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Abstract—Bifacial crystalline Silicon (Si) photovoltaic (PV) de-
vices are attracting considerable interest from manufacturers and
the market since they can enhance the performance in comparison
with traditional monofacial PV devices. Technical specification
IEC TS 60904-1-2 was published in 2019 and proposes several
characterization methods for bifacial PV device testing based on
single-side, double-sided and natural sunlight illumination. This
article analyses the advantages, disadvantages, the suitability and
the feasibility of the different methods and compares the electrical
performance obtained by the proposed approaches at the European
Solar Test Installation for the testing of bifacial Si devices. Devia-
tions in Pmax below 0.9% for the different testing methods under
test was obtained except for the double-source approach with a rear
reflector (2.59%) where the measurement of the rear irradaince
influence the P max.

Index Terms—Bifacial, photovoltaic (PV) performance,
standards.

I. INTRODUCTION

B IFACIAL crystalline silicon (Si) photovoltaic (PV) devices
have emerged as a competitive and promising technology

because they can produce additional output energy in compari-
son to conventional monofacial modules. This is due to the fact
that both sides of the cell/module, can absorb solar radiation,
utilizing the scattered light from the ground and surroundings.
The market share of bifacial PV modules has grown significantly
over the last years and is rapidly overtaking the monofacial
PV modules [1]. Bifacial PV devices [in combination with
horizontal single axis tracking(HSAT] leads to lowest possible
levelized cost of electricity and have reached recently record
electricity generation cost well below 1.5 USDct/kWh in the
Middle East North African states [2]–[4]. The International
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Technology Roadmap for PV reported that as of 2020 bifacial
modules account for about 12% of the total world PV market and
anticipated that the bifacial c-Si technology in bifacial modules
is expected to achieve a 40% market share in 2025 and 55% in
2031 [5].

In order to assess the PV module performance and quality,
modules are characterized under standard test conditions (STCs)
as defined by the International Electrotechnical Commission
(IEC) [6]. To face the standardization problem on how to cor-
rectly measure and label a bifacial PV device, the IEC published
in 2019 the technical specification (TS) IEC TS 60904-1-2 for
the measurement of current-voltage characteristics of bifacial
PV devices [7]. This TS sets limits on permissible deviations
of operating conditions, provides a guideline on measurement
and defines three different characterization approaches including
single-side illumination with a solar simulator (measurements
at equivalent irradiance levels) [8], double-sided (simultane-
ous illumination of both sides using double-source simulators
or single-source illumination with a diffuse rear reflector or
tilted mirrors) [9] and natural sunlight [10], [11]. TSs have a
limited validity of three years, after which point they have to
be re-assessed by the technical committee and may either be
re-confirmed (for a further three years), amended or revised,
converted to a full international standard or withdrawn. In this
period, users of the TS are encouraged to test the appropriateness
of the test methods. The European Solar Test Installation (ESTI)
is an ISO/IEC 17025:2017 accredited calibration laboratory for
PV and has recently extended the scope of its accreditation to en-
compass, for the first time worldwide, calibration of bifacial PV
devices according to the IEC TS 60904-1-2 [I–V measurements
of bifacial PV modules with single-side illumination using a
pulsed solar simulator (PSS)]. This method can be used as good
reference point for the evaluation of other approaches.

PV modules are typically sold in terms of their nominal peak
power at STC, which is shown on the PV module nameplate and
is used to estimate the power or energy delivered by installed
PV systems. Due to the ever-increasing scale of PV deployment
worldwide, even small improvements in performance testing
can have a significant impact on system economics. Therefore,
the PV sector requires accurate and reliable assessment of
electrical performance adapted for both existing and innovative
cell/module concepts and technologies. The rapid technical evo-
lution needs to be matched by international standards that dictate
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Fig. 1. Indoor setup for single-side illumination method with pulsed simulator.

the acceptable tolerances for measurements to ensure product
quality, reliability and sustainability [12], as well as transparent
market conditions. In this way, the entire PV community has
to be involved in the testing of PV concepts such as bifacial
devices that need to be in compliance with the proposed standard
and need to be based on solid and reliable indoor and outdoor
measurements.

This article analyses and compares the electrical performance
obtained by different characterization methods used at ESTI
for the testing of a bifacial Si minimodule. Such understand-
ing will be necessary for future revision or extension of IEC
TS 60904-1-2.

II. IEC TS 60904-1-2: CHARACTERIZATION METHODS

The first approach considered in the IEC TS 60904-1-2 for
measuring bifacial PV devices is based on the independent
measurement of both sides at STC by means of a single source
solar simulator with adjustable irradiance levels with less than
5% of nonuniformity, covering the nonilluminated side of the
module by a nonreflective material(see Fig. 1). This is by far the
most used method for the characterization of bifacial PV devices
[13]–[15]. IEC TS 60904-1-2 states that the contribution from
the light incident on the opposite side of the device under test
must be eliminated during the measurement, considering a non-
irradiating background when the irradiance on the surface under
test does not exceed 3 W/m2, at any point, on the nonexposed
side of the device. The IEC TS 60904-1-2 defines bifaciality as
the ratio between the main characteristics of the rear and front
side of a bifacial device, typically at STC, quantified by spe-
cific bifaciality coefficients for short-circuit current, open-circuit
voltage and output power, ϕIsc, ϕVoc, and ϕPmax, respectively.
For example ϕPmax is defined as

ϕPmax (%) =
PmaxRear

Pmax Front
· 100 (1)

where Pmax Rear (W) and Pmax Front (W) are the module output
power measured when illuminating only the rear and the front
side at STC, respectively, with a black panel covering the nonil-
luminated side. The minimum value between the short circuit
current bifaciality ϕIsc, and the maximum power bifaciality
coefficient ϕPmax is defined as the module bifaciality. The
gain in the power generation yielded by the rear irradiance on
the bifacial device is calculated as a function of the rear side
irradiance level. The TS states that the Pmax of the device must be
measured, at least, at two equivalent irradiance levels GEi on the

front by adjusting the solar simulator intensity. This corresponds
to 1000 W/m2 on the front side plus different rear side irradiance
levels GRi. The equivalent irradiance levels are determined as
follows:

GEi = 1000 + ϕ ·GRi

(
W/m2

)
(2)

ϕ = min (ϕIsc, ϕPmax) (3)

where ϕ is the minimum value between ϕIsc and ϕPmax. The
rear irradiance driven power gain yield BiFi is the slope derived
from the linear fit of the Pmax versus GR that is forced to
cross the Pmax at PmaxSTC. Two specific Pmax values have
to be reported, PmaxBiFi100 and PmaxBiFi200, for GR1 = 100
W/m2 and GR2 = 200 W/m2, respectively, obtained by linear
interpolation of the data series Pmax versus GR according to

PmaxBiFi10 = PmaxSTC + BiFi · 100 (4)

PmaxBiFi20 = PmaxSTC + BiFi · 200. (5)

These values, bifaciality, BiFi, STC values and at least two
front equivalent irradiance levels need to be reported for bifacial
PV devices.

The second approach is based on the simultaneous illumi-
nation of both sides of the bifacial device with 1000 W/m2

on the front and at least two different rear side irradiance
levels GRi (i = 1, 2, 3 …, for instance, GR1 < 100 W/m2,
100 W/m2 < GR2 < 200 W/m2 and GR3> 200 W/m2). From
these values, BiFi coefficient is calculated. Different setups
have been considered: the measurement with a double-source
solar simulator is considered in the IEC TS 60904-1-2 as a
suitable method for double-sided illumination. However, this
approach presents some problems at the module scale such as
the logistics of timing two flashes, controlling the reflection of
the environment and the added cost of using two controlled
light sources instead of one [9], [16], [17]; tilted mirrors allow
for a simultaneous measurement of both sides with a single
flash from the front and two mirrors (typically aluminum or
silver coated reflector) with metallic grid filters to attenuate the
incident light on the backside of the module [18]–[20]; and by
using a PSS and a diffuse reflector placed at a specific distance
behind the module with a known reflectivity (for example, a
reflective white rear sheet). This setup consisting of a reflective
rear surface parallel to the module has been recently considered
and studied by several groups due to its potential simulation
of real outdoor direct light, albedo, and self-shading [17], [21].
However, this setup has several problems, such as rear irradiance
nonuniformity, specifications of the reflector material and place-
ment, resulting in a difficult implementation. In a recent survey
performed by Newman et al. [16], among 13 research institutes,
industry and manufacturers most of the participants scored this
setup highly as a possible way to mimic real-world conditions
clearly. Similarly, for indoor characterization using double-
source illumination, the nonuniformity should be less than 5%
of the irradiance level on both sides. The IEC TS 60904-1-2
suggests: "Reflections between the two light sources may add
irradiance nonuniformity. This may generate significant offsets
between single-side and double-sided measurement methods
results. In this case, double-sided illumination results must be
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Fig. 2. Setup for the measurement with a PSS plus a white reflective rear
panel.

Fig. 3. Prototype of LED-based bias light with a large area pulsed simulator.

Fig. 4. Outdoor setup using different reflective grounds.

corrected”. The diffuse reflector and double-source solar simu-
lator approaches are illustrated in Fig. 2 and Fig. 3 respectively.

The third approach is based on double-sided outdoor mea-
surements, extending a range of materials to adjust the ground
albedo (Fig. 4). The TS suggests a matt reflective cloth to
increase the surface uniformity, but it has been reported that
this might increase the rear irradiance nonuniformity and other
surfaces can be more appropriate [22]. The TS also sets limits
on permissible deviations of operating conditions; in particular,
the rear-side irradiance nonuniformity should be below 10% for
outdoor measurements. In order to measure the nonuniformity
of the rear-side irradiance for the outdoor measurements (also
for indoor), at least the average of five symmetrically distributed
points from a suggested matrix of nine points (e.g., P1-P3-P5-
P7-P9, P2-P4-P5-P6-P8, etc.) needs to be selected as shown in
Fig. 5 [7]. Similar to the indoor double-sided approach, in this
method, besides the STC measurement at 1000 W/m2 (GR = 0
W/m2), AM1.5 and 25 °C, Pmax of the module shall be measured
at 1000 W/m2 ±10% on the front side (or corrected to this value),
plus different rear side irradiance levels GRi (i = 1, 2, 3 …, for

Fig. 5. Schematic representation of the positions for measuring the nonuni-
formity of the rear-side irradiance.

instance, GR1 < 100 W/m2, 100 W/m2 < GR2 < 200 W/m2

and GR3> 200 W/m2) and the BiFi coefficient is calculated as
described previously [7].

III. EXPERIMENTAL DETAILS

A. Device Characteristics

The device under test is a purpose constructed n-type glass-
glass frameless four-cell (a cell area 16 cm × 16 cm) bifacial
minimodule with a total area of 40 cm × 40 cm. The cells are
connected in series and are arranged in a 2 × 2 matrix spaced
similarly to a typical full-size module. The cells have a high
bifaciality and were selected to ensure good current matching.
There is no junction box and electrical connections are made
directly to tabs exiting the side of the device. These features en-
sure that the device is intrinsically of high performance without
mismatch effects in the I–V curves, which makes it ideal for this
study of a range of measurement techniques for which irradiance
nonuniformity is a challenging aspect.

B. Single-Side Illumination

I–V curve measurements were carried out at ESTI facilities
using a class AAA PASAN IIIB PSS (pulse length of 10 ms)
with the so-called multiflash (MF) method [23]–[25] in order
to circumvent capacitive effects of the device [8] at 1000 W/m2

and equivalent irradiance levels, (25.0 ± 0.1)°C and corrected
to AM1.5. According to the standard IEC 60904-9 [26] the
nonuniformity of the PSS used is 0.45% on a 3x3 m2 area on
the measurement plane for the incident light. A black opaque
wooden panel was placed in direct contact with the rear surface
of the device under test and to avoid residual or undesirable
reflections of the incident light, the size of the test area was lim-
ited to that of the PV device under test using baffles (see Fig. 1).
The setup, measurements procedure and rear-irradiance details
have been reported previously [22]. The accredited measurement
uncertainty for Pmax measurements of bifacial devices on this
simulator is 1.1%. The spectral responsivity of the module was
measured using a differential spectral responsivity technique
with a large area PSS equipped with several bandpass filters to
obtain illumination of modules with quasi-monochromatic light
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[27]. No significant differences between front and rear relative
spectral responsivity were found.

C. Double-Sided Illumination: Single-Source + Rear
Reflector

In order to ensure reproducibility of the measurements, the PV
device was placed in a structure that allows placement of a high
gloss white wooden reflective panel (optical reflectance > 94%
in the wavelength 300 to 1200 nm) at various distances behind
the module plane and parallel to it. By changing the distance
and the area of the reflective panel, the rear irradiance was
adjusted (see Fig. 2). For this particular case-study, the reflective
rear panel with area A2 has a size in the order of 15 times the
minimodule effective area, A1, and it was placed parallel and
centred. For this single minimodule configuration, the light can
be transmitted through the module by the spacing between the
cells (see Fig. 2) and through the noncovered areas around the
module and then scattered or reflected back from the back panel
to the module contributing to the rear irradiance. In addition to
the front side irradiance, the rear irradiance GR was measured
with a calibrated 2 × 2 cm2 monocrystalline silicon reference
cell with certified uncertainty UC (k = 2) of ±0.48%. This
reference cell was placed behind the module facing the reflective
rear panel using a small holder to avoid minimize interference.
The PSS (PASAN IIIB) used for the measurements exhibits
a very good temporal stability with changes in the irradiance
lower than 0.1% at 1000 W/m2 from flash to flash. GR and
the I–V curves were measured separately but without changing
the setup or measurement conditions. The front side irradiance
was set to 1000 ± 1 W/m2 without further corrections for the
purpose of rear irradiance measurement only. Further details of
the experimental setup are described in [21].

D. Double-Sided Illumination: Simultaneous Double Source
Based on LED Bias Light

A simultaneous double-sided illumination solar simulator
based on an existing large-area PSS combined with a low-cost
prototype LED rear bias light was developed at ESTI [28].
The LED bias light can fulfil the standard requirements of rear
illumination (0 to 400 W/m2), nonuniformity (∼4.45%) and
temporal instability (both short term and long term instabilities
are Class A, 0.45% and less than 0.25% (for 100 ms sweep time)
over an illumination area of 60 cm× 60 cm according to the IEC
60904-9 [26]. A larger LED rear bias light for full size modules
(100 cm × 170 cm) with a nonuniformity of class B is also
being developed to better match the TS requirements [29]. The
spectral irradiance of the LED bias light has been measured using
a CAS140 spectroradiometer system in the range 300–1700 nm
and is found to provide a poor match to the AM1.5 spectrum [29].
This would result in classification outside class C according to
IEC 60904-9 [26]. A mismatch factor (MMF) of 1.1213 and
1.1353 for the front and rear-side of the module, respectively,
was calculated. The poor spectral match can be compensated
by a mismatch correction or by using the effective irradiance
method defined in IEC 60904-7 [30]. For the double-sided

measurements, the LED bias light structure is mounted vertically
at the back of the device under test at an adjustable distance.
The module to LED distance has been set at 50 cm for the tests
reported here. This configuration enables illumination of the
rear side by LED and front side by the PSS simultaneously.
Separate single-side measurements are also possible. Identical
data acquisition software and hardware system are used for both
single- and double-side I–V measurements. In order to eliminate
reflections between the two light sources, which might cause
irradiance gain and nonuniformity, black masking and baffles
around the module are used as recommended in the IEC TS
60904-1-2 [7].

E. Outdoor Measurements

The bifacial PV minimodule was placed in a specially de-
signed rack with an elevation angle of 45°, and with the bottom
of the module 1 m above ground level. The rack is sited at the
ESTI facilities of the European Commission, in Ispra, northern
Italy, at 220 m above sea level, considered to be a moderate
subtropical climate (−10 °C to+35 °C, with less than 90% RH).
The minimodule was measured close to noon under clear sky
conditions with a front irradiance Gfront ∼1000 W/m2 ± 10%
and temperature and spectral corrections were performed. White
reflective gravel (3 to 5 cm diameter stones) was taken to be the
reference ground material with an albedo of 0.42 ± 0.04. The
ground albedo was controlled and then modified using different
selected materials (white stones, grey cloth, and black panels)
in order to vary the rear irradiance to values above 50 W/m2

[22] to obtain a suitable range of ground albedos and aiming
for a nonuniformity of the rear irradiance below the value of
10% as specified in the TS [31]. The front and rear irradiance
was monitored with calibrated sensors. The rear irradiance and
nonuniformity of the rear irradiance for this specific site location
has been studied and reported previously and it has been shown
to depend on the ground material; the GR nonuniformity may
be also increased considerably beyond the permissible limit of
10% [22], [31]–[33]. The nonuniformity is defined as [26]

Grear Non− uniformity (%) =
Grear max −Grear min

Grear max +Grear min
· 100

(6)
where Grear max is the maximum irradiance in the rear-side and
Grear min is the minimum irradiance in the rear-side.

One interesting exercise is to check the agreement between
the double-sided illumination measurement and the addition (by
using (2) with the Pmax or Isc) of the measurements of each
side of the device obtained independently; i.e., the measurement
of the front side with the rear side covered with a black panel
and the rear side facing the ground with the front side covered
with a black panel. In order for the sequential measurements
to be comparable they were performed within a 2–3 min time
interval, and a final double-sided measurement was also made to
verify that conditions such as irradiance and module temperature
had not changed to a significant extent. Prior to the test the
device temperature was brought to close to 25 °C and the
small experienced temperature fluctuations due to heating of the



LOPEZ-GARCIA et al.: IMPLEMENTATION OF THE IEC TS 60904-1-2 MEASUREMENT METHODS FOR BIFACIAL SILICON PV DEVICES 791

Fig. 6. Single-side illumination I–V curves measured with a PSS at different
equivalent irradiance levels for both front and rear.

order of 2 °C were corrected by using temperature coefficients
previously measured indoors.

IV. RESULTS AND DISCUSSION

A. Single-Side Illumination Measurements

I–V curves of the minimodule have been performed following
the procedures, protocols and operating instructions accredited
by Accredia (Italian National Accreditation body) for the cali-
bration of bifacial PV devices at STC and equivalent irradiance
levels GEi with a PSS. This accreditation guarantees accurate
and reliable measurements for the single-side illumination ap-
proach for bifacial PV devices meeting the requirement of the
ISO/IEC 17025:2017 and IEC TS 60904-1-2 standards and
provides a reference for comparison. Fig. 6 shows the I–V curves
measured for the minimodule illuminating the front and rear
sides, respectively, and covering the nonilluminated surface at
several equivalent and rear irradiances. As shown in Fig. 6, there
are no deformations or kinks in the I–V curves of the minimodule
that are often reported for full size modules due to cell mismatch
or rear-side partial shading from junction boxes or frames (the
minimodule has neither) [34].

From these values, an average Isc bifaciality factor ϕIsc =
93.45 ± 0.95% is obtained. The Isc as a function of the front
irradiance is plotted in Fig. 7. Linearity of the dependency of
Isc with irradiance for the entire range of values of interest (0
to 1200 W/m2) with a R2 = 0.9999, is observed, which is also
observed for the Isc of the rear side. It is noted that this analysis of
linearity is purely mathematical and is not verified according to
the latest version of IEC 60904-10 [35]. This result supports the
use of Isc values as a reliable proxy for irradiance in situations
where its direct measurement may be difficult. Fig. 7 also shows
the bifaciality coefficient for Isc, ϕIsc (%), as a function of the
front irradiance. A slight decrease of the bifaciality is noted
for very low irradiances, but the difference is well within the
measurement uncertainty.

Fig. 7. Isc and Isc bifaciality coefficient as a function of front irradiances for
single-side illumination approach.

Fig. 8. Average rear irradiance Gr avg (W/m2) measured with a calibrated
reference cell and the Grear nonuniformity (%) for the double-sided illumination
using a reflective rear panel. The Rear irradiance distribution maps for two
distances between the device under test and the reflective panel are also shown.

B. Double-Sided Illumination: Single-Source+Rear Reflector
Measurements

Fig. 8 shows the average rear irradiance GR avg. and the
GR nonuniformity as a function of the distance between the
device under test and the reflective rear panel. The maximum
and minimum GR values measured over the module area are
represented by the pale blue shaded areas. By changing the
distance between the device under test and the reflective rear
panel, the rear irradiance also changes and therefore can be
adjusted to different values as desired to a maximum value of
nearly 300 W/m2. GR increases with the distance between the
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Fig. 9. I–V curves for the minimodule measured with the double-sided illu-
mination approach using the reflective rear panel.

rear reflective panel and the module up to a maximum value
(30 cm) and then slightly decreases. The explanation for this
behavior depends on several factors influencing the intensity
and spatial distribution of the light arriving at the panel and the
angular and spatial distribution of the light reflected from the
panel onto the rear side of the module. An analysis of these
effects is outside the scope of the present article. Fig. 8 also
shows that the GR nonuniformity is slightly above 10% for DUT
to reflective panel distances below 20 cm and then decreases
to below 5% as the distance increases above 30 cm. The rear
irradiance distribution maps for two specific distances between
DUT and reflective panel are also plotted in Fig. 8. A spatial
gradient of irradiance higher at the left side of the minimodule
(view from the rear-side), which is most likely due to the relative
geometry of the simulator light source, baffles, DUT, and the
reflective rear panel. The use of reflective rear panels behind
the minimodule increases the rear irradiance, and in doing so
increases the Pmax output power of the minimodule as shown
in Fig. 9. The increase of the Isc and Pmax is observed with the
distance between the DUT and the reflective panel. It is to be
noted that the obtained level of irradiance nonuniformity on the
rear side of the DUT does not cause noticeable deformations or
kinks in the measured I–V curves.

This double-sided illumination approach with a single-source
simulator and a reflective rear panel fulfils the IEC TS 60904-1-2
requirement for a solar simulator with adjustable irradiance
levels for double-sided illumination. However, the TS also states
that the nonuniformity of irradiance must be below 5% on both
sides, at the irradiance levels used for the characterization of
bifacial devices and those values used for corrections and un-
certainty evaluation. As shown in Fig. 8, the GR nonuniformity
is higher than the allowed limit of nonuniformity for most of the
distances between DUT and reflective panel. In order to reduce
the GR nonuniformity for low irradiances, improvements could
be made in terms of different Lambertian reflective materials,
panel sizes, etc.

In addition, the TS states for the indoor power generation
gain with double-sided illumination: "Reflections between the
two light sources may add irradiance nonuniformity. This may

generate significant offsets between single-side and double-
sided measurement methods results. In this case, double-sided
illumination results must be corrected.” However, there is not a
clear definition on which approaches might be used for such
correction. As shown previously, one of the main issues in
double-sided illumination methods is the correct determination
of the GR to obtain an accurate BiFi coefficient value. As shown
in Section III.A, the Isc increases linearly with the irradiance,
and a calculation of the GR is possible by using the Isc of the
measured I–V curves

GE measured

( w

m2

)
=

Isc @distances DUT−rear panel (A)

Isc @STC (A)

· 1000

(
W

m2

)
. (7)

By using (2)

GEi = 1000 + ϕ ·GRi (w/m2) .

The effective rear irradiance, GR effective, can be obtained

GR effective (W

m2 )
=

[
GE mesured

(
W

m2

)
− 1000

(
W

m2

)]
/ϕ

(8)
where Isc @distances DUT-rear panel is the short circuit current
obtained from the I–V curves measured with the double-sided
illumination method by using a single-side source and the re-
flective rear panel at differences distances between the DUT and
the reflective panel (and then different irradiances), Isc @STC is
the short circuit current at STC conditions for the front side
(covering the rear side, that is, GR = 0 W/m2), GEi is the
equivalent irradiance level, GRi is the rear irradiance, ϕ is the
bifaciality coefficient and GR effective is the rear irradiance
calculated assuming linear dependency with Isc. This correction
increases the GR with respect to the GR avg to values close to
the maximum GR measure with the ref. cell and change the
BiFi coefficient. A possible explanation for this change in GR

can be the fact that I–V curves are performed without the rear
reference cell that might block/cover the light passing through
the module/cell contributing to the rear irradiance and thus to
the device performance. Since it is not possible to measure at
the same time the rear irradiance and the device performance
without shading the rear surface with the reference cell and thus
affecting the performance measurement, this leads to a higher
uncertainty in the determination of the GR. The calculation of the
BiFi coefficient will be shown in Section IV-E. However, Table I
shows the Pmax variation between single-side illumination at
equivalent irradiance levels GE and the calculated Pmax from
(4) and (5) by using the BiFi coefficients obtained with the
measured average GR and the effective GR for a double-sided
illumination with a reflective rear reflector. The variation in Pmax

increased with the rear irradiance but is strongly reduced to
values between 0.4% to 0.7% when the effective GR is used.
These results show that the definition and measurement of the
rear irradiance is crucial for the accurate determination of the
parameters requested by the TS for double-sided illumination
approaches and need to be reviewed to better account for intrinsic
technical limitations.
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TABLE I
Pmax, DIFFERENCES BETWEEN SINGLE-SIDE ILLUMINATION AT EQUIVALENT

IRRADIANCE LEVELS GE AND THE CALCULATED Pmax FROM (4) AND (5)
USING THE BIFI COEFFICIENT FOR A DOUBLE-SIDED ILLUMINATION WITH A

REFLECTIVE REAR REFLECTOR

Fig. 10. I–V curves for the rear-side of the bifacial module using the PSS and
LED bias light at 200 W/m2 with and without effective irradiance adjustment.

C. Double-Sided Illumination: Simultaneous Double Source
With LED Bias Light

I–V characteristics of the bifacial minimodule were measured
using both the PSS with a multiflash method and LED bias light
independently as well as in combination. The first step was to
adjust and optimize the part corresponding to the LED bias light
illumination and then the double-sided source system. Fig. 10
shows the I–V curves of the rear-side of the DUT at 200 W/m2

with black cover by using the PSS and LED bias light separately.
The I–V curve measured using the PSS at 200 W/m2 is MMF
corrected and is notably higher than the I–V curve measured
at 200 W/m2 using the LED bias light mainly due to the poor
spectral content of the LEDs, which leads to a large MMF. In
order to correct this spectral mismatch, the effective irradiance
correction method, stated in Section IV of Standard IEC 60904-7
[30], may be applied [10]. The effective irradiance to generate
the Isc in the bifacial minimodule as generated at 200 W/m2 is
calculated as

Geff = Gref · MMF (9)

where Geff (W/m2) is the effective irradiance, Gref (W/m2)
is the reference irradiance (in this particular case 200 W/m2)

TABLE II
COMPARISON OF ELECTRICAL PARAMETERS MEASURED WITH THE

EQUIVALENT IRRADIANCE SINGLE-SIDE METHOD BY A PSS AND

DOUBLE-SIDE ILLUMINATION METHOD USING THE LED SIMULATOR

and MMF is the mismatch factor of the device under LED
illumination [see Section III-D]. However, because the MMF
correction in this case is so large, and very sensitive to the
accuracy of the measured LED spectrum, a different approach is
employed. Since an accurate measurement at 200 W/m2 of the
rear-side of the DUT is available from the PSS, an analogous but
improved approach is to use this measurement as a reference.
By adjusting the voltage control, and hence intensity of the
LEDs, an effective irradiance is applied such that the short circuit
current is matched to that obtained using the PSS effectively
correcting for the spectral mismatch and avoiding the necessity
to correct the measurements mathematically. As can be seen
from Fig. 10, the two I–V curves measured by the PSS and
LED “effective irradiance” (red and light blue, respectively) are
virtually indistinguishable.

The equivalent rear irradiance driven power gain yield mea-
surement with single-side illumination described in IEC TS
60904-1-2 is used as the reference measurement to validate the
LED-based bias light when used for double-sided illumination.
The two measurement methods led to similar I–V characteristics
for the minimodule, but the double-side illumination showed
around 0.6% higher Isc compared to single-side equivalent irra-
diance method as given in Table II.

Single-side measurements with and without black rear cover
were made for the PSS and LED-based bias light. A gain of about
0.6% in Isc is observed when the PSS is used without a rear cover
[22] as compared to the case with the rear cover. This difference
is most likely due to the portion of the light that passes through
the module being reflected from the closely located LEDs and
the LED mounting structure. On the other hand, there is no
significant difference (less than 0.1%) between measurements
with and without black rear cover when the LED-based bias
light is used. This is because the portion of the light that passes
through the module does not reflect to any significant extent from
the distant PSS light source. The difference closely matches
the extra Isc of the double-side illumination compared to the
single-side equivalent irradiance measurement, demonstrating
that the gain is mainly due to stray/parasitic reflection from
the back of the minimodule at the LED side. Table II gives
electrical characteristics obtained using the two methods for
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Fig. 11. Rear irradiance distribution maps for two outdoor ground materials,
white gravel and grey sheets obtained at solar noon.

the bifacial minimodule. The main differences between two
methods are in the Isc and Pmax, 0.6% and 0.77%, respectively.
A correction as proposed in IEC TS 60904-1-2 is performed on
the double-side illumination measurements to compensate for
the stray/parasitic reflected light. After correction the difference
between the methods is less than 0.3% for Isc and Pmax. The
PV device used for testing purposes had a very good bifaciality
coefficient and good rear-side cell current matching, so the
I–V curves obtained with single-side illumination method were
practically identical to those obtained with the double-sided
method. For modules having poorer rear-side performance, the
double-sided illumination approach may be necessary in order
to obtain valid results, confirming the utility of the LED-based
bias light approach.

D. Double-Sided Illumination Measurements in
Outdoor Conditions

Fig. 11 shows the rear irradiance distribution maps for two
representative examples of ground materials in the outdoor
test facility, white stones, and grey sheets, respectively. In the
first case, an average measured GR = 242 W/m2 (for a front
irradiance of 952 W/m2) and a nonuniformity of irradiance on
the rear side of 0.8% was obtained at around solar noon. In
the second example, an average GR = 146 W/m2 (for a front
irradiance of 924 W/m2) with a nonuniformity on the rear side of
3.5% was found. For all the ground material tested for outdoor
conditions, the nonuniformity of the irradiance on the rear side
was found to be below 5%. It should be noted that while such
low levels of rear side nonuniformity are readily achievable for
the minimodule, this is not the case for larger modules. While
the impact of significant levels of rear side nonuniformity is
outside the scope of the present article, it will have an impact on
the performance of larger modules [36]–[39]. The measured val-
ues of the rear irradiance are used to plot the Pmax as a function of
GR in order to calculate the BiFi coefficient. However, we can
also define an effective rear irradiance obtained from the I–V
curve parameters (as opposed to from a direct measurement) as

Effective GR =
Isc_rear only,outdoor

Isc_rear indoor STC
· 1000 W/m2 (10)

where Isc rear only, outdoor is the short-circuit current mea-
sured covering the front side with a black panel in outdoor
conditions and Isc rear indoor STC is the rear side short-circuit
current measured at STC under indoor conditions covering the

Fig. 12. I–V curves of the double-sided illumination, only the front side (rear
side covered) and only rear side facing the ground (front side covered) for two
examples of rear irradiance GR.

nonilluminated side (front as defined by manufacturer) with a
black panel. In this case-study of a minimodule, the difference
between the measured and the calculated equivalent irradiance
level GE, is relatively low, ranging from 1.1% to 1.7%. As will be
shown in the following section, this implies a slight variation of
the BiFi coefficient value. The accurate and reliable calculation
of the GR in outdoor conditions is the main issue to be considered
in this approach for the characterization of bifacial PV devices
as reported in [22] and [36].

The operating conditions in the outdoor approach are less con-
trollable than for indoor methods due to the parasitic reflection
of the environment. The I–V curves of the double-sided, front
side only and rear side only measurements for two representative
GR obtained at solar noon are plotted in Fig. 12. The absence of
any mismatch or kink on the I–V curves is noted and this is due
to the minimal partial ground shading of the small device and
mounting structure which leads to a low nonuniformity of the
irradiance on the rear side. The electrical parameter of the Pmax

and Isc for the front side, rear side and double-sided together
with the calculated Pmax or Isc by adding front only and rear only
Pmax (or Isc) are given in Table III. The variation between the
measured double-sided and the calculated Pmax (or Isc) seems to
be uncorrelated to the rear irradiance suggesting that there is no
systematic error due to corrections.ΔPmax varied from−0.38%
to +1.03%, differences that can be considered to be of the same
order of magnitude as the measurement uncertainty for outdoor
measurements. The double-sided measurement is greater than
the addition of the two contributions, front and rear, likely due
to the light passing through the module contributing to the total
incident light (that it is blocked when a black panel is used).
However, the black panel used for covering the front (or rear
surface for the single-side measurement in outdoor) might also
contribute to the irradiance if there is a gap (>1 cm) between the
module and the panel. In any case, the difference is small enough
to be considered to be within the measurement uncertainty.
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TABLE III
Pmax AND Isc OBTAINED FROM DOUBLE-SIDED ILLUMINATION, ONLY FRONT

SIDE AND ONLY REAR SIDE (WITH THE OTHER SIDE COVERED, RESPECTIVELY)
AND THE CALCULATED Pmax FROM THE PREVIOUS VALUES

Fig. 13. I–V curves measured with the single-side illumination, double-source
with LED and the outdoor methods.

E. Comparison of Characterisation Approaches

I–V curves measured approximately at equivalent irradiance
level GE = 1187 W/m2 with three different approaches, single-
side illumination, outdoor double-sided and double-source il-
lumination with a LED rear bias light are plotted in Fig. 13.
I–V curves for STC front and 200 W/m2 illuminating the rear
side are also plotted for single-sided and the LED bias light.
A good agreement between the curves at this particular GE is
observed. In order to compare in detail the different approaches,
Table IV gives the Pmax variation with respect to the single-
side illumination approach (used as reference method). A good
agreement among the different characterisation methods with
a variation below 0.8% (within the 1.1% Pmax measurement
uncertainty of the single-sided method) is observed. An outlier
is obtained for a double-sided illumination approach with a rear
reflector when the measured average rear irradiance is used. In
this case, Pmax is overestimated by +2.6%. As mentioned, this
is expected to be due to the higher GR nonuniformity and the
uncertainty in the GR measurement in this method and might
be improved by changing the specular reflective rear panel by a
larger Lambertian reflector material. In any case, this approach

TABLE IV
Pmax, VARIATION WITH RESPECT TO THE SINGLE-SIDE EQUIVALENT

IRRADIANCE LEVEL METHOD AT GEi = 1187 W/M2 FOR THE DIFFERENT

CHARACTERIZATION APPROACHES

Fig. 14. Pmax as a function of the average irradiance level on the rear GR

(bottom x-axis) or its single-sided equivalent irradiance GE (top x-axis).

TABLE V
REAR IRRADIANCE DRIVEN POWER GAIN YIELD, BIFI,

FOR THE DIFFERENT APPROACHES

showed the largest deviation from the reference method and
it can be considered the least reliable approach due to the
difficulties to control the reflected irradiance [15].

Fig. 14 shows the Pmax as a function of the average rear
irradiance GR or its single-side equivalent irradiance GE, and
the BiFi coefficient calculated from the slope of the curve. The
four different approaches analyzed in this article have been
plotted including the correction of the double-sided illumination
approach with a rear reflector using the effective GR. This is
a good method to compare the different approaches assuming
the single-side illumination approach as the reference one. In
general, an excellent agreement in BiFi coefficient is observed
for the different methods mainly due to the low uncertainty
in the rear irradiance measurement (due to its relatively small
size). Values ranged from 0.0152 to 0.0178 W/Wm−2 with
an uncertainty of 0.0014 W/Wm−2 as given in Table V. As
mentioned previously, the double-sided illumination approach
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with a reflective rear panel using the average GR showed a
larger deviation with a BiFi value of 0.0178. In addition, the
upscaling of this method leads to larger nonuniformity in GR as
reported for full size modules [21]. Note that the BiFi coefficient
is strongly dependent on the rear irradiance measurement for
outdoor and double-sided illumination showing important dif-
ferences if the average, minimum or effective irradiance are used
and care needs to be taken on the GR measurement [22], [36].

V. CONCLUSION

A bifacial c-Si PV minimodule was measured with different
characterization approaches at the ESTI facilities according
to the recently published IEC TS 60904-1-2. For the bifacial
device under test, all the characterization methods proposed in
the TS were feasible. Deviations below 0.83% with respect to
the reference testing method (below the measurement uncer-
tainty of the solar simulator for single-side illumination method)
were obtained except for the double-source method with rear
reflector and GR avg which has larger deviations. The different
approaches resulted in a good output power agreement espe-
cially considering the limitations inherent in obtaining low rear
side irradiance nonuniformities and the difficulties in measuring
the rear irradiance for double-sided illumination approaches.
The variations in the results with respect to the considered
reference method (single-side illumination with equivalent irra-
diance levels) may help in future uncertainty analysis depending
on the particular approach. Double-sided illumination with a
reflective rear panel raised concerns about the possible difficul-
ties in the quantification of the effects on the rear irradiance
caused by light source geometry and light transmittance and
their standardization. Double-sided illumination using LED bias
light led to an excellent agreement with the reference method.
However, the difficulty of obtaining a good spectral match and
avoiding the use of corrections (effective irradiance) using the
most readily available LEDs raises concerns about the feasibility
of this approach to obtain absolute Pmax values, although it
would already be suitable for BiFi measurements. The obtained
results will provide useful feedback to the IEC Technical Com-
mittee 82 Working Group 2 for future improvements of the
TS. Such improvements should focus on the influence of the
rear irradiance nonuniformity, and suitability and feasibility of
the different approaches for full size modules. The rear side
nonuniformity is generally found to be much higher in real
outdoor conditions than that experienced for the minimodule.
The effect of significant nonuniformity is outside the scope of
the present article, which is intended to compare the different
measurement approaches in as close to optimum conditions
as possible. For this reason, the validity of the 10% rear side
nonuniformity limit for outdoor measurements specified in the
TS has not been scrutinized. Nevertheless, the results of the
double-sided illumination approach with a reflective rear panel,
as well as other reported work on outdoor mounted modules,
demonstrate that as nonuniformity increases so does its impact
on performance. The practicality of testing larger modules in
accordance with the TS in outdoor conditions will therefore

be a challenge. Finally, the TS recommends different accept-
able levels of rear side nonuniformity for the double-sided
illumination approaches depending on whether they are in-
door or outdoor. Different nonuniformity levels in different
tests will make comparison more difficult and alignment of
this requirement for the different double-sided illumination ap-
proaches would be desirable to enable all approaches to be fully
comparable.
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