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Energy Yield Estimation Measurement Methodology For Solar Cells And Modules

Field of the invention

The present disclosure relates to methods and apparatus for determining the energy yield of

solar cells or modules.

Background

Solar modules are units which contain at least one array of solar cells. The energy yield of a
solar module is usually quoted in terms of the energy which it generates during a year, and
hence it is often called the “annual energy yield”. Conventionally, the annual energy yield of
the module is determined by placing the module outdoors and recording the electrical current
and potential (I-V) generated by the solar module for a year. Due to variations in spectrum,
irradiance and ambient temperature in outdoor operating conditions, the annual energy yield
measured outdoors is usually lower than the expected energy yield which can be calculated
from the efficiency determined under standard testing conditions (STC), which specify the
solar cell temperature (25°C) and the illumination (AM1.5G spectrum at 1000 Wm-?). Low
irradiance conditions frequently occur during field operations and have a noticeable impact on

the annual energy yield of solar modules.

This effect applies to all solar photovoltaic devices and is more severe in tandem modules
(that is, solar modules in which each solar cell is a “tandem cell” having two or more (in general
an integer n which is at least two) planar solar energy generation layers of stacked junctions
(sub-cells), i.e. one lies above the other in the “vertical” direction in which solar light passes
through the solar module). Note that the stacked junctions may be immediately above each
other or separated. It is also possible for the junctions to be arranged in multiple solar energy
generation layers but not necessarily stacked; that is, junctions in one of the layers may not
necessarily be in register in directions in the plane of the energy generation layers with
junctions in other(s) of the layers. In this case, incoming light may be split and directed towards
each junction separately. Tandem modules are more sensitive to changes in operating
conditions. Conventionally, tandem solar cells/modules have a two-terminal (2T) configuration,
a three-terminal (3T) configuration or a four-terminal (4T) configuration, or even more (for

example any integer up to 2n).

Compared to efficiency determined under STC, the annual energy yield measured outdoors
allows more accurate calculation of the levelized cost of electricity (LCOE). Hence, this
measurement methodology is critical to determine the LCOE of photovoltaic (PV) generation,

especially for tandem solar cells/modules.
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However, typical procedures for optimizing a solar cell mainly rely on improving the PV
efficiency under STC. To achieve current matching in 2T tandem solar cells, device and
material properties, e.g. thicknesses of the absorbers in the sub-cells are usually designed
according to the standard AM1.5G spectrum. Any variation in operating conditions affects the
field performance of 2T tandem solar cells. Hence, it is sub-optimal to estimate the energy

yield of tandem solar cells/modules in the field based on their STC efficiency.

The cost of electricity produced by a PV system is highly dependent on the annual energy
yield of the system. Therefore, in addition to using STC efficiency as a performance indicator,
it is valuable to evaluate the annual energy yield of a tandem solar cell/module using realistic

outdoor operating conditions.

Liu et al., "The realistic energy yield potential of GaAs-on-Si tandem solar cells: a theoretical
case study," Opt. Express, vol. 23, no. 7, p. A382, 2015, proposed determining the energy
yield of tandem solar cells from the outdoor recorded operating conditions. M. Thway, et al.,
"Energy yield evaluation for field operation of solar cells in Singapore: GaAs/GaAs tandem vs.
GaAs single-junction solar cells," in IEEE 44th Photovoltaic Specialist Conference (PVSC),
2017, pp. 284-289 (here “Thway et al.”) measured the effect of irradiance, spectrum and
temperature on single junction (SJ) and tandem GaAs solar cells, and determined the
importance of the individual factors (irradiance, spectrum and temperature) by considering
these factors in a certain sequence. However, it did not propose a methodology for evaluating

the energy yield of a solar cell or solar module.

Summary of the invention

The term ““solar energy generation unit” is used in this document to include both an individual
solar cell and solar module, that is, a unit which is an assembly of electrically connected solar

cells.

In general terms, the present invention proposes a method for evaluating the energy yield of
a solar energy generation unit. The method may be performed within a few hours to estimate

the annual energy yield of the module.

The method may be performed indoors (that is, substantially in the absence of real sunlight)
to estimate the outdoor annual (or any other time period) energy yield of a solar energy
generation unit which may be any type of solar cell or module. For example, the solar cell or
module may be a mono-facial and bi-facial cell or module, as well as a single junction (SJ) or

tandem cell or module.

In particular, the invention suggests using pre-recorded operating conditions in the field to

formulate representative measurement conditions. These representative measurement
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conditions are then simulated using an |-V tester including a solar simulator which is capable
of generating a tuneable spectrum, such as an LED-based solar simulator. The energy
generation of the solar energy generation unit is measured under these conditions. Multiplying
the measured output power (W) of the solar energy generation unit for each of the
representative measurement conditions by a respective occurrence value gives the energy
yield for that representative measurement condition during a year. The occurrence value
indicates the duration (h) during the year of that representative measurement condition (i.e.
the length of time during the year at which actual conditions are equal to the representative
measurement condition according to a similarity criterion), By combining the conditional
energy yield of all representative measurement conditions, the energy yield of the sample in

the outdoor field can be estimated.

The estimated energy yield (harvesting efficiency) is much more representative of the energy
output of the sample in the field than the efficiency measured under STC. Experimentally, it
was found that a method as disclosed here achieves an accuracy of 98.6% in predicting the

energy yield of the solar energy generation unit in real outdoor measurements.

Furthermore, the energy yield analysis of the proposed methodology gives better insight for
optimization of processes compared to an |-V measurement under STC. This effect becomes
even more apparent for 2T (bifacial) tandem solar cells, which are particularly sensitive to
changes in operating conditions. Whereas fundamental and practical losses of SJ
semiconductor solar cells limit the AM1.5G efficiency of such devices to about 30%, (bi-facial)
tandem technology is expected to dominate the future of photovoltaic industry with efficiency
more than 30%. Estimating the performance of such high efficiency solar cells in the field is
critical to calculate the LCOE of such systems. The optimization of these solar cells becomes
more complicated as they have more junctions and layers than SJ solar cells, so energy yield
evaluation gives additional insights and assists the optimization process of high efficiency

solar cells.
A method according to the present disclosure may include the following steps:

Grouping measured operating conditions based on their respective average photon

energy (AP)

Formulation for each group of a representative spectrum — the representative

spectrum is chosen by averaging all the spectrums for the operating conditions in the group,

Formulation for a group of a representative temperature — the representative

temperature is chosen by averaging all the temperature values inside a group.
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Formulation of one or more representative measurement conditions for each group.
Each representative measurement condition includes the representative spectrum, a
representative irradiance level and the representative temperature. Each representative
measurement condition is associated with a respective occurrence value. The occurrence
value for a given measurement condition may be proportional to the number of operating
conditions in the group for which the corresponding irradiance data indicates a light intensity
which is closest to the representative irradiance level for that representative measurement
condition. Thus, the occurrence value for a given representative measurement condition is
indicative of the proportion of the year for which that representative measurement condition is
the one, out of all the representative measurement conditions, which the operating condition

at the geographic location most closely resembles.

Measurement — the current and voltage generated by the solar energy generation unit
is measured when the unit is irradiated with light produced by a solar simulator (light
generation unit) comprising LEDs and the ambient temperature (i.e. the temperature of an
environment containing the solar energy generation unit) is maintained at the representative
temperature. The LEDs emit light with different respective wavelength ranges, and different
ones of the LEDs may have wavelength ranges of different spectral width. The LEDs are
preferably controlled to simulate the representative spectrum using calibration algorithm which

selects the outputs of the LEDs with broader emission first.

Energy yield analysis — a computer-implemented algorithm is used to calculate the

(annual) energy yield in addition to a performance ratio calculation.

High resolution analysis — a high resolution energy yield analysis algorithm may be

performed to provide insights concerning a detailed loss/gain analysis.

Correction of measurement result — a fitting algorithm may be performed to correct
any slight mismatch between the target representative spectrum and simulated spectrum,

thereby minimizing systematic errors in the analysis.

Techniques are also proposed to apply the present energy yield estimation method to bi-facial
cells/modules, two-terminal (2T), three-terminal (3T) & four-terminal (4T) tandem solar

cells/modules, and cell-to-module energy yield analysis.

Brief description of the figures

Embodiments of the invention will now be described, for the sake of example only, with

reference to the accompanying figures in which:

Fig. 1 shows steps of a method which is an embodiment of the invention;
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Fig. 2 shows a respective representative spectrum for each APE value (from 1.80 eV
to 2.07 eV) over the wavelength range of 300 nm to 1100 nm, with the standard AM1.5G

spectrum added for comparison;

Fig. 3 shows the APE 1.80 target spectrum of Fig. 2, and a simulated spectrum

produced by an LED I-V tester in an embodiment of the method;

Fig. 4 is a schematic view of performing a method which is an embodiment of the

invention for mono-facial solar cell;

Fig. 5 is a schematic view of performing a method which is an embodiment of the

invention for a mono-facial solar module;

Fig. 6 shows schematically a method of estimating operating conditions experienced

by a bi-facial solar module;

Fig. 7 shows schematically an |-V measurement setup used in an embodiment of the

method for bi-facial solar cells using two LEDs solar simulators;

Fig. 8 shows schematically an |-V measurement setup used in an embodiment of the

method for bi-facial solar cells using one LEDs solar simulator; and

Fig. 9 shows schematically an |-V measurement setup used in an embodiment of the

method for a mono-facial 4T tandem solar cell.

Detailed description of the embodiment

Referring firstly to Fig. 1, a flow chart is shown of a method 100 which is an embodiment of
the invention. As shown in Fig.1, this method 100 has four main steps: recording 101,
formulation 102, measurement 103 and analysis 104. The method 100 can be applied to any
type of solar cell such as solar cells based on silicon, CIGS, GaAs, perovskite and so on, as

well as, to solar modules. All these are referred to here as solar energy generation units.

The solar energy generation unit may have a mono-facial or bi-facial configuration, and single
junction or tandem configuration, and steps 101-103 vary accordingly. However, the analysis
104 of the measured results and estimation of the energy yield may be the same for different

structures of the solar cells/modules.

Furthermore, once steps 101 and 102 have been carried out, steps 103 and 104 may be
carried out repeatedly using the results of steps 101 and 102 for different solar energy
generation units. We will now explain various implementation of the method 100 for different

types of solar energy generation unit.

1. Performance of steps 101-103 for mono-facial solar cells/modules
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In the recording step 101, respective operating conditions in an outdoor location are recorded
at a plurality of respective times spread out throughout a time period. The respective times
are typically at regular intervals, e.g. at equally spaced apart times during daylight hours. The
time period may be at least a month, and more preferably is a year. In fact, the time period is
preferably as long as possible, since the longer it is the more representative will be the results

obtained as explained below.

Each operating condition comprises at least three parameters, namely the intensity
(irradiance) of the solar light, the shape of the spectrum (an item of spectral data, i.e. a
measurement of solar light intensity at each of a plurality of different wavelengths within a
wavelength range), and the ambient temperature. Note that the spectra referred to in this
document may be normalised, such that each irradiance and spectrum are independent
variables. The spectral data and irradiance data may be collected using a spectro-radiometer,

while the ambient temperature data may be collected using a temperature sensor.

The spectrum (item of spectral data) at any time can be characterized by the average photon
energy of the spectrum. The average photon energy (APE) is the average of the energy carried
by all the photons in a certain wavelength range of a spectrum. The APE of a spectrum within
a defined wavelength range can be calculated by dividing the integrated irradiance by the total

number of photons within the same wavelength range:

APE — [Z2iaa  f[21yaa
A2 p(1)dA A2 1) 45
A1 A1 he/d

where I(1) is the intensity distribution for each wavelength of a spectrum, the wavelength
range is from 4, to 1,, ¢(4) is photon flux density for each wavelength of the same spectrum,
and hc is the product of Planck's constant and the speed of light. APE is used as a metric to

define the spectral composition of solar illumination.

For example, in an experiment performed in Singapore from 14-30 November 2018, items of
spectral data were captured at intervals of one minute, and the corresponding APE values of
these recorded spectra ranged from 1.70 to 2.20 eV. A time resolution of this order (e.g.
measurements spaced apart during daylight hours by no more than about 1 to 3 minutes) is
preferred for Singapore as its solar spectrum and illumination intensity vary rapidly due to the

movement of clouds.

In the formulation step 102, the operating conditions measured in step 101 are grouped based
on the corresponding APE values of their respective items of spectral data. For each group, a
respective range of APE values is defined (where the respective APE ranges for different

groups preferably do not overlap, and preferably collectively span a range of APE values which
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includes substantially all the measured APE values). Each operating condition, measured at
a respective time, is allotted to the one of the groups for which the APE of the item of spectral

data for the operation condition is within the corresponding APE range.

For each group, one or more representative measurement conditions are defined. Each
representative measurement condition for the group includes a representative spectrum for
the group which is the average of the items of spectral data for the operating conditions allotted
to the group. The APE values of the spectral items of the operating condition allotted to each

group are averaged to obtain a representative APE value of the representative spectra.

Optionally, if the number of operating conditions (times) allotted to any one or more of the APE
ranges is below a threshold (e.g. less than 0.1% of the total number of measurement times),

that group can be omitted, i.e. no representative spectrum is defined for that group.

Fig. 2 shows the standard AM1.5G spectrum (line 201). It also shows the representative
spectra obtained experimentally corresponding to the representative APE values 1.80 (line
202), 1.86 (line 203), 191 (line 204), 1.95 (line 205), 2.01 (line 206), and 2.07 (line 207).

Typically, there are a plurality of representative measurement conditions for each group.
These all share the same representative spectrum, but may differ in their representative
illuminance level and representative temperature. The respective representative irradiance
levels of the representative measurement conditions may be chosen with an interval of 0.1

suns (1 sun is equivalent to 1000 W/m2).

The number of representative measurement conditions may be chosen such that at least a
threshold number of the operating conditions allotted to the group have irradiance data which
is within 0.05 suns of the representative irradiance level of one of the representative

measurement conditions.

For each representative measurement condition, a respective occurrence value is obtained.
This may be done by considering in turn the operating conditions allotted to the group. For
each these operating conditions, we find the respective measurement condition which has a
representative irradiance level closest to the light intensity indicated by the irradiance data of
the operating condition. The occurrence value of each representative measurement condition
is proportional to the number of operating conditions of the group for which the light intensity
indicated by the irradiance data of the operating condition is closest to the representative

irradiance level of that measurement condition.

The representative temperature for each measurement condition may be obtained by (i)
identifying the operating conditions of the group for which the light intensity indicated by the

irradiance data of the operating condition is closest to the representative irradiance level of
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that measurement condition, and (ii) averaging the recorded temperatures for the identified

operating conditions.

Note that in a variation of the embodiment, multiple representative temperatures may be
defined for a single representative irradiance level, and different ones of the measurement
conditions for the group may have the same representative spectrum and the same
representative irradiance level, but different ones of these representative temperatures.
However, in the discussion below it is assumed that there is only a single representative

temperature for each representative irradiance level.

An example of 35 formulated representative measurement conditions are shown in Table 1.
Each box shows the representative temperature for the corresponding representative
measurement condition. Blank boxes are irradiance values for which no representative
measurement condition was defined because the corresponding group of operating conditions
contained fewer operating conditions than a threshold having an intensity within 0.05 suns of

that irradiance value. The threshold may be equal to one.

It should be noted that the interval chosen for each parameter (APE, irradiance and
temperature) has an effect on the accuracy of the energy yield estimation. Hence, the value
of the interval should be as small as possible, while keeping the total number of representative

measurement conditions under a manageable value.

Temperature (°C) APE (ev)
1.80 1.86 1.91 1.95 2.01 2.07

Irradiance | 0.1 27 29 28 28 26 26
value 0.2 29 31 30 31 35
(suns) 0.3 27 32 33 37

0.4 32 34 39

0.5 32 36 41

0.6 33 37

0.7 36 39

0.8 37 40

0.9 38 41

1.0 40 42

1.1 42 44

1.2 40 43

Table 1
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In the measurement step 103, the representative spectra are simulated using a LED solar
simulator. For each representative measurement condition, a sample solar energy generation
unit is irradiated with a simulated spectrum simulating the corresponding representative
spectrum, with an intensity based on the corresponding representative irradiance level, and in
an ambient environment maintained at the representative temperature. Specifically, during the
measurement step 103, the sample may be placed inside a temperature chamber with a

temperature controlled air flow.

Figs. 4 shows schematically possible a measurement setup for a mono-facial cell. The cell is
placed on a conductive copper chuck, and energy generated by the cell is measured using

electrical probe bars. Fig. 5 shows a measurement setup for a mono-facial module.

In an example experiment, the simulated spectra were calibrated within a plurality of 100 nm
intervals as mentioned in the international standard (IEC 60904-9). The LED solar simulator
used in this experiment is a Sinus-220 (Wavelabs), which has 21 LED colours. In principle, a
higher number of LEDs with different respective wavelengths (i.e. generating light with a
wavelength range peaking at different respective wavelengths) would give better control over
the simulated spectrum. In this experiment, the intensities of the LEDs were tuned manually
to match with each target representative spectrum. It is expected that this process would be
automated and incorporated into the LED solar simulator control software in the future. Firstly,
the profile of each LEDs at 100% intensity (fully on mode) is recorded. The intensity
percentage for each LED is calculated by matching its intensity with the target spectrum at
respective wavelength ranges. The intensity percentages of LEDs with broader emissions are
calculated prior to those of LEDs with narrower emissions. The intensity profiles of the LEDs
are then saved for each target representative spectrum. The representative spectrum 301 for
APE 1.80 is shown in Fig. 4, together with the simulated LED spectrum 302. Since the
representative spectra are location specific, the calibration is repeated for each set of
representative spectra at least once. The calibration can be automated by incorporating the
calibration algorithm into the software used to control the LEDs as mentioned earlier. The
measurement of energy yield was measured for each of the formulated representative
measurement conditions listed in Table 1. Thus, the measurements included measuring the

sample under 6 different spectra at 12 representative irradiance levels.

2. Performance of steps 101-103 for bi-facial solar cells/modules

Bi-facial solar cells/modules have having two differently-directed (oppositely facing) surfaces
for receiving light. Typically, a first surface is directed skywards, and the second surface faces

away. Thus, the cells/modules receive additional light from the rear onto the second surface
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depending on the reflectance of the background. Hence, the data recording, formulation and
measurement methodologies take more effort than in the case of mono-facial solar

cells/modules.

In one option, during the data recording, there are at least two spectro-radiometers measuring
respectively the sunlight and the reflected light from the background. The spectro-radiometers
are placed back-to-back, and facing in opposite directions. The horizontal tilt angle of the
recorders follows the tilt angle of the modules. The recorders are preferably placed near bi-
facial solar modules to capture the shading effect of those modules on the background. In
some applications, the bi-facial modules may be mounted vertically. In order to estimate the
energy yield of the vertically mounted bi-facial modules, the spectro-radiometers are mounted
vertically following the intended orientation of the bi-facial modules. Only one thermometer is

needed to record the ambient temperature.

Thus, each operating condition comprises temperature data recorded by the thermometer,
and data recorded by each of the two spectro-radiometers. The data recorded by the spectro-
radiometer facing the sun will be referred to as direct (front) illumination and the data recorded
by the other spectro-radiometer as reflected (rear) illumination. In case of vertically mounted
spectra-radiometers, the data recorded by the spectro-radiometer that faces the rising sun in

the morning will be referred to as direct illumination.

Representative measurement conditions for the front illumination can be formulated by
following the same methodology for the mono-facial solar modules explained above. That is,
the operating conditions are grouped based on the APE of the spectra for the direct
illumination. Then, each group of operating conditions is further divided into subsets based on

irradiance data for the front direction illumination.

However, in the bifacial case, each sub-set of the operating conditions may also include
recorded data for the rear illumination. Each sub-set of operating conditions, is partitioned into
a plurality of sub-sub-sets based on the measured data for the rear illumination, using similar
methodology as grouping the front illuminations. A respective representative measurement
condition (relating to both front and rear illumination) is defined for each of these sub-sub-sets.
Hence, the total number of representative measurement conditions relating to both front and
rear illumination, is equal to the number of rear representative measurement conditions (i.e.

equal to the total number of sub-sub-sets of the operating conditions).

Each representative measurement condition includes a first (front) representative spectrum
and (first) irradiance level derived by averaging the data generated by the front spectro-
radiometer for the corresponding sub-group of operating conditions. It would further include a

second (rear) representative spectrum and second irradiance level derived by averaging the
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data generated by the rear spectro-radiometer for the corresponding sub-sub-group of

operating conditions.

A representative temperature for each representative measurement condition is determined
using the same method as for mono-facial modules mentioned earlier. That is, the
representative temperature for a given representative measurement condition is the average

of the temperature measurements for the corresponding sub-sub-set of operating conditions.

In a variation, only the illumination data for the front side is recorded/available for each
measurement time. In this case, all the representative measurement conditions are defined
using this illumination data for the front side, in the manner described above for mono-facial
modules. Data describing the reflected (rear) illumination is calculated, for example using ray
tracing or other appropriate modelling software. This can be done using a simple model,
illustrated in Fig. 7, where the bi-facial solar energy generation unit (as shown in Fig. 7, a solar
module) is considered as placed in front of a background. Firstly, the reflectance of the
background and the transparency of the module are determined. There are two sources of
reflected light from the background: the light that is transmitted through the module and the
ambient stray light from the surrounding. Fig. 7 shows schematically the reflection of light from
the background. The amount of reflected light reaching the module also depends on the tilt
angle ¢ and the distance x shown in Fig. 7 between the rear surface of the bifacial module
and the background. The data for the representative measurement conditions relating to the
reflected light reaching the module can then be calculated by considering the reflectance of

the background, the transparency of the module, the tilt angle and the distance.

Turning to measurement step 103 for a solar energy generation unit which is a bi-facial solar
cells or module, it may be performed using two light sources. The setup in the case that the
solar energy generation module is a solar cell is shown in Fig. 7. A setup for the measuring

the bi-facial solar module would be similar but would omit the electrical probe bars.

For each measurement condition, the representative spectrum and first irradiance level for the
front side of the solar cell is used to calibrate the output of a front LED solar simulator 71, while
the representative spectrum and second irradiance level for the rear side of the solar cell is
used to calibrate the output of a rear LED solar simulator 72. The calibration procedure is the
same as that for mono-facial solar cells mentioned earlier. A temperature chamber is used to

maintain the ambient temperature at the corresponding representative temperature.

Note that if the illumination of the rear of the solar energy generation unit depend only in a
known way on the illumination of the front of the solar energy generation unit (with the

dependence being the same for all the measurement conditions), instead of the setup of Fig.
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8 a single LED solar simulator 81 can be used to illuminate the front of the solar energy
generation unit to provide the front illumination, while a reflector 82 is used instead of a LED
solar simulator 72 at the rear side. The reflector 82 is chosen to replicate the known

dependence of the rear illumination on the front illumination,

3. Performance of steps 101-103 for tandem solar cells/modules

As noted above, conventionally tandem solar cells/modules can either be in two-terminal (2T),
three-terminal (3T) or four-terminal (4T) configurations. A 2T tandem solar cell/module has
two electrical terminals. Steps 101 and 102 for 2T tandem solar cells/modules are the same
as for the respective (mono-facial and bi-facial) methodologies explained earlier, according to
whether the 2T tandem cell/module is mono-facial or bi-facial. Furthermore, no modification to
the setup is required to perform measurement step 103 for 2T tandem solar cells/modules.

Analysis of 3T tandem devices is built upon 2T devices.

However, for 4T tandem solar cells, the luminescent coupling between the two sub cells is
taken into consideration. Steps 101 and 102 should follow the respective methods according
to the type of 4T tandem solar cells (i.e. mono-facial or bi-facial 4T tandem solar cells).
However, in step 103, unlike SJ solar cells, the I-V measurement of 4T tandem solar cell is

performed separately for each sub cell.

The setup of the LED solar simulator(s) is the same as when step 103 is performed as
explained above, depending on the type of the 4T tandem solar cell (i.e. mono-facial or bi-

facial 4T tandem solar cells).

First, the energy vyield of the top sub cell is measured under all the representative
measurement conditions. The maximum power point of the top sub cell under each

representative measurement conditions is noted.

Subsequently, the energy yield of the bottom sub cell is measured for each of the
representative measurement conditions. While this is done, the top cell is biased close to its
maximum power point under that representative measurement condition. This is illustrated in
Fig. 9, where the electrodes 91, 92 are used to apply this bias while the energy yield of the
bottom sub-cell is measured. Note that the biasing procedure is the same for both mono-facial

and bi-facial 4T tandem solar cells/modules.

The above procedure may be generalized for tandem cells with a number n of solar energy
generation layers which is at least two, and a number of terminals which may be up to 2n. In
this case, the energy yield of the sub-cells under all the representative measurement
conditions may optionally be measured separately for different ones of the sub-cells, for

example layer by layer. The cell/modules are illuminated such that light passes first through a
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“top” (first) one of the layers and then sequentially through the layers to a “bottom” (last) layer.
When measuring the energy yield of sub-cells in each of the solar energy generation layers
except the top layer, corresponding terminals for the higher layer(s) may be held at a

predetermined relative voltages (bias).

Note that the present method is applicable to tandem cells of any form, including tandem
cells/modules in which the sub-cells of different solar energy generation layers are not in

register in directions lying in a plane of the solar energy generation layers.

4. Analysis step 104 for all types of solar energy generation unit

A programmed processor (optionally the same processor used to control the setup of the
measurement step 103) can perform step 104 on the measured results from step 103, under
the control of software. The software obtains the measured efficiency of the sample at each
representative measurement condition (from the measured |-V for the measurement
condition), and determines the power output of the sample. The processor multiplies the power
output at each representative measurement condition with the corresponding occurrence
value, and thereby obtains an individual power output (Wm-2) contribution for each

representative measurement condition.

The power output may be multiplied by the recorded interval (measurement period) to obtain
the estimated energy yield (kWhm-2) due to the times that the operating conditions were
closest to that representative measurement condition. If the recorded period is one year, the
estimated energy yield can be regarded as annual energy yield (kWhm-2a'), where a' denotes
“per year”. The annual energy yield depends on the annual insolation (kWhm-2a') and the
annual insolation is dependent on time and location. Hence, the annual energy yield alone
may not be sufficient to quantify the performance of solar cells. Accordingly, the “harvesting
efficiency”, a figure of merit, can be used instead of the annual energy yield. The harvesting

efficiency can be calculated by dividing the energy yield by the insolation over the same period.

The energy yield analysis can be further broken down into the energy yield component under
each representative measurement conditions. The resolution of this analysis depends on the
interval chosen to formulate the representative measurement conditions. The interval can be
chosen to be small enough so that a high-resolution insight can be generated. The advantage
of high-resolution matrix is that it can be shown in a colour scale map to provide additional
insight. This matrix may be generated by extrapolating. However, in principle, a small interval
can be chosen to generate a high-resolution energy yield matrix. The higher energy yield
region covers from mid- to high-irradiance ranges. This information assists the optimization of
solar cells, as well as, the cross comparison of different solar cells under different operating

conditions.
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In addition to performing calculation of the energy yield, the software is designed to correct
the results for any small mismatch in measurement step 103 between the representative
spectra and the simulated spectra, as well as any discrepancy between the representative
irradiance level and the intensity of the artificial light. In step 103, the actual illumination
conditions such as APE and irradiance during |-V measurement are recorded for each
measurement. In step 104, the software reads the actual illumination data (APE and
irradiance), and modifies the efficiency for the corresponding measurement condition based
any discrepancy between these values and the targeted representative spectrum and
irradiance level. The fitting algorithm used may be a piecewise cubic Hermite interpolating
polynomial (PCHIP) if the curve has more than three data points; otherwise, it may employ
linear fitting. As the mismatch between the targeted and the actual measured conditions is
usually small, the fit usually corrects the measured efficiency value by less than 1%. This
correction reduces any systematic error introduced by the mismatch in the targeted and

simulated illumination.

Optionally, the software may have a number of additional features. As noted above, method
100 can be applied to solar energy generation units which are both cells and modules. By
consistently comparing the energy yield of cells and modules, this measurement methodology
may be used to estimate the energy yield of the modules by measuring the cells. The cell to
module loss/gain is affected by many parameters such as the back sheet, the ribbon, the gap
between cells and the edge spaces. Optionally, using the energy yield of a cell obtained by
method 100, there may be a step of predicting the energy yield of a module comprising multiple
cells. This step may consider all these parameters (the back sheet, the ribbon, the gap
between cells and the edge spaces) as providing a constant gain or loss. The process may
be performed repeatedly for different types of cells and modules, and the results used to
perform a learning and correcting process, which may involve the use of artificial intelligence
(Al).
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Claims

1. A method of determining the energy yield of a solar energy generation unit at a

geographic location, the method comprising:

obtaining a plurality of operating conditions, each operating condition being a dataset
characterizing the geographic location at a respective one of a plurality of times during a
measurement period, each operating condition comprising an item of spectral data
characterizing the wavelength distribution of solar light incident at the geographic location at
the respective time, irradiance data characterizing the level of light intensity of the geographic
location at the respective time, and thermal data characterizing the temperature of the

geographic location at the respective time;

grouping the operating conditions into groups based on a respective average photon
energy of the respective items of spectral data, and for each group using the items of spectral
data of the corresponding operating conditions to derive spectral data characterizing a

representative spectrum;

for each group, using the irradiance data and thermal data of the corresponding
operating conditions to derive at least one corresponding representative measurement
condition, each representative measurement condition comprising the spectral data
characterizing the corresponding representative spectrum, a representative irradiance level
and a representative temperature, and each measurement condition being associated with a

respective occurrence value;

successively for each group, and for each corresponding representative measurement

condition;

(i) maintaining an environment containing the solar energy generation unit to be at the
corresponding representative temperature, and irradiating the solar energy generation unit
with artificially generated light, the artificially generated light having a wavelength distribution
based on the corresponding representative spectrum and having an intensity based on the

corresponding representative irradiance level, and
(i) measuring an energy yield of the solar energy generation unit, and

calculating the energy yield of the solar energy generation unit as a sum of the
measured energy yields weighted by corresponding occurrence values indicative of the
proportion of the year for which the operating condition at the geographic location most closely

resembles the respective representative measurement condition.
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2. A method according to claim 1 in which, for each group, there are a plurality of
representative measurement conditions which each have different representative irradiance

levels.

3. A method according to claim 1 or claim 2, in which the solar energy generation unit is
a bi-facial solar energy generation unit having two differently directed surfaces for receiving
solar light, said irradiating the solar energy generating unit with artificially generated light

comprising:

irradiating a first of the surfaces of the solar energy generation unit with artificially
generated light having a wavelength distribution based on the corresponding representative
spectrum and having an intensity based on the corresponding representative irradiance level,

and

irradiating a second of the surfaces of the solar energy generation unit with the
artificially generated light after it has passed through the solar energy generation unit and

been reflected towards the second surface of the solar energy generation unit.

4. A method according to claim 1 or claim 2, in which the solar energy generation unit is
a bi-facial solar energy generation unit having two differently directed surfaces for receiving
solar light, said irradiance data characterizing the intensity of solar light propagating in a first
direction, and each operating condition comprising secondary data characterizing the intensity
of solar light at the geographic location propagating in a second direction different from the

first direction,

each said representative measurement condition further comprising a second
representative irradiance level based on the secondary data of the corresponding group of

operating conditions,

said irradiating the solar energy generating unit with artificially generated light
comprising irradiating a first of the surfaces of the solar energy generation unit with artificially
generated light having a wavelength distribution based on the corresponding representative
spectrum and having an intensity based on the corresponding representative irradiance level,
and irradiating the other surface of the solar energy generation unit with artificially generated

light having an intensity based on the corresponding second representative irradiance level.

5. A method according to claim 4 in which each group, the representative measurement
conditions comprise a plurality of representative measurement conditions having the same
representative irradiance level and representative temperature, and which differ in their

second representative irradiance level.
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6. A method according to any preceding claim in which the solar energy generation unit
comprises at least two solar energy generation layers, the artificially generated light being

directed to pass successively through the two solar energy generation layers.

7. A method according to claim 6 in which the solar energy generation unit comprises, for
each of the solar energy generation layers, respective electrodes for applying voltages to the

solar energy generation layer.

8. A method according to claim 7 comprising, during said irradiating of the solar energy
generation unit with artificially generated light, applying a voltage bias to the electrodes of the

solar energy generation layer through which the artificial generated light first passes.

9. A method according to claim 8 in which the voltage bias is substantially equal to a
maximum power point of the solar energy generation layer through which the artificial

generated light first passes.

10. A method according to any preceding claim comprising generating the items of spectral
data and irradiance data at the respective times using a photodetector, and generating the

temperature data at the respective times using a thermometer.

11. A method according to claim 10 when dependent upon claim 4 further comprising
generating the irradiance data by measuring the intensity of light propagating in the first
direction, and generating the second irradiance data by measuring the intensity of light

propagating in the second direction following a reflection.

12. A method according to claim 10 when dependent upon claim 4 further comprising
generating the irradiance data by measuring the intensity of light propagating in the first
direction, and generating the second irradiance data by multiplying the irradiance data by a
reflectance factor.

13. A method according to any preceding claim further comprising measuring at least one
discrepancy between the measurement conditions and at least one of the irradiance level and
spectrum during said irradiating of the solar energy generation unit with the artificially
generated light, and correcting the corresponding measured energy yield based on the

measured discrepancy.

14. A system for determining the energy yield of a solar energy generation unit at a

geographic location, the system comprising:

a light generation unit for irradiating a solar energy generation unit with artificial light;
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a temperature control unit configured to control the temperature of the solar energy

generation unit;

a memory storing a plurality of representative spectra, and for each representative
spectrum data defining one or more representative measurement conditions, each
representative measurement condition comprising a respective one of the plurality of
respective representative spectra, a respective representative irradiance level and a
respective representative temperature, and each measurement condition being associated

with a respective occurrence value;

a power measurement unit for measuring electrical power generated by the solar

energy generation unit; and

a processor arranged, successively for each corresponding representative

measurement condition, to:

(i) control the temperature control unit to maintain an environment containing the solar

energy generation unit to be at the corresponding temperature;

(i) control the light generation unit to irradiate the solar energy generation unit with
artificially generated light, the artificially generated light having a wavelength distribution based
on the corresponding representative spectrum and having an intensity based on the

corresponding representative irradiance level;

(iii) receive from the power measurement unit data indicating the electrical power

generated by the solar energy generation unit for the representative measurement condition;

(iv) calculate the energy yield of the solar energy generation unit as a sum of the
measured energy yields weighted by corresponding occurrence values indicative of the
proportion of the year for which the operating condition at the geographic location most closely

resembles the respective representative measurement condition.

15. A system according to claim 14 further including a reflector for reflecting light which
has passed through the solar energy generation unit back towards the solar energy generation

unit.

16. A system according to claim 14 further including a second light generation unit for
irradiating the solar energy generation unit with artificial light from a direction different from the
direction in which the first light generation unit irradiates the solar energy generation unit, the
processor being configured during the irradiation of the solar energy generation unit by the
light generation unit to control the second light generation unit to irradiate the solar energy

generation unit with artificial light having a wavelength distribution based on the corresponding
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representative spectrum and having an intensity based on a second representative irradiance

level comprised in the corresponding measurement condition.

17. A system according to any of claims 14 to 16 which is operative to supply a bias to
electrodes of a first solar energy generation layer of the solar energy generation unit while the
power measurement unit generates data indicating the electrical power generated by a second

solar energy generation layer of the solar energy generation unit.
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