence 
of the mounting structure was largest at the 
edge position E and this position was evalu-

ated in more detail to gain a better insight 
into the capability of the various simulation 
tools to deal with the effects of the mount-
ing structure under either sunny or cloudy 
weather in both winter and summer. Figure 
7 compares measurement with simulations 
using 2D-VF (pvfactors), 3D-VF (TriFactors) 
and RT models (bifacial_radiance, without 
and with racking). 

 From the numbers for the MAE 
between simulation and measurement it is 
concluded that:
• The VF models have a 50% higher error 

than the RT models (MAE of 15.1 versus 
10.3)

• The error averaged over all four models 
is 50% higher in winter than in summer 
(10.5 vs. 14.9)

• On cloudy days this error is lower than on 
clear days: 26% in winter (12.6/17.1) and 
13% in summer (9.8/11.2)

• Lowest error over the four sky conditions 
is obtained by the ‘Radiance’ model with 
racking (6.3) 

• Highest error over all four sky conditions 
is obtained by the ‘pvfactors’ model (15.5)

C - Optimal tilt angle for bifacial systems 
is larger than for monofacial systems
As can be intuitively anticipated the optimal 
tilt angle for bifacial systems will be slightly 
larger compared to that for monofacial 
systems, because higher angles favour the 
rear-side irradiance. Figure 8 illustrates this 
effect for two locations at 24.5° latitude 
(Atacama Desert, Chile) and 45° latitude 
(Chambéry, France) for two albedo values 
(0.3 and 0.6).

D – Vertical bifacial installation: the 
importance of the back-to-front ratio for 
energy yield and LCOE
The bifaciality of a module, also referred to 
as back-to-front ratio (BTFR), is crucial when 
calculating the LCOE of bifacial systems or 
when comparing monofacial to bifacial 
systems. It usually varies from 65% to 95%, 
depending on the cell technology. The rear-
side energy production increases linearly 
with bifaciality.

Vertical installations with east-west 
orientation offer a production profile that is 
interesting because it has peaks in morning 
and afternoon and can help to tailor energy 
production over the day when mixed with 
equator-oriented modules. In addition, such 
a configuration helps to avoid soiling with 
associated losses that can easily reach 20%. 

As stated before, 2D-VF models are well 
suited to indicate trends. Figure 9 indicates 
the trend of bifacial gain with increasing 

Figure 5. Simulated bifacial gain of the La Silla tracked bifacial plant in Chile, using PVSyst (with a 2D-VF 
approach) and MoBiDiG models. MoBiDiG is evaluated using two different approaches: 2D-VF for both front 
and rear side (dashed black) or 2D VF for the front side and RT for the rear side (dashed blue) 

Bifacial electrical gain (%)

Measured data 10.4 – 12.4

MoBiDig with RayTracing for 
rearside

9.3

MoBiDig with 2D-VF for rearside 6.5

PVSyst 6.7.2 6.8

Table 3. Measured data over four months on the HSAT bifacial 
PV System at La Silla (compared to their monofacial HSAT 
system) and simulation results using three approaches. 
Adapted from [8]

Figure 6. Bifacial PV test bench at CEA-INES, Le Bourget-du-
Lac, France (top).  ‘Bifacial radiance’ simulation with racking 
(bottom left) and without (bottom right) 
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bifaciality, for equator tilted and vertically 
mounted bifacial modules. Compared to 
the tilted bifacial installation, the BTFR sensi-
tivity is 2-3 times stronger for the vertical 
installation. 

Another way to present this sensitivity of 
vertical installations to module bifaciality in 
a geographic perspective is shown in Figure 
10, which compares vertical EW-oriented 
modules to equator-tilted monofacial 
modules, taking into account satellite-based 
data for the ground albedo [16]. The green 
regions, where the vertical bifacial installa-
tion outperforms the monofacial installation 
by over 5% reduces rapidly when decreas-
ing bifaciality from 100% to 90% and 80%. 
The overall benefit of vertical bifacial instal-
lations is expected to be larger than that 
depicted in Figure 10 as it does not consider 
soiling losses that can be severe (10-20%) 
for tilted modules and are largely reduced 
for vertical installation.

The bifaciality of a module is determined 
by the cell technology, with PERC cells at a 
typical value of 80% bifaciality whereas SHJ 
heterojunction cells achieve up to 95%. A 
study by Fraunhofer ISE [17] on the econom-
ic value of optimised bifaciality has shown 
that the higher bifaciality of heterojunction 
modules will give them a price margin of 
€0.1/Wp higher than PERC modules to still 
deliver the same LCOE (of €0.06/kWh). In 
other words, a higher modules price of up 
to €0.1/Wp still comes down to the same 
LCOE due to the increased bifaciality. This 
economically acceptable price margin for 
higher bifaciality scales with the target value 
of the LCOE.

E - The gain obtained by tracking is 
additive to the bifacial gain of fixed tilt 
systems
Similar monofacial, bifacial, fixed tilt and 
tracked systems have been compared with 
results summarised in Figure 11. 

First, we can see (Figure 11a) that the 
bifacial gain is lower for the tracking system 
than for the static one. In addition, the 
tracking gain is lower for bifacial than for 
monofacial systems (Figure 11b). This is 

 Figure 7. Measured (blue) and 
simulated (brown) rear irradiance over 
the day (6am to 6pm) for four different 
sky conditions (winter and summer, 
cloudy and clear) by four different 
simulation approaches (2 VF and 2 RT, 
of which one without (nr) and one with 
racking taken into account) at edge 
position E of Figure 6. The numbers 
indicated are the mean absolute error 
(MAE) between measurement and 
simulation for the 16 different combina-
tions

Figure 8: Simulated annual bifacial irradiance as a function of tilt angle and albedo for the Atacama Desert 
(Chile) and Bourget-du-Lac (France). The optimal bifacial tilt angle is seen to increase with albedo and 
latitude and is always higher that the optimal tilt angle for monofacial systems

Figure 9. Annual performance, relative 
to south-oriented tilted monofacial, 
of bifacial modules in EW-vertical (in 
blue) and south-tilted configuration (in 
red) as function of their back-to-front 
ratio (module bifaciality), for albedo 
values of 0.25 (dotted line) and 0.50 
(solid line). Simulated for the test 
site at CEA-INES, Le Bourget-du-Lac 
(France) using the PUB 2D-VF model 
from Purdue University
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because tracking optimises the front-side 
irradiance and the relative contribution of the 
rear side is lower compared to the static case. 
A closer look on the different contributions 
to the energy gain, and the relation between 
them, is given in Table 4 that considers the 
case of a ground cover ratio (GCR) of 0.35 in 
Figure 11. It also gives the gain relative to the 
fixed tilt monofacial system.

There is no direct relation between the 
bifacial tracking gain (32.6%, in red) on one 
side, and the tracking gain of monofacial 
(23.5% in orange) and the bifacial gain on 
fixed tilt configuration (10.1% in green) on 
the other side. Nevertheless, it appears that 
the sum of the tracking gain of monofacial 
and the bifacial gain on fixed-tilt configura-
tion gives a good approximation of the 

observed bifacial tracking gain. This obser-
vation has been verified for all GCR values 
and it has been confirmed by measure-
ments performed at the ATAMOSTEC 
platform (see Figure 1), as shown in Table 5 
for a tracked system with 44 modules. The 
tracking bifacial gain (44%) is almost equal 
to the gain of tilted bifacial (11%) plus the 
gain of the tracked monofacial (31%), both 
relative to tilted monofacial. 

Looking forward – what is next?
LCOE calculations
Coupling opto-electrical and LCOE models 
is quite a challenge. As a good example, 
SERIS Singapore used a Monte-Carlo 
approach on weather, module and cost 
parameters to compare the LCOE of fixed 
tilt, single-axis and dual-axis installations 
with either monofacial or bifacial modules. 
For single-axis tracking they considered 
both standard horizontal single-axis track-
ing (HAST) and tilted single-axis tracking 
(TSAT). For TSAT, the axis of rotation is tilted 
(usually at 30°) offering a better angle of 
incidence, mainly during winters, at higher 
geographical latitudes. SERIS’ study showed 
that the lowest LCOE for 90% of all locations 
around the world is offered by bifacial-1T 
installations, as summarised in Table 6.

The table shows an LCOE reduction 
of 3% when using bifacial systems with 
respect to their monofacial counterparts. 
One-axis tracker systems achieve an 
average reduction on LCOE of about 14% 
compared with fixed-tilt systems, while 
double-axis systems suffer an increase 
of LCOE by 8%. The table also shows that 
yield gains from bifacial and tracking are 
cumulative. No soiling was considered in 
these simulations, nor in the vertical bifacial 
configuration that is a straightforward way 
to strongly reduce soiling.

Evolution of existing simulation tools
It is common practice in comparing PV test 
and measurement methods to do round-
robin comparisons between different 
laboratories and different equipment and 
methodologies. This concept is currently 
applied, by comparing the numerous 
bifacial simulation models that have been 
developed within institutes and industries, 
within the IEA-PVPS-task 13: Bifacial PV 
Modeling Comparison. Some of these 
tools are already available as open source 
(‘bifacial_radiance’, ‘bifacial_vf’, ‘pvfactors’, 
‘PUB’ model).

A common framework would facilitate 
the combined use of these tools by the PV 
community. The PV-LIB library [20] offers a 

Figure 10. Effect of back-to-front ratio (BTFR) on the yield of vertical bifacial E/W oriented panels compared 
to monofacial equator-oriented tilted panels. The color is green when the gain is higher than 5%, yellow 
when the loss superior to -5% and grey otherwise

Figure 11. (a) Simulated bifacial gain of fixed-tilt and HSAT system as a function of ground cover ratio (GCR); 
(b) tracking gain for monofacial and bifacial systems. Gains obtained for a full year simulation with MoBiDig 
(2D-VF for the frontside and RT for the rearside)
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set of functions and classes for simulating 
the performance of photovoltaic energy 
systems, including bifacial ones, and could 
be a solid basis for such initiative. Together 
with the standardisation of the variable 
names [21], initiated by SANDIA Labs, 
the convergence of existing bifacial tools 
would help accelerate bifacial installations 
by reducing yield prediction uncertainties. 
Finally, whereas VF and RT models have so 
far been the two main methods to model 

rear irradiance, new approaches are appear-
ing that could become game changers 
for bifacial modelling. An example is the 
‘ray-casting’ approach [22] that could offer 
both the precision of ray tracing and the 
short computation time of view factor-
based modelling.

The future of bifacial PV systems
The majority of existing bifacial tools are 
not capable of simulating tilted single-axis 

tracker systems. TSAT systems produce 
more energy and may have a better 
LCOE than horizontal single-axis trackers 
at higher latitudes. Therefore, models 
predicting the behaviour of such systems 
are necessary to justify the acceptance of 
TSAT system configurations.

Module bifaciality is important, even 
more so for vertical installation. As SHJ 
modules (95%) and nPERT/TopCon 
modules (90%) offer significantly higher 
bifaciality than current PERC modules 
(80%) the higher €/Wp of SHJ and nPERT/
TopCon modules in the end leads to a 
lower LCOE for vertical installation. Bifacial 
modelling tools are essential to determine 
what technology fits best to a certain 
location and system configuration. 

Finally, some physical phenomena such 
as soiling, ageing due to UV, etc. still need 
to be investigated, both experimentally 
and numerically (using machine learning). 
Because energy yield modelling does not 
take into account soiling, the comparison 
with real data will give an indication of 
the relative losses induced by soiling 
and compare these losses to associated 
cleaning costs. The same holds true for 
other degradation mechanisms such as UV 
ageing along the years.

All these aspects are studied within the 
ATAMOSTEC project. The Atacama Desert 
presents some very specific conditions 
and is a perfect test field for soiling and UV 
degradation of bifacial systems of various 
configuration (vertical E/W, fixed tilt, 
tracking) and cell technologies (includ-
ing SHJ). The outdoor facilities located in 
the Atacama Desert have already given 
promising results, with a 44% produc-
tion gain with a tracking bifacial system 
compared to a fixed tilt monofacial 
one. This also allows validating bifacial 
modelling in a wide diversity of climatic 
conditions.

Conclusions
Bifacial technology and the estimation 
of its energy gain are rapidly evolv-
ing through improved modelling and 
measurement methodologies. The latter 
include the accurate measurement of 
site conditions, notably ground albedo. 
Ultimately modelling strategies will also 
allow staying on the same page with 
respect to measurement and test proto-
cols as well as to reduce or understand 
uncertainties that affect bifacial project 
financing risks, in order to assure that 
these are at the same level as for monofa-
cial projects.

Table 4. Simulated comparison of normalised energy production of different configurations and the corre-
sponding gains. Normalisation has been made (in grey) relative to the fixed tilt monofacial system from 
figure 11 with GCR = 0.35 (in colours)

Table 5: Comparison of bifacial gain, tracking gain and bifacial tracking gain based 
on measurement data at the ATAMOSTEC platform [18]. The tracked system is a 
stand-alone tracker with 44 modules

Compared to equator-tilted monofacial Gain

Equator tilted bifacial 11%

Tracking monofacial 30-31%

Tracking bifacial 44%

Table 6. Modelled comparison of energy yield (in blue) and LCOE (in red) of monofacial and bifacial systems 
at fixed-tilt, single-axis and double-axis tracking. The ratios compare the system in the column to the 
system in the row. Results for single-axis tracker installations refer to either horizontal (HSAT) or tilted 
(TSAT) configuration depending on which configuration gives highest energy yield in each particular 
location (adapted from [19])

Energy
      LCOE

Monofacial
fixed-tilt

Bifacial
Fixed-tilt

Monofacial
1-T

Bifacial
1-T

Monofacial
2-T

Bifacial
2-T

Monofacial
Fixed-tilt

1
         1

1.07 
      0.97 

1.26
      0.86 

1.35
      0.84 

1.31
      1.08 

1.40
      1.04

Bifacial
Fixed-tilt 

0.94
       1.03

1
         1

1.18
      0.89

1.26
      0.87

1.23
      1.11

1.31
      1.08

Monofacial
1-T

0.79
       1.16

0.85
      1.12

1
          1

1.07
      0.97

1.04
      1.25

1.11
      1.21

Bifacial
1-T

0.74
       1.19

0.79
      1.16

0.94
      1.03

1
          1

0.98
      1.28

1.04
      1.24

Monofacial
2-T

0.76
       0.93

0.82
      0.91

0.96
      0.81

1.03
      0.78

1
         1

1.07
      0 .97

Bifacial
2-T

0.71
       0.96 

0.76
      0.93

0.90
      0.83

0.96 
      0.81

0.94 
1.03

1
         1



Design and Build Technical Briefing

www.pv-tech.org  |  September 2020  |  67

Acknowledgements
The work described here is part of the 
ATAMOSTEC project. We recognise the 
support provided by the Chilean Economic 
Development Agency (CORFO) with 
contract No 17PTECES-75830 (AtaMoS TeC). 
Special thanks to Hervé Colin for managing 
the outdoor monitoring site at CEA-INES. 

Turn to p.29 for insights into how 
inconsistencies in bifacial module 
technology are being tackled

Florent Haffner studied general engineering at Ecole Centrale de Lyon (France), 
with a focus on the challenges of energy transition. After various internships 
on renewable energies, he joined CEA-INES in 2018, working on bifacial model-
ling and PV integration into the electric grid.

Djaber Berrian earned his BSc in physics in 2013 at the University of Science 
and Technology Houari Boumediene in Algeria, where he also received his 
MSc in renewable energy in 2015 with a thesis on mathematical modelling for 
defective photovoltaic generators. Throughout his study he participated in 
different activities in the field of renewable energy. His passion for renewable 
energy brought him to ISC Konstanz in February 2017, where he is working as a PhD candi-
date on energy yield modelling of PV systems using the MoBiDiG software tool. He is also 
involved in the European project BiFaLo that has a focus on bifacial modules.

Francisco Araya Rojas studied electronic engineering at Universidad de 
Antofagasta where he received the MSc degree after he joined the Centro de 
Desarrollo Energético de la Universidad de Antofagasta (CDEA). He worked as a 
research engineer with focus on PV system performance. He is currently work-
ing on modelling of bifacial PV systems at CEA-INES toward a PhD degree in 
electrical engineering. 

Andreas Halm obtained a degree in physics at Konstanz University in 2006 and 
joined ISC in 2008 working on industrial solar cells made of SoG-silicon. In 2010 
he got engaged in the development of high efficiency n-type back contact 
solar cells. In 2015 he moved his focus to new interconnection approaches and 
joined the module department. In 2016 he became group leader of the mod-
ule development group and since 2017 has headed module department. 

Elías Urrejola Davanzo is CTO of ATAMOSTEC and has worked in the entire PV 
value chain, from the production of industrial solar cells, design of pilot plants, 
testing of disruptive technologies in the desert and development of large-
scale plants. He has been senior solar researcher and head of the bifacial PV 
project at Engie Laborelec Chile, director of the solar line and senior researcher 
at Fraunhofer Chile, specialist engineer at Air Liquide (France) and at Sunways 
AG (Germany) and researcher at ISC-Konstanz (Germany). He holds a PhD in physics from 
the University of Konstanz (Germany) and a civil electrical engineering degree from the 
University of Santiago, Chile.

Delfina Muñoz graduated as industrial engineer and obtained a PhD in pho-
tovoltaics from the Universitat Politècnica de Catalunya in Barcelona (Spain). 
She joined CEA-INES in France in 2008 as a postdoctoral researcher, where she 
became head of the heterojunction solar cells lab in 2010. She is a member of 
the steering committee of the nPV and tandemPV workshops and combines 
project work with laboratory activities, directing PhD students and developing 
next-generation heterojunction solar cells based on tandem technology.

Joris Libal is R&D project manager at ISC Konstanz, overseeing technology 
transfer and cost calculations in the areas of high-efficiency n-type solar cells 
and innovative module technology as well as energy yield simulations. He 
received a degree in physics from the University of Tübingen and a PhD in the 
field of n-type crystalline silicon solar cells from the University of Konstanz. He 
has been involved in the entire value chain of crystalline silicon PV, with vari-
ous positions at the Universities of Konstanz and Milano-Bicocca and, prior to joining ISC 
Konstanz in 2012, as R&D manager at the Italian PV module manufacturer Silfab SpA.

Edward Fuentealba Vidal received his degree in civil engineering at 
Antofagasta University, Chile, in 1999 and obtained his masters (2005) and 
doctorate (2008) degrees in electrical engineering from the Power Electronics 
Institute at the University of Santa Catarina, Brazil. He has been executive direc-
tor of the Antofagasta Development Energy Center since 2010. His interests 
include solar energy (PV and thermal) and power electronics applied to solar energy and 
industrial processes. 

Eric Gerritsen studied engineering physics at Twente University (The 
Netherlands) before joining Philips Research Laboratories (Eindhoven, NL) 
in 1985 to work on ion implantation, for which he received his PhD from 
Groningen University in 1990. He then held various positions within Philips 
Lighting and Philips Semiconductors in Germany, Netherlands and France. In 
2008 he joined CEA-INES where he has been active on development and technology bro-
kering of PV module materials, processes, equipment and applications.

Authors

[1] Wood Mackenzie Power and Renewables, “Global bifacial module 
market report 2019”, cited in https://analysis.newenergyupdate.
com/pv-insider/first-solar-exit-epc-market-us-bifacial-installs-
hike-four-fold-2020

[2] A. Cuevas et al., “50% more output power from an albedo-
collecting flat panel using bifacial solar cells”, Solar Energy, Vol.l9, 
pp.419-420, (1982).

[3] A.Krenzinger et al., Estimation of Radiation Incident on Bifacial 
Albedo-Collecting Panels, International Journal of Solar Energy, 
Vol.4 (5), 1986

[4] M.Green et al., Computer simulation of enhanced output from 
bifacial photovoltaic modules, Progress in Photovoltaics, Vol.1, 
293-299 (1993)

[5] G.A. Baltyanskii, N.M. Bordina, et al. “Test of experimental bifacial 
solar array on spacecraft Salut-5”, Cosmic Research 18, 812-814 
(1980)

[6] A. Delleur et al., “Electrical Performance from Bifacial Illumination 
International Space Station Photovoltaic Array”, J. of Spacecraft 
and rockets Vol.42 (1), Jan.–Feb.2005

[7] A. Di Stefano et al., “La Silla PV plant as a utility-scale side-by-side 
test for innovative modules technologies”. In Proc. 33th EUPVSEC 
1978–1982 (2017).

[8] E. Grau Luque et al., “Effect of soiling in bifacial PV modules 
and cleaning schedule optimization, Energy Conversion and 
Management”, Vol.174, October 2018, Pages 615-625

[9] M. Garcia et al., “Soiling and other optical losses in solar‐tracking 
PV plants in Navarra”, Progress in Photovoltaics, Vo.19 (2), March 
2011, pages 211-217

[10] M. Ito et al., “Geographical mapping of the performance of 
vertically installed bifacial modules”, proceedings EUPVSEC June 
2016, Munich

[11] S. Bhaduri et al., Mitigation of Soiling by Vertical Mounting of 
Bifacial Modules, IEEE J. of Photovoltaics, Vol. 9(1), January, pages 
240-244

[12] See https://www.osti.gov/biblio/1574140
[13] Example : Purdue University Bifacial Module Calculator (PUB): 

https://nanohub.org/tools/pub
[14] D. Berrian et al, November 2019. “Performance of Bifacial PV 

Arrays With Fixed Tilt and Horizontal Single-Axis Tracking: 
Comparison of Simulated and Measured Data”, in IEEE J. of 
Photovoltaics, vol. 9, no. 6, pp. 1583-1589.

[15] Djaber Berrian et al, September 2019. “Rear irradiance 
inhomogeneity of bifacial PV modules: Modelling and 
quantification by MoBiDiG”, 6th Bifacial Workshop, Amsterdam. 

[16] M. Ito et al., “Geographical mapping of the performance of 
vertically installed bifacial modules”, proceedings EUPVSEC 
conference, Munich, 2016

[17] L. Bodlak et al., “Price-bifaciality relationship of modules in 
vertical east-west oriented PV systems”, proceedings EUPVSEC 
conference, Amsterdam, 2018

[18] The Atamo Bifacial Module Developed in Chile, specially adapted 
to high radiation and desert conditions, see first success, 
AtamosTec website, published April 23, 2020. See http://www.
atamostec.cl/

[19] Rodrıguez-Gallegos et al., Global Techno-Economic Performance 
of Bifacial and Tracking Photovoltaic Systems, Joule Vol. 4, Issue 7, 
pages 1514-1541, 15 July 2020.

[20] Pvlib-python GitHub main page, see https://github.com/pvlib/
pvlib-python

[21] PV modeling glossary, within the Duramat framework, see 
https://duramat.github.io/pv-terms/

[22] F.Sönmez et al, “Fast and accurate ray-casting-based view factor 
estimation method for complex geometries”, Solar Energy 
Materials and Solar Cells Vol. 200, Sept.2019

References


