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What is IEA PVPS TCP?

The International Energy Agency (IEA), founded in 1974, is an autonomous body within the framework of the Organization for Economic
Cooperation and Development (OECD). The Technology Collaboration Programme (TCP) was created with a belief that the future of energy
security and sustainability starts with global collaboration. The programme is made up of 6.000 experts across government, academia, and
industry dedicated to advancing common research and the application of specific energy technologies.

The IEA Photovoltaic Power Systems Programme (IEA PVPS) is one of the TCP’s within the IEA and was established in 1993. The mission
of the programme is to “enhance the international collaborative efforts which facilitate the role of photovoltaic solar energy as a cornerstone
in the transition to sustainable energy systems.” In order to achieve this, the Programme’s participants have undertaken a variety of joint
research projects in PV power systems applications. The overall programme is headed by an Executive Committee, comprised of one dele-
gate from each country or organisation member, which designates distinct ‘Tasks,’ that may be research projects or activity areas.

The IEA PVPS participating countries are Australia, Austria, Belgium, Canada, Chile, China, Denmark, Finland, France, Germany, Israel,
Italy, Japan, Korea, Malaysia, Mexico, Morocco, the Netherlands, Norway, Portugal, South Africa, Spain, Sweden, Switzerland, Thailand,
Turkey, and the United States of America. The European Commission, Solar Power Europe, the Smart Electric Power Alliance (SEPA), the
Solar Energy Industries Association and the Cop- per Alliance are also members.

Visit us at: www.iea-pvps.org

What is IEA PVPS Task 13?

Within the framework of IEA PVPS, Task 13 aims to provide support to market actors working to improve the operation, the reliability and the
quality of PV components and systems. Operational data from PV systems in different climate zones compiled within the project will help
provide the basis for estimates of the current situation regarding PV reliability and performance.

The general setting of Task 13 provides a common platform to summarize and report on technical aspects affecting the quality, performance,
reliability and lifetime of PV systems in a wide variety of environments and applications. By working together across national boundaries we
can all take advantage of research and experience from each member country and combine and integrate this knowledge into valuable
summaries of best practices and methods for ensuring PV systems perform at their optimum and continue to provide competitive return on
investment.

Task 13 has so far managed to create the right framework for the calculations of various parameters that can give an indication of the quality
of PV components and systems. The framework is now there and can be used by the industry who has expressed appreciation towards the
results included in the high-quality reports.

The IEA PVPS countries participating in Task 13 are Australia, Austria, Belgium, Canada, Chile, China, Denmark, Finland, France, Germany,
Israel, Italy, Japan, the Netherlands, Norway, Spain, Sweden, Switzerland, Thailand, and the United States of America.

DISCLAIMER
The IEAPVPS TCP is organised under the auspices of the International Energy Agency (IEA) but is functionally and legally autonomous. Views, findings and publica-

tions of the IEA PVPS TCP do not necessarily represent the views or policies of the IEA Secretariat or its individual member countries.
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EXECUTIVE SUMMARY

The photovoltaic (PV) energy rating is related to the energy yield performance of a PV module.
Unlike the power rating, which is only related to the performance at a single operating point at
25°C, 1000 W/m?, and AM1.5 spectrum (Standard Test Conditions, STC), the energy rating
considers several characteristics of the PV module that affect the amount of energy produced:
a) low irradiation behaviour b) temperature behaviour c) spectral response and d) angular re-
sponse. These characteristics are also a function of climate and location conditions, vary over
time, and differ widely from the STC. For the PV industry and its market players, accurate
information on how much energy PV modules and systems can generate is crucial, and even
more relevant than the power rating. In recent times the photovoltaic industry is moving from
thinking about power (watt-peak) to thinking about energy (kWh), giving greater importance to
the energy rating. Chapter 1 of this report examines the importance of energy classification in
more detail and provides an overview of the state of the art in this area.

The energy rating aims to allow differentiation between PV modules according to their perfor-
mance for typical locations. To this end, one of the most important international standardization
bodies of the photovoltaic industry: The International Electrotechnical Commission (IEC), has
designed the IEC 61853 series of standards Photovoltaic (PV) module performance testing
and energy rating (Parts 1 to 4). The series provides guidelines and standardized procedures
for the indoor and outdoor characterization of PV modules and the calculation of the climate-
specific energy rating (CSER). The CSER is equivalent to the annual performance ratio of the
PV module for a specific climate.

Part 1 deals with the measurement of PV module performance under variable irradiance and
module temperature (G-T or power matrix). Part 2 contains the measurement procedures of
the angular response (AR), the spectral response (SR), and the nominal module operating
temperature (NMOT) of the PV modules. Part 3 lays down a methodology for the calculation
of the CSER value, which uses the results from Parts 1, 2 and 4 (reference climate data sets)
as input data. Currently, six climate data sets are available (temperate continental, temperate
coastal, tropical humid, subtropical arid, subtropical coastal, high elevation), all of which com-
prise a time series of hourly data of meteorological parameters for a complete year.

Angular
Response
(IEC 61853-2)

Power matrix
(IEC 61853-1)

CSER
(IEC 61853-3)

Spectral
Mismatch
(IEC 60904-7)

Climatic Data
(IEC 61853-4)

Spectral
Responsivity
(IEC 61853-2)

AM1.5 spectrum
(IEC 60904-3)

Figure 1. Methodology of IEC 61853 series for climate specific energy rating
(Source: TUV Rheinland Group).

10



Task 13 Performance, Operation and Reliability of Photovoltaic Systems — Climatic Rating of Photovoltaic Modules: ( .
Different Technologies for Various Operating Conditions - .I‘

Part 1 and Part 2 of IEC 61853 series will be discussed in Chapter 2. Specifically, Chapters 2.1
and 2.2 briefly describe the procedures for indoor measurement with a solar simulator, which
is the most common practice in the PV industry. Nevertheless, procedures for outdoor meas-
urements are also outlined in international standards and, among other advantages, can fully
benefit from realistic thermal operating conditions, which is why they are discussed in
Chapter 2.3. Here, Section 2.3.1 presents an approach for characterizing PV modules using
two-axis solar trackers at outdoor installations. In Section 2.3.2, the challenges of the contin-
uum cooperating conditions are addressed by extracting the IEC 61853-1 matrix from one-full
year outdoor data including periods of non-optimal weather conditions. For practical purposes,
Chapter 2.4 gives insights into an online dataset of nine PV modules tested according to
IEC 61853 at an accredited laboratory. The new kWh thinking has not only increased the role
of energy rating but has also opened the market to new technologies, such as bifacial PV
modules. With this, new measuring procedures have been developed. Chapter 2.5 provides
an overview of the current status of bifacial power output characterization.

It is not possible to talk about energy rating, without addressing climate classification and the
efforts to understand the impact of climate on the performance and degradation of PV technol-
ogies. Therefore, Chapter 3 covers the energy meteorology in PV technologies. Chapter 3.1
discusses the most popular scheme supporting the PV community, the Kdppen-Geiger (KG)
climate classification, and presents other approaches to include additional photovoltaic-rele-
vant climate variables (global irradiance, UV irradiance, and wind speed) such as the Photo-
voltaic Degradation Climate Zones (PVCZ), the Kdppen-Geiger-Photovoltaic (KGPV) and a
scheme for indoor aging testing (Project Infinity). Besides the irradiance and the temperature,
the spectral distribution is one of the main influencing factors on the performance of a given
PV technology, since the spectral distribution of a certain location differs from the reference
global spectral irradiance defined in IEC 60904-3. Chapter 3.2 discusses this matter.
Chapter 3.3 evaluates the data sets proposed by the IEC 61853-4, which contain: hourly val-
ues over a year of ambient temperature, wind speed, satellite-retrieved irradiance data of hor-
izontal global and beam broadband irradiance, in-plane global and beam broadband irradi-
ance, and spectrally resolved in-plane global irradiance integrated into 29 spectral bands. To
give an overview of the challenges of normalizing particular climatic conditions, the case of the
Atacama Desert is presented in Chapter 3.4. The comprehensive characterization required for
PV technologies operating in such a harsh climate (i.e. UV radiation), is also discussed.

Chapter 4 constitutes the core of this report, as it not only explains in detail the IEC methodol-
ogy for the determination of the CSER but also explains the existing approaches and practices
established by recognized solar institutes. Chapter 4.1 describes step by step, the calculation
of the CSER parameter using the IEC 61853-3 methodology. Even when given the equations
and procedures for energy rating, practical implementation could be still challenging.
Chapter 4.2 addresses this issue by presenting the results of round-robin among ten solar
institutes. By using the same PV module laboratory input (Part 1 and 2 of the IEC 61853), each
institution was asked to calculate the CSER. After several phases of harmonizing methods and
excluding outliers, differences in the CSER value were still found amongst participants.

When it comes to measurements, whether in the laboratory or outdoors, some factors play an
important role in decision making from a practical point of view: cost, time and accuracy. The
reduction of measurements for the G-T matrix and the impact on the accuracy of the rating is
discussed in Chapter 4.3. This reduction is not only a cost mitigation alternative but also a
solution when the testing equipment does not allow measurement of the full matrix due to
limitations in irradiance or temperature settings.

11
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The need for an energy rating has caused different procedures to be developed independently
by solar research institutes. Some of them are discussed in this section. Chapter 4.4 presents
the Sandia Array Performance Model, which is a semi-empirical set of four principal equations
that, when appropriately calibrated, reduces outdoor data into a set of coefficients that repre-
sent module performance at STC, which can be used to translate outdoor data to the
IEC 61853-1 G-T matrix and be coupled with tabular weather data to perform energy predic-
tions or ratings. Chapter 4.5 presents the approach of Fraunhofer ISE (Dirnberger et al.
method), which relies on available historical data and technical datasheets of the PV module,
instead of the extended laboratory measurements.

Chapter 4.6 presents the Linear Performance Loss Analysis (LPLA) from TUV Rheinland. This
approach relies on the measurements of Part 1 and Part 2 of the IEC 61853, climate datasets
obtained from real measurements at outdoor locations, and equations to calculate the module
performance ratio as a linear superposition of various meteorological factors. The scope of the
IEC energy rating covers monofacial and single-junction PV devices, but its application cannot
be easily extended to bifacial devices. These challenges and the proposal of two bifacial Stand-
ard Mounting Conditions (SMC) are discussed in Chapter 4.7.

Chapter 5 discusses issues that also need to be addressed, such as the application of energy
rating to other promising PV solutions, for instance, Building-Integrated Photovoltaic (BIPV)
and coloured modules. Throughout this report, the analysis has been maintained at the module
level rather than the system level. Recognising how important this is, the last two sub-chapters
discuss PV systems issues. Chapter 5.1 shows the results of a round robin test according to
BIPV IEC 61853 with nine participating institutes from seven countries, which was carried out
within the framework of the IEA PVPS Task 15.1 and in which globally identical modules, the
same laboratory characterisation and a globally agreed methodology were used. Chapter 5.2
presents the results of a one-year study conducted by SUPSI PVLab, in which seven prototype
modules of different colours were evaluated to understand the different technology and climatic
factors impacting their real-world performance. Like any model, the IEC 61853 energy rating
also has uncertainties from systematic and random errors, coming from the input data and the
applied models. The main sources of uncertainties are discussed in Chapter 5.3.

The performance of photovoltaics depends on static metadata (i.e azimuth, tilt) and dynamic
weather data. When it comes to obtaining global regional system performance data,
Chapter 5.4 shows that, rather than finding annual performance data, a better approach is to
obtain PV system metadata (module tilt and azimuth, installed capacity), and use representa-
tive, regionally resolved distributions to calculate specific annual performance distributions
based on annually varying weather information. This approach could improve how national
energy plans are established, installations are optimized, and give specific information about
common regional installation practices. One of the biggest questions is what kind of information
the energy rating has for the long-term run of PV modules and systems. To this end, it is
important to understand the differences between energy rating, energy yield, and long-term
performance assessment. This is discussed in Chapter 5.5. This chapter explores the long-
term degradation of PV modules through a case study in Thailand.

As a whole, this report is a compendium of the current status of energy rating, ranging from
input data on technologies (whether measured in the laboratory or outdoors) and on climate,
to the description and evaluation of existing methods (IEC 61853 and from other solar research
institutes). It also opens the discussion on the application of these methods in new technolo-
gies such as bifacial modules, BIPV and coloured PV, competitions on method uncertainties
and evaluation at system level. The basic data sets for individual reader analysis are also
provided.

12
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1 INTRODUCTION

The energy generation from a photovoltaic (PV) module depends on the environmental condi-
tions to which it is exposed during its lifetime. Usually, PV modules are tested at Standard Test
Conditions (STC) where the electrical efficiency is often perceived as a conclusive indicator of
their quality. STC rating is useful to compare the performance of different technologies in con-
ditions which can be easily recreated in a laboratory environment, however it fails in giving
accurate information on how much energy it can generate for long-term operations. The power
output in field condition is mainly dependent on the irradiance, cell temperature, spectral re-
sponse, and angle of incidence, which are functions of the time of the day, season, location
and climatic conditions, and differ widely from STC conditions. Manufacturers should design
PV modules optimized for various environmental conditions so that EPC contractors can
choose between various options to optimize the performance of a PV plant. From a customer
or investor point of view, PV module energy rating is more important than power rating. The
energy rating of a module can be defined as the estimated DC energy generated in kwWh per
kWp per annum for a standard climate. The energy rating allows the customer to compare not
only similar products from different manufacturers, but also completely different technologies.
It should also provide a realistic estimated energy value for the region of installation and should
be simple, accurate, repeatable, and agreed in terms of methodology for its calculation.

To include all the parameters affecting on the performance of a PV module in terms of energy
generation, the International Electrotechnical Commission (IEC) has designed a standard
IEC 61853 divided into four different parts. IEC 61853-1 is based on the effect of irradiance
and temperature on the power rating; IEC 61853-2 deals with test procedures for measuring
the effect of spectral response, incidence angle, and module operating temperature measure-
ments, as well as the estimation of module temperature from irradiance, ambient temperature,
and wind speed; IEC 61853-3 deals with the energy rating of PV modules; and IEC 61853-4
deals with climate data, which describes the standard periods and weather conditions that can
be used for the energy rating calculations.

1.1 The Relevance of Energy Rating for LCOE of PV Systems and the
PV Industry

As previously mentioned, from a PV installation and financing viewpoint, the energy produced
during the operational lifetime is a key input element for the calculation of any economic indi-
cator. The cost of photovoltaic electricity generation from different PV plants in the same cli-
matic conditions can be benchmarked using the Levelised Cost of Electricity (LCOE). For the
calculation of the LCOE, the most important parameters are of economic and financial nature
(i.e. the Cost of Capital, the Capital Expenditures (CAPEX), and the Operational Expenditures
(OPEX)) and of technical nature (i.e. lifetime, utilisation rate, degradation). The value of the
LCOE is then used to determine whether a PV project is bankable or not also in comparison
with other projects (e.g. in PPA tenders). However, PV modules are rated and sold according
to their power measured at standard testing conditions (STC), and not based on their energy
output during their lifetime. Consequently, scientists have worked on procedures to rate PV
modules according to their output energy (or energy yield) rather than STC power. These pro-
cedures are usually referred to as “energy rating”. The aim of the energy rating is to enable a
significant differentiation between PV modules according to their yield for typical locations, so
that users have better information for selecting the optimal module type for their purposes. The
series of standards IEC 61853 aims to establish “IEC requirements for evaluating PV module
performance based on power (watts), energy (watt-hours) and performance ratio”. The IEC

13
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requirements will support the needs during initial yield assessments in defining standard
weather data sets covering different climatic regions and standard performance assessment
at PV module level in terms of angle of incidence (AOI) effects, spectral response, and oper-
ating temperature.

The Energy Rating methodology has already proven itself as successful also in the recom-
mendation given by the preparatory study for the feasibility of Ecodesign, Energy labelling, EU
Ecolabel, and Green Public Procurement (GPP) requirements for PV modules and systems [1].
Specifically, the Ecodesign suggested requirements for modules electricity yield states that the
module energy output (yield) expressed in kWh/kWp and calculated according to
IEC 61853-3 for each of the three reference EU climate zones shall be declared by the manu-
facturer.

In Report Uncertainties in Yield Assessments [2] we have demonstrated the importance of the
initial assumptions in a yield assessment with the choice in data input and modelling steps that
can have a very important impact on the probability of exceedance, e.g. on the P50/P90 val-
ues. Although this is a clear indication of the importance of the internal knowledge and skills
of each yield assessor in a particular climate and/or technology, a standardized approach in
evaluating the energy output of PV modules could be beneficial in competing tenders and/or
in situations where the main need of the investor/PV project developer is limited to the best
choice in PV module technology.

As a result of all the above mentioned considerations, the criteria for the selection of a PV
module should shift from a power-based rating to a more accurate and climate specific rating
based on the expected lifetime expected yield, e.g. energy-based rating or “energy rating”. In
conclusion, deeper knowledge in energy rating can have multiple benefits for:

e Manufacturers as they can demonstrate how their products perform in specific cli-
mates and thus cost optimise the process

e EPC and yield assessors as they can better understand the climate dependent beha-
viour of PV modules and thus provided more accurate yield assessment and lifetime
yield prediction

e Policymakers and regulators, as they can introduce more accurate calculation for the
requirements on life time electricity yield for example in ecodesign requirements.

1.2 Literature Review of Published Research on PV Module Energy
Rating

To supply a realistic estimation of the yearly performance of a PV module installed at different
climate conditions, the PV module energy rating (MPR) has been defined as “normalized en-
ergy collection for the reference climatic profile” in the international standards published by
International Electrotechnical Commision (IEC), through the discussion over 20 years [3-7]
MPR is referred to as “Climate Specific Energy Rating (CSER)”, in these standards
(IEC 61853-1, -2, -3, and -4). That is, MPR (CSER) is a dimensionless indicator to express the
ratio of PV module output (watt-hours) to the maximum output (watt-hours) expected under the
reference climatic conditions. This CSER parameter is calculated from the power rating data
(which are comprised of the performance data obtained at various temperatures and in-plane
irradiance intensities), the PV performance data depending on incident light characteristics
(angle of incident, spectrum) and temperature of PV module, and the hourly weather datasets
including ambient temperature, wind speed, and irradiation characteristics. As described in our
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previous report [8], some approaches to clarify the differences between the actual MPR ob-
served at various locations/technologies and the respective calculated-MPR has have been
proposed so far (reviewed in [9]). In this section, the MPRs reported in the published articles
have been collected, and meta-analyzed to extract the features on MPR under various PV
technologies and climates

Over 100 work of literatures have been identified on the energy yields of PV modules with
various technologies at numerous locations since 1990s (the activities in the last century were
summarized in [10]. The number accounts for a literature database search with the combina-
tion of subject words (e.g., photovoltaic* x "performance ratio*" x "energy yield*"). However, in
most of the reports, the performance characteristics were only taken from the label attached
to the deployed PV modules and not actually determined or measured (i.e. in the laboratory)
prior to outdoor deployment. These reports provide a valuable estimation to elucidate the real
energy yield in the individual locations and the performance ratio under the specific situations
such as high irradiance condition, however, the MPR could not be precisely estimated, de-
pending on the data collected under the unfavourable conditions (e. g., low irradiance condi-
tion). Among all publications, five reports could be examined to meta-analyze the MPR fea-
tures, in which the energy rating data in South Asia, North America, Middle East and Europe
were included (Table 1) [11-15].
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Table 1: Locations (on MPR estimation) selected from the literature.

Country City Latitude Longitude KG Cli- Reference
mate*
UK near Glasgow 56.00 -4.00 Cfb [13]
UK Norwich 52.70 1.09 Cfb [11]
Netherlands Utrecht 52.10 5.20 Cfb [12]
Germany next Berlin 52.00 14.00 Cfb [13]
Germany Cologne 50.92 6.99 Cfb [14]
Germany Breisach 48.00 7.59 Cfb [11]
Italy near Milano 45.00 9.00 Cfa [13]
France near Avignon 44.00 5.00 Csa [13]
Italy Ancona 43.47 13.07 Csa [14]
India Gurgaon 28.62 77.07 Cwa [15]
Spain near Ubeda 38.00 -3.25 BSk [13]
India Leh 34.15 77.56 BWk [15]
USA Tempe 33.42 -111.91 BWh [14]
Egypt Rafah 31.20 34.30 BWh [13]
India B** [15]
India Chennai 12.98 79.99 Aw [14]
India Axx [15]

*KG climate indicates the climate zone defined in Kbppen-Geiger climate classification [16].

**These climate zones were described in the reference [15] as “Hot & Dry” and “Hot & Humid”
for B and A, respectively. Other climate zones were determined by the literature [16] and rele-
vant web sites [17].
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Figure 2: Difference in MPR estimated from the indoor measurement data, based on
the weather data at the respective locations. The climate zones (tropical, dry and tem-
perate) are corresponding to climate zones (A, B, and C, respectively) defined in
Koppen-Geiger climate classification. The bars with semi-transparent colours indi-
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cate the data without outdoor observation (Source: Adapted from [11-15]).
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MPR is mainly varied depending on two factors (irradiance and temperature). For the irradi-
ance, the energy generation in a PV module is heavily impacted by the spectral mismatch
(which is indicated as MMF and the angle of incidence (AQI), as well as its intensity (which is
denoted as LowG (Figure 2). Since the temperature of PV modules are affected by the ambient
temperature, wind speed, and irradiance, the output is changed in accordance with the tem-
perature coefficients owing to the respective PV modules.

Figure 2 summarizes the differences in MPR (AMPR), which have been reported so far [12—
15, 18] for four different PV technologies. This AMPR is estimated from the indoor measure-
ment data (power rating and other characteristics), based on the weather data at the respective
locations. Some common MPR features beyond the achievements in the individual reports are
shown in Figure 2, e.g., sum AMPR (without that depending on soiling) is near consistent in
each climate zone, irrespective of data source, in crystalline silicon (c-Si) PV modules. This
deviation in MPR is largely attributed to that of local temperature, indeed, AMPR caused by
temperature in the PV modules installed in Hot & Dry and Tropical climate zones is about twice
against that in temperate climate zone. The effect of temperature is larger in hot climate, re-
gardless the PV technologies of the investigated PV modules. The contribution of AOI to AMPR
has similar extent, irrespective of climate and PV technology. Furthermore, the effect of low
irradiance on MPR is near consistent (positive impact), although there are clear differences
among the different PV technologies. We should note that the large positive-deviation due to
spectral mismatch effect (SMM) is observed in the PV modules with amorphous silicon (a-Si)
and cadmium telluride (CdTe) technologies, in particular in Hot & Dry and Tropical climate
zones. The small positive effect with SMM is also detected in other PV modules, while the
intensity does not depend on the climate zones where the PV modules are installed (although
the negative SMM effect detected in Tempe, the causes of this estimation is unknown).

KG Climate zone: B (Dry) KG Climate zone: C (Temperate)
5t C
8

R L et P S T—‘ “““““ -]----
= L
-y 1 T
st T = ~ Lt 1 L
: T =L

10+ T - “_-

e L 1
-20 C L 1 J_ 1 C 1 1 L

c-Si a-Si CIGS/CIS CdTe c-Si a-Si CIGS/CIS CdTe
Figure 3: Difference in MPR among PV modules with four technologies, in the respec-
tive climate zone (Source: Adapted from [11-15]).

MPR is thus a tool that can provide not only a realistic estimate of the performance of a PV
specific technology at various climate conditions, but also that of various PV technologies at
a specific climate zone. For this viewpoint, total AMPRs of PV modules with four PV tech-
nologies are compared between two climates [Hot & Dry (B) and Temperate (C)]. As shown
in Figure 3, it is likely to reveal that similar AMPRs among four technologies are confirmed
in temperate climate zone, although AMPRs of PV modules with c-Si and CIGS/CIS tech-
nologies are slightly large in Hot & Dry climate zone. These larger AMPRs in c-Si and
CIGS/CIS technologies are caused by the absence of positive SMM effect found in a-Si and
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CdTe technologies, unlike the common effects of other environmental factors (temperature,
low irradiance, and AOI) across all technologies (Figure 4). However, it should be noted that
these results derived from the published data with a certain amount of uncertainty, as dis-
cussed in our previous report [8].
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Figure 4: Impact of environmental factors on the MPR. A, B, and C in the horizontal axis
indicate the Képpen-Geiger climate zones (tropical, dry and temperate), respectively
(Source: Adapted from [11-15]).

Uncertainty on MPR depends on the uncertainties related to measured environmental data,
power rating data, and estimation of effective irradiance and module temperature, as well as
that in the estimation procedure to find the performance at desired irradiance and temperature.
A lot of approaches to reduce these uncertainties have been reported [18—-33] and some ad-
vanced procedures are introduced in the following chapters of this report. In addition, it has
been suggested that the effect of degradation during outdoor exposure should be taken into
consideration for the reduction of uncertainty in energy rating [11, 15, 34]. Besides the uncer-
tainty, the climate classification must be improved from the classical Koppen-Geiger climate
zone, because this classical climate zones definition is specific for vegetation grow in a given
climate classification region. Recently, two proposals on the climate classification for PV per-
formance have been published, based on the factors concerning energy rating [35-38]. On
energy rating, these novel classification systems would provide a clear relationship between
PV technology and climate zone.
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2 ELECTRICAL PERFORMANCE CHARACTERIZATION OF
PV MODULES

The electrical performance of PV modules at various operating conditions can be characterized
either outdoor under natural sunlight (see Chapter 2.3) or indoor using artificial light sources
(see Figure 5).

Figure 5: Solar simulators for PV modules, left: pulsed, right: steady state (Source: TUV
Rheinland Group).

PV module electrical performance ratings are most commonly represented by a single set of
values for current, voltage and maximum power given at standard test conditions (STC) of
25°C, 1000 W/m? and AM1.5 spectrum. Since test conditions in natural sunlight cannot be
controlled, the use of a solar simulator for performance characterization is the most common
practice in the PV industry. However, procedures for outdoor measurements are also lined up
within international standards (see Chapter 2.3).

The IEC 61853 standard, Parts 1 and 2, provide the guidelines for the performance measure-
ments relevant to energy rating and will be described in this chapter.

Chapter 2.5 will also discuss the existing procedures for the characterization of bifacial PV
modules.

2.1 Indoor Test Methods IEC 61853-1

2.1.1 Low irradiance behaviour

To measure the performance at different irradiances the light source may be either a pulsed
or steady state solar simulator. When variating the irradiance between 100 W/m2 and
1100 W/mz (see Figure 6), as stipulated in part one of the energy rating standard [3], special
care has to be taken to keep constant spectral irradiance conditions and to fulfil the required
specifications regarding the homogeneity of irradiance for each setting as described in the
standard for solar simulators [39]. In practice, this can be achieved by neutral grate filters in
combination with varying the distance between the light source and the test sample. Imple-
menting glass filters or reducing the power of the simulators can influence the spectral distri-
bution and may induce negative measuring artefacts.
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Figure 6: I-V curves of crystalline PV module measured at seven different irradiances
with a class A*A*A *solar simulator (Source: [40]).

The main goal of this measurement is to determine any non-linearity of the sample’s efficiency
with irradiance. The low irradiance behaviour (see Figure 7d) is calculated as

77Rel. = (PMax,Meas.IOO(W / m2) /(GM

P (1)
eas.” Max,1000W /m? ) }

The performance at low irradiances depends more on the manufacturing processes and PV
module design than on cell technology. Generally, desired is a highly parallel resistance to
reduce losses at low irradiances and a low series resistance to reduce losses at high currents.
The performance can strongly vary between PV module types and necessarily must be tested
in the laboratory. Values between 80% and 100% at 100 W/mz2 have been observed. A typical

value for a good performing sample is 95% at 100 W/m2. The higher the efficiency curve the
better for the specific energy yield (kWh/kW).
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Figure 7: I-V curve characteristics of a crystalline PV module measured at seven dif-
ferent irradiances (Source: [40]).

2.1.2 Temperature behaviour

When measuring the electrical performance at different temperatures special care has to be
taken on homogeneous and stable device temperatures. In practice, different PV module
temperatures in the range of 15°C to 75°C, as stipulated in part one of the Energy Rating
Standard [3], are reached by heating champers implemented directly into the solar simulators®
tunnel. The temperature itself is measured by averaging four Pt100 or infrared sensors as
described in the standard. The goal of this measurement is to determine the devices’ perfor-
mance in dependency on temperature (see Figure 8).

23



~ :\
Task 13 Performance, Operation and Reliability of Photovoltaic Systems —Climatic Rating of Photovoltaic Modules: ..

-
Different Technologies for Various Operating Conditions .‘
o 5 10 15 20 25 30 35 40
1'u I 1 I I L I L 1D
B -8
E 'E - - 'B'
=t 24.93°C \\
e .l 29.64°C W 1.
. — M4.74°C A\
40.31°C 1\
——43.70°C W\
2r 46.12°C \\ 2
50.02°C 1A
Ll
0 . I " 1 " 1 5 1 N I N I N L JA N o
i} 5 10 15 20 25 a0 as 40

Vaoltage V [V]

Figure 8: I-V curves of crystalline PV module measured at different temperatures and
an irradiance of 1000 W/m2 (Source: [40]).

The temperature coefficient of Puax is called y and is negative (-%/K). It is calculated out of the

slope vans (W/K) of the linear regression (see Figure 9) normalized by the power Pstc at 25°C
as

(2)
P(T) = YapsT +b; Y = Yaps/Pstc-

The temperature coefficient y is a decisive factor for temperature-driven energy yield losses
during field operation. For high yields it should be as low as possible. The temperature coeffi-
cients depend more on cell technology than on manufacturing processes or PV module design.
Best values can be achieved by thin-film PV modules (a-Si, CdTe) with values in the range of
-0.23%/K to -0.39%/K. For c-Si technologies, y can be found in the range of -0.35%/K, for high-
efficiency c-Si technologies, to -0.43%/K.
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Figure 9: Dependence of Isc, Uoc, Pvax Of crystalline module on temperature with linear
fit to determine temperature coefficients a, B, and y (Source: [40]).

2.1.3 Theirradiance-temperature (G-T) performance matrix

The IEC 61853-1 [3] specifies a combination of the different operating irradiance and temper-
atures to determine the so-called irradiance-temperature (G-T) performance matrix, also
known as power matrix. The power matrix is a set of 21 module power measurements at vari-
ous levels of irradiance between 100 and 1100 W/m? and module temperature from 15 to 75°C,
as shown in Table 2. The norm allows multiple methods to populate the G-T matrix and the
idea behind the given values is to cover all possible options of operation in the field.
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Table 2: Irradiance and module temperature levels applied to obtain the power ma-
trix, as defined in Part 1 of the IEC 61853 standard series.

Irradiance (W/m?) Module temperature (°C)

15 25 50 75

1100 NA v v v

1000 4 4 4 4

800 v v v v

600 v v v v
400 4 4 v NA
200 v v NA NA
100 4 4 NA NA

(NA: not applicable)

The total amount of bins in the matrix is a compromise between the effort to take a measure-
ment of Pmpp @and the accuracy. It has been decided to take four settings of Tmos and seven
settings of Gpoa. Thereafter a common-sense filter has been applied and six extreme bins less
likely to occur in the field have been cancelled from the matrix. Ending up with (7x4=28 mi-
nus 6=) 22 bins that must be measured by the manufacturer.

2.2 Indoor Test Methods IEC 61853-2

2.2.1 Spectral response

The spectral response (SR) describes the efficiency of the PV module depending on the wave-
lengths of the light source. It is mainly driven by the cell technology and its bandgap, but is
also strongly affected by cell quality, anti-reflection coatings, embedding materials and front
glass.

To measure the spectral response of PV modules, as requested in Part 2 of the Energy Rating
Standard [4], a measuring device with an adjustable narrow-bandwidths light source is needed.
This can be either achieved by solar simulators combined with transmission filters or a grating
monochromator (see Figure 10).
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Figure 10: System for spectral response measurements of full-size PV modules
(Source: TUV Rheinland Group).

Crystalline Silicon cells are active in the wavelength range from 275 nm to 1190 nm
(Figure 11). The great variety of spectral response curves within the same technology makes
it difficult to generalize the spectral behaviour for all technologies. Thus, it must be measured
in the laboratory for each PV module type and spectral shifts must be considered for accurate
power ratings.

To quantify the impact of spectral shifts on the PV module’s performance in comparison to
AML.5 [41], a spectral mismatch correction factor (SMM) according to IEC 60904-7 [42] can
be calculated (Figure 11). The SMM is calculated from the spectral irradiance E(A) of the solar
simulator, the AM1.5 reference spectrum and the spectral responses of a reference sensor
and device under test as

SMM = fEAm 1.5(/1) ’ SRref(/DS;{ fESimulator (A) : SRsample (/1)61 (3)
fESimulator (/1) ’ SRref (/1)6/1 fEAM 1.5(2) : SRsample (2)5/1

A SMM > 1 means the cell received more effective irradiance than it would at perfect AM1.5
conditions, while for SMM < 1 itis less than aspired. Having calculated the SMM, the underlying
irradiance of the measured |-V curve can be corrected.
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Figure 11: Spectral response of c-Si reference cell and CIGS sample with AM1.5G
standard spectrum and spectrum of pulsed solar simulator, resulting SMM: 0.98
(Source: [40]).

2.2.2 Angular response

The angular response describes the dependence of the PV module efficiency on the incidence
angle of the illuminating irradiance. The angular response curve is mainly driven by the front
glass of the PV module. Deeply structured glass or glass with anti-reflection coating can
achieve a better transmission as well as a better angular behaviour than non-treated front
glass. Nevertheless, when quantifying possible yield gains due to front glass optimization, pos-
sible impacts on the soiling behaviour must be considered.

The main goal of this measurement, as requested in part two of the energy rating standard [4]
is to determine reflection losses at high angles (>40°). Therefore, the measurement signal
must be normalized to the cosine to exclude impacts coming from geometrics while tilting the
sample (Figure 12). The measured current Isc depending on the angle of incidence 8 is nor-
malized as

Isc,src(0) 4
cos(8) * Isc,stc(0)
When determining the angular response of full-size PV modules with solar simulators, the big-

gest challenge to solve is the volume inhomogeneity of the light source when tilting the sample
from -90° to +90°. A solution can be the non-destructive approach described in [43].

Trel(g) =
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(Source: [40]).
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2.2.3 Nominal module operating temperature (NMOT)

The temperature of the module (Tmod) is predominantly a function of the ambient temperature
(Tamb), the wind speed (Vwing) and the total solar irradiance (G) incident on the active surface
of the module, and has an direct impact on the energy yield generation of a PV module.

The temperature difference (Tmod — Tamb), however is largely independent of the ambient tem-
perature and is linearly proportional to the irradiance at levels above 400 W/m?2,

The module temperature is modelled by:

G (5)
Uy + uy

Tmoa = Tamp =

Where the coefficient up accounts for the influence of the irradiance and u, describes the wind
impact. This two factors are site-specific and shall be evaluated for different locations.

The Nominal Module Operating Temperature (NMOT) describes the nominal operating module
temperature at an irradiance of 800 W/m2 and an ambient temperature of 20°C, therefore is
calculated as:

NOMT = (Tymoq - +20°C (6)

Tamb)@ SOO%and 2.1m/s

The (Thod = Tamp) @ G=800 W/m?2 and Vwins=2.1 m/s is found with a linear regression.

For the characterization the complete installation layout is described in the IEC 61853-2 stand-
ard. The tested modules (s) shall be mounted in a tilted installation of 37.5°t 2.5°, at least
0.6 m above the ground and installed with other modules to reflect thermal conditions of mod-
ules in an array.

To compensate the variations of temperature due to sky temperature, ground temperature,
etc. a correction of up to 5°C may be applied. For this, two reference modules are placed next
to the device under test (one on either side). The reference modules shall have been charac-
terized for >6 months to derive Nominal Module Operating Temperature (NMOT). The two
reference modules and the device under test are characterized during the same period and
the average deviation from the 6-month NMOT values for the two reference modules is applied
to the NMOT measurement for the device under test.
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2.3 Outdoor PV Module Characterization

As mentioned, the electrical performance ratings of current, voltage and power of PV modules
are most commonly determined at STC and indoors on a solar simulator under controlled
conditions. Those ratings have been used for ages and suit the purpose of nameplate of the
product. To cover more real operating conditions, the IEC 61853-1 performance matrix
expands upon this point measurement to include 21 additional points in irradiance/temperature
space (see Section 2.1.3). While the G-T performance matrix is achievable with specialized
solar simulators with integral temperature control, both the spectral response and the angle of
incidence (AOI) characterization on the full-size PV module level present challenges and there-
fore not commonplace. Therefore, in addition to the indoor method (61853-1 Chapter 8.2) also
aligns two procedures for outdoor characterization using natural sunlight:

e 61853-1 Chapter 8.3, natural sunlight with tracker
e 61853-1 Chapter 8.4, natural sunlight without tracker

Outdoor characterization can also leverage realistic thermal operating conditions inherent to
the testing to calibrate irradiance/wind speed models, which can in turn be used to calculate
nominal module operating temperatures (NMOT).

Further, light soaking or preconditioning can be conducted in situ before the start of character-
ization. For products that display metastability (e.g. thin-film technologies), significant relaxa-
tion in the absence of light during testing is avoided, producing more representative character-
ization results. Finally, for products with non-standard form factors, such as building-integrated
panels, outdoor testing may be the only solution possible.

Outdoor characterization is not without its limits. Testing can be limited by the accessibility of
appropriate weather, making it a seasonal activity. The availability of equipment is another
factor. Depending on the selected method, a tracker will be or not needed, but in addition.
Outdoor irradiance measurements and appropriate weather instruments (wind-speed, baro-
metric pressure, ambient temperature, etc.) are required. These instruments are common to
laboratories involved in researching photovoltaic systems outdoors, but may not be practical
for laboratories in urban or space-constrained settings.

Measurements tend to encompass a continuum of operating conditions rather than the tidy,
discrete points prescribed by IEC 61853-1. Extended duration tests can suffer from “too much
data.” As such, outdoor testing is commonly paired with an appropriate performance model for
the technology under test or at least translation equations such that the IEC 61853-1 matrix
can be reproduced.

In this Section, 2.1.3 presents an approach for characterizing PV modules using two-axis solar
trackers at outdoor installations.

In Section 2.3.2 the challenges of continuum operating conditions will be approached by ex-
tracting the IEC 61853-1 matrix from one-full year outdoor data and including all measuring
points, even during periods of non-optimal weather conditions, as restricted in the standard.
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2.3.1 Outdoor PV module characterization: Using two-axis solar trackers

A. Introduction

Outdoor characterization utilizing a two-axis solar tracker is an alternative method that circum-
vents the limitation of module full size AOI, or IAM due to the non-uniformity/divergence of
indoor light sources. Given suitable weather, operating conditions spanning the 61853-1 matrix
and beyond are possible. Spectral conditions ranging from AM0.85 to > AM7.0 are possible.
AOI response can be measured deterministically, taking advantage of the uniformity and colli-
mation of natural sunlight.

In this chapter, equipment and procedures for outdoor module characterization on a two-axis
solar tracker will be described. Procedures include normal incident or “on-sun” characteriza-
tion, which forms the bulk of the data from outdoor testing, along with “off-sun” or Angle of
Incidence (AOI) testing. An optional, on-sun thermal test is also presented. In the event that
the on-sun thermal test is omitted, temperature coefficients must be extracted from on-sun
electrical performance data. Detailed measurement procedures and data reduction are too
lengthy to present here and are instead presented in [44].

B. Equipment

Characterization is performed outdoors on a two-axis solar tracker. Modules are instrumented
with resistance temperature devices (RTD’s) or thermocouples (T/C) attached to the back of
the module, and then mounted on the tracker. The majority of measurements are performed
with the module held normal to the sun. Current-voltage (I-V) characteristics are measured
with sufficient accuracy to extract lsc, Voc, Ivep and Viep at a minimum. These parameters can
be used to fit “point models” such as the Sandia Array Performance Model [45]. Full I-V curves
may be required for calibration of mechanistic performance models such as the single-diode
model [46].

Figure 13: Two-axis solar tracker used for PV module characterization. A variety of
different form factors and cell technologies can be characterized simultaneously.
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The following equipment is used for conducting these tests;

1. Solar tracker

e Test plane for mounting the module and reference irradiance sensors

e Tracking system capable of keeping the module normal to the sun during the mea-
surement procedure.

e Off-tracking capability to controllably steer the tracker over a range of 0° — 90°
Angle of incidence (AOI) between the module plane of array (POA) and the sun
during AOI characterization

2. lIrradiance sensors mounted on the test plane

e Broadband instrument for measuring global plane of array irradiance (typically a
pyranometer), preferably calibrated for angle of incidence response

e Broadband instrument for measuring the diffuse GPOA irradiance (typically a
shaded pyranometer) [47], (optional, see Chapter 4.4 for more details)

3. Weather Station

e Pyrheliometer measuring Direct Normal Irradiance (DNI), typically mounted on a
separate two-axis tracker

¢ Wind speed and direction at 10 meters height

¢ Ambient air temperature

e Barometric pressure (optional, for use in calculating absolute, pressure adjusted
air mass)

4. Capability for measuring and logging module current-voltage (I-V) characteristics in
rapid succession, at a rate of 2 scans/minute and preferably at 4 scans/minute or faster.

5. Means of measuring the average temperature of the PV module under test to £1°C.
The average temperature is typically determined from measurements of three or four
temperature sensors, typically either Pt-100 RTDs or Type-T T/C’s.

6. Opaque material to shade the module (optional thermal test only). This allows the mod-
ule to cool to near ambient temperature prior to the start of the measurements.

7. Insulation to be added to the back surface of the module (optional thermal test only).
Insulation improves the temperature uniformity across the module and increases the
temperature range that can be achieved during the test.

C. On-sun electrical performance measurements

On-sun or normal incident electric performance measurements form the bulk of the data from
outdoor testing. These measurements are best performed over a wide range of weather con-
ditions (Table 3 and Table 4). When clear sky conditions do not occur for full days, data from
multiple days may be merged. For crystalline silicon modules, this practice is generally ac-
ceptable. However, care must be exercised when characterizing any module type that displays
significant metastability or relaxation overnight. In addition to data collected during clear sky
conditions, the equivalent of several days of data during all sky conditions is required (Table
4). Preferably, these data represent both overcast conditions in which the irradiance is stable,
as well as transient partly cloudy conditions.
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Table 3: Clear Sky Ambient Conditions.

Parameter Required Preferred
GNI 800 - 1050 W/m? 600 - 1200 W/m?
DNI/GNI >0.85 > 0.90

Air Mass 15-5.0 1.0-7.0
Wind Speed 0-4m/s 0-10m/s
Min. Test duration 600 min./2 days 1200 min./3 days

Table 4: Cloudy or All-Sky Ambient Conditions.

Parameter Required Preferred
GNI 200 - 400 W/m? 100 - 500 W/m?
DNI/GNI* 0-0.85(<0.05)
Min. Test Duration 200 min./1 day 1200 min./3 days

* a range of conditions are preferred; however, the bulk of the measurements should occur
at DNI/GNI< 0.05

The module is held normal to the sun for the duration of the electrical performance test while
I-V curves are recorded. A data collection frequency should be selected to ensure adequate
data across the range of conditions, typically every two minutes. Irradiance is checked before
and after each IV sweep to ensure that irradiance was stable over the |-V sweep time. The
I-V curve is discarded when irradiance is determined to have changed during the I-V curve
sweep. This check can be built into the data collection system or performed in post-processing.
The module is preferably held at maximum power between |-V curves to produce the most
representative operating conditions.

D. Angle of incidence testing

Reflection losses are characterized through Angle of Incidence (AOI) testing. AOI testing often
may be considered optional for modules utilizing a plain glass cover sheet lacking and antire-
flective coating or texture because an accurate general-purpose model is available [48, 49].
Between the electrical, thermal and AQOI tests described in this chapter, the AOI test presents
the greatest challenge due to the requirements for tracker articulation; commercial two-axis
solar trackers frequently lack the controls and range of motion appropriate to index a module
fully off-sun (e.g. 90°) during the preferred test conditions near solar noon. However, with care-
ful planning and procedure development, it is possible to work around these limits [47].

Stable, clear sky ambient conditions are required during the test (Table 5), preferably near
solar noon. The module should be on sun for a minimum of 30 minutes before initiating an
angle of incidence test to ensure thermal stability at the beginning of the test. The module is
initially tracked normal to the sun for 10 minutes while |-V curves and module temperature are
recorded (~ 4 scans/minute). The tracker is then gradually indexed to a range of incidence
angles from 0° to 90°. Ideally, the tracker will have a deterministic control system such that
prescribed incidence angles can be achieved (i.e. 0°, 5°, 10°, etc.). Often this is not the case
and incidence angle must be calculated from recorded sun position and tracker position.
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Tracker rotation is preferably towards and beyond zenith rather than across the horizon, to
minimize irradiance variation from ground reflections [47].

Table 5: Ambient Conditions for AOl and Thermal Tests.

Parameter Required Preferred
Global Normal Irradiance (GNI) 800 - 1200 W/m? 950 - 1050 W/m?
Variation in GNI +2.5% +0.5%
DNI/GNI > 0.85 >0.90

Air Mass (Absolute, pressure adjusted) 1-2 14-16
Wind Speed <4m/s <2m/s
Ambient Temperature >0°C >10°C

E. On-sun thermal test to determine PV module temperature coefficients

Thermal characterization is performed to determine temperature coefficients for lsc, Iwpp, Voc,
and Vwee. This procedure requires no prior knowledge regarding the electrical performance
characteristics of the module being tested. Stable ambient conditions are required during the
test (Table 5).

The module is covered with an opaque sheet and allowed to cool to ambient temperature.
Once at ambient (to within ~ 6°C) the back of the module is thermally insulated to improve
temperature uniformity and increase the maximum temperature reached during the test. |-V
curves and module temperatures are then measured rapidly (~ 4 scans/minute) with the tracker
normal to the sun. The cover is removed and heated to an equilibrium temperature. A typical
test requires approximately 30 minutes once the cover has been removed. Linear regression
analysis is then performed to determine voltage and current temperature coefficients. The tem-
perature coefficient for power can either be determined directly or calculated from measured
temperature coefficients for lyep and Vwee.

2.3.2 Outdoor PV module characterization without trackers: Extracting IEC
61853-1 Matrix from outdoor measured data

The G-T or Power matrix has been used before by other authors [48-50] to understand the
performance of various PV technologies.

This section summarizes the findings of Valckenborg [51] by extracting the IEC 61853-1 matrix
from outdoor measurements, in which the following setups without trackers where used:

e BIPV facade module

e ¢-Siand CIGS module in facade

¢ In-house developed modules IBC and n-PERT mounted at fixed-rack, south facing
and 30 tilt.
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The outdoor method without tracker (Chapter 8.4 in [2]) has been used as starting point. How-
ever, for research purposes, all measurement points have been included, ignoring the re-
striction of the standard in which it is recommended to use only periods of full sun with minimal
disturbance of clouds and wind. In addition, a measurement period of almost a full year has
been considered. This is significantly longer than the minimum period of 3 days recommended
in the standard.

A. Visualization

Visualization with 2D-colour plots of a specific parameter of interest (VOC, Vipp, lsc, Impp, FF,
PR or even AOI or spectral properties) as a function of the Gpoa-Tmoa Mmatrix has proven to be
a powerful tool. Additional statistics on all points within each bin makes it easier to filter out
measurement points that could have been disturbed by power outage on measurement equip-
ment, unexpected irradiance mismatch, or other issues which are common for 24/7 outdoor
research.

B. Results

The following results correspond to the values captured from a vertical mounted BIPV-module
at test facility SolarBEAT in Eindhoven, the Netherlands [50]. The BIPV-module is part of a
round-robin action of the IEA PVPS Task 15 (Enabling Framework for the Acceleration of
Building Integrated Photovoltaics, BIPV), which has been performed in the period from the end
of 2017 until the end of 2019. The setup and first results of this round-robin and the glass/glass-
BIPV-modules were described in detail in [51, 52]. The resulted Pmpp-is shown in Figure 14.
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Figure 14: Results of round robin BIPV fagcade module- Pmpp as a function of Tmoq and
Groa. Thered colour bar is defined till the rated power at STC, which is 219 W, for this
module.

There are a couple of unexpected findings in this Pmpp-matrix, which will be revealed by using
additional visualization and another tooling. First, we analyze the number of datapoints in each
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bin, see Figure 15. Due to limited measurement accuracy, it is a good practice to take a thresh-
old number of data points as a criterion for including a bin in the Pmp,-matrix plot. A too low
threshold makes the matrix ‘noisier’ and a too high threshold will throw out interesting data.
We found a compromise at n=5 for the dataset of this BIPV module and will use this threshold
for all graphs in this paragraph. As can be seen in Figure 15, the bin with STC has just 14 data
points in one full year. This might be very striking; however, one should note that a fagade in
Northwest-Europe will have only very few hours per year with Gpoa=1000 W/m?. And during
these strong sunshine hours, the Tmod iNncreases rapidly, especially because of the thermal
insulation on the back.
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Figure 15: Number of data points as a function of Tmoa and Gpoa. The colour bar is
scaled logarithmically to be able to distinguish better between all the bins.

Next, we are interested in the amount of irradiation per bin, because that will reveal which bins
are the most contributing to the yearly yield, e.g. how much contribution is expected from the
left corner bin (100 W/m? and 15°C) with a huge amount of data points. This Hpoa-matrix is
plotted in Figure 16. For this graph, there is no need to set a threshold because bins that are
populated with only a few data points will also have a very low Hpoa and blend away in the
background colour. The most contributing weather conditions (and bins) are clear at a glance.
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Figure 16: Irradiation Hpoa in [kKWh/m?] as a function of Tmes and Gpoa. The green colour
bar is scaled linearly to give an intuitive contribution to total period irradiation.

As PV is very linear in Gpoa We expect that the specific yield of the module looks quite similar.
In Figure 17 the specific yield is plotted using the same colourbar as Figure 16.
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Figure 17: Specific Yield Y in [kWh/kW,] as a function of Tmod and Gpoa. The green
colour bar is scaled linearly to give an intuitive contribution to total period yield.

The Pmpp-matrix bins on the row of Gpoa=600 W/m? show a local maximum of 122 W,, which
is difficult to understand as normally Pmpp is decreasing with increasing Tmod. Therefore, we
add statistics for each bin, see Figure 18.
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Figure 18: Left part: statistics added to each bin. Right part: An explanation of the
additional statistical parameters.

With this statistic, we could eliminate unexpected outliers (caused by spikes and data gaps).
The graphs shown in this paper are the versions after filtering the outliers. Data points that are
still weird are mostly caused by local shading effects which are difficult to eliminate. Note that
the minimum value is just one data point, and the same holds for the maximum value. However,
the standard deviation (stdev in Figure 18) should be reasonable in line with the expected

spread based on the boundaries of the bin.

Thereafter, the number of bins was increased in both directions to create a smoother graph
(Figure 19). Still the results were not completely satisfying for the behaviour that the Pmpp for

low temperatures (Tmod < 15°C) which seem to be ‘too low’.

To quantify this qualitative observation, the PR matrix is the best graph to check this hypothesis

(Figure 20).
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Figure 19: Pmpp as a function of Tmoa and Gpoa. Bin sizing not according to the norm
but set equidistant at 100 W/m? and 5°C.
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Figure 20: PR as a function of Tmea and Gpeoa With the fine binning. The additional
threshold applied, please refer to text.

An additional threshold (on top of criterium n> 5) has been applied while composing Figure 20:
only bins that contribute more than 0.5% to the full year specific yield are included. Looking at
Figure 20, we see a much better understandable trend in which PR is always decreasing with
increasing Tmod. ONe other remaining observation in Figure 20 cannot be neglected: the PR for
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all lowest bins with 100 W/m? is significantly lower than expected. We proposed the hypothesis
that these irradiation levels are reached in a fagade mostly during shallow angles of sun light.
Therefore, we calculated the AOI for each measurement point, and visualized the result in the
same matrix graph, see Figure 21.
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Figure 21: AOI as a function of Tmed and Gpoa With the fine binning.

Please note that for AOI > 90°, the sun is behind the PV module, and hence all irradiance on
these moments will be in the form of diffuse light. The effect of AOI on the module power is
called Incidence Angle Modifier (IAM), which is a monotonic decreasing function of AOI from
1 till 0. We were not in the possibility to measure this IAM-function (the correct way to do so is
specified in 61853-2). However, a general assumption for the IAM suits our purpose to get a
guantitative feeling if AOl-effects are large enough to explain the lower power of the 100 W/m?-
bins. The ASHRAE-function with by=0.05 [53] has been applied to each measurement point.
Thereafter the statistics on the IAM of each bin is plotted.

Figure 22 clearly shows how strong the shallow sunlight hours (high AOI-values) are expected
to decrease the module power.
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Figure 22: IAM (calculated from the ASHRAE-function) as a function of Tmod and Gpoa
with the fine binning.

The new visualization including statistics is demonstrated to three use cases [50]. Also within
the phase 2 of IEA PVPS Task 15, which started in March 2020, these tools will be used to
analyze full-year BIPV module measurement data from seven test sites over the world.

2.4 |EC 61853-1 Matrix Data Sets

Sandia National Laboratories sent a group of nine PV modules to CFV Labs in Albuquerque,
New Mexico USA to be tested according to IEC 61853-1. The results of these tests have been
made available on the PV Performance Modelling Collaborative website [54]. A list of these
modules is given in Table 6.

Table 6: Sandia modules tested to IEC 61853-1.

Manufacturer Model Cell technology
Jinko Solar JKM260P-60 Multi-c-Si

LG LG320N1K-A5 N-type Mono-Si
Panasonic VBHN325SA 16 HIT Mono-Si
Canadian Solar CS6K-270P Multi-c-Si
Canadian Solar CS6K-275M Mono-Si
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Hanwha Q-Cells Q.PLUS BFR-G4.1 280 Multi_Si PERC
Hanwha Q-Cells Q.PEAK-G4.1 300 Mono-Si PERC
Mission Solar MSE300SQ5T Mono-Si PERC
Itek Energy IT-360-SE72 Mono-Si PERC

All matrix testing was performed by CFV Labs (formerly CFV Solar), an ISO 17025-accredited
test lab, in conformity with IEC 61853-1:2011 § 8.1. The modules were characterized in late
2019 under contract to Sandia.

All nine PV modules were preconditioned by outdoor exposure at open circuit for at least
40 kWh/m? of insolation and electroluminescence images were taken prior to matrix testing.
Module performance at STC was measured according to IEC 61215-2:2016 MQT 06.1.

The matrix flash measurements were made using an AAA Halm pulse-type solar simulator with
irradiance controlled with a co-planer Fraunhofer WPVS type reference cell that meets the
requirements of IEC 60904-1:2015. A spectral mismatch factor of 1.0 was used as there were
no EQE data available for any of the modules. External quantum efficiency (EQE) is the ratio
of the number of charge carriers collected by the solar cell to the number of photons of a given
energy shining on the solar cell from outside. An integrated thermal chamber varied the module
temperature with a laminar air flow, and the module temperature was monitored at four points
with calibrated RTDs having uncertainties of £ 0.13°C. For each measurement, the max-min
temperature spread was less than 1.5°C.

The test points cover irradiances from 100 to 1100 W/m?, and temperatures from 15 to 75°C.
In addition to the test points defined in IEC 61853-1:2011 § 8.1, measurements were obtained
at five additional points at low irradiance/high-temperature combinations (200/50, 100/50,
400/75, 200/75, and 100/75). The irradiance was varied by adjusting the voltage applied to the
Xenon arc lamp. The spectral match remains class A or better for all irradiances. Reported
points are an average of three I-V curves at each irradiance/temperature condition.

The monitor cell was mounted at a location outside the thermal chamber and was not co-planar
with the test module. The monitor cell sensitivity was adjusted to reproduce the Pmpp measured
at STC on the test module.

For each module there is a data report and a PVsyst 6 PAN file available for download [54].
The PAN files were prepared using CFV Labs’s PANOpt® in-house software, which calculates
PVsyst 6 single diode model parameters optimized to the matrix measurements. Starting with
the measured values of lsc, Voc, Impp, Vimpp, lsc, @nd an Rs value calculated from the I-V curves
with the Swanson method, the PANOpt® solver iterates over a given parameter space for Rs,
Rsh, RshGO until the PVsyst 6 model-predicted Pmpp Values over the Performance Matrix points
match the measured values (average of three samples) with minimum error. PAN file model
accuracy is reported for each module in its data report.

43



~ :\
Task 13 Performance, Operation and Reliability of Photovoltaic Systems —Climatic Rating of Photovoltaic Modules: ‘.

Different Technologies for Various Operating Conditions “

2.5 Characterization of Bifacial PV Modules

2.5.1 Output power characterization

Due to power gain driven by the rear irradiance driven for bifacial PV modules, more charac-
teristic parameters, such as the bifaciality coefficient and BiFi (quantity which indicates the
power gain per unit of rear irradiance) should be considered besides the characteristic param-
eters of traditional monofacial modules like lsc, Voc and Pmax. The procedures for determining
these parameters are described in the IEC TS 60904-1-2 [55].

The technical specification includes procedures by means of a solar simulator and under nat-
ural light. For the procedures with a solar simulator two options are described: the single-side
illumination and the double side illumination, as shown in Figure 23.
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Figure 23: Output power characterization of bifacial PV modules: Approaches with a
solar simulator.

The differences and the parameters of the bifacial module are described in Table 7.

Since 2018, the bifacial module have been gradually developed and widely used in China, to
regulate the performance evaluation method of bifacial module in the market of China, dozens
of photovoltaic companies and third-party laboratories jointly initiated and formulated the China
PV Industry standard 1619-2018 (Measurement procedures for current-voltage characteristics
of bifacial photovoltaic (PV) modules) [56]. The International Electrotechnical Commission
(IEC) published the IEC TS 60904-1-2 in 2019. Table 8 summarizes the similarities and differ-
ences between Chinese industry standard and IEC standard in three different test environ-
ments such as single-side illumination, bifacial illumination and outdoor
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Table 7: The parameters of the bifacial module defined in IEC TS 60904-1-2 [55].

Parameters

Description

The 1-V characteristics of front
side and rear side of bifacial
module

|scf, Vocf, Pmaxf

ISCT; VOCH Pmaxr

The procedure for the measurement of the I-V char-
acteristics of a bifacial PV device is based on the
same basic principles as in IEC 60904-1, but re-
quires some additional considerations and also pro-
vides supplementary characteristics specific to bifa-
cial devices.

Bifacialities Coefficients
Qisc, Pvoc; PpPmax

Property expressing the ratio between the main
characteristics of the rear side and the front side of
a bifacial PV device quantified by specific bifaciality
coefficients which can be determined by:

. Iscr
QPisc = T
scf
® _ Vocr
Voc Vocf
_ Pmaxr
PPmax = 2
maxf

Bifacial Factor
P

@ is the minimum value between the Isc and the
Pmax bifaciality coefficients @lsc and pPmax.

The I-V characteristics of bifacial
module considering rear irradi-
ance driven power gain yield

ISCv V0C1 Pmax

The rear irradiance driven power
gain yield BiFi

a) In the case of bifacial illumination:

with G,= 1000 W/m? on the front side plus at least
two different rear side irradiance levels G;

b) In the case of single sided illumination:

with at least two different equivalent irradiance lev-
els Ge on the front side according to

Gei= 1000 W/m? + ¢ - Gui; @ = Min(p, ., ¢1,,)

The slope derived from the linear fit of the Pmax ver-
sus G, data series, This linear least squares fit shall
be forced to cross the Pmax axis at Pmaxstc and its
non-linearity shall be considered in the uncertainty
estimation
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Table 8: Comparison of IEC and CQC standards for energy rating of bifacial module.

Test items

Bifaciality coefficient ¢

Standards

IEC TS 60904-1-2 China PV Industry
Standard 1619-2018

Q= min(QDIsc, (PPmax)

Determination Double sided

Gs= 1000 W/m? on the front -
side plus at least two differ-
ent rear side irradiance lev-
els G,

equivalent irradiance levels Gg; on the front side ac-
cording to

G = 1000 W/m? + ¢ - Gy

At least two levels of irradi- At least the rear irradi-

ance should be tested ance of 50 W/m?,
i=1,2,3,...; 100 W/m?,150 W/m?,
0<G,1< 100 W/m? 200 W/m? should be

100 W/m?< Gp< 200 Wim?  ©Sted

and 200 W/m?< Gys...

of the rear illumination

irradiance

driven power

gain yield
Single sided
illumination
Outdoor

The non-uniformity of irradiance on the rear side shall
be below 10% which should be measured by at least 5
points besides the reference device used for the irradi-
ance measurement on the rear side ; A distance of 0,5
m to 1,0 m between the bottom edge of the device and
the ground is recommended
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Test conditions: Irradi-
ance = 800 W/m?, mod-
ule temperature: 25 +
1°C). The I-V characteris-
tics of bifacial should be
measured at front irradi-
ance 1000 W/m? (or cor-
rected to the irradiance
value), and the rear irra-
diance G;should be se-
lected at least four levels
of the rear-side irradi-
ance Gy, so0 Gy, 100 Gr, 150
G, 200). If the irradiance of
the ear side cannot be
obtained, the linear inter-
polation method can be
used.

BiFi, the rear irradiance driven
power gain yield.

The rear irradiance driven
power gain yield, BiFi, is
the slope derived from the
linear fit of the Pmax versus
G data series

2.5.2 The energy rating of PV modules based on IEC standards

At present, the series standards of IEC 61853 clarify the test requirements for monofacial PV
modules of power rating at various temperatures and irradiances, the test procedures for en-
vironment parameters (such as spectral responsivity, incidence angle and module operation
temperature measurements) and standard reference climatic profiles. According to these
standards, the climatic specific energy rating of monofacial module for a complete year at max-
imum power operation for different reference climate can be calculated. However, for bifacial
module, besides the IEC TS 60904-1-2 for output power characterization, the energy rating of
bifacial module has not been further clarified. The IEC standards concerning about energy
rating of monofacial module and bifacial module are listed as follows, it can be seen that the
IEC standards for energy rating calculations are mainly for monofacial modules.
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Table 9: Comparison of existing IEC standards for energy rating of bifacial module
and monofacial module.

Parameter/characteristics Monofacial module Bifacial module
Pmax IEC TS 60904-1 IEC TS 60904-1-2
Bifaciality —_ IEC TS 60904-1-2
Power rating at various tempera- IEC 61853-1 X

tures and irradiance

Spectral responsivity IEC 60904-8 X
Incidence angle IEC 61853-2 X
Module operation temperature IEC 61853-2 X
Energy rating calculation method IEC 61853-3 X

2.5.3 An outdoor experiment of energy rating for bifacial PV module

Until now, the outdoor test of bifacial module mainly focuses on the research of the irradiance
of rear side and the rear irradiance driven power gain yield. Factors such as the solar elevation
angle, height of mounting rack and the albedo will have greater impacts on the rear side irra-
diance of the bifacial module.

At the same time, the non-uniformity of the rear irradiance plays an important role when calcu-
lating the equivalent irradiance and consequently for the energy rating of bifacial PV modules.
For the rear irradiance driven power gain yield, current research shows that the power gain of
bifacial module increases with the height of mounting rack of module, but has less relationship
with tilt angle of module [57].

For the research of determination of equivalent irradiance, in [58] it was compared the differ-
ences of energy rating between monofacial and bifacial modules. In this research, when only
using the irradiance of front side of bifacial module to calculate the performance ratio (PR) ,
the result is quite different from that of monofacial module, which is 11% higher during the
period of high irradiance (700-1100 W/m?), and it is 20% higher than that of monofacial module
at low irradiance situation, which is even much higher at situation of low irradiance and high
temperature (40%). By using the equivalent irradiance, which is determined by the equation
as:

Ge=Gi+ ¢ -G (7

In that case, the performance ratio of bifacial module is more consistent with that of monofacial
module.
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According to [58], the results of performance ratio vary greatly by using different calculation
methods, However, there is no standard for energy rating of bifacial module currently, and the
key point of performance ratio calculation of bifacial module is to determine the value of the
irradiance involved in the calculation process, and when using the equivalent irradiance to
calculate performance ratio, the uniformity of the rear irradiance and the applicability of bifa-
ciality coefficient in outdoor condition need to be considered.

The Institute of Electrical Engineering, Chinese Academy of Sciences has established an out-
door testing platform in Baoding, Hebei Province, China, which is used to carry out the energy
rating experiments of bifacial modules, the testing platform information is as follows:

Table 10: Testing platform information.

Location: N 38 °5538.77 " E 115°26'7.18 "
Climate type: Warm climate

Ground: White concrete

Test equipment: Pyranometers, I-V tracer

Nominal parameters of tested = Monofacial module: 310 W
module (Pmax): Bifacial components: 330 W, 345 W

Measurement parameters: Front/rear irradiance of the module (collection
interval: 5 s); I-V characteristics of module (collection
interval: 5 min)

For the calculation of the performance ratio of bifacial module, three different methods are
used here to determine the irradiance parameter involved in the calculation, which are:

1. Only the irradiance of front side is used for performance ratio calculation;
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2. Adopt the bifaciality coefficient defined in the IEC TS 60904-1-2 to calculate the equi-
valent irradiance, and use the equivalent irradiance to calculate performance ratio;
GE=Gf+¢-Gr

3. Using the sum of irradiance of both sides as irradiance involved in the performance
ratio calculation.

According to the statistics of the irradiance change of the front and rear sides, the curve of the
irradiance change in one day is drawn as follows:

1200
1000
800
600

400

Gpoa(kW/m?)

200

0

e Rl Sife e Front side

Figure 25: Real-time irradiance changes on the front and rear sides of bifacial module.

The comparison of performance ratio of bifacial module under different irradiance calculation
methods and monofacial are shown in Figure 26. It can be seen that for different irradiance
calculation methods, although the trend of performance ratio changes in one day is relatively
consistent, but because the rear irradiance is not considered under the first method, the per-
formance ratio calculation result is greater than 100%, and compared with the calculation
method considering the rear irradiance, the calculation result without considering the rear irra-
diance is about 10% higher.

From morning to noon, the performance ratio of the bifacial module is higher than that of the
monofacial module, while in the afternoon, the performance ratio of the bifacial module con-
sidering the rear irradiance is slightly lower than that of the monofacial module. The preliminary
analysis shows that it is caused by the irradiance uniformity of the rear side. Due to the oblique
sunlight in the afternoon, the part of the rear side which is closed to the ground could be
shaded, so the irradiance of high position is higher than that of the lower position which is
shaded, and when the pyranometer is placed at the higher position of the module, the meas-
ured irradiance of the rear side would be higher than the actual value, resulting in the lower
performance ratio of the bifacial module.

For the calculation of performance ratio of bifacial PV modules, although the calculation
method is the same as for monofacial samples, due to the power gain generated by the rear
side to determine the effective irradiance has become the key. Figure 27 shows a comparison
of the PR by choosing different approaches of irradiance selection.

On the one hand, for the calculation of equivalent irradiance, the influence of rear irradiance
uniformity should be considered. In addition, when the bifaciality coefficient of module defined
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in IEC TS 60904-1-2 is used to calculate the equivalent irradiance, it is necessary to consider
whether the bifaciality coefficient measured under indoor experimental conditions is suitable
for the irradiance calculation under outdoor test conditions.
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Figure 26: Comparison of PR between bifacial module and monofacial module.
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Figure 27: PR of bifacial module and monofacial module in one day.

It should also be noted that the rear irradiance of the bifacial module varies according to the
height of the module to the ground, the material of the ground, shading and other factors, so
the performance ratio of the bifacial module is not only related to the climate area, but also to
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the surrounding environment and installation layout of the module. Therefore, how to deter-
mine the influence of support height and other detail factors on the performance ratio calcula-
tion results of bifacial module in typical climate areas is also a key point to be considered.

Comparison of field climatic data
The field environmental data is analysed as follows:
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Figure 28: Comparison of daily irradiance in different seasons.

By comparing the front irradiance of modules in different months, it can be found that the ac-
cumulated irradiance in summer is significantly higher than that in winter.
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Figure 29: Irradiance Change of one day in different seasons.
Based on the analysis of the meteorological data from August 2019 to December 2019, line
charts of the irradiance amount changes are drawn as shown in Figure 30. It can be seen from

the charts that the daily accumulated radiation amount on the front side of the module is much
higher than that on the rear side of the module when the irradiation resources are good in
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sunny days. In the case of poor irradiation resources in cloudy days, the difference between
the accumulated daily irradiation amount on the front and rear of the module is smaller.
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Figure 30: Daily radiation variation between the front and rear sides.

The data collected in August and September of the bifacial module (nominal power: 345 Wp)
is analysed as follows, the daily performance ratio of bifacial module is calculated by the per-
formance ratio calculation formula as:

PR = Iiv:1Pi_GSTC (8)
?’=1Gi P,

P;: Measured power of module G;: Measured irradiance

Gsre: Irradiance under STC P,:nominal power of module
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Figure 31: Power generation capacity & PR of bifacial module.

The daily power generation of the bifacial module with the nominal power of 345 W is generally
about 2 kWh when the sun resource is abundant, and that of bifacial module in cloudy days is
about 0.5 kWh. At the same time, comparing the single-day performance of the bifacial module,
it can be found that when the sun resource is abundant and the daily power generation of the
module is high, the performance ratio of module is generally about 80%; when the daily power
generation of the bifacial module is low, the single-day performance ratio of bifacial module is
increasing instead.
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3 ENERGY METEOROLOGY IN PV TECHNOLOGY

3.1 Climate Zone Systems and Defining PV Specific Climate Zones

As global installations of photovoltaic modules spread, a greater understanding of climatic
stressors is warranted to increase module component lifetime.

Climatic Zone ratings have arisen as a convenient classification for the general weather pat-
terns in a specific location. In general, most systems classify climate based on the annual
temperature and humidity of a region. The main differences between climate zone classifica-
tions are the criterion of classification for each region and the stressors used in the classifica-
tion.

3.1.1 Koppen-Geiger climate zones

The most commonly used stressors for climate classification are temperature and humidity.
Climate classification systems benefit from being widely accepted and used in many fields.
The Koppen-Geiger classification is used most often. This system, first introduced in 1884 by
Walidmir Képpen [59], was improved upon by Rudolf Geiger in 1951 [60]. The Kbppen-Geiger
classification (KGC) divides the world into five main climatic groups, A, B, C, D, E, (Equatorial,
Arid, Warm Temperate, Snow, and Polar respectively). The main groups are then divided into
classifications with the addition of two more letters. The two additional categories are Precipi-
tation (W, S, f, w, sm) and Temperature (h, k, a, b, ¢, d, F, T,). The criterion for each classifi-
cation group is based on the type of foliage that can grow in a specific region [59]. So, the Dfa
climate is a snowy climate with year round precipitation and a hot summer. Although the criteria
are based on foliage growth, they are determined by yearly measurements of variance tem-
perature and precipitation. For example, the D climate has an average temperature of < 3°C
during its coldest month. The current criteria for classification can be seen in Table 17. The
climate classification is updated regularly to represent current climatic conditions [16, 61]].
There are multiple current Koppen-Geiger maps generated with different sources of satellite
weather data [60, 62—64]

Additionally, higher resolution maps of climate are approaching 1km resolution at the equator
[65]. In addition to increasing the resolution and data quality used in classification, groups have
also refined the criterion for classification. Peel et al. have refined the criterion for main climate
classification using suggestions from Russel et al. [63, 65, 66]. The threshold value classifying
C/D climates has been increased from -3°C to 0°C. Beck et al. have made slight adjustments
to the precipitation zones [63].The precipitation zone for the B climate has been changed to
describing whether or not 70% of the precipitation falls in the summer or winter months. Finally,
the precipitation zones for the C & D climates have been made mutually exclusive by providing
s when the majority of precipitation falls in the winter and w otherwise.

The use of KG in the PV industry also is present in essential publications of the field. Many
groups use the Kdppen-Geiger in the classification of sample exposure [67—72] Jordan et al.
built an extensive database of over 11000 degradation rates worldwide to evaluate the rela-
tionship among the degradation rates and climate zones based loosely on KG and defined as
desert, hot & humid, moderate, and snow [73]. The study of operating conditions of PV mod-
ules under different climates was carried out by Kohl et al., where four specific locations with
ground measurements were named maritime, moderate, arid, alpine, and tropical, also based
on the KG scheme [74]. Within the Infinity project, Eder et al. designed a comprehensive clas-
sification for indoor tests, which is related to real climate conditions by matching the KG climate
zones tropical, arid, moderate, and alpine [75].
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Even though the basis of the KG scheme is not directly related to the performance and degra-
dation of PV technologies, it provides a logical definition of climate zones as human beings
know them. For example, KG defines well the desert areas (high temperature and low precip-
itation), which in general identify locations with harsh conditions or polar regions known as
places with shallow temperatures and high possibilities of snowfall along the year. However,
no standard has been defined, and the climate zones differ from one group to another. As a
result of this, scientific groups work on different approaches to define relevant climate zones
for PV technologies.

3.1.2 INFINITY climate-specific accelerated aging test procedures

In the frame of the INFINITY project, G. Eder et al. proposed a first approach to relate the
degradation modes of PV modules to specific climate zones [75]. They designed a climate
classification for indoor testing procedures based on the main KG climates zones.

The matrix defines the climates Moderate (with five subzones), Tropical (x3), Arid (x3), and
Alpine (x3). For each climate zone, different duration and magnitude of the stresses are indi-
cated. The aging tests include as stresses: temperature, humidity, irradiation, dynamic me-
chanical loads, thermal cycles, salt, and sand.

3.1.3 The Képpen-Geiger-Photovoltaic climate classification scheme

As an extension and simplification of the KG scheme, in [38], the solar resource was included
as a new layer of the KG scheme. Using global gridded data, temperature, precipitation, and
irradiation were combined to create the Koppen-Geiger-Photovoltaic (KGPV) scheme with
12 climate zones defined by two letters. The first letter (TP-zones) is based on the criteria of
the KG CZ. It is important to note that the main climate zones have been relabelled and the
Arid zone (B) in the traditional scheme has been divided into the main climates: B-desert and
C-Steppe in the new scheme. Thus, TP-zones are defined as: A-Tropical, B-Desert, C-Steppe,
D-Temperate, E-Cold, and F-Polar climates. The second letter (I-zones) considers the level of
global horizontal irradiation, and it defines four different zones: L-Low, M-Medium, H-High, and
K-Very High irradiation zones. The criterion to divide the I-zones is given by 1130 kWh/m?
between L-M, 1560 kWh/m? between M-H, and 2070 kwh/m? between H-K.

The KGPV scheme also includes a selection of the most relevant climate zones depending on
the population density and the land-surface ratio, reducing the number of zones to 12 out of
24 possibilities. The result of the KGPV climate classification is illustrated in Figure 32, and
available online as Mendeley dataset.
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Table 11: The Kdppen-Geiger Climate Classification Criterion. This table along with
certain yearly values of temperature and precipitation can be used to calculate any
location’s climate classification. Psmin, Pwmin, Psmax, and Pwmax represent the minima and
maxima of the precipitation for summer and winter seasons. Tmin, Tmax, Tann, @Nd Tmon are
the minima, maxima, annual, and monthly temperatures, respectively. Temperature val-
ues arein °C and precipitation is measured in mm of water. Additionally, the Pth variable
is calculated for the B- arid zone based on the annual temperature. See Kottek et.al [16].

Group Type | Sub- Description Criterion
Type
_ f Rainforest Pmin 2 60 mm
A — Tropical
m Monsoon Pann 2 25 (100'Pmin) mm
Tmin 2 +18°C - -
w Savanna Pmin < 60 mm in winter
w Desert Pamn <5 P1
B — Arid S Steppe P.n > 5 P
Pann < 10 P h Hot Tann = +18°C
k Cold Tamn < +18°C
S Dry Summer
. Psmax > 10 Pwmin,
w Dry Winter
Pwmin < Psmin
= Without dry sea- Not Cs or Cw
son
C - Temperate a Hot Summer Tmax = +22°C
-3°C < Tmin < +18°
3°C < Tmin 18°C T <+22°C,
b Warm Summer
4 Tmon 2 +1 OOC
Tmax < +22°C,
c Cold Summer 4 Tron 2 +10°C,
Tmin > - 380C
Psmin < Pwmin,
S Dry Summer Puwmax > 3 Psmin,
Psmin < 40 mm
. 3 I:)smax >10 Pwmin,
D — Cold (Continental) | w Dry Winter
Pwmin < Psmin
Tmin < ‘SOC - h
= Without dry sea- Not Ds or Dw
son
a Hot Summer Tmax = +22°C
Warm Summer Thmax < +22°C,
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4 Tmon 2+ 10°C

Cold Summer

Tmax < +22°C,

4 Tmon < + 10°C,
Tmin>'38oc

Very cold Winter

Tmax < +22°C,
4 Tmn < + 10°C,

Tmin <- 38°C
E — Polar T Tundra Tmax = 0°C
Tmax < +10°C F Frost (ice cap) Tmax < 0°C

Calculation of P for the B — arid Climate Zone

Pth

Z{Tann}

if at least 2/3 of the
annual precipitation
occurs in winter

2{Tann}+28

if at least 2/3 of the
annual precipitation
occurs in summer

2{Tamn}+14

otherwise
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Figure 32: Koppen-Geiger-Photovoltaic climate classification with the 12 most relevant
climate zones (Antarctica excluded). The first letter indicates the Temperature-Precipi-
tation (TP)-zones: A-Tropical, B-Desert, C-Steppe, D-Temperate, E-Cold, and F- Polar.
The second letter indicates the Irradiation (I)-zones: K-Very High, H-High, M-Medium,

and L-Low irradiation (Source: [76]).

The KGPV climate zones have also been related to simulated degradation rates of PV mod-
ules. In [20], the degradation rates of a monocrystalline Silicon PV module are calculated
worldwide using a physical model proposed by Kaaya et al.[76] based on temperature, UV
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irradiation, and relative humidity. In Figure 33, the spatial distribution of degradation rates per
each KGPV zone reflects explicit probabilities of high climate stress on PV modules in Tropical
and Steppe climates, as well as low natural degradation in colder regions.
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Figure 33: Spatial distribution of the total degradation rates in view of the KGPV climate
zones. The average of total degradation rate per climate zone is indicated below each
label in %/a (Source: [20]).

3.1.4 Photovoltaic degradation climate zones

An alternative scheme to assess the impact of climate variables on PV modules has been
proposed by T. Karin et al. [35]. This climate classification scheme is based on specific stress-
ors: Arrhenius-weighted mean module temperature, mean module temperature rate of change
as a measure of thermal cycling, extreme low ambient temperature, wind stress, specific hu-
midity as a measure of damp heat, and UV exposure. This scheme sets thresholds for each
climate stressor (temperature, humidity, and wind) and gives a letter key for each. The so-
called “Photovoltaic Degradation Climate Zones” (or PVCZ) defines the ones by a first letter
depending on Arrhenius-weighted module temperature, calculated for different mounting con-
figurations and activation energies, and a second letter determined by the mean specific hu-
midity level.

A friendly tool is available online (https://pvtools.lbl.gov/pv-climate-stressors) [77] to visualize
and obtain the main climate variables and climate zones.

3.1.5 Improvements and extension of the Képpen-Geiger climate classification
with satellite weather data from 357 PV sites

Recently, Wieser et al. [78]. have evaluated the Koppen-Geiger climate classification with sat-
ellite weather data from 357 PV sites The assigned climate zones were found to be generally
very accurate. The measured weather variables for each climate zone were observed to agree
with the criterion laid out for each classification. As a slight modification, Wieser et al. have
suggested increasing the threshold values that divide the temperature zones for B, C and D
climates. By increasing the threshold values for the Bh/Bk, Ca/Cb and Da/Db split by 1°C to
2°C the criteria would better reflect the actual clustering of the temperature values for the spe-
cific climate zone (Figure 34).

Wieser et al. have suggested replacing the precipitation classification with a measurement of
moisture condensation as well as implementing the irradiance categories proposed by Ascen-
cio-Vasquez et al. [38]. Moisture condensation is more strongly correlated with the degradation
of modules than precipitation. This effect was seen during the outdoor exposure of PET films
[71].
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The frequency of moisture condensation on the backside of modules can be calculated from
module temperature, relative humidity, and ambient temperature. No clear relationship be-
tween the assigned precipitation category and the amount of days with condensation was
found. Therefore, Wieser et al. has created four categories based on the annual amount of
days with dewing based on 25", 50" and 75" quartiles.

There is ongoing research to integrate the KGPV Irradiance class onto the actual KG climate
zones.
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Figure 34: the distribution of Annual Mean Maximum Temperature for the B, C and D

climates. The horizontal line represents the current criterion for classification. There is
a significant overlap between the Temperature zones.

3.1.6 Climate zones determination tools

Many groups have compiled tables for the determination climate zones. The Koppen-Geiger
climatic zones can be determined quickly and efficiently by using the kgc R package available
on the Comprehensive R Archive Network (CRAN) [79]. Additionally, the Kbppen-Geiger Pho-
tovoltaic Climate zones can be found as an open dataset hosted by Mendeley [80]. The Pho-
tovoltaic Degradation Climate Zones can be found online [77] to visualize and obtain the main
climate variables and climate zones.

3.1.7 Conclusion

Climate classifications are needed to aggregate locations with similar climate stresses, and in
this way, help to understand how the climate can affect the performance and degradation of
PV technologies. The most popular scheme is known as the Képpen-Geiger climate classifi-
cation. The scheme splits the Globe into five different main climates, and it has been the start-
ing point and support for several research projects in the PV community.

However, the KG scheme only includes temperature and precipitation. For this reason, differ-
ent approaches to creating specific climate zones for PV technologies have been developed,
including climate variables such as global irradiance, UV irradiance, and wind speed. In the
frame of the Infinity project, a scheme for indoor aging testing was proposed considering four
main climates. For global approaches, the PVCZ scheme aims to understand the degradation
of PV modules based on the Arrhenius law, and the KGPV scheme extends the KG climate
classification by including irradiation as a new layer of the map.
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The efforts to understand the impact of the climate on the performance and degradation of PV
technologies show important progress, but still, the correlation with field-observed degradation
modes are needed.

Climate classification presents a multifaceted problem, in which solutions have to balance
specificity, accuracy, simplicity, and applicability.

3.2 Spectral Distribution and PV Performance

The reference global spectral irradiance for power rating and also for energy rating is defined
in IEC 60904-3, for an air mass of 1.5 (AM1.5G) and a solar spectral irradiance of 1000 W/mz
at a zenith angle of 48.19° on a 37° tilted surface. Under operating conditions in the field, the
spectral irradiance distribution differs from the theoretical standard spectrum. An example of
these differences is shown in the following figure, where the AM1.5 reference spectrum is
compared to the real one-year spectrum measurements at four different location [40].
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Figure 35: Average annual solar spectral irradiance of four test sites compared to AM1.5
spectral irradiance (Source: [40]).

This deviation of the local spectra from the standard does have an influence on the energy
yield and performance, the extent depending on the respective installed PV technology [81].
Indeed, the spectral distribution is considered one of the main influencing factors on the per-
formance of a given PV technology at a specific location besides illumination intensity and

61



~ C\
Task 13 Performance, Operation and Reliability of Photovoltaic Systems —Climatic Rating of Photovoltaic Modules: “

Different Technologies for Various Operating Conditions “

temperature [28]. Recently, Lindsay et at. [82] reported the importance of considering spectral
and angular effects in the modelling of PV power plants. The predicted PV performance can
differ from the real performance by up to 15% considering only the global horizontal irradiance.
The local spectra are also a source of uncertainty in business models of energy projects [83].

To rate the influence of the spectral changes on the PV module performance, some indicators
have been introduced and applied in literature, see the review by Rodrigo et al. [84] who list in
a structured overview the indexes and methods that assess the spectral effects on different
PV technologies. Some of the given indexes are device-independent as the well-known Aver-
age Photon Energy (APE). Some indicators consider the devices’ specifics. For a detailed
description on the single parameters and the respective formulas along with the advantages
and disadvantages of each parameter, see [84].

The APE reduces the spectral distribution being a function of the wavelength to a single num-
ber [85]. It calculates the average photon energy of spectra within a defined wavelength band

(Amin @and Amax) Therefore the integral of the spectral irradiance Ei (A) is divided through the

numerically integrated photon flux density ¢i (A\) and the conversion factor ge is the elementary
electric charge.

AMax AMax (9)
APE = f E,(D)dA/q. f $: (DA

AMin AMin
The number gives information on the blueshift or redshift of a solar spectrum to the reference
spectrum at standard test conditions (STC). An increase of the APE of the incident spectrum,
i.e. a blue-rich spectrum, leads to an increase in the performance ratio of wide-bandgap PV
modules, such as a-Si modules and a decrease for lower-bandgap modules [86]. A decrease
in the APE has the opposite effect. However, poly-Si PV modules under test seem to be less
sensitive to spectral changes. Their performance ratio varied less than 5% over the incident
spectra. Similarly, Schweiger et al. [87] report that single junction PV modules based on crys-
talline silicon and most CI(G)S modules have been proven to be relatively stable under spectral
distribution changes under their specific investigated local (Cologne, Germany) experimental
circumstances. The same study reports on gains in the spectral factor of less than 3% in a-Si
and 1% in CdTe.

Recently, similar results were found for three sites in Japan with slightly different representative
APE’s [88].The measured spectra and calculated and irradiance weighed spectral current
gains/losses relative to STC (and to single crystalline silicon solar cells) show an annual spec-
tral gain for CIS, cadmium-telluride (CdTe), perovskite and a-Si PV technologies (roughly be-
tween around 1% (CIS) and up to 7% (a-Si) — depending on the location) whereas there was
found a tiny spectral loss (below 1%) for single-crystalline silicon back contact (BC), and het-
erostructure-with-intrinsic-thin-layer (HIT) PV technologies. For an overview based on other
studies until 2017, see [84]. It is worth mentioning, that the global uniqueness of the APE for
its representation of a spectral distribution is under discussion among different researchers
[89-91]. In different studies it was shown that spectra with the same APE value applied to the
same technology result in different performance indicators [22, 88, 92, 93].

An intuitive way to quantify the spectral shift or Spectral Mismatch (SMM) induced by a local
spectrum compared to a standard spectrum is to compare the respective short circuit cur-
rents, lscS. The incident solar spectrum has, therefore, to be known. The currents can be cal-
culated using the spectral response (SR) or can be determined experimentally. The Spectral
Mismatch and the Spectral Factor (SF) both give a percentage of gain or loss on the short-
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circuit current due to a spectral variation to the spectrum at STC for a particular technology
(the first indicator additionally using a reference).

A deviation from the standard spectrum introduces uncertainty in the prediction of annual en-
ergy yield which can range from less than 1% to up to 8.8% (for the high bandgap material
a-Si) depending on location and module technology [84]. This uncertainty can be even higher,
up to 15% for daily energy yield predictions for CdTe modules [94]. More and more time series
of experimental spectral data, as well as models, are available to reduce that uncertainty.

A study performed by Ascencio-Vasquez et al. [38] presents a worldwide mapping of PV sys-
tem performance for clear days based on the Képpen-Geiger climate classification. This clas-
sification is made only for c-Si and considers the spectral mismatch using an empiric method
which depends on the clearness index and the AM to obtain a POA effective global horizontal
irradiance. Climate variations due to the prognosed climate change until 2100 are also consid-
ered. Belluardo et al. [95] simulated spectra over a broad range of 124 considered locations
worldwide. Losses in the spectral factor are found to be up to 3% and gains of up to 2% for the
annual yield for c-Si technologies — as a maximum depending on the investigated locations.
For the thin-film technologies, CdTe and CIGS the gains or losses are larger, and largest for
a-Si with 10% for losses and gains. For thin-film technologies they found a latitudinal pattern
(losses in the North, gains in the tropics), contrary to the homogeneity that was found for c-Si.
These authors also explicitly discourage the use of APE due to the data dispersion.

While experimental spectral long-time data are scarce, satellite-based spectral irradiance data
are available from sources like CMSAF or NREL, for example. Huld and Amillo, 2015 [96]
report gains and losses in the same range as Belluardo et al. for cSi and CdTe modules in a
worldwide study based on satellite data. Note that this general result does not hold according
to [96] in high-elevation and low-temperature areas. The authors assume that the larger re-
duction of ca. -8% for both technologies and predicted for those regions is due to the fact that
there the air has very low water vapour content.

Tandem solar cells are affected by spectral changes as the single cells are often series-con-
nected and the current is limited. A decrease in the incident spectrum in a wavelength range
relevant to one subcell results in a lower current. That lower current — if it ends up being the
least — limits the overall current of the tandem stack regardless of any possible gain in another
subcell. Simulations comparing different locations corresponding to a range also of the Képpen
climate classification [97] calculate an average of 3.5% decrease in annual yield of perov-
skite/CIGS tandems mainly due to the influence of local spectra. This was concluded from a
comparison of two terminal (series connection, thus, spectral changes limit overall current)
versus four terminal tandem modules. Liu et al. [98]suggest to adapt the current matching of
tandem solar cells to the local illumination conditions to minimize losses.

Beyond the above cited literature, some models and algorithms that aim at predicting the out-
put power considering the spectral distribution are being developed and published on thin film
[99-101] and multi-junction (also bifacial) modules. Note that a spectral impact factor (SIF) is
also introduced in the literature, it corresponds to an irradiance-weighted average of the spec-
tral mismatch factor [102]. This factor has been also been called Spectral gain & loss factor in
a recent publication [88].

3.3 Data Format and Reference Data Sets

An accurate estimation of the energy yield of a PV system requires long-term climatological
and solar resource data of the location in order to take into consideration weather patterns and
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inter-annual and year-to-year variability of the weather conditions [8]. On the contrary, an en-
ergy rating study whose objective is to provide an unbiased comparison of the performance of
different PV devices, can be performed considering a shorter time series dataset, as long as it
is representative of the area considered.

In 2018, the International Electrotechnical Commission (IEC) completed the standard series
61853 "Photovoltaic (PV) module performance testing and energy rating" with the publication
of Part 4 entitled “Standard reference climatic profiles”. These standardized datasets provide
the necessary climatic information over one year to perform the energy-rating analysis at any
location. They comprise six different climatic profiles that represent the environmental condi-
tions affecting PV systems installed worldwide.

The final result from applying IEC 61853 is a Climate Specific Energy Rating (CSER) value for
each climate profile. CSER is a dimensionless parameter corresponding to the ratio of the
energy Yyield estimated for the working conditions defined in each standard dataset to the en-
ergy yield that would be obtained if the module efficiency was that measured under STC. A
more detailed description of the CSER is provided in Chapter 4.1. The standard reference
datasets are the scope of the present section.

Two main aspects have to be considered when defining standardized climatic datasets for
energy rating studies [13]:

a) How much data, in terms of variables and length of the time series to include, and

b) Since the climate profiles are based on real data, which set of geographical loca-
tions have to be used to represent the full range and geographical variation of the
performance of PV devices worldwide.

The variables included in the datasets are the result of the equilibrium between the models
used for the energy rating estimation and the data available. Both elements have to be appro-
priate and unbiased for all technologies in order not to favour or penalize certain technologies.
At the same time, they must be able to provide accurate and realistic information to the user.

Even though there are many methods in the scientific bibliography to model the performance
of a PV device, those included in any international standard are a compromise between sim-
plicity and accuracy. The latter is in most cases limited by the required input data. For example,
the development of methods for analysing satellite-based data that provide estimates of the
spectrally resolved irradiance at a continental scale has enabled the implementation of a spec-
tral correction factor in the energy rating method used in IEC 61853, which gives a better esti-
mate of the irradiance effectively absorbed by the PV device. Previously, this spectral effect,
which has a significant impact on the performance of PV devices, could not be considered
systematically. As stated in [96], the estimated energy yield from c-Si and CdTe devices can,
with or without considering spectral effects, vary by up to 6% depending on the location.

The IEC energy rating methodology also takes into consideration the thermal behaviour of the
PV device, by calculating the operating temperature as a function of irradiance, ambient tem-
perature and wind speed. This was possible due to the availability of datasets for the said
climatological variables at a continental scale.

Regarding the size of the datasets, in the first drafts of the IEC 61853 standard, the use of
standard days was considered. These standard days represented extreme conditions to gen-
erate an umbrella around all possible operating environments. The six proposed days were:
Low-Irradiance-Low-Temperature (LILT), Medium-Irradiance-Medium-Temperature (MIMT),
Medium-Irradiance-High-Temperature (MIHT), High-lrradiance-Low-Temperature (HILT),
High-Irradiance-High-Temperature (HIHT) and Normal-Irradiance-Cool-Environment (NICE).
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However, these standard days do not provide a good estimate of the energy yield of any site,
which should be the basis of an energy rating, as they were not sufficiently representative of
the climatic conditions for most sites as shown in [103]. Even considering location-specific
typical days would not give a proper indication of the working conditions either, and the use of
very short periods may favour one technology over another. Therefore, even though there are
energy rating studies based on the results obtained considering only various days [104] a min-
imum period of one year was adopted for the IEC standard in order to obtain repeatable and
reliable ratings. This is supported, as shown in [96], by small year-to-year variability of the
module performance ratio, similar parameter to the CSER, in nearly all regions considered
(Africa and most of Europe and Asia), which are representative of most of the environments
where PV systems are installed worldwide. On this basis it was agreed that one year of hourly
data contain all relevant information to perform reliable energy rating studies.

The second aspect to consider in selecting the standard datasets is the definition of the differ-
ent climatic regions. In contrast to the traditional climatic regions such as those in the Képpen-
Geiger classification [105], which are strongly influenced by precipitation and its effect on veg-
etation, or the differentiation proposed by the European Solar Radiation Atlas based on the
yearly average clearness index [106] for PV energy rating purposes the reference climates
need be based on the performance of the PV modules. Taking into consideration only the
irradiation or the clearness index would not be descriptive enough, as temperature, for exam-
ple, has an important role in the performance of PV devices.

If a PV device obtains the same CSER at two locations, the energy yield from identically con-
figured PV systems at the two locations will differ in proportion to the difference in the available
annual irradiation in both sites. Therefore, in these cases, an estimation of the performance
based on data from one of the sites can then be used to estimate the performance at another
site by scaling for the yearly total irradiance. Thus, the definition of a reference climatic dataset
should guarantee similar PV performance (CSER or performance ratio) over the corresponding
geographical region. This region should be identified based on long-term data (10 years or
more). Then the year selected as reference should provide performance values as close as
possible to the average performance over the multiyear time period. Finally, a suitable site,
representative of the entire region or climatic zone has to be identified. The irradiation from
this representative site may be used to estimate the yield of any other site within the same
climatic region.

Following the previous steps, [103] identified seven different climatic regions in Europe, with a
difference in the performance of ¢-Si modules between regions of about 1%, with the module
performance ratio varying between 0.88 and 0.96. A similar variation was observed for the
CdTe technology although with higher values (0.93-1.05). The standard deviation (SD) on the
performance in the different regions showed low values between 0.1% and 0.6%, whereas that
of the irradiance varied between 1.5% and 4%. This indicates that considering one year of data
is sufficient. An analysis of the impact of using synthetic datasets created with the statistical
properties of the full time series, concluded that the rating of the PV devices was not affected.

Similarly, but applying a more complex PV performance estimation method and considering
the effects applied in the IEC 61853, the authors in [13] identified five different regions in Eu-
rope for c-Si and CdTe modules. The variability in the input data results in an uncertainty in
the estimated performance ratio of 2%. Therefore, as authors conclude, the standard climate
reference datasets should be defined to guarantee differences not lower than this value.

Taking these results into consideration, the IEC 61853-4 considers six reference climatic pro-
files to represent the most common climatic conditions that PV installations may encounter
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worldwide. They are named tropical humid, subtropical arid, subtropical coastal, temperate
coastal, temperate continental and high elevation (above 3000 m).

Each dataset contains hourly values over a year of ambient temperature, wind speed, satellite-
retrieved irradiance data of horizontal global and beam broadband irradiance, in-plane global
and beam broadband irradiance, and spectrally resolved in-plane global irradiance integrated
into 29 spectral bands of different width as specified in the datasets. Besides these variables,
the solar elevation angle and the angle of incidence between the sun and the normal to the
surface of the module are also provided.

At present, the scope of the energy rating IEC 61853 standard covers single-junction monofa-
cial devices. If in the future, other devices such as bifacials are to be considered, the standard
datasets may have to be modified or extended. The new variables will depend on the method-
ology used to model the performance of the new devices and the availability of data at a global
scale.

3.4 Module Characterization Considering Atacama Desert Condi-
tions

3.4.1 Indoor characterization of PV modules

The energy rating standards IEC61853 Parts 1-4 provide a method for differentiating the ex-
pected performance of photovoltaic modules under real-world conditions. It combines a com-
prehensive set of measurements on modules with a numerical model to produce performance
ratings for different reference climates [107].

The Atacama Desert presents particular conditions that pose several challenges in the selec-
tion of photovoltaic modules and in the operation of photovoltaic power plants. One of the main
challenges is the solar spectrum: the solar spectrum of Atacama Desert does not completely
correspond to the ASTM G173 spectrum (Figure 36), which is often recommended by
IEC standards to assess the effect of the radiation in modules and other components of pho-
tovoltaic power plants.

The main differences between both spectrums lie in the range of the UVA and UVB, being
more notorious in the UVA range. The key factors responsible for these spectral differences
are 1) the elevation above sea level; 2) the number of days with clear skies due to the absence
of cloud cover and, hence, a low diffuse radiation fraction; 3) the small aerosol optical depth;
4) the small total ozone column (TOC); and 5) the small water vapour column. This finding
indicates that the technologies to be installed in Atacama Desert should be designed/selected
to support considerable energy in the UVA range so that the modules’ energy rate is not di-
minished.
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Figure 36: Comparison of both the ASTM G173 and the normalized Atacama Desert
solar spectrum [108].

To cope with the issues posed by the solar spectrum of the Atacama Desert, ATAMOSTEC
has developed both indoor and outdoor testing methodologies to determine whether a partic-
ular module technology is adequate for being installed in a photovoltaic power plant. Since
IEC 61853 standards do not adequately represent the conditions of the Atacama Desert (an in
general several high radiation high altitude desert regions), its procedures for indoor module
testing have been slightly modified and additional tests have been added so as the modules
are subject to the expected UV radiation indices in real operating conditions [109]. Figure 37
displays the procedure proposed by ATAMOSTEC for the indoor assessment of photovoltaic
modules considering the conditions of the Atacama Desert. As it can be noticed, the proposed
procedure gives as outputs the performance of the modules assessed considering the ex-
pected UV radiation dose plus corrosive environment found in the desert (UV + salt mist); the
expected UV dose plus the temperature oscillations (UV + PTC); and the expected UV dose
plus the damp heat and the highly accelerated stress test (UV + DH/HAST). These tests allows
to determine whether the assessed technology has the potential to reach an expected PV
module lifespan of 25 years or more (in the near future it is expected to determine the features
that increase or decrease a module’s potential). The motivation for estimating modules’
lifespan lies in the fact that current technologies are highly sensitive to UV radiation, and there-
fore it is expected that under Atacama Desert conditions their lifespan is shortened. It is im-
portant to remark that the focus of ATAMOSTEC is on bifacial module technologies. Neverthe-
less, the proposed procedure can also be applied to assess monofacial technologies.
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Figure 37: Block diagram of the proposed procedure for indoor module testing taking
into account the environmental conditions of the Atacama Desert. Source: [109].

As a complement to radiation, the procedure shown in Figure 37 also allows us to determine
the effect of soiling, corrosive environments and a combination of the two, on the energy rating
of the modules. These additional tests, combined with the UV test, are also important for mod-
ule characterization since the Atacama Desert has 1) temperature oscillations that range from
-10°C to 30°C within a day (e.g. at the PSDA); 2) environmental humidity that ranges from 20%
to 100% during a day (that combined with the temperature oscillations produce water conden-
sation), and 3) presence of salts that combined with humidity could affect the performance of
the modules due to rusting or water condensation within the modules. Figure 38 presents the
performance of different bifacial technologies. Specifically, heterojunction and nPERT modules
with different encapsulants were evaluated. From the evaluation, it can be concluded that het-
erojunction modules with high cut-off encapsulants performed better than the remaining tech-
nologies. Nevertheless, these remarks must be validated in outdoor conditions, such as at the
PSDA.
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Figure 38: Assessment of heterojunction and nPERT modules with different
encapsulants, following the modified indoor testing procedure (Source [109]).
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3.4.2 OQutdoor characterization of PV modules

As a complement of the indoor module assessment, ATAMOSTEC has also conducted out-
door characterization in its outdoor solar testing facility. As in the indoor testing facilities, the
PSDA is used to test commercial and non-commercial photovoltaic modules in order to rank
them for their implementation at utility scale power plants. In addition, advanced O&M prac-
tices, mounting structures, and inverter technologies are considered for being analysed in de-
sert conditions. Figure 39 shows the current PSDA facilities. These facilities are composed by
the state-of-the-art instrumentation for assessing meteorological conditions; tilted and vertical
structures, and tracking systems fully instrumented for module testing at real environmental
conditions; and mini module mounting structures to assess new module concepts. As it can be
seen, the PSDA facilities allow to validate the results obtained from the indoor test, and also
evaluate the adequateness of a module technology for a specific application at either utility or
niche scale.

Territorial characterization Monofacial test bench

Bifacial vertical Bifacial fix Bifacial HSAT

Figure 39: Current facilities at the Atacama Desert solar platform.

Currently, at the PSDA bifacial PERC+, nPERT and HJT, monofacial PERC technologies are
being tested (taking the PERC technology as baseline/reference). From the results obtained
so far, it can be concluded that in average the bifacial technologies have an extra energy gain
of about 11%, for the fixed mounting structures. In the case of the tracking system, as expected
an extra gain of about 31% is achieved for both: monofacial and bifacial technologies. Hence,
combining bifacial module technologies with single axis tracking systems it has been achieved
an extra energy gain of about 44%. This extra gain was achieved with an average measured
albedo, in Atacama Desert, of about 30% (natural albedo, i.e., the soil was not modified during
the tests). Figure 40 illustrates how the aforementioned results relate one with another. These
results are in concordance with those obtained from the indoor characterization, for the energy
production. Concerning the effect of UV radiation in the module performance, it is still too early
to risk a final conclusion. Nonetheless, to date, none of the modules installed in the desert
have exhibited any degradation mechanism taking place on them. It is important to clarify that
the modules are being tested at the PSDA from January 2020.
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Figure 40: Relationship between the measured gains of the different technologies
currently tested at the PSDA.
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4 ENERGY RATING OF PV MODULES

The evaluation, rating, and pricing of photovoltaic modules are commonly assessed based on
the maximum power output measured at Standard Test Conditions (STC) defined by a cell
temperature of 25°C and an in-plane irradiance of 1000 W/m? with a spectral content as spec-
ified in IEC 60904-3 [41]. However, the electricity produced over the lifetime of a PV module
and the subsequent Levelized Cost of Electricity (LCOE) and return on investment derive from
working conditions far from those standard ones, as they depend on location, climatic condi-
tions and installation. Therefore, the scientific community has developed methods to perform
a more meaningful and unbiased comparison of PV devices (defining performance surfaces or
matrixes of each device) based on the estimated energy output considering predefined envi-
ronments representative of real operating conditions. This comparison or energy rating is in-
tended to be able to differentiate between devices, and therefore fundamentally depends on
the characteristics of the modules.

There are various energy rating methodologies in the scientific bibliography, such as those
developed by Sandia (PVUSA) [110] or TUV Rheinland (LPLA) [14]. Furthermore, in 2018 the
International Electrotechnical Commission (IEC) completed the standard series IEC 61853 on
PV module energy rating [3—6]. Even though all of these methodologies are based on an en-
ergy yield estimation over predefined working conditions, the model used to estimate the power
output and the effects considered differ. For example, in addition to the effects quantified by
the IEC 61853 methodology, the LPLA method takes into consideration soiling, while PVUSA
estimates the AC energy yield taking into account the performance of the inverter. Besides,
this latter method applies to different types of installations, from small arrays to utility-scale
installations, while the IEC standard refers the calculations to a single module.

A detailed description of these and other energy rating methods, including a comparison with
the IEC 61853 methodology is presented in this chapter.

4.1 According to IEC 61853-3

The International Electrotechnical Commission (IEC) Standard series 61853 "Photovoltaic
(PV) module performance testing and energy rating" provides PV manufacturers, installers and
buyers a tool to obtain a simple but realistic estimate of the performance of a PV module at
different climatic conditions. The final output of the standard, the Climate Specific Energy Rat-
ing (CSER) parameter, can be used to compare the performance of different PV technologies
or modules in a more meaningful way than by just comparing the output power declared by the
manufacturer and measured at Standard Test Conditions (STC), which are almost never met
under real working conditions. The dimensionless CSER parameter is, in fact, calculated as
the ratio of the estimated energy output of a PV module under certain climate conditions to the
energy output that would have been obtained if the module efficiency would have been the
one measured under STC.

The calculation of the energy rating CSER is based on one year of hourly data which, even
though could be representative of the conditions of a certain climatic region, it would not be
enough to provide an accurate estimation of the energy yield of a PV installation in a specific
location. For that purpose, data for that specific site and installation would be required including
climatic data for several years and information about the possible presence of shadows, snow,
or dust on the modules, as well as information about the installation configuration, such as
orientation and inclination angles. In addition, for an accurate prediction of the total energy
yield, the effects of degradation and ageing of the PV modules and other components of the
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PV system should be considered as well. On the contrary, the purpose of the IEC 61853 stand-
ard series is to provide a realistic estimation of the energy rating of a PV module located in a
generic site with defined climatic conditions where the modules are installed facing the equator
with an inclination angle of 20°. The estimation methodology defined in the energy rating stand-
ard may be applied to calculate the energy yield of a real PV module installation, provided
losses due to the presence of obstacles, dirt or snow and the effects of degradation are taken
into consideration. However, these and other effects such as light-induced changes or thermal
annealing, which should be considered for an accurate energy yield estimation, are not defined
nor considered in the IEC energy rating standard.

The IEC 61853 standard series, completed in 2018 with the publication of the final two parts,
defines a methodology to estimate the performance of PV modules considering real working
conditions defined by six datasets representative of the major climatic conditions PV installa-
tions will likely encounter worldwide. These climatic datasets are defined in Part 4 of the stand-
ard [6], while the models to estimate the PV performance are described in Part 3 [5]. Part 1
and Part 2, published respectively in 2011 and 2016 [3, 4], describe the procedures to test and
measure the relevant characteristics of the PV modules under evaluation to obtain the input
data required by the models applied in Part 3. These data, which are described in Chapter 2
of the present report, include a matrix of maximum output power under various levels of irradi-
ance and module temperature (Part 1), the spectral responsivity of the PV device, the reflec-
tance of the surface of the module and the module's thermal properties (Part 2).

The methodology described in IEC 61853-3 to estimate the PV module output under real work-
ing conditions takes into consideration various effects. The first one quantifies the effect of the
angle of incidence between the solar radiation and the normal to the module in the reflected
irradiance. This irradiance is not transmitted to the active material, and consequently does not
contribute to the power generation. The second effect is related to the spectral responsivity of
the module that determines the irradiance effectively absorbed by the active material. The last
effect evaluated is the temperature behaviour, since the temperature of the module, along with
the received irradiance, is one of the main factors that most significantly affect the power gen-
eration.

In fact, the complete IEC 61853-3 methodology is the concatenation of various steps focused
on modelling the above-mentioned effects to obtain for every hour of the complete reference
year of the climate datasets two sets of data:

e The in-plane irradiance, broadband and spectrally resolved, corrected for both
angle of incidence (AOI) and spectral effects to define the effectively absorbed irra-
diance (Geon),

e The module's temperature (Tmod) €stimated using the ambient temperature (Tamb),
the wind speed (v) and the in-plane irradiance corrected for angle of incidence ef-
fects only (Geor, a01)-

These two sets of hourly values, the effective irradiance and the module temperature (Geor,
Tmod) are used to estimate the power output from the efficiency values derived from the power
matrix obtained in part 1 of the standard (applying interpolation, and extrapolation when nec-
essary). The power matrix is a set of module power measurements at various levels of irradi-
ance between 100 and 1100 W/m? and module temperature from 15 to 75°C, as shown in
Section 2.1.3.

The complete methodology to estimate the CSER for the PV module under consideration for
each reference climate is shown in Figure 41. The models applied in the various steps are
described in the following sections.
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Figure 41. Complete methodology to obtain the Climate Specific Energy Rating for
the PV module under consideration, for every reference climate profile (Source:
Adapted from: [5]).

4.1.1 Angle of incidence effects

The first step is the quantification of the AOI effects by means of the model developed by
Martin and Ruiz [48, 111]. The model applies a different correction to the beam (B) and diffuse
(D) irradiances as shown in Eqg. (10) and Eqg. (11), respectively.
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Where B;j and D; are, respectively, the uncorrected in-plane broadband beam and diffuse irra-
diance of hour j, and 4 is the incidence angle between the normal to the PV module and the
sun for the same hour j. All these values are tabulated in the datasets provided in Part 4 of the
standard. 8 is the inclination angle of the module, expressed here in radians, which is fixed at
20° and a is the empirical factor obtained in Part 2 from the analysis of the AOI experimental
measurements. The IEC standard does not provide reference values for the a; parameter, as
its value depends on the device under test’s configuration and coating. However, some values
are reported in [48] for the devices analyzed in this study. The a,; parameter ranges from 0.136
for air/glass/a-Si:H/Ag modules to 0.179 for air/glass/triple coat./Si devices. The higher the
a, value is, the more irradiance is reflected back into the atmosphere as it reaches the surface
of the module.

The sum of Beor,j @and Deor, j is the global in-plane broadband irradiance corrected for AOI ef-
fects (Georr, no1), Which is used to define the AOI correction coefficient to be applied to the global
in-plane spectrally resolved irradiance, R(4), and estimate the corresponding AOI corrected
values (G(4)cor, a01), required for the spectral correction effect estimation. The R(4) values are
also provided in the reference climate datasets.

4.1.2 Spectral correction effects

The second step estimates the effectively absorbed irradiance, taking into account the spectral
responsivity of the PV module material. An hourly spectral correction factor is calculated, Cs,
as in Eq. (12) and applied to estimate the corrected in-plane irradiance for both angle of inci-
dence and spectral effects, Geor , Se€ EQ.(13)

(12)
_ 1000 SR(E)'G(ﬂ)corr,AOI,j di

C.:=
5 Georr,aol,j ] SR(A)RsrcdA

— . (23)
Gcorr,j - Cs,j Gcorr,AOI,j

Where SR(.) is the spectral responsivity measured at different wavelengths as defined in Part
2 of the standard according to IEC 60904-8 [112], G(A)cor.a01,j IS the global in-plane spectrally
resolved irradiance corrected for AOI at the hour j and Rstc is the spectral intensity for the
standard test condition spectrum AM1.5G (IEC60904-3 [41].

4.1.3 Effects of temperature of the module

In addition to the in-plane irradiance corrected for AOI and spectral effects (Geor), the operating
temperature of the module (Tmod). iS also required for the estimation of the PV power output
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(Pmod)- Tmod is calculated using the model suggested by Faiman [113] where the module tem-
perature depends on the received irradiance corrected only for AOI effects (Georr, aol), the am-
bient temperature (Tamb) and the cooling effect of the wind (v), as shown in Eq. (14).

Gcorr,AOI (14)

Tmod = Tamp + ot UyD
The model uses two thermal parameters, up and ui, which are obtained with the methodology
described in Part 2 of the standard, whilst Tamy, and v are provided in tabulated form in the
climatic datasets of Part 4. Similarly to the a, parameter used to quantify the reflected irradi-
ance, the IEC standard does not provide default values for the two coefficients used in the
thermal model, ug and u:. Estimated values of both coefficients for a series of a-Si, CIS, CdTe
and c-Si devices are reported in [114]. The up and u; values for the c-Si module are 30.02 and
6.28, respectively. While for the CdTe the calculated coefficients are 23.37 and 5.44.

4.1.4 Output power

Considering the hourly values of Tmod and Geor, the hourly power output (Pmod) is obtained by
bilinear interpolation, or extrapolation, of the efficiency values derived from the power matrix
measured in Part 1.

It is known that for some of the six reference climatic datasets, at some times the working
conditions of the PV modules fall outside the irradiance and temperature range covered by the
power matrix (See Section 2.1.3), so extrapolation is required. Most of these situations corre-
spond to low temperature and/or irradiance levels (Geor <100 W/m? and/or Tmeg <15°C). The
IEC 61853-3 provides the equations to apply extrapolation under these circumstances.

From the hourly power output, the hourly energy output (Emod) is derived assuming a constant
performance over every hour. The sum of these hourly values is the annual module energy
output, Emod, year, US€d in the estimation of the dimensionless parameter CSER (See Eq.(15)).

(15)

Emad, ear  Gre
CSER = y L
Pmax,STC" Hp

Where Gy is equal to 1000 W/m? as the irradiance applied at STC to measure the maximum
power at STC (Pmax stc). Hp is the yearly global in-plane irradiation provided in Part 4 for every
reference climatic region.

To illustrate the energy rating values that can be obtained for the different reference climates,
the complete methodology has been applied to several generic technologies. The thermal co-
efficients used (uo and u;) are shown in Table 12. Due to the lack of specific data for every
technology regarding the AOI effects, an a; of 0.155 was considered for all devices. For infor-
mation about the spectral response data and power matrix values used for every technology,
refer to the authors of [7].
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Table 12: Thermal coefficients (uo and u;) used to estimate the CSER [7].

c-Si CdTe a-Si OPV
Uo 26.91 23.37 25.71 26.91
Uz 6.2 5.44 4.26 6.2

The obtained CSER values are shown in Figure 42. (Values from [7]). As expected, the per-
formance of the crystalline silicon technology (c-Si) is significantly affected by the high temper-
atures of the tropical and subtropical climates. Under these conditions, the performance, com-
pared to that of STC conditions can be reduced by more than 10%, as shown in Figure 42. In
contrast, the tropical humid climatic conditions enhance the performance of the amorphous
silicon technology (a-Si) to the extent that it would perform better than expected by the power
output measured under STC conditions.

As an example of the emerging PV technologies, the organic PV device (OPV) included in the
analysis shows good performance in the two warmer reference climates but its performance is
significantly diminished under lower irradiance conditions like those characteristics of the tem-
perate coastal climate. A detailed characterization of this device can be found in [115] where
the onset of power is visible after approximately 100 W/m? of irradiance indicating a poor low
irradiance performance.
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Figure 42: CSER calculated for four different PV technologies at the six reference
climates defined in IEC 61853-4 (Source: [7]).

Results shown in Figure 42 reflect clear differences in the behaviour of most of the considered
devices in the six reference climates. While the performance of the CdTe device is more stable
over the different climates (3.6%), the difference between the performance at the best and
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worst climatic conditions for the c-Si, a-Si and OPV device is 9.5%, 10% and 23.2% respec-
tively. These values show the importance of selecting the best-suited PV technology for every
location. In this regard, the trend under the subtropical and temperate climates is the same for
the c-Si and CdTe devices, with an increased performance towards colder climates, whilst the
opposite is observed for the a-Si device.

Under the same climatic conditions, the highest differences between devices (17%) is ob-
served under the tropical humid climate characterized for higher temperatures and irradiance
levels, which can have opposite effects on some technologies. Whilst the most uniform behav-
iour is observed under the subtropical coastal climate, with a maximum deviation between
devices of 7.5%. Under the temperate climate, the CSER values of the c-Si and CdTe devices
are very similar due to the various effects taken into consideration in the modelling of the power
output. However, when the wind and the spectral content of the incidence irradiance are not
considered, the performance of these two technologies can differ by more than 10% [116].

In addition to [116], there are other examples of energy rating and theoretical energy yield
prediction studies in the scientific bibliography. Nevertheless, in most cases different method-
ologies are applied, taking into consideration different effects for the power output estimation,
and considering as well different climatic datasets to the ones described in the IEC 61853. In
[116], in addition to CdTe and c-Si modules, CulnSe; and Cu(ln-Ga)(Se,S). were analysed.
Without considering spectral effects and the cooling effect of the wind, the performance varia-
tion between the CIS and c-Si devices in Europe is below 2.5%, while between CdTe and c-Si
this difference goes up to 12%, which is higher than the variations plotted in Figure 42. Despite
the differences in the performance estimation, the values obtained for the c-Si technology in
Europe vary between 0.87 and 0.97, in line with the results shown in Figure 42 for the reference
climates representative of the European climatic conditions.

The linear performance loss analysis (LPLA) method [14], which is described in detail in
Chapter 4.6, was applied to different thin film devices including CdTe, CIGS and a-Si; and
various types of silicon devices like poly c-Si with different coating, mono c-Si with heterojunc-
tion and back-contacted mono c¢-Si n-type basis cells. The variation between the devices with
the best and worst performances go from 30% in warm locations with high insolation levels to
15% in temperate locations, which is higher than the differences plotted in Figure 42. Reported
differences within the devices of the c-Si and CdTe technologies are smaller, around 4% and
2% respectively. The variation is higher between the a-Si and CIGS devices. Various c-Si de-
vices were compared in [117] and differences in the estimated power output were below 2%.
However, the variability between devices increased to almost 4% under low irradiance condi-
tions. Similar conclusions were found by [118] comparing various devices of ¢c-Si and mc-Si.
The former presented higher variability than the mc-Si devices, especially below 200 W/m?,
and better performance.

The authors obtained a maximum difference in the estimated energy yield for the two-main-
stream silicon-based modules of 5%. The methodology applied is very similar to the one de-
fined in the IEC 61853 standard between, in that it also considers light induced degradation.
Most of the considered effects in the IEC standard were considered by [11] but using different
equations. The module performance ratio (MPR), which is similar to the CSER parameter of
the IEC standard, of eight different devices of four different technologies was calculated, in-
cluding high efficiency c-Si devices, CdTe, CIGS and a-Si modules. Differences in the MPR
were only significant between different technologies with clear different characteristics. The
performance of the c-Si devices was very similar to each other. None of the above-mentioned
studies considered the reference standard datasets defined in IEC 61853-4 [6], which were
selected to represent distinctive weather conditions, as described in Chapter 3.4. Now that the
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complete standard series is available, further analysis of new devices and fast-evolving PV
technologies is required.

Overall, the CSER values provide a tool to compare different PV technologies and differentiate
between products of the same technology in a simple way that is more representative of the
real performance than the maximum power output at STC. This can help PV installers identify
the most appropriate technology or device for the climatic conditions of the location of interest.

However, it should be noted here that the scope of the IEC standard covers mono-facial and
single-junction devices of any PV technology, including prototypes. Due to the required input
data and the models used, the application of the energy rating standard cannot be easily ex-
tended to bifacial devices until albedo and bifaciality effects are defined. For multi-junction
devices, a method to account for limiting junction effects due to varying spectral conditions has
been elaborated [119], but a method is not specifically defined in the energy rating standard.
Therefore, the extension of the energy rating standard’s scope to include bifacial and multi-
junction devices would require new data, experimental setups to obtain those and new meth-
ods to account for the various effects (irradiance and temperature-dependent behaviour, spec-
tral effects and AQOI effects) on these other PV technologies. In this regard, the IEC’s Technical
Specification IEC-TS 60904-1-2 [55], published in 2019, sets the foundations for a possible
future methodology to obtain power matrix measurements on bifacial devices.

Another limitation of the IEC energy rating standard regards the technologies with significant
non-linearity in the characteristics modelled, such as the performance at low irradiance levels.
Results should be taken with caution, due to the different effects taken into consideration, for
devices whose efficiency is affected by long-term exposure to outdoor conditions, as results
may be misleading. Devices lacking long-term stability would obtain overestimated ratings con-
cerning to real lifetime performance. These and other possible sources of uncertainties in the
IEC energy rating methodology are further discussed in Chapter 5.3.

4.2 Round Robin of Different Implementations of the PV Module En-
ergy Rating Standard IEC 61853-3

The IEC 61853 standard series “Photovoltaic (PV) module performance testing and energy
rating” aims to provide a standardized measure for PV module performance, namely the Cli-
mate Specific Energy Rating (CSER) as defined in Part 3 [5]. However, the specific implemen-
tation of the calculation is left to the user (details see Chapter 4.1), and some steps in the
calculation procedure leave room for interpretation. Additionally, there is no reference param-
eter set and no solution included in the standard, which could be used to verify the correct
implementation of the CSER calculation. This may lead to deviations between different imple-
mentations. Thus, a round robin of the PV module energy rating standard IEC 61853-3 was
conducted [120]. Researchers from different organizations provided ten different implementa-
tions of the standard with one being open source [121]. In the following, the results and lessons
learnt from the round robin are summarized.

For phase one, TUV Rheinland experimentally determined the PV module input parameters
required for the CSER calculation and provided them to the other participants. Each participant
then calculated the CSERs without knowledge of the other participant’s results. The resulting
CSER values as well as important intermediate results of the calculation procedure from each
participant were available to everyone afterwards. The relative differences for each calculation
step were analyzed and discussed.

The CSER results relative to the median of each climate profile for the first phase are shown
at the top of Figure 43. Participants E1 or H1 had the highest CSER for all climate profiles,
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while 11 had the lowest values. Additionally, the order of the participants is not the same in
every profile. Table 13 lists absolute and relative difference between the CSER values. For all
phases, the tropical humid profile had the highest deviations for both, which is 0.133 for abso-
lute difference and 0.039 as the standard deviation in phase 1. If this CSER difference 0.133
is taken relative to the median CSER value of this climate profile the result is 14.7%. Even for
the climate profile with the best agreement the relative difference between participants’ CSER
for the same module is 6.8%, which is comparable to the difference in CSER between different
module technologies as shown in Figure 42. For the energy rating calculation to be more com-
parable between participants, further investigation is clearly needed.

In-depth analysis of the intermediate results revealed two kinds of sources for the deviations.
One kind was coding errors such as missed brackets or signs. The other was different inter-
pretations of the standard, one of these was related to the angular correction. IEC 61853-3
uses the angular loss model of Martin and Ruiz [48, 111], whose single fit parameter is the
angular loss coefficient a, . It is obtained by fitting it to the measured IAM(0) as defined in [4].
However, the mathematical fit method is not defined in the standard. Five participants per-
formed least-square fit resulting in an a, = 0.14571. While other participants used other meth-
ods such as the mean absolute deviation approach resulting in higher a; values. The impact of
these differences is about 0.002 in CSER.

For phase two of the round robin, it was decided to use a, =0.14571 in all implementations to
remove this fitting difference and focus on other steps. Additionally, participants had access to
all the results of phase 1 to improve their implementations.
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Figure 43: The CSER relative to the median of each climate profile in each phase.
Please note that J1 was excluded due to the use of input parameters from a different

module.
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Table 13: The absolute difference of CSER values and the difference relative to the
median of CSER values for each climate profile for all three phases.

CSER difference relative to

Absolute CSER difference the median CSER value [%]

Climate profile Phase 1l Phase2 Phase3 Phasel Phase2 Phase3
Subtropical arid 0.117 0.014 0.013 129%  1.6% 1.5%
Subtropical coastal 0.098 0.016 0.016 102%  1.7% 1.7%
Tropical humid 0.133 0.029 0.029 14.7%  3.2% 3.2%
i - 0 0 0,
;I'aeimperate continen- o 1o, 0.019 0.017 8.6% 1.9% 1.8%
Temperate coastal 0.085 0.024 0.023 8.6% 2.5% 2.3%
High elevation 0.067 0.012 0.007 6.8% 1.2% 0.7%

The results for phase 2 are shown in the center of Figure 43, where the CSER values are given
relative to the median for this phase. The biggest change is signified by the change in the y-
axis range, which is due to the four-fold reduction of the absolute difference to 0.029 (3.2%).
The difference was driven by the four outliers, A2, C2, E2 and H2. After excluding those four
outliers the largest absolute difference between the other six participants is 0.0042 (0.46%).

Further analysis of the intermediate results showed that differences in the spectral correction
step were the source for the outliers as well as the largest source for the difference between
the other six participants. The challenge in the spectral correction step is that the irradiation is
provided in the 29 bands by the standard, while the spectral response was measured in steps
of 5 nm and the reference spectrum AM1.5g spectrum [41] is provided in steps of 0.5 nm, 1 nm
or 5 nm depending on the wavelength region. To perform the spectral correction, all of them
have to be interpolated and numerically integrated. However, the exact method for this is not
defined in the standard [5], which opens the door to different interpretations.

For phase three of the round robin, it was decided to use a, =0.14571 in all implementations
and to use a common method for interpolation and integration.

The CSER results relative to the median of each climate profile are shown at the bottom of
Figure 43 for the third phase. While participant H3 improved the calculation to join the other
six participants, A3, C3, and ES3 still had large differences in the spectral correction. The abso-
lute difference of phase 3 was 0.029 (3.2%). The difference was driven by the three outliers
A3, C3, and E3. After excluding those three outliers the largest absolute difference between
the other seven participants is 0.0037 (0.38%).

In conclusion, the practical implementation of IEC 61853-3 is more complicated than one might
expect as demonstrated by the initial comparison with differences of 0.133 (14.7%) in CSER.
In the third phase of the intercomparison, the differences are less than 0.029 (3.2%) in CSER.
After excluding the remaining three outliers the largest absolute difference between the other
seven participants is 0.0037 (0.38%).
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4.3 Reduced Matrix Measurements

The IEC 61853-1 performance matrix described in Section 2.1.3 is made of 22 points meas-
ured in the range of 100 to 1100 W/m? and module temperatures from 15°C to 75°C
(Figure 44a). A reduced matrix with fewer points is measured when: the module performance
is linear according to IEC 60904-10 [122], the testing equipment do not allow measurement of
the full matrix due to limitations in irradiance or temperature settings or the testing costs has
to be reduced.

The reduced matrix measurement, depicted in Figure 44b and described in the IEC 61853-1
standard can be only applied as an alternative to the full matrix measurement (Figure 44a)
when the module performance is linear according to IEC 60904-10. This simplified procedure
allows measuring the dependence on irradiance at one single fixed temperature, usually 25°C,
whereas the dependence on temperature has to be measured at two fixed irradiances, one
between 800 W/m? and 1000 W/m? and the second between 100 W/m? and 300 W/m?.

a) Full Matrix accord. to IEC 61853-1 b) Simplified matrix accord. to IEC 61853-1
Irradiance | Temperature Irradiance | Temperature

W/m? 15°C | 25°C | 50°C | 75°C W/m? 15°C 25°C 50°C 75°C
1100 X X X 1100 X

1000 X X X X 1000 X X X X
800 X X X X 800 X

600 X X X X 600 X

400 X X X 400 X

200 X X 200 X X X X
100 X X 100 X

c) Cross-matrix accord. to IEC 60891 d) Measurements for IEC 61215-1
Irradiance | Temperature Irradiance | Temperature

W/m?2 Tmin | 25°C Tmax W/m?2 Tmin 25°C ... Tmax
1100 X 1100

1000 X X X X 1000 X X X X
800 X 800 NMOT

600 X 600

400 X 400

200 X 200 X

100 X 100

Figure 44: Different matrix configurations for module performance according to IEC
testing standards.
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Very often the temperature coefficients are not measured at low irradiance and the tempera-
ture and irradiance dependencies are measured only at 1000 W/m?2 or respectively 25°C. The
reduced matrix is here identified as cross shaped matrix (Figure 44c). Module datasheets,
databases and simulation tools like e.g. PVSyst are generally limited to this type of data. An
extension of these to the IEC 61853 standard is of course envisaged for the future, but it is still
not the rule.

Another typical situation is the one shown in Figure 44c, where only the data requested by the
IEC 61215 standard for module qualification are available. It consists of the temperature coef-
ficient measurement, the measurement at STC and 200 W/mz2 and the performance at NMOT
(MQTO04, MQTO06 and MQTOQ7).

4.3.1 Overview of existing interpolation/correction methods

To perform an energy rating according to IEC 61853-3 with these reduced matrices an extrap-
olation of the measured points is needed. The standard approaches available to do this are
here summarised. It has to be considered that the accuracy of the extrapolated data depends
strongly on the accuracy of the applied approach and that in some cases it can be worse than
the measurement accuracy. It can be the case especially for low irradiances or high tempera-
tures and for modules with non-linear behaviour. In this case, the measurement of the full
power matrix is preferred. The accuracy of different methods and its impact on the climate
specific energy rating CSER are discussed in more detail in the next paragraph. The propaga-
tion of the measurement error is also analysed there.

The two main standards describing extra/interpolation procedures are the IEC 61853 and the
IEC 60891. The methods can be roughly divided into linear interpolation methods and single
diode model-based methods. Some of the methods are limited to the translation of module
power or performance ratio whereas others are based on the translation of the full I-V curves.
Table 14 lists only the methods which can be used for the extrapolation of the energy rating
matrix. The four approaches described in the standards differ in applicability (range of validity)
and input data requirements (distribution of measured data).

The first method is the original linear interpolation method according to IEC 61853-3, intro-
duced in Section 4.1.4. The power output is modelled by bilinear interpolation of the perfor-
mance ratio between points on the measured matrix. The method is less accurate in the case
of extrapolation and in particular when applied to reduced matrices like cases ¢ and d, where
far extrapolation is required.

The second method corresponds to the correction procedure 3 in IEC 60891. It is generally
used for interpolation between three IV curves chosen within a reduced matrix. It does not
require correction parameters as input. It can be applied already with two current-voltage
curves, which determine the limits to which the temperature and irradiance correction can be
applied. With a minimum of four 1V-curves measured at the extremes, the full matrix can be
determined.

Table 14: Within IEC standards proposed correction methods for the inter-/extrapola-
tion of a power matrix for energy rating purposes.

Correc- S .
. . Min. input values required for the
Correction pro- tion pa- . :
cedure rame- extrapolation of the power matrix  Reference
ters accord. IEC61853-3
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Bi-linear interpola- none Measurement of full power ma- |EC 61853-3
:;:):ncec;;ﬁo perfor- trix accord. IEC 61853-1 standard
procedure
Linear interpola- none 2-4 |-V curves at the extremes |EC 60891
tion applied to IV- of the value to be interpolated. ed.03 cor-
curves rection pro-
cedure 3
Temperature COr-  VYhigh, Yiow Measured temperature coeffi- IEC 61853-1
:/cet:gneof tlzn;x \év:;h cient at high and low irradiance simplified
ture cgefficienri Measured irradiance depend- procedure
ency in the range of 100-1100
W/mz at fixed temperature
IV-curve correction e,  Brel, Measurement of min. 4 |-V |EC 60891
based on semi- k’,R’s, B: curves at 1000 W/m2 and over ed.03
;n;gg:cal 1 diode and B the range of at least 30°C. correction

Measurement of min. 4 |-V

procedure 2
curves at 25°C and in the range
of 100-1100 W/mz2.

Both linear interpolation methods can lead to discontinuities as the maximum power point is
sensitive to measurement noise and the choice of IV curves. Different combinations of
I-V curves are possible depending on the type of available input matrix. There are more than
1000 different combinations of I-V curves possible from the measurements provided by the full
IEC 61853 performance matrix (case a).

The third method, applied in case b to extrapolate the full matrix from a simplified matrix meas-
ured according to IEC 61853-1, foresees that when the deviation of the relative temperature
coefficients determined from the two irradiance levels is less than 10% for the open-circuit
voltage and less than 15% for maximum power, the average of the two temperature coefficients
can be used to fill out the missing points of the matrix. This very specific case applies only to
linear modules.

The last method, IEC 60891 procedure 2, is based on a simplified one-diode model, which was
improved by Monokroussos et al. [123] to take into account non-linearities of the open-circuit
voltage and temperature dependence of series resistance. The improved model was imple-
mented into edition 3 of the standard [124]. The latest version of the correction procedure is
described by the following two equations:

Gy (1 + aye; - (T, — 25°0))

L=5" 16
’ Gy ' (1 + aper - (T — ZSOC)) (16)
1 1
V2=Vt Voeste® [Brel (F(62) (T = 25°0) = (60~ (T = 25°0)) + 7~ 75
—Rly-(p=1)— k' I+ (T, = Ty) (17)
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and Rl =R.+k'- (T, —25°C).

l1, V1 current and voltage of the measured |-V curve;
l2, V2 current and voltage of the target I-V curve;

G: measured irradiance;

G2 target irradiance;

T1 measured temperature of the DUT,;

T target temperature of the DUT,;

Voc,ste open-circuit voltage at STC;

Voci measured open-circuit voltage;

arel and B relative short-circuit current and open-circuit voltage temperature coefficients,
of the DUT measured at 1000 W/m?2,

B irradiance correction factor for open-circuit voltage

B> irradiance correction factor for open-circuit voltage which accounts for non-line-
arity of Voc with irradiance scaling;

R’s internal series resistance of the DUT;

R’s1 internal series resistance at temperature T1,

Kk temperature coefficient of the internal series resistance R’s.

The semi-empirical translation equations (16) and (17) contain six correction parameters:
Besides the relative temperature coefficients for short-circuit current (are) and open-circuit volt-
age (Bre)) @an additional temperature coefficient (k') is needed which accounts for changes of
the internal series resistance (and fill factor) with temperature. The two parameters B; and B>
describes the irradiance dependency and corrects the open-circuit voltage. B: is linked with
the diode thermal voltage D of the p-n junction and the number of cells ns serially connected
in the DUT, whereas B takes into account non-linearities of Voc which can occur at lower
irradiances.

In the case of linearity, B, can be set equal 0. The correction parameters has to be determined
from a set of measured I-V curves. Some laboratories add the correction parameters already
as output to their test reports. This correction method has the advantage that it can be used
over a large range of irradiance levels. As will be shown in a later example, it is so the most
appropriate method to extrapolate a cross shaped matrix.

Besides these four methods described in the standards, the measured performance matrix can
be also fitted to other generic models. The fitted model does not necessarily pass through all
the measured data points, unlike interpolation methods. They have the advantage of being
tolerant to random noise, but the disadvantage that they are only valid when the chosen model
is a good description of the real module behaviour. This introduces the possibility that they will
fail for some module types. An example used for energy rating is the “Mechanistic Performance
Model” developed by [125].
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4.3.2 Impact of interpolation/correction methods on the accuracy of energy rat-
ing

Blakesley et al. [107] used a computational simulation approach to study the impact of meas-

urement error on the accuracy of energy rating using different interpolation methods and dif-

ferent choices of reduced sets of measurements. More detail is given below, but the general
conclusions were that:

1. The accuracy of the energy rating is dominated by measurement error for a realistic
laboratory setup. The choice of interpolation method/correction procedure has only a
minor impact relative to the unavoidable measurement uncertainty.

2. Given the impact of measurement error, the number of data points measured in the
performance matrix can be greatly reduced without a significant impact on the accuracy
of the energy rating provided that these points are well chosen. A minimum of six data
points is needed for good results.

It is important to note that these conclusions apply only to the energy rating of modules; the
choice of interpolation method and use of reduced matrices can have a very large impact on
the ability to accurately model instantaneous power output (see Figure 45).

The benefits of this approach are that it allowed the simulation of a large number of possible
modules (1000 modules), including modules of different types. By repeatedly sampling meas-
urement errors, a statistical analysis of measurement error was possible. Four different inter-
polation approaches have been investigated using this approach including the first three meth-
ods listed in Table 14 (bilinear interpolation, simplified method, and linear interpolation of I-V-
curves) and the Mechanistic Performance Model (MPM) of Ransome and Sutterluti [125].

Full calculation
(I-V curve for
each hour in 1 “True” ener
reference rating
climate)
Randomly gener- “True” perf Calculati
ated module  &pl |V curve model [ rue perior- g, alcutation - .
parameters mance matrix (IEC 61853-3) energy rating
Measurement 1 ,} Measurement “Realistic” per- ) Calculation
uncertainty errors formance matrix (IEC 61853-3) energy rating
model

Remove data
points

Reduced “Real- | | Calculation i
istic” perfor- (IEC 61853-3) energy rating
mance matrix

Figure 45: Schematic diagram of the computational method used to assess the accu-
racy of different interpolation methods and reduced performance matrix configurations
(Source: Adapted from [107]).
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The benefits of this approach are that it allowed the simulation of a large number of possible
modules (1000 modules), including modules of different types. By repeatedly sampling meas-
urement errors, a statistical analysis of measurement error was possible. Four different inter-
polation approaches have been investigated using this approach including the first three meth-
ods listed in Table 14 (bilinear interpolation, simplified method, and linear interpolation of I-V-
curves) and the Mechanistic Performance Model (MPM) of Ransome and Sutterlti [125].

Figure 46 provides examples of the output of these interpolation functions for the case of a
single CIGS-like module measured with realistic measurement error. It shows how measure-
ment error can be amplified by extrapolation to conditions outside of the measured perfor-
mance matrix. However, for energy rating purposes these errors are effectively averaged over
one year’s worth of data, greatly reducing the impact of random errors.

° ""’T'fj:ﬁ"ed CIGS-like module, bilinear interpolation ° ﬂ?g:f’ed CIGS-like module, IV curve interpolation
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Figure 46: An example of the impact of noise on different interpolation methods for a
single simulated CIGS-like module. Dashed lines show the true behaviour of the module
in the absence of measurement error. The dots show example performance matrix
measurements according to IEC 61853-1 with simulated measurement errors. The solid
lines show the output when interpolation is performed using the simulated measure-
ments as inputs.

Random and systematic errors in measurement of the performance matrix and the choice of
interpolation method impact the accuracy of the calculated annual energy yield according to
the energy rating model 61853-3. Figure 47 shows how the accuracy of the energy yield metric
depends on this choice. The error bars illustrate the range of likely values relative to the “true”
energy yield that would be obtained with perfect interpolation and no measurement error. The
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results demonstrate that there is little difference in overall uncertainty between the choice of
bilinear interpolation or empirical models. On the other hand, the IV curve interpolation model
performs very well for crystalline silicon modules (c-Si), but failed for Cadmium Telluride
(CdTe) modules. The reason for this is that the assumptions of the IV curve model can break
down for modules whose behaviour is not well described by a single-diode model. The “sim-
plified method” of IEC 61853-1, using a reduced set of measurements performs as well as the
full-matrix measurement for the linear crystalline silicon modules but introduces a small bias in
energy rating when applied to slightly non-linear CdTe modules. These results suggest that
there is sufficient redundancy in the full performance matrix to suppress the effects of random
measurement errors.
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Figure 47: Statistical analysis of error in energy rating resulting from all sources when
full performance matrices are measured using simulated modules and simulated meas-
urement errors. The symbols show mean bias in energy rating and error bars denote
one standard deviation. Different colours are used for each of the six reference climates
contained in IEC 61853-4. Four different interpolation methods were compared. 1000
modules of each type were simulated. Left: monocrystalline silicon modules. Right:
Cadmium telluride modules.

4.3.3 Example of an extrapolation of cross-shaped matrix with IEC 60891 pro-
cedure 2

The following section shows how the IEC 60891 correction procedure 2 (see Table 14
method 4) can be applied for the extrapolation of a cross-shaped matrix to a full energy rating
matrix. Figure 48b) shows an example of a measured power matrix of a commercial PV module
with 60 PERC cells. The ten |-V curves depicted in Figure 48a) corresponds to the values
highlighted in the matrix. By translating these to STC the 6 correction parameters Qrel, Brel, K’,
B1, B2, and Rs” are determined. Figure 48c and d) show the translated IV curves and respec-
tively its deviation achieved with the iteratively determined parameters. The correction param-
eters fulfil the IEC 60891 requirement of max £0.5% deviation in Pmax Over the whole irradiance
and temperature range.
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Figure 48: a) and b) Example of power matrix values in [W] of a commercial PERC PV
module together with the 10 measured IV-curves corresponding to the cross shaped
matrix used for the determination of the correction parameters. c) and d) Correction
parameters (a,¢=0.0004; ,=-0.003; k’=0.0022; B1=0.0435; B»,=0.0018; Rs=0.19) obtained
by translating the 10 IV-curves and the relative deviation in power.

Figure 49 shows how the error propagates when applying the same correction parameters to
determine the full energy rating matrix. The deviation of the calculated power versus the meas-
ured power values, shown in Figure 48b, is therefore analysed. The full matrix can be either
obtained by applying a temperature correction (horizontal translation) or irradiance correction

(vertical translation). Figure 49a) and b) shows the deviations for the two respective ap-
proaches.
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a) b)
GIT 15 25 50 75 GIT 15 25 50 75
1100 A |-0.07%]|-0.17% 1100 -0.06% | -0.03%
1000 1000 < >
800 -0.11% 0.13% [ 0.38% 800 -0.13% 0.23% | 0.66%
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Figure 49: Relative deviation of the translated power respect to the measured power for
a) a pure vertical translation (irradiance correction) and b) a pure horizontal translation
(temperature correction).

For the vertical translation, the error is well below 0.9% over the whole matrix, except for the
power value at 100 W/m? where the error is reaching 1.8%. The deviation remains however
significantly below the typical measurement uncertainties for maximum power, which ranges
from of 1-4% [107, 126, 127] depending on the irradiance level and the laboratory at which the
measurement is performed. Figure 49b) shows the results of the horizontal translation. As
expected due to the limitation that the temperature correction parameters are applicable in a
limited range of approx. +30% of the irradiance at which the temperature coefficients are meas-
ured, the deviations are increasing below 800 W/m?. Translations over a larger temperature
range are more affected than the translation from 25°C to 15°C. In the last case, the error
remains below 0.9% for all irradiances. The horizontal translation can be so applied at very
low irradiances in alternative to the vertical translation.

The following section shows how a combination of a vertical/horizontal translation applies to a
set of commercial modules with different crystalline silicon cell technologies (poly, mono,
PERC, PERT, HJT) and module characteristics. The nine crystalline silicon module matrices
measured by CFV Labs described in Chapter 2.4 have been processed with the same proce-
dure.
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Table 15: IEC 60891 Coefficients of Sandia Modules Described in Chapter 2.4.

M0d8| TeChn el Brel B]_ BZ Rs, k,
JKM260P-60 Multi-c-Si 0.038% -0.338%  0.0439 0.0026 0.165 0.0013
CS6K-270P Multi-c-Si 0.039% -0.332%  0.0415 0.0022 0.154 0.0012
Q.PLUS BFR Multi-Si
0.038% -0.315%  0.0411 0.0022 0.210 0.0012
PERC
CS6K-275M Mono-Si 0.035% -0.334%  0.0419 0.0022 0.160 0.0013

Q.PEAK-G4.1 300 Mono-Si

0.033% -0.319%  0.0382 0.0018 0.278 0.0011

PERC

MSE300SQ5T Mono-Si
Q 0.033% -0.323%  0.0379 0.0017 0.198 0.0009

PERC

IT-360-SE72 Mono-Si
0.036% -0.311%  0.0406 0.0020 0.240 0.0015

PERC

LG320N1K-A5 N-type
. 0.030% -0.318%  0.03828 0.0017 0.220 0.0010

Mono-Si
VBHN325SA HJIT 0.025% -0.229%  0.04217 0.0022 0.430 0.0040

Table 15 gives an overview of the module specifications of the nine investigated modules to-
gether with the IV-correction parameters determined according to IEC 60891. The I-V curves
required for this analysis were generated with the PAN files available together with the power
matrices.

An irradiance correction (vertical translation at fixed temperature) is applied to all values,
except for the low irradiance values @15°C of MOD1, MOD2, MOD3, MOD5, MOD6, MOD8
and MOD9 where the determination of the correction parameters exceeded the 0.5%. In this
case a temperature correction is applied instead to the IV curve measured at 100 W/mz2 and
25°C. Figure 50 shows the deviation of the extrapolated values with respect to the measured
values for all nine modules, whereas Figure 51 shows the mean bias error and standard devi-
ation error of all modules.

The largest error is of 0.64%. The standard deviation is increasing with decreasing irradiance
and reaches up to 0.54%. The results are in line with the observations made by Blakesley et
al. [107].
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MOD1 JKM260P-60 260 W MOD2 CS6K-270P 270W MOD3 Q.Plus BFR-G4.1 280W
G/T 15 25 50 75 |G/T 15 25 50 75 |G/T 15 25 50 75
1100| 0.19%| 0.20%| 0.20% 1100] 0.18%| 0.19%| 0.20% 1100| 0.13%| 0.13%| 0.14%
1000] -0.01%| 0.00%| 0.13%| 0.45% 1000[ 0.03%| 0.00%| 0.03%| 0.26% 1000] 0.02%| 0.00%| 0.04%| 0.24%
800| -0.31%| -0.32%| -0.32%| -0.32% 800| -0.27%| -0.28%| -0.30%| -0.31% 800| -0.18%| -0.18%| -0.19%| -0.18%
600 -0.49%| -0.49%| -0.49%| -0.47% 600 -0.40%| -0.42%| -0.45%| -0.46% 600] -0.22%| -0.22%| -0.22%| -0.18%
400] -0.45%| -0.45%| -0.42% 400| -0.36%| -0.37%| -0.39% 400] -0.11%| -0.10%| -0.06%
200] 0.19%| 0.21% 200] 0.17%| 0.16% 200] 0.43%| 0.46%
100] -0.41%| 2.11% 100] -0.34%| 1.93% 100| -0.38%| 2.18%
MOD4 CS6K-275M 275W MOD5 Q.Peak BLK G4.1 300W MOD6 MSE3005Q5T
G/T 15 25 50 75 |G/T 15 25 50 75 |G/T 15 25 50 75
1100| 0.11%| 0.10%| 0.07% 1100] 0.12%| 0.12%| 0.11% 1100| 0.10%| 0.11%| 0.12%
1000] 0.02%| 0.00%| 0.03%| 0.21% 1000[ 0.06%| 0.00%| 0.00%| 0.27% 1000] 0.05%| 0.00%| 0.05%| 0.41%
800| -0.21%| -0.19%| -0.15%| -0.09% 800[ -0.20%| -0.19%| -0.18%| -0.15% 800| -0.13%| -0.13%| -0.14%| -0.15%
600 -0.36%| -0.33%| -0.22%| -0.08% 600| -0.34%| -0.32%| -0.27%| -0.20% 600| -0.15%| -0.16%| -0.17%| -0.17%
400] -0.46%| -0.39%| -0.18% 400| -0.40%| -0.36%| -0.25% 400] -0.13%| -0.13%| -0.11%
200] -0.39%| -0.25% 200] -0.28%| -0.20% 200] 0.11%| 0.13%
100] 0.20%| 0.40% 100] -0.40%| 0.62% 100 -0.28%| 1.38%
MOD7 IT-360-SE72 MOD8 LG320N1K-A5 320W MOD9 N3255A16 325W
G/T 15 25 50 75 |G/T 15 25 50 75 |G/T 15 25 50 75
1100| 0.08%| 0.06%| 0.03% 1100, 0.08%| 0.07%| 0.06% 1100| 0.11%| 0.09%| 0.06%
1000f 0.03%| 0.00%| 0.04%| 0.27% 1000[ 0.04%| 0.00%| 0.03%| 0.33% 1000f 0.00%| 0.00%| 0.03%| 0.11%
800 -0.13%| -0.12%| -0.07%| -0.01% 800] -0.12%| -0.11%| -0.09%| -0.05% 800| -0.20%| -0.18%| -0.12%| -0.05%
600 -0.23%| -0.19%| -0.08%| 0.07% 600| -0.18%| -0.16%| -0.10%| 0.00% 600 -0.33%| -0.29%| -0.15%| 0.02%
400] -0.30%| -0.23%| -0.01% 400| -0.25%| -0.20%| -0.05% 400] -0.44%| -0.35%| -0.08%
200 -0.31%| -0.16% 200] -0.23%| -0.13% 200] -0.42%| -0.24%
100] 0.15%| 0.37% 100] -0.42%| 0.54% 100] 0.22%| 0.48%

Figure 50: Relative deviation of the translated power with respect to the measured
power for nine commercial modules.

Mean bias error Standard Deviation

G/T 15 25 50 75 G/T 15 25 50 75
1100 0.04%| -0.04% 1100 0.07%| 0.12%
1000 1000
800 -0.17% -0.03%| 0.11% 800| 0.08% 0.12%| 0.21%
600 -0.26% 0.01%| 0.27% 600 0.15% 0.21%| 0.40%
400| -0.25% 0.11% 400| 0.31% 0.28%
200| -0.10% 200| 0.54%
100| -0.04% 100| 0.31%

Figure 51: Mean bias error and standard deviation of the energy rating power matrix
values of nine commercial modules.

4.3.4 Accuracy and costs of reduced energy rating measurements

Based on the results of the survey of accredited laboratories done by Blakesley et al. [107] it
was also possible to build a picture of the indicative typical relative costs of different compo-
nents of energy rating, reproduced in Figure 52, as well as a breakdown of the typical sources
of uncertainty when the full performance matrix is used. The analysis confirmed that random
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errors in measuring the performance matrix measurement are suppressed, and that the final
uncertainty is dominated by systematic errors such as calibration of the reference cells. Taken
together, these results indicate that estimating energy rating from a reduced set of measure-
ments can provide a result with similar accuracy but reduced cost relative to measuring the full
matrix.

Standard
test
conditions

5%

Spectral
responsivity

Figure 52: Indicative relative contributions to the cost of performing a complete set of
energy rating measurements according to IEC 61853-1&2. *The cost of measuring the
nominal module operating temperature (NMOT) parameters was not included (Source:
[107]).

To demonstrate this, the accuracy and cost were evaluated for more than 1000 different sce-
narios of reduced measurement matrices using both linear interpolation and an empirical
model to interpolate and extrapolate from measurement points. The results, shown in
Figure 53, indicate that it is possible to reduce the number of measurement points in the per-
formance matrix without significant loss of accuracy in the evaluation of energy rating provided
that the measurement points are well chosen. Reducing the number of points to this degree
approximately halves the cost of measuring the performance matrix. The bias between differ-
ent technology types is also influenced strongly by the number and choice of measurement
points, as some combinations are better able to capture nonlinear behaviour. Comparing two
different interpolation methods, the general behaviour is very similar. The empirical modelling
approach was more tolerant to poor choices of measurement points, but was also more prone
to technology bias when good choices of measurement points were used.
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Figure 53: Accuracy (expressed as 95% confidence interval in the value of E ;54 yeqr) iN
the calculation of energy rating from using performance matrices with a reduced num-
ber of measurement points compared to those required by the IEC 61853-1 standard.
Left: Using linear interpolation between measurement points. Right: Using an empirical
model fitted to measured points. Results are plotted against the relative total cost of
energy rating, which includes the cost of angular and spectral response measurements.
The colour indicates the magnitude of bias between different module types. Calcula-
tions were based on a cohort of 1000 randomly generated simulated modules of mixed
technology type using uncertainty and cost models from a survey of test and measure-
ment laboratories (Source: [107]).

The best performing of these measurement scenarios are depicted in Figure 54. There are a
number of alternative strategies that yield similar results for a given number of points. As a
general rule, it is necessary to perform one set of measurements at a low temperature
(e.g. 15°C) including low and medium irradiances and one at a high temperature (50°C or
75°C) including medium and high irradiances. With six or more measurement points, most of
the relevant nonlinear behaviour can be captured.

Eight measurement points Seven measurement points

Irradiance | Temperature Irradiance | Temperature

W/m? 15°C | 25°C | 50°C | 75°C W/m? 15°C | 25°C | 50°C | 75°C
1100 1100

1000 X X 1000 X X

800 X X 800 X X

600 600 X X

400 X X 400

200 X 200 X

100 X 100
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Six measurement points Five measurement points

Irradiance | Temperature Irradiance | Temperature

W/m? 15°C | 25°C | 50°C | 75°C W/m? 15°C | 25°C | 50°C | 75°C
1100 X 1100 X
1000 X X 1000

800 X X 800 X X
600 600

400 400 X

200 X 200 X

100 100

Figure 54: Examples of the best measurement scenarios (scenarios with the lowest 95%
confidence interval for energy rating error) of all of the scenarios shown in Figure 53.
Crosses indicate conditions where measurements are taken, grey boxes indicate meas-
urements not taken. Here the best scenarios for eight, seven, six and five measurement
points respectively are shown.

Besides performance matrices, as explained in Chapter 4.1 before, the energy rating also re-
quires the measurement of spectral responsivity, angle-of-incidence (AOI) response and nom-
inal module operating temperature (NMOT) parameters according to IEC 61853-2, which con-
tribute considerably to the total cost. The standard allows the use of AOI measurements to be
shared for similar modules, avoiding the need to repeat this measurement. The effects of this
were considered in Figure 54, where it was found that cost could be reduced by more than
30% without significant loss of accuracy by excluding AOI measurements. Similarly, it was
found that 5% of the total energy rating cost could be saved by reducing the number of data
points measured in the spectral responsivity measurements without significant loss of accu-
racy. These cost savings can be combined with the reduction of performance matrices to six
points, providing an accurate estimate of standard energy rating for only about 1/3 of the total
cost.
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4.4 Calibration and Application of the Sandia Model to PV System
Energy Predictions

4.4.1 Introduction

As discussed in Chapter 2.3, rather than the tidy, discrete points prescribed by IEC 61853 for
indoor characterization, outdoor measurements tend to encompass a continuum of operating
conditions. In addition to irradiance and temperature, these measurements also commonly
span a range of other variables affecting PV performance, principally spectrum, solar incident
angle and wind speed. As such, outdoor testing is commonly paired with an appropriate per-
formance model for the technology under test or at least translation equations such that the
61853-1 matrix can be reproduced.

The Sandia Array Performance Model [45] is a semi-empirical set of four principal equations
that, when appropriately calibrated, effectively reduces outdoor data into a set of coefficients
that a) represent module performance at STC, b) can be used to translate outdoor data to the
IEC 61853-1 performance matrix and c¢) can be coupled with tabular weather data to perform
energy predictions or ratings under arbitrary conditions. These four principal equations are
supplemented by sub-models describing spectral response, cell temperature, and reflection
loss. While efforts have been made to calibrate the model using fixed-tilt data [128], the most
complete and reliable method continues to utilize data from a two-axis solar tracker [129]. The
use of a two-axis tracker facilitates the separation of the measured performance data into nor-
mal incident or “on-sun” conditions and angle of incidence or “off-sun” or conditions. This in
turn facilitates the assessment of module performance as a function of primary environmental
variables, separate from the accompanying incident angle response associated with off-axis
reflection losses.

Procedures for characterizing modules outdoors on a two-axis tracker are summarized in
Chapter 2.3: Outdoor PV Module Characterization using Two-Axis Solar Trackers and [44]. In
this chapter, analysis procedures for calibrating the SAPM from outdoor module characteriza-
tion will be described. The procedures are separated into normal incident or “on-sun” charac-
terization, which forms the bulk of the data from outdoor testing, and “off-sun” or Angle of
Incidence (AOI) testing. Analysis of an optional, on-sun thermal test is also presented. In the
event that a discrete on-sun thermal test is omitted, temperature coefficients must be extracted
from on-sun electrical performance data. Details of the data reduction are too lengthy to pre-
sent here and are instead presented in [44].

4.4.2 Sandia array performance model overview:

The Sandia Array Performance Model consists of four primary equations describing short cir-
cuit current, open circuit voltage, current at MPP and voltage at MPP. The equation for short
circuit current is the core component of the model as it is used to calculate Effective Irradiance
(Ee), which is used in all remaining equations. The model also includes intermediate points
along the IV curve, Iy and I shown below in Figure 55. These points were originally included
to support modelling of battery-based systems in which PV modules may operate off of the
MPP. In practice, these points are rarely used and are not addressed here.
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Figure 55: Model points on the IV curve described by the Sandia Array Performance
Model (reproduced from [45]).

A. Primary equations
The equation for Is¢ is given by

Gpoa
Go

lye = Iscofl(AM) [ ] [1 + aIsc[Tc - TO]] (18)

where the function f.(AM) is a dimensionless polynomial function linking the influence of air
mass to photo-generated current.

fl(AM) == ao + al(AM) + az(AM)z + a3(AM)3 + a4(AM)4 (19)
Effective irradiance, used for all remaining calculations, is given by:

Isc
Isco[1 + &ISC[TC - TO]]

E, = (20)

The remaining primary equations then are
Voc = Voco + Ns8(Tc) In(Ee) + Byoc[Te — Tol
Imp = TmpolCoFe + CiEZ] |1+ @y [T — Ty (21)
Vp = Vinpo + CaNg8(T) In(E,) + C3Ng[8(TIN(E)]? + Bymp[Te — To

where d(T.), the thermal voltage per cell, is given by
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S() = nk|[T, +q273.15] 22)

Finally, cell temperature T. is rarely known, whereas module temperature T is measured di-
rectly during outdoor characterization. A simple one-dimensional thermal conduction model is
used to calculate cell temperature from module temperature,

G
—POANT (23)
0

T, = Ty +

where AT is the temperature difference between a cell and module back surface at solar irra-
diance of 1000 W/m? (typically assumed to be 3°C).

B. Thermal model

Module temperature may be linked to ambient temperature, Ta through the “wind speed” equa-
tion,

Tm = Ta + GPOAea+bW (24)

C. Angle of incidence

Reflection losses during “off-axis” operations are represented by an Angle of Incidence (AOI)
function. Gpea in Egn (1) may be decomposed into beam and diffuse components, where only
the beam component, Gy, is affected by reflection losses through the function f2(q). The diffuse
utilization term fgy, is commonly treated as being unity.

Gpoa = Gpf2(0) + fdeiff (25)

In the classical formulation of the SAPM, angle of incidence is represented by an empirical 5"
order polynomial.

f2(68) = by + by (0) + by(6)* + b3(8)® + b4 (6)* + bs(6)° (26)

However, any number of other mathematical functions such as the ASHRAE [130], physical
[46], or Martin and Ruiz [48] can be used. Deterministic measurement at prescribed incident
angles as described in Section 2.3.1 facilitates the use of a lookup table coupled with nearest-
neighbour interpolation, eliminating the need to apply a model

4.4.3 Model calibration procedures

Currently, there are two approaches to calibrating the primary equations of the model. The
older, classical method relies on the piecewise solution of each primary equation, using data
sets tightly constrained to specific environmental conditions. Here, the on-sun thermal test is
required to determine temperature coefficients prior to calibrating the primary equations. The
newer and preferred method utilizes the simultaneous solution of each primary equation via
multivariate regression analysis and does not require a separate on-sun thermal test. In this
method, all coefficients of each primary equation are solved without constraint. The ambient
temperature/wind speed and Angle of Incidence models are calibrated independently of which
method is chosen to calibrate the primary equations.

Independent of which calibration method is chosen, two data sets are required to calibrate the
primary equations. The first is a “clear sky” data set, spanning conditions given in Table 3 of
Chapter 2.3, while the second is an “all sky” data set that merges the Clear Sky data set with
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a data set spanning the Cloudy conditions given in Table 4 of the same chapter. The Clear
Sky data set is used exclusively to calibrate the primary equation for Isc, while the All Sky data
set is used to calibrate all remaining primary equations. The need for the Clear Sky data set
for s is driven by the air mass function, fi(AM), a proxy for spectral correction. lsc is not corre-
lated to air mass under cloudy conditions, particularly diffuse, overcast conditions. Separate
data sets are required to calibrate the angle of incidence and optional temperature coefficients
(conditions given in Table 5 of Chapter 2.3). All data should be quality checked and filtered
before analysis. The calibration of Isc can in principle be done with any type of irradiance in-
strument. However, the instrument type and accuracy propagate into the model coefficients. A
broadband thermopile-based pyranometer is recommended as the general choice for model
calibration. However, if it is known in advance that model predictions will be referenced to
irradiance from an alternate instrument, e.g., a reference cell or silicon photodiode, then model
coefficients can be developed with that type of instrument in mind. The magnitude of lsco may
be affected by the choice of instrument, but the effect will primarily be seen in calibration of the
air mass function, which serves as a proxy for spectral effects including mismatch to the refer-
ence device.

D. Classical Solution Method

The classical method builds on fitting procedures developed in parallel with the development
of the model and relies on a piecewise solution of each primary equation, using data sets tightly
constrained to specific environmental conditions [45]. The most recent method was described
in detail in [44]. Principally, temperature coefficients are first determined for lsc, Imp, Voc, and
Vmp. Using measured module temperature, each measured point on the IV curve can then be
translated to a common reference temperature, traditionally 50°C. This reduces the equation
for Isc to a product of normalized irradiance, the unitless air mass function, and a scaling factor
(Isco) and the remaining primary equations to a set of polynomials varying only with effective
irradiance.

In the original solution method, Isco was found by filtering the clear sky data set to a narrow
range of irradiance centred about 1000 W/m? and a narrow range of air mass centred about
AML1.5. The remainder of the Is. clear sky data set was then irradiance corrected and normal-
ized by lsco. Coefficients for the air mass function, fi(AM) were then found by polynomial re-
gression of this data set onto air mass. As with Isco, the remaining principal factors, Impo, Voco
and Vmpo can be found from the filtered clear sky data set. The remaining terms for each pri-
mary equation are then found from the all-sky data set. The equation for Imp is solved by re-
gression onto effective irradiance, while equations for Vo and Vmp are solved by regression
onto the natural log of effective irradiance.

While this method is satisfying in that it yields “STC” parameters from measured data close to
reference conditions, it can suffer from insufficient data near these conditions, resulting in bias
errors that propagate into the rest of the model. The more recent method [131] eliminates use
of the narrow clear sky data set centred about 1000 W/m? and AM1.5. Using the clear sky data
set, I« is first irradiance corrected and then directly regressed onto Ama using a 4™ order pol-
ynomial. lseo is found by solving this polynomial at AM1.5. Normalizing the polynomial coeffi-
cients by lsco then produces the unitless fi(AM). The remaining primary equations are then
solved similarly, using the all sky data set.

E. Simultaneous Solution Method

The simultaneous solution method builds upon the more recent classical method. Here, multi-
variate regression analysis is applied to the full set of IV curves collected under a range of
environmental conditions to solve the primary equations for SAPM [131]. This method has a
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distinct advantage over the classical method, in that the separate thermal test is eliminated.
Beyond reducing complexity, it allows temperature coefficients to be calibrated under steady-
state conditions that better reflect those of an operational PV array. This can be particularly
beneficial for PV cell technologies that display metastability [132]. Further, the determination
of temperature coefficients for voltage has traditionally assumed a diode factor of 1. For crys-
talline silicon modules tested near 1000 W/m?, this assumption is unlikely to introduce error.
However, for testing conducted away from this condition and for thin-film modules, this as-
sumption may introduce error. As with the classical solution method, the equation for s is
solved first, using the Clear Sky data set. Solution to this equation yields lsc at STC (lsco), the
air mass function, f1(AM) and temperature coefficient ousc. This equation can be challenging to
solve simultaneously because of the 4™ order polynomial term commonly used to represent
the effect of airmass. In practice, it may be more efficient to solve the equation iteratively until
convergence is obtained for lsco, f1(AM) and oausc. Once this equation is calibrated, the Effective
Irradiance, Ee, is calculated using measured Isc and module temperature from for the All Sky
data set. The remaining equations are then solved as above but including the temperature
coefficients as unknowns.

F. Thermal model

The thermal model provides a link between ambient weather conditions and module tempera-
ture. While it is not necessary to solve this equation in order to solve the primary equations, it
is a useful component for applying measured weather data to system analysis via the SAPM.
Eq. (24) is rewritten as

Tm — T,

In (u) — a+bW 27)
GPOA

This can be solved simply to determine the a and b coefficients using either the Clear Sky or

All Sky data sets.

G. Angle of incidence

Procedures for measuring AOI response were described in Section 2.3. This analysis differs
from the others described in this procedure, in that a separate data set from deterministic test-
ing is required. AOI analysis is typically conducted after calibration of the primary SAPM equa-
tions, such that the air mass function and temperature coefficient for Isc are known. Incident
angle response is found by first correcting the measured Isc for temperature and optionally,
spectrum.

ISC
I —
SGTTAMLS ™ £ (AM)[1 + @y5c[T: — Tol] (28)

A reference condition, lsc, is then found at 0° incident angle.

Ler = 12 I o
scr T n sc,Tr,AM1.5 GDNI + Gdiff

Normalized Isc (Nisc) is then found by removing cosine losses from each measured value and
normalizing by lscr.

@ AOI = 0° (29)
n

Go Lserr.am1s Gdiff]
Nisc = " — — 30
e [GDN, cos 9] ’ Iser Gy (30)
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Multiple measurements obtained at each incident angle are then averaged and tabulated.
When the tracker control system facilitates repeatable testing at prescribed incidence angles,
measured values can be averaged across multiple days. This is the currently preferred ap-
proach. If desired, the tabulated data set may then be fit to the 5" order polynomial (Eq. (27))
to yield the classical f2(0) function. Historically, this function worked well enough for plain glass
cover sheets, but the presence of a modern anti-reflective coating can induce instability and
oscillation in the polynomial. Constraining the slope of the function to be 0 at 0° incident angle
can dampen the oscillation.

H. Temperature coefficients (optional)

Procedures for measuring temperature coefficients were described in Section 2.3. As with an-
gle of incidence, this analysis differs from the others described in this procedure, in that a
separate data set from deterministic testing is required. When performed, temperature coeffi-
cient analysis is conducted prior to calibration of the primary SAPM equations. Ideally, charac-
terization would be performed at exactly 1000 W/m?, however this is rarely possible with out-
door characterization. Measured points are therefore translated from the measurement condi-
tion back to the 1000 W/m?. Traditionally, this analysis does not rely on coefficients from the
primary analysis and instead assumes either linear or logarithmic response to irradiance for
current and voltage, respectively. It further assumes a diode factor of 1, which can introduce
error in temperature coefficients for voltage, particularly for thin film modules.

Both Isc and Imp are translated assuming linear, directly proportional response to irradiance,

G
Ligoo =1 [G ° ] (31)
poa

Both Vocand Vmp are translated assuming logarithmic response to irradiance,

G

Viooo = V = Ns6(T) ln( 20:1) (32)
0

Each translated value is then regressed linearly onto (T.-25). The resulting slope is the tem-

perature coefficient. Note in the SAPM that temperature coefficients for current are traditionally

used in dimensionless units of 1/°C, while temperature coefficients for voltage are used in

engineering units of V/°C.

102



Task 13 Performance, Operation and Reliability of Photovoltaic Systems — Climatic Rating of Photovoltaic Modules: (

Different Technologies for Various Operating Conditions - .‘l‘

4.5 ISE Model vs IEC 61853-3

The increment on PV market around the globe demands to PV simulation tools to perform at
high accuracy and precision for different climate conditions, technologies and grid conditions.
In addition, international standardization strives for comparable yield assessment outputs
adapted to these conditions and a more reliable prediction to gain confidence in investments.
In response to this demand, PV Module simulation tools must be adapted to the new market
requirements. This chapter presents a summary of a previously developed approach for PV
module simulation and compares it to the IEC energy rating approach.

4.5.1 PV module energy rating simulation

As mentioned in Chapter “4.1 According to IEC 61853-3” of this report, the International Elec-
trotechnical Commission (IEC) has published a PV module simulation model in 2011: Interna-
tional Standard IEC 61853 (see [133]). Six different reference climate profiles have been de-
fined in IEC 61853-4 (see [134]) to simulate the PV module behaviour under different outdoor
conditions. The reference climate profiles are representative of global regions relevant to the
PV industry. Each standard reference climate profile consists of one-year of data in hourly
increments, including the following parameters: ambient temperature, irradiance, wind speed
at module height, sun position, and solar spectrum.

For all the climate profiles and PV module simulations, the following PV system conditions are
defined: Fixed open rack, equator-facing, and 20° inclination angle.

To make the PV module energy rating technology-specific, the methodology is divided mainly
into four correction and calculation steps:

1. Angle of incidence (AQI) effects

2. Spectral correction effects

3. PV module temperature

4. PV module efficiency (ETA) and output power

The four steps will be described in detail within this section.

1. Angle of incidence (AOI) effects

To accurately simulate the behaviour of a PV module at any time of the day, it is important to
describe PV module light transmission properties at different AOI. As [135] describes, the dif-
fuse irradiance in plane of array (Droa) is calculated based on Eq.(33), together with the data
from the climate profiles, defined in [134].

Dpoa = Gpoa — Ipoa (33)

After that, DPOA and the direct irradiance in POA (IPOA) are corrected for solar incident angle
as indicated in equations 1 and 2, respectively of Chapter “4.1 According to IEC 61853-3” of
this report. The use of these equations requires the effective light transmission into the PV
model (AOI response ar) at different incident angles to be calculated beforehand, as explained
in [136]. Finally, the angular corrected POA (plane of array) global irradiance is calculated as
described in Eq. (34).

Gpoa,aoicorr = Dpoacorr + Ipoa,corr (34)
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2. Spectral correction effects

Different locations around the planet present diverse radiation wavelengths and spectral prop-
erties. Therefore, a description of the PV module response at different solar irradiance levels
is indispensable. The spectral correction factor (Cs) of the PV module is calculated as de-
scribed in Eq. (12) of section “4.1 According to IEC 61853-3” of this report. Previous to this
step, two sub-steps have to be performed. On the one hand, spectrally resolved Gpoa in a set
of discrete wave-bands, included in the standard reference climate profiles, has to be also AOI
corrected as shown in Eq.(35). On the other hand, the PV module spectral responsivity (S(1))
has to be measured for different wavelengths, as [136] shows. Finally, the spectrally corrected
Groa is calculated as described in Eq. (13) of section “4.1 According to IEC 61853-3”.

Gpoa Aol * G(ADpoa (35)
G(/DPOA,Amcorr = =

Gpoa
3. PV module temperature

One of the most important factors for an accurate PV module performance description is the
temperature dependency. A PV module, in normal operation, is exposed to different outdoor
conditions. Different technologies have a different response to temperature changes, therefore
the temperature coefficients (u0O, ul) of the module have to be calculated before as described
in [136]. These coefficients describe the operating temperature of the module as a function of
the irradiance and ambient temperature. The module temperature (Tmod) is calculated as de-
fined in Eq. (14) of section “4.1 According to IEC 61853-3". The wind speed, extracted from
[134], is considered as described by the Faiman Method [113].

4. PV Module efficiency and output power

Finally, PV module output power is calculated as described in section 4.1.4 [137] as bilinear
interpolation. The calculation is based on Tmod, Groa spectrally corrected and PV module effi-
ciency (ETA) at different irradiances and temperatures generated from [133].

4.5.2 ISE approach: Dirnberger et al. model

A model to simulate the PV module output power was proposed by Dirnberger in 2015 [11]. In
contrast to the IEC energy rating model, Dirnberger et al. method does not require expensive
and comprehensive laboratory measurements to model PV module response at different out-
door conditions. As an alternative, Dirnberger et al. is based on available historical data and
technical datasheets of the PV module.

Dirnberger et al. method proposes five main calculation steps to be followed instead of four:
1. Reflection losses

Spectral losses

PV module temperature

PV module efficiency at 25°C

o > 0N

PV module efficiency and output power
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1. Reflection losses

The magnitude of the losses depends on the position of the sun on the specific location, the
tilt and azimuth angles for the particular PV module, and the ratio of Iroa and Dpoa. Therefore,
in this approach reflection losses are calculated separately for lpoa and Dpoa.

In the case of Ipoa, AOI and module reflection behaviour are combined for each time step, and
the position of the sun is considered for the given tilt and orientation angles. While in the case
of Dpoa, as described in [11], 3.5% losses are assumed for all time steps. AOI between 50°
and 60° is assumed as an average thus the diffuse part is considered as isotropic.

Finally, Gpoa reflection losses are the sum of lroa and Dproa, considering already the reflection
losses for both.

2. Spectral losses

For the spectral losses calculation, a spectral factor is considered in a straightforward way as
indicated the section 3.3 of [11].

3. PV module temperature

PV module temperature is calculated in a simplified way following Eq. (36). Unlike the energy
rating model, in Dirnberger et al. model wind speed is not explicitly included and a typical value
of 25K for free-standing modules is considered for all PV module types regardless of the mod-
ule’s technology.

Gpoa (36)

4. PV Module Efficiency at 25 °C

To calculate the relative efficiency at 25 °C Dirnberger et.al. model proposes a model devel-
oped by Heydenreich [138]. PV module efficiency irradiance response has been simplified and
described only by three parameters: a, b and c. Parameters a, b, and ¢ can be derived from
two independent sources, as explained in [8]: technical datasheets of a PV module, which is
normally a certified description of the PV module and its properties and flasher laboratory
measurements.

Eq.(37) defines PV module ETA response at different irradiance levels.

lnz(GPOA + e) 1>

Gpoa +1 37)

N(Gpoa, Tsre) = aGpoa + bIn(Gpoys + 1) + C<
5. PV module efficiency and power output

As a final step, the PV module efficiency at any given temperature and irradiance level is cal-
culated as described by EQq.(38). The efficiency (or power) temperature coefficient (y) of the
PV module can be calculated before as an empirical value derived from long-term monitoring
data or it can be derived from technical datasheets.

1(Gpoar Tmoa) = 1(Gpoas TSTC)(l + ¥ (Timoa — TSTC)) (38)

Output Power is calculated with instantaneous relative ETA to the ETA at STC, the Irradiance,
and the PV module’s nominal power.
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4.5.3 Models comparison

This section is divided in two sub-sections. The first sub-section compares step by step the
results of IEC energy rating [133, 134, 136, 137] and Dirnberger et.al. [11] model simulations,
using the tropical humid climate data set from [134]. The second sub-section presents the
results of the two simulation models describing the PV module’s behaviour under the other five
different locations proposed in the IEC as reference climates [134].

For both sub-sections, a PV module with the following characteristics has been selected:

¢ Nominal power measured at STC: 259 W
e Area: 1.607 m?

e Technology: Poly-Si

o Measured efficiency temperature coefficient: -0.42%

For this section, spectral responsivity of the PV module (S(A)) is considered as 1 for all the
wavelengths and AOI response (&) is 0.16. Faiman Method thermal coefficients are the ones
determined in [113] for silicon modules. Steps 1 to 4 from the IEC energy rating model were
calculated using the pvpltools-python IEC 61853 open-source implementation module, availa-
ble on github.com [139].

In recent publications [140], Heindenreich model has also been compared with bilinear inter-
polation model (step 4 from IEC energy rating model). This publication ([140]) offers an alter-
native model to Heidenreich and bilinear interpolation models, which aims to achieve better
results.

A. PV module simulation

Figure 56 shows a comparison of the first step of both models. On the left, a four-day simulation
and on the right, a correlation of the results of the first step of both models. As can be seen,
there is no considerable difference in the results of the two approaches.

Comparison of reflection & AOIl irradiance losses Correlation of irradiance after reflection & AOI losses
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Figure 56: First step simulation results from both models. On the left side, acomparison
of a four-day simulation after losses and corrections. On the right side, a correlation
between both models first step.

Figure 57 shows the simulation results of the “spectral losses” (second step) from both models.
On the left the results of a four-day simulation after losses and corrections. On the right a
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correlation of the second step results. Similar to step one difference between the results are
not considerable.
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Figure 57: Results of spectral losses simulations from both models. On the left side, the
comparison of a four-day simulation after the losses and corrections. On the right side,
a correlation between the results of both models at the second step.

The results of the “PV module temperature” (step 3) of both models can be observed in the
following figure. In contrast to the two previous steps, in this step the difference between the
results of both models is evident. As Figure 58 shows, on the left, higher Tmoq Values are cal-
culated with the IEC energy rating model. Larger differences can be observed in Tmoa above
25°C on the right of Figure 58.
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Figure 58: Third step simulation results from both models. On the left side, the compar-
ison of a four-day simulation results after losses and corrections. On the right side, a
correlation between both models third step.

In order to calculate the instantaneous power of Dirnberger et al. model, the three coefficients
of Heydenreich model have to be calculated. Measurements from CalLab PV Modules — Fraun-
hofer ISE have been considered for this step. Figure 59 shows a fitted curve based on the
Heydenreich model and the measured values with the following coefficients values:
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Figure 59: Heydenreich model’s parameters fitting curve. Blue points indicate the meas-
urement values and the blue dotted line represents the fitted curve.

The PV module simulated output power can be compared by plotting the results of the last
step of each model. Figure 60 shows the difference between the simulated output power of
both models. On the right, a difference in the correlation when the output power is higher than
150 W can be seen, which may obey the differences obtained at higher temperatures.
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Figure 60: Last step results from both models. On the left side, the comparison of the
four-day simulation results after the losses and corrections. On the right side, a corre-

lation between both models last step.
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Figure 61 shows an ETA comparison of the results of a four-day simulation from both models.
The blue line represents results from Dirnberger et.al. approach. In orange line the results from
Energy Rating model are shown. In red dotted line the mean values of ETA measured by
CalLab PV Modules — Fraunhofer ISE are represented.
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Figure 61: Four-day ETA results from comparison from both models.

To quantify the difference of both models, a relative loss to Gpoa Of each simulation step from
both models is calculated. Figure 62 shows the Gpoa losses and differences on each simulation
step within both models.
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Figure 62: Relative loses to the Gpoa tropical humid climate. On the left, the losses from
Dirnberger 2015 model. On the right side, the losses from Energy Rating model.

B. PV module behaviour under different conditions

Relative losses to Gpoa at different reference climate profiles. Negative sign means gains. This
is shown in the following figures:
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Figure 63: Relative loses to the Gpoa subtropical arid climate. On the left, the losses
from Dirnberger 2015 model. On the right side, the losses from Energy Rating model.
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Figure 64: Relative loses to the GPOA subtropical coastal climate. On the left, the losses
from Dirnberger 2015 model. On the right side, the losses from Energy Rating model.
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Figure 65: Relative loses to the GPOA temperate coastal climate. On the left, the losses
from Dirnberger 2015 model. On the right side, the losses from Energy Rating model.
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e High elevation (above 3 000 m)
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Figure 66: Relative loses to the GPOA high elevation climate. On the left, the losses
from Dirnberger 2015 model. On the right side, the losses from Energy Rating model.
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Figure 67: Relative loses to the GPOA temperate continental climate. On the left, the
losses from Dirnberger 2015 model. On the right side, the losses from Energy Rating

model.

Abbreviations
Droa
lpoa
ar
Cs
S(4)
u0, ul
Tmod

a, b, c

Diffuse irradiance in Plane of Array
Direct irradiance in Plane of Array
PV Module’s AOI response
Spectral correction factor

PV Module’s spectral responsivity
Faiman Model Thermal coefficients
PV Modules Temperature

Heydenreich model’s coefficients
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4.6 Linear Performance Loss Analysis - An Alternative Energy Rat-
ing Approach

4.6.1 Introduction

The standards IEC 61853 Part 1 and Part 2 are powerful tools to characterize all energetic
relevant electrical characteristics of PV modules in a reproducible and comparable way [3, 4].
PV module technologies with good measurement results perform well in most cases for every
climate as long as they stay electrically stable. The rating to different climate zones (Part 3 of
the standard [5] and also the reference climate data itself (Part 4 [6]) are still in discussion.

The Linear Performance Loss Analysis (LPLA) is an alternative energy rating approach. It fol-
lows the PV module measurements defined in Part 1 and Part 2 of the IEC 61853 energy rating
standard. Whereas, the G-T-matrix input data needed for the energy rating calculations can
be reduced. Furthermore, the weather data sets have a different structure and are short com-
pared to Part 4. The underlying calculations themselves differ clearly from Part 3. The main
differences of LPLA to Part 3 are more simple calculations, defined operation states and its
suitability for bifacial technologies. The focus of LPLA is more on the PV module performance
relative to STC efficiency than on the high-resolution simulation-like calculation of hourly Pyep
values as defined in the standard. This opens space for several advantages as described in
the following.

The underlying results of this study go back to the “PV-Klima’-project, a national funded
research project to investigate various PV module technologies in five climate zones. Out of
the indoor and outdoor data gathered an energy rating approach was developed called Linear
Performance Loss Analysis (LPLA). The main results regarding the LPLA approach are pub-
lished in [40] and [9].

4.6.2 Approach

The module performance ratio (MPR) is a well-accepted factor to describe and compare the
energy yield performance of PV modules for specific operating conditions. It is independent of
the nominal power and the local annual insolation. This makes it possible to compare PV mod-
ules” performance with different STC power for locations with different sun hours. Generally,
the focus of energy rating approaches is to identify differences that result from the relative
climate profile of different locations and not from available sun energy or STC power. This
means influences on the yield performance with regards to average device temperatures, per-
centage of low irradiance operation, impact of spectral shifts and angular effects are of main
interest. To which extent the meteorological profile (which has to be given as reference) im-
pacts the energy yield performance of PV modules depends on their electrical characteristics
measured in the laboratory.

The Linear Performance Loss Analysis (LPLA) gives a validated approach which considers all
relevant influencing factors to calculate the Module Performance Ratio (MPR) of a PV module
for defined operating conditions as

MPRcprc =1+ AMPRrgyp + AMPR jgr +AMPRg 1 +AMPR 40, +AMPRgo;, +AMPRg 14 (39)

This allows us to quantify, compare and rate each impact factor individually. The individual
loss (and gain) factors express the deviation of outdoor performance to the efficiency at stand-
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ard test conditions (for STC the MPR is 100%). The MPR is interpreted as a linear superposi-
tion of various meteorological impact factors. Note that the loss terms AMPR implies that
losses are defined by negative numbers and gains by positive numbers. Although second-
order effects are neglected, a difference of less than £3% between rating result and measure-
ment could be demonstrated for most PV module technologies investigated [9]. While a great
portion (typically £1.5%) of this deviation still can be attributed to uncertainties coming from
the measured STC power influencing the measured MPR results.

As input data serves PV module data, determined according to IEC 61853-1 and -2. The fol-
lowing measurements are needed:

a) Preconditioning acc. IEC 61215
b) Spectral response measurement acc. to IEC 61853-2
c) Measurement of incident angle modifier (IAM)

d) Reduced matrix measurements acc. to IEC 61853-1 (G: 100-1100 W/m? at 25°C
only)

e) Temperature coefficients acc. to IEC 61215 (at 21000 W/m2 only)
f) NMOT acc. IEC 61853-2

A. Temperature losses:

The temperature losses AMPRrevp are calculated out of the temperature coefficient of the
nominal power (TC: y) and the operating temperature of the device for a certain climate. The
TC is measured in the laboratory, the operating temperature in the field. The AMPRTEMP shall
be calculated as

AMPRTEMP = y(TBOM,G - 2506) (40)
Whereas,
Jr TeomGpoadt (41)
Tgom,c =
f'[‘ GPOAdt

is the average annual device temperature weighted with irradiance. The magnitude of temper-
ature losses for different climates is illustrated in Figure 68.
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Figure 68: Temperature coefficient y and irradiance weighted average module tem-
perature for the different PV module technologies at the four locations (colour coded,
blue: Cologne, green: Ancona, red: Tempe, orange: Chennai). The temperature-re-
lated performance differences AMPRrenp is shown by iso-lines from AMPRemp =- 1%
to - 12% (Source: [40]).

Since is not available for the samples to rate, it must be extrapolated out of the NMOT value.
The device temperature can be calculated out of the reference temperatures NMOTgrer and
Trer given for each reference climate as

NMOTpyrt (42)

Toyr = Trer *
DuUT REF " NMOTppr

B. Low irradiance losses:

While the photocurrent is linear to the irradiance, most PV modules show a non-linear depend-
ency of power on irradiance. Thus, it is important to know how much solar energy is insulated
at which irradiance. The AMPRLrr shall be calculated as

43)
(Gpos)Gpoadt (
AMPRLIRR: fT P bpoa)bpoa 1

f'[‘ GPoAdt
Whereas,

P G

p(GPoA) — Max,MeasYSTC (44)
PMax,STCGMeas
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is the low irradiance behaviour measured in the laboratory for seven irradiances from 100 to
1100 W/m2 at 25°C.

C. Spectral losses or gains:

The impact of shifts in the spectral distribution of sunlight are considered by the spectral mis-
match factor according to IEC 60904-7 [42] using AML1.5 reference spectral irradiance Estc
according to IEC 60904-3 [41] as reference irradiance. The AMPRsum shall be calculated as

fESUN(/D *SRpyr(A)da fESTC(/D *SRpprp(A)dA _ (45)

AMPR = X
S fESUN(A) ' SRREF(/’{)d/’]‘ fESTC(A) ' SRDUT(A)dA

Further inputs are the average annual spectral irradiance Esun, the spectral response of the
pyranometer SRrer and the spectral response of the device under test SRpyr. Note that daily
and seasonal impacts may outrange annual impacts since summer and winter blue and red
shifts can compensate each other on an annual basis.

D. Angular losses:

The angular losses are calculated for various angles. Therefore, the energy for various angular
bands are calculated out of the sum of the direct component and the diffuse component of
sunlight. For the diffuse portion, a linear distribution of the half-space of the sky can be as-
sumed. For the direct portion, the direct irradiance measurements where cosine corrected with
the angle of incidence to receive the direct irradiance in plane of array. The angular response
of the pyranometer including glass dome is considered to meet ideal cosine behaviour. The
AMPRao: shall be calculated as

46
o _ [ Jr PCAODGros (40D (46)
A0l — -
fT GPOAdt
Whereas,
p(AOI) — ISC,MeaS(AOI) (47)

Isc,src * cos(AOI)

is the angular response of the flat sample with deviation to cosine behaviour due to reflectance
measured in the laboratory.

E. Gains due to bifacial operation:

The gains due to bifacial operation are considered by the available energy coming from the
rear side and the bifacial coefficient of the device under test. To receive representative rear
insulation, albedo values per site specifically for their climate can be given as constants. The
AMPReira shall be calculated as
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H
AMPRBIFA = _rear (48)

Where @pmax is the bifacial coefficient according to IEC TS 60904-1-2 [55] calculated as

_ Pmax,rear (49)
Ppmax = P—

max,front

No bifacial gain can be considered for monofacial PV samples (AMPRgea=0).

F. Impact of soiling:

The annual losses due to soiling depend strongly on seasonal events as rain or sandstorms
as well on the cleaning procedure. Thus, for the annual losses due to soiling a constant must
be considered for each climate. Note different soiling factors can be necessary for PV modules
with anti-soiling coating or deeply structured front glass.

G. Further aspects:

The rated operational efficiency nop can be calculated out of the measured efficiency at STC
and the rated MPRpur as

Nop = MPRpyr X Nsre Lab (50)

The LPLA approach rates the samples based on their performance in the field relative to their
performance at STC. To prevent a good energy rating for samples with lower power than stated
on the datasheet, the STC power must be controlled separately. In general, the stated STC
power should reflect the average in the production line. If this is not the case a power correction
factor can be applied to the rating results if needed.

Another practical application of LPLA can be the short term analysis of outdoor performance.
In Figure 69 the measured fluctuations in monthly PV performance is illustrated. Applying the
LPLA method for temperature and spectral effects reveal reasons for seasonal MPR changes.
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Figure 69: Monthly module performance ratio of four PV module types based on
stated PSTC in comparison with MPR based on monthly measured PSTC, deviation
to 100% means yield losses or gains, the shares of temperature (orange) and spectral
effects (purple) are visualized, test site Ancona, Italy [Source: [14]).

4.6.3 Simplified use case

In this chapter, LPLA is demonstrated in the simplest form, on only one page, for a standard
polycrystalline PV module operating under optimal conditions in Ancona, Italy (13°N/80°E,
35 m above sea level). Optimal mounting conditions mean optimal tilt angle facing south, no
shading, and low device temperatures due to detached mounting. The individual AMPR loss
factors are calculated one after another and summarized (see example of report in Figure 70).
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Loss factor AMPRpyp +AMPR;gg | +AMPRyyr | +AMPR,,, | +AMPRg,y | +AMPRg 5y = MPRy ¢
Result -3.83% -0.82% 0.56% -2.43% -0.50% 0.00% 92.98%
AMPR ppp:
Your (%e/K) Trer CC) AMPRyppyp
-0.43 33.9 -3.83%
AMPR  1pp:
Irradiance range H(G) Italy PV module p(Gp,q) P(Gpoa) x H(G) Italy
(W/m?) (08.01.2014 — 07.01.2015)
15-150 5.95% 0.947 0.056
150 - 250 6.38% 0.970 0.062
250 - 350 6.62% 0.985 0.065
350 -450 6.61% 0.999 0.066
450 - 550 T7.00%% 1.000 0.070
550 - 650 8.04% 1.000 0.080
650 - 750 9.64% 1.000 0.096
750 - 850 11.78% 1.000 0.118
850 - 950 12.68% 1.000 0.127
950 - 1050 16.37%% 1.000 0.164
1050 - 1400 8.73% 0.996 0.087
100 %
3 (= 1291 KWh/nr?) AMPR pr 0.82%
AMPR yype
AMPR yy o p +0.56%
AMPR .
Angular range (%) H(AOI) Italy PV module p(A0TI) REF p(AOI') x H(AOI) Italy
(08.01.2014 — 07.01.2015)
90 0.00%0 0.00 0.00%0
85 0.56% 0.14 0.08%
80 1.19%% 0.65 0.78%
75 1.92%% 0.79 1.52%
70 2.7%%%0 0.87 2.44%
65 3.64% 0.92 3.36%
60 4.63% 0.96 4.44%
55 5.63% 0.97 5.48%
50 6.56% 0.99 6.48%
45 7.31% 0.99 7.26%
40 8.12% 1.00 8.100%
35 8.9924 1.00 8.98%
30 10.45% 1.00 10.46%
25 8.74% 1.00 B.75%
20 8.53% 1.00 8.53%
15 8.70% 1.00 8.700%%
10 7.48% 1.00 7.47%%
5 3.62% 1.00 3.62%
0 1.14% 1.00 1.14%
100 26
5 (= 1249 kWh/m?) AMPR 4o, 2.43%

Figure 70: Example of repot results for energy yield calculation based on the LPLA
Method for a standard c-Si sample operating in Italy.
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4.6.4 Conclusions

With LPLA an alternative energy rating method was presented. The approach is optimized for
practical application and suitable for all non-concentrating PV module technologies including
bifacial. The advantages of this method are simplified energy rating calculations and easy to
compile weather data sets which are short and robust to missing data. It still follows the PV
module characterization part 1 and 2 of the IEC standard whereas the matrix can be reduced.
The independent analysis of all impact factors enables a classification of PV modules perfor-
mance. A future PV module energy rating classification based on this method could look similar
to the classification of solar simulators according to IEC 60904-9 [39]. For example, a PV mod-
ule with a classification of CBABBC would describe a PV module with unsatisfactory tempera-
ture behaviour (C), average low irradiance performance (B), superior spectral gains (A), aver-
age angular and soiling losses (B,B), and no bifacial operation (C). However, the operating
temperature (NMOT) as well as the electrical stability of electrical parameters still must be
tested in the field. The validation of this method by other institutes is pending and reference
data sets have to be established and internationally agreed.

4.7 Energy Rating of Bifacial PV Modules

4.7.1 What is new with bifacial modules

As explained in Chapter 4.1, the climate specific energy rating (CSER) defined in the
IEC 61853-3 of monofacial PV modules normalizes the annual DC yield of a single PV module
Ewmob,vear to its maximum output power at STC (Pstc) and the annual in-plane irradiation Hpoa
(see Eg. (15) in Section 4.1.4).

This is — beside the differences in variable names — quite similar to the definition of the Perfor-
mance Ratio (PR) in IEC 61724-1 [141], which deals with monitoring of complete PV systems:

PR = (Eout/PO)/<Hi/Gi’ref) (51)

If all components besides the module would be excluded from a PR evaluation, this formula is
identical to the CSER definition. Therefore, the CSER value is sometimes also denoted as DC-
PR or Module PR (MPR).

Generally seen, the MPR depends on the environmental conditions Gpoa, Tave, Vwino, and a
specific set of PV module properties:

MPR = f (Gpoa, Tame, Vwino, module properties) (52)

Module properties are (typically) determined in the laboratory and are specific to one single
module type. The calculation procedure in IEC 61853-3 then connects these properties to de-
fined meteorological conditions.

Any influence of other system components (as seen in real life) is excluded. This is obvious
for inverters and cabling, but excludes as well any influence from the mounting geometry.
There is no row-to-row shading, instead, PV modules are assumed to be exposed to perfectly
homogeneous illumination. Also, there is no influence of the number of modules mounted
above each other on module temperature. As only exception, ground albedo is considered
intrinsically, as the typical transposition models from Ghor to Gpoa account for a fraction of
reflected irradiance on a tilted plane of array. Here, most probably a default value of 20% was
used for all calculations behind the standard data sets.
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Up to now, the Energy Rating procedures defined in IEC 61853 are valid for monofacial (stand-
ard) PV modules only. The procedures enable comparison and an assessment of expected
DC vyield for a given PV module operated in one of the six climatic regions. As seen above,
there are several simplifications in the energy rating process for monofacial PV modules al-
ready. Even more simplifications are necessary with bifacial PV modules — this will be ex-
plained in the remainder of this introduction.

At a first glance, the changes to the MPR definition — when moving to bifacial modules — look
simple, thus MPR = f (GrronT, Grear, Tave, Vwino, more module properties).

The rear side irradiance Ggrear and a number of properties specific to bifacial PV modules are
added to the previous formula.

The determination of additional module properties appears rather straight forward. Several
measurements need to be repeated for the rear side of the module. Some values are then to
be calculated from measurements, e.g. the bifaciality factor ¢. For more details, see also the
discussion of bifacial module characterization in Chapter 2.5.

The challenges appear with the proper determination of Grear. With monofacial PV modules,
an estimation of the total irradiance received by the module plane (Gpop) is easy. Transposition
procedures to calculate irradiance levels received on tilted planes were developed, validated
and agreed on decades ago. They include irradiance contributions from the sun, the sky and
from ground reflection. The choice of a specific model or procedure makes a difference, but a
small difference in the range of 1% to 2% in annual irradiation only.

With bifacial PV modules, rear side irradiance Grear and its homogeneity depends on

Albedo (reflectivity) of the ground

Height of PV modules above ground

Tilt angle of PV modules

Row-to-row distance of PV modules (and/or size of PV generator)
Structural elements of the mounting system

Therefore, even identical PV modules at the same site can perform quite differently, depending
on system design factors. A bifacial PV module’s yield no longer depends on module properties
only, but on system properties as well.

Table 16 gives examples for the variability of bifacial gain — the ratio of rear side contribution
to front side yield — for a number of realized bifacial PV systems. Differences in bifacial gain
up to a factor of two may easily be reached for identical bifacial PV modules in similar mounting
modes. This is much bigger than the variability in well-known transposition models for Gpoa,
so, small modelling uncertainties are negligible compared to actual impacts from system lay-
out.
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Table 16: Bifacial gain values for several realized PV systems featuring quite similar
bifacial modules. BGwop denotes the additional DC yield related to the front side yield.

Type Height Tilt  Albedo GCR BGmoo Remark
m 0
ground mounted 0.7 30 0.20 0.43 5% (1)
ground mounted 1.0 30 0.20 0.40 8% (2)
ground mounted 0.5 30 0.20 0.40 9% 3)
ground mounted (agro PV) 4.0 5 0.20 0.66 13% (2)
ground mounted (vertical) 0.0 90 0.20 n/a 80% (4)
roof top 0.1 20 0.40 0.40 6% (5)
roof top 0.3 20 0.40 0.40 11% (5)
roof top 0.5 20 0.40 0.40 14% (5)
roof top 0.3 20 0.20 0.40 6% (5)
roof top 0.3 20 0.40 0.40 11% (5)
roof top 0.3 20 0.60 0.40 16% (5)
pole mounted 5.0 60 0.20 n/a 24% (6)

Remarks: Height means the distance of lower module edge to ground; GCR means ground
cover ratio, the ratio of module area to ground area; (1) 3 modules in landscape mode; (2) 1
module in landscape mode, mounting structure not considered; (3) 2 modules in portrait
mode; (4) single row, BGuop is 9% only when compared to 30° south and monofacial; (5)
mounting structure not considered; (6) used e.g. in small off-grid applications.

The mounting conditions also influence the homogeneity of rear side irradiance — in two differ-
ent ways. At first, the homogeneity of rear side irradiance levels per PV cell depends on the
mounting geometry. Typically, higher irradiance levels are observed at the module (or module
table) edges, lower levels at the centre of PV modules or tables. The edges typically have a
greater view angle towards bright sections of the ground or towards the diffuse sky light, there-
fore, they see more light than the inner parts of a module or module table.

Secondly, homogeneity depends on the design of the mounting structures. Structural elements
like beams or rails close to the rear surface of a module cause a kind of local shading of diffuse
rear side irradiance, which adds to the cell performance mismatch caused be the geometrical
inhomogeneity.

Figure 71 gives an example of both types of inhomogeneity. Rear side irradiance decreases
from both edges towards the centre of the module table, while a few PV cells in the centre see
an (uncommon) increase of irradiance. With this specific design of a one axis tracker, direct
sunlight is reflected from the central torque tube and increases rear side irradiance in this
region.
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Figure 71: Irradiance levels across two modules mounted in portrait mode on a horizon-
tal single-axis tracker for one exemplary time step (noon on June 21st). Rear-side irra-
diance shows a mostly linear decrease from the edge towards the centre of the tracker
table. With this special design, reflections on the centre tube lead to an increase of
irradiance levels close to the inner edge of the modules.

As a summary, the single new quantity Grear makes a big change to the prediction or assess-
ment of module performance. It is not a purely meteorological quantity but depends on system
properties on several scales. Ground cover ratio and height above ground have a more general
influence on rear side irradiance levels, while the structural design even affects rear side irra-
diance on cell level. A clear distinction between module properties and environmental condi-
tions is not possible anymore. As any Energy Rating procedure should be a rather simple
procedure, a number of simplifications or even restrictions need to be introduced. These sim-
plifications and restrictions will be discussed in detail in Section 4.7.4 on IEC 61853-4.

4.7.2 Necessary changes to the four parts of IEC 61853

Despite the challenges discussed in the introduction above, an extension of IEC 61853 to-
wards bifacial PV modules is currently under discussion. A good fraction of this effort has been
and is still covered by the EU EMPIR project “PV-Enerate: Advanced PV Energy Rating” (see
https://www.pv-enerate.ptb.de). The working groups involved in this project aim to provide in-
put to the IEC technical committee 82 “Solar photovoltaic energy systems” to support the
update of the standard. The extensions discussed in PV-Enerate are presented in the follow-

ing.

IEC 61853-1 Irradiance and temperature performance measurements and power rating

The PV-Enerate specialists propose bifacial PV module power measurements according to the
Ge-Method as defined in IEC TS 60904-1-2 [55]. This method utilizes the concept of equivalent
irradiance levels (Gg) on the front side only, leading to the same Isc as a given combination of
front side and rear side irradiance levels, as explained in Chapter 2.5. Using this cost-saving
approach, a matrix of measurements of module power as a function of (Gg; Tmop) can be
measured similar to the procedure for monofacial modules.
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However, the range of measurements needs to be extended to higher irradiance levels, as Ge
may exceed 1100 W/mz easily when calculating total irradiance on bifacial modules with sev-
eral of the reference data sets.

IEC 61853-2 Spectral responsivity, incidence angle and module operating temperature
measurements

Both the spectral response measurements and the AOI dependency measurements may be
performed independently on both module sides (with the other side being covered or facing
towards a dark laboratory environment). The determination of the thermal parameters u0 and
ul remains as defined in IEC 61853-2, using the outdoor method.

IEC 61853-3 Energy rating of PV modules

The correction for the angle of incidence (AOI) may be performed independently for both mod-
ule sides. A problem is the proper definition of the AOI for the rear side irradiance, as it cannot
be related to the solar position. Ideally, a generalized AOI could be defined on the basis of an
averaged and/or weighted AOI of all contributions of reflected irradiance. This concept is some-
times used for the diffuse fraction of front side irradiance on PV modules, but not yet agreed
on for the bifacial case.

The spectral correction may be performed independently for both sides as well. Part 4 of the
standard is then assumed to provide spectrally resolved irradiance data for both sides of the
module.

After these corrections, the effective total irradiance on both module sides may be calculated
as Gerr = Grront + Grear. Please note that a similar approach known from bifacial yield esti-
mations, using Gerr = Grront + @ Grear, Would not be adequate here. The bifacialty factor ¢
must have a direct influence on MPR or CSER, this influence would be cancelled out if ¢ would
be included in the irradiation resource already.

Module operating temperature Tmop may be calculated from total irradiance Gegr as with the
existing procedure, and also module power Pyop may then be derived from the matrix of meas-
urements (Gerr; Tmop) in the defined way for each time step. This finally leads to the annual
DC yield Emop,vear Of a bifacial PV module.

Another decision is pending concerning the calculation of the resulting CSER value. For mon-
ofacial PV modules, the module DC yield is referred to in-plane (= front side) irradiation Epoa.
If Eroa (= Erront) Would be the reference for bifacial PV modules too, then CSER values greater
than one would be expected. To keep CSER values smaller than one and comparable to those
of monofacial modules, the annual DC yield would need to be referred to the effective total
irradiance Heee. It is a question of philosophy whether CSER values above one may represent
an extended yield from a PV module of the same physical size or whether efficiency values
(comparing output to input) should stay below one at any time.

IEC 61853-4 Standard reference climatic profiles

For both monofacial and bifacial PV modules, irradiance in plane of array (Groa) is determined
by PV module mounting conditions. For the monofacial case, IEC 61853-3 defines a single
standard mounting condition for all six climatic regions under consideration, literally “... facing
the equator with an inclination angle of 20 degrees.” [5] Accordingly, IEC 61853-4 provides
time series of Gpoa (and other quantities) for this single condition and each of the six regions

[6].
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As explained in the previous sections, the total annual irradiation received by bifacial PV mod-
ules depends on more parameters than tilt angle only. How to deal with this large number of
influences? As energy rating shall assess module properties only, any influence from any pos-
sible system design must be excluded. The only way to achieve this is to standardize the sys-
tem design, i.e. to restrict possible application cases to a very small number of different layouts.

Such exemplary mounting conditions may be defined as “Standard Mounting Conditions
(SMC) for bifacial PV modules”. Then, Grront and Grear may be provided for these conditions
similarly to Gpoa in the existing version of IEC 61853-4. This approach is detailed in the follow-
ing sections.

4.7.3 “Standard Mounting Conditions” and simplifications

Several mounting options/cases were discussed as candidates for Standard Mounting Condi-
tions (SMC). The most prominent options were:

e Fixed tilt ground-mounted (typical albedo 20%) (quite close to the existing definition
for monofacial modules)

e Fixed tilt mounted on a flat roof featuring a bright roofing membrane (typical albedo
60%)

e Horizontal single-axis tracked (typical albedo 30%) (currently a big share of the mar-
ket for bifacial PV modules)

e East-west facing vertical mounted (typical albedo 20%) (e.g. noise barriers, agricultu-
ral PV)

Every single option requires a new meteorological data set of remarkable size, so the number
of options was finally reduced to two mounting strategies: the fixed-tilt option on flat roofs and
the vertical east-west option. Figure 72 presents examples of bifacial PV systems of such kind.

Figure 72: Examples for the two standard mounting conditions selected for bifacial PV
module energy rating. Left: fixed installation on aflat roof, tilt angle = 20°, albedo = 60%.
Right: vertical east-west facing installation on agricultural ground, albedo = 20%. Pho-
tos: Christian Reise, Next2Sun.
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Of course, there is a mutual influence between the PV modules in a large PV generator. For
monofacial PV systems, this influence typically is limited to mutual shading between several
rows of modules. The existing standard for monofacial modules excludes shading by definition.
A single unshaded PV module is assumed, this would be true as well for a module in the first
row of a large PV generator.

With bifacial PV systems, also shading or non-shading of the surrounding ground area is rele-
vant. A single PV module mounted at fixed-tilt will receive more rear side irradiance than a
module in the middle of a row of modules. However, the module-in-a-row scenario is far more
relevant for real-life operation than a single module. So, a central module in a single long row
of modules is proposed as a reference case.

For each of the two SMC, one albedo value, one height above ground, and one setting for any
other parameter are defined. All kinds of variations (leading to a large variability of bifacial
performance, see the introduction to this chapter) are left to system specific yield estimations
outside the scope of IEC 61853.

4.7.4 Preparation of additional reference data sets

To avoid most of the modelling effort and the related ambiguities when using the IEC 61853
series of standards, a time series with hourly values of Gpoa and other input quantities is de-
livered as part 4 of the standard. In total, each of the six existing data sets comprises 44 col-
umns already:

Timestamp

Ambient temperature

Wind speed at module height

Sun elevation & incidence angle

Global horizontal irradiance

Direct horizontal irradiance

Global in-plane irradiance @ 20°

Direct in-plane irradiance @ 20°

Spectrally resolved global in-plane irradiance in 32 spectral bands

The extended data sets for use with bifacial PV modules might provide 78 or even 142 addi-
tional columns:

Wind speed at rooftop height

Sun incidence angle for three new surface orientations

Global east vertical irradiance

Direct east vertical irradiance

Global west vertical irradiance

Direct west vertical irradiance

Global rear side irradiance @ 20°

Direct rear side irradiance @ 20°

Spectrally resolved global irradiance in 32 spectral bands for one or three new sur-
face orientations

One major task was to provide irradiance values for the new module orientations — vertical
east and west and rear side of a 20° tilted module. Global and direct components of horizontal
irradiance are provided with the existing data sets, but standard transposition models (Perez,
Klucher, or others) do not work perfectly for vertical planes. For the rear surface of a tilted
module, these models do not work at all.
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Therefore, for the yield prediction of bifacial PV systems, either view factor methods or ray
tracing methods are in use. As the latter is typically more accurate (for the sake of computing
time), a ray tracing approach was selected to create the first test data sets for an extension of
IEC 61853-4.

Ray tracing calculations were carried out for the six one-year time series (one per climatic
region) and for many sensor points, representing each cell of a PV module in the centre of a
single row of modules. No mounting structures were considered in this step to keep the general
validity of the data sets. The final values of Geront and Grear Were then determined by simple
spatial averaging. Using an electrical model of the PV cells, the string topology, and the bypass
diodes would have led to more realistic results, but would limit the procedure to one specific
module design. Different modules might deal differently with shading and inhomogeneity in
irradiance, so plain averaging is a clear, but necessary simplification.

At the writing of this report, test data sets were under preparation. Typical annual sums of
several irradiance values are given in Table 17 and Table 18.

How (and even whether) to supply spectrally resolved data, especially for the rear side of a
tilted module, is still under discussion. There are publications on the spectral composition of
reflected sunlight [142—144], but it seems to be difficult to derive a generalized procedure from
existing information.

For a test phase, the existing spectrally resolved data will be used for the other surface orien-
tations as well.

The preparation of wind speed data for the roof-top scenario also is still under discussion.
Either additional hourly values or a correction factor or formula to the existing values might be
provided.

Table 17: Annual values of front and rear side irradiance for the fixed-tilt case. BGopr
denotes the additional irradiance received on the rear module surface, the optical bifa-
cial gain, as a fraction of front side irradiance.

# Latitude Region Gror GFroNT Grear BGorr
kwh/m2z  kWh/m2  kWh/mz?
1 01°00’ S Tropical humid 1716 1669 448 0.27
2 33°30'N Subtropical arid 2051 2311 497 0.21
3 33°22'N Subtropical coastal 1352 1476 344 0.23
4 56°00' N Temperate coastal 876 994 236 0.24
5 34°00' N High elevation 1897 2157 473 0.22
6 57°00' N Temperate continental 1074 1287 282 0.22
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Table 18: Annual values of front and rear side irradiance for the vertical east-west
case. BGopr denotes the additional irradiance received on the rear module surface, the
optical bifacial gain, as a fraction of front side irradiance.

# Latitude Region GHor GrronT GRrear BGopr
kWwh/m2z  kWh/m2  kWh/m?
1 01°00’ S Tropical humid 1716 875 816 0.93
2 33°30'N Subtropical arid 2051 1203 1066 0.89
3 33°22' N Subtropical coastal 1352 701 710 1.01
4 56°00' N Temperate coastal 876 552 548 0.99
5 34°00' N High elevation 1897 1046 1057 1.01
6 57°00' N Temperate continental 1074 687 659 0.96

4.75 Conclusions

The additional yield of bifacial PV modules depends on several PV system properties — other
than with monofacial modules, where module orientation is the only prominent system specifi-
cation. While Energy Rating for monofacial modules is restricted to one single module orien-
tation (20 tilt and facing towards the equator), it is proposed to restrict Energy Rating for bifa-
cial modules to two single system layouts named Standard Mounting Conditions (SMC). These
SMC comprise a fixed system tilted at 20° on a high albedo ground and a vertical east-west
facing system on natural albedo.

The overall approach (module characterization plus simple calculus using a time series of Gpoa
readily provided with the standard) may be kept in place with bifacial Energy Rating, as long
as specific time series of front and rear side irradiances are provided. Some parts of the stand-
ard need to be amended or extended accordingly.

Of course, the restriction to two SMCs implies severe simplifications, any dependency of bifa-
cial gains on albedo, height, or tilt angle cannot be considered. Also, inhomogeneity of rear
side irradiance is not considered at all, despite its dependency on mounting geometry and
racking structures.

According to this approach, an extension of the existing standard series IEC 61853 is under
discussion in IEC TC 82. A number of open issues still need to be solved, among them the
rear side AOI definition and some assumptions on the spectral distribution of rear side irradi-
ance.

The differences in the yield of real bifacial PV systems may vary by more than 10% for identical
PV modules, just depending on rather simple environmental and design parameters like al-
bedo, mounting height, and ground cover ratio. These variations are much bigger than most
of the expected performance (or CSER) differences of different module brands and types.
Therefore, the value of bifacial PV module Energy Rating — when compared to individual yield
predictions — might be less pronounced than with monofacial PV modules.
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5 ARISING FIELDS OF RESEARCH

5.1 Special Operating Conditions of BIPV Modules

Building-integrated Photovoltaic (BIPV) devices have to fulfil specifications both, from the
building and the electrical sector as they act as construction material and as electricity-produc-
ing devices. Besides those fundamental requirements, the aesthetical appearance of a BIPV-
module in the facade of a building or the roof-shape of a town is of high importance [145].
Within IEA PVPS Task 15 “Enabling Framework for the Acceleration of BIPV”, a joint action
(a special type of round robin test) was initiated to compare the performance of identical glass-
glass BIPV elements at outdoor tests facilities in different climates [51] , nine participating in-
stitutions from seven countries in Europe and Asia agreed on such a joint round robin action.
Identical glass/glass BIPV elements with crystalline Si-cells were produced by ertex solartech-
nik GmbH, pre-characterized in the certified test laboratory of the AIT — Austrian Institute of
Technology GmbH and shipped to the nine selected outdoor test sites. A monitoring procedure
was developed and harmonized with all participants [51]. The constructive requirements for
the test stands were based on the fagade setup of the reference building (ventilated curtain
wall, cold fagade) and were taken into account by all participating institutions. The outdoor
monitoring of the round robin action started in November 2017 was finished end 2019. Identical
module-design combined with an accorded monitoring method and constructive boundaries
allowed for the analysis of the influence of geographical and climatic conditions on the perfor-
mance of the BIPV elements. The calculated performance ratios were related to the pre- and
post-installation measurement results in a reference lab under standard test conditions STC
(AM1.5, 1000 W/mz?, 25°C) [52]

First, the monitoring data were merged, processed and filtered for further analysis. MATLAB®
was used as a software tool, aiding to build up a database of the acquired measurement data.
Analysis of the available measured data has been performed) [52] in terms of

1) distribution (frequency) of the module temperatures and the in-plane irradiation at the
outdoor test locations (see Figure 73)

2) time-series of mean daily performance ratio coefficients (PR) of all monitored days

3) median and quartiles in box plots of all daily PR per test module

4) comparison of ambient and module temperatures

5) vyield matrix plots (see Figure 74) showing the relative yield of the investigated modules
over module temperature and irradiance

6) time series of monthly yield at the test sites

The daily PR coefficients were calculated as the ratio of the specific yield in kWh/kW (with the
rated power in kW at STC) in relation to the specific insolation reference yield in
kWh/m?2/1 kW/m? (using the STC irradiance of 1 kW/m? as the reference). If a temperature
correction is applied on the daily PR values, the specific yield values were corrected using
module temperature values and the relative modules power temperature coefficient of -
0.37%!/°C.
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Figure 73: Distribution of the module temperature (top) and the in-plane irradiation

(bottom) in 50 W/m2 bins starting with the bin around 50 W/m2 measured at the out-
door test locations.

Temperature is, besides irradiance, one of the most important factors in terms of module per-

formance. In Figure 74, the measured distributions in module temperature (Tm) and in-plane of
array irradiance (Gpoa) measurements are compared for the different locations.
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temperature and the irradiance in 5°C/50 W/m2 bins (Source: [52]).

Figure 74 plots the relative yield of the investigated modules is over the module temperature
and the irradiance. The colour of every bin represents the relative yield, calculated as yield
within one bin divided by the total yield. The sum of all bins represents 100% of the total yield
over 12 months. From these matrix-plots, information about the climate as well as the operating
conditions of the module can be derived. Of course these matrices are also dependent on the
availability of measurement data. It can be observed that five of the six panels have a peak in
relative yield at an irradiance of 800 to 950 W/m?2, while the module temperature is in a range
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of 45 to 55 °C. The vertical tilt and south-orientation of the tested modules lead to high irradi-
ation in plane of array from October to March, whereas the irradiation during summer is signif-
icantly lower. Therefore, some the modules located in sunny southern regions show a second
peak of relative yield at an irradiance of 400 to 600 W/m2 and roughly at the same temperature
level as the first peak. This leads to the conclusion, that the first peak at around 900 W/m?
occurs during the cold part of the year, whereas the other peak is connected to summertime.
The manifestation of the two peaks is dependent on the climate in the respective region. Sunny
winter months result in a strongly pronounced upper peak, whereas cloudy conditions in winter
stress the peak in summer. Module M17_02288 NED does not show a second peak (although
the data availability was high for the whole period of the round robin). This is due to the fact,
that the test site in the Netherlands is the most northerly located module in this study. In the
Netherlands there is “Temperate Coastal’ climate (Cfb) where cold winters are lacking in gen-
eral. Last winter (in the measurement period of this paper) was even warmer than normal [52].

In a next step, a climate independent Key Performance Indicator (KPI) for BIPV-modules was
defined [146]. As this is also the aim of the IEC 61853 standard, an approach that is based on
the Pmpp-matrix (as a function of Gpoa and Tmoed) Originating from IEC 61853 was used. As
described in [50], for detailed research on BIPV-module performance, a couple of extensions
to this Pmpp-matrix can be very valuable. This approach was applied for the analysis of the
monitoring data of the BIPV test-modules of the Task 15 round robin action. Best practices
were adopted to get the most out of the dataset of the Task 15 round robin consisting of more
than one-year outdoor monitoring data for seven test sites with a time resolution of at least
5 minutes for each site (and even higher for some sites). This was the first time an IEC 61853
G-T power matrix was performed on BIPV-modules from the same series (identically con-
structed) distributed and monitored with an accorded methodology over sites all over the world.
Moreover, as these modules have been analysed indoors extensively (1V, EL, etc.) in the same
laboratory before sending the BIPV-modules to the various test sites and after the end of the
outdoor testing, any possible change in the status of the module, like e.g. degradation, pollu-
tion, light soaking, etc. could be identified [146].

5.2 Performance of Coloured PV Modules

An increasing number of coloured modules are reaching the market promising added value
due to better aesthetics. An overview of the state of the art of coloured BIPV modules and
products is given in the technical report prepared within IEA PVPS Task 15 [147]. The report
gives also inside into the different colouring techniques, the theoretical background and exper-
imental results. Figure 75 shows some typical examples of coloured modules.
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Figure 75: Selection of picture details of coloured PV modules from different manufac-
turers and R&D projects (top: Smart-Flex [148] , PV Construct [149], bottom: Sunage
[150], Hochschule Luzern [151].

Colouring of modules can be achieved through many different techniques (e.g. special anti-
reflective coatings, coloured PV layers, encapsulants or backsheets, spectrally selective glass
coatings or foils, digital or screen glass prints, glass sandblasting, mineral coatings or email
on glass). All techniques lead to a change in spectral response, which leads to a decrease in
short circuit current and consequently in STC power. The colour-induced performance loss is
significantly changing with customization of the product (layer position, colour/s, uniformity,
transparency and opacity). Literature states efficiency losses ranging from 5-50% [152—-155].
However, when talking about energy rating it has to be considered that also other module
parameters can be influenced by the aesthetical changes. Other parameters typically affected
are the operating temperature, measured by the NMOT test, and the angle of incidence re-
sponse. The temperature coefficient is given by the cell material properties and is therefore
not affected by the colour. The main challenge of the developers of coloured modules stays in
balancing the aesthetic requirements with the efficiency and energy output of the PV modules
and in predicting/modelling the energy yield of coloured PV modules.

To better understand the performance under real operating conditions, coloured modules have
to be monitored together with reference modules with an identical bill of materials (BOM) and
module architecture but without colour treatment. A study done by SUPSI PVLab et al. [156]
presented the first results of a one year measurement campaign on seven different coloured
module prototypes. Figure 76 shows a picture of the outdoor test facility installed at SUPSI in
Lugano (CH). The colours of the tested modules ranged from red/terracotta to white/grey mod-
ules including plain colour and multi-colour devices. The level of cell camouflage (visibility of
cells) varied significantly within the modules. A bifacial module and a module with deep struc-
tured glass were included as well.
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Figure 76: Picture of an outdoor test stand with coloured modules together with some
reference modules (Source:[156]). Modules form the left top to the right: textile modules
(bifacial), Swiss cantonal flags, deep structured facade module, terracotta module with
reference, white module with reference and light grey module with reference.

The energy production of each coloured module is compared to the yield of a specific non-
coloured/transparent reference module. For the textile style module, the cantonal flags and the
deep structured fagade module no original reference module with the same BOM was available
and a commercial reference module with the same cell technology was used instead. The
textile style bifacial module was compared to a monofacial module with the same cell technol-
ogy (HJT) and with similar front side cell efficiency. To take into account the fact that the com-
mercial reference modules have a different number of cells in series the direct kWh intercom-
parison has to be made by normalizing the measured kWh value to the active module area
(cells in series*cell area).

Figure 77 shows the results of the 1-year kWh intercomparison (1) for the area-specific yield
[kWh/m?2] shown here as bars with the original colour of the modules, and (2) for the STC power
specific yield [kwWh/W] obtained by normalizing the energy to the indoor measured STC power

and represented in the figure as orange bars.
20%
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Figure 77: Annual kWh intercomparison between coloured and transparent reference
modules normalized to the module active area [kWh/m?] (orange bars) and to the meas-
ured STC power [kWh/W,] (bars in original module colour).
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Depending on the technology (type and uniformity of colour/s and level of cell camouflage) the
coloured modules produce 16-45% less energy in kWh/m2 with respect to the reference mod-
ules. The difference is the sum of losses or gains which can be estimated from energy rating
measurements done in the laboratory under controlled test conditions. All modules have been
therefore characterised previously to be installed on the outdoor test facility, starting from the
most important tests, the STC power measurement, and the spectral response.

The measurements in the laboratory demonstrated that the reduction of the STC power of the
coloured modules is directly related to the change in spectral response and the respective
short circuit current loss, obtained by integration of the SR curves of the coloured and its ref-
erence module. The effect of the colour on the spectral response is shown in Figure 78a. The
losses in short circuit current (Isc) measured at STC are the highest for the modules (1) in which
the cells are completely hidden behind the coating and (2) which reflect the highest fraction of
light. This is the case for the white module and the terracotta module with deep structured
glass (see Figure 76). The smallest difference in performance compared to the reference is
observed in the terracotta module, where the coating is so thin that the cells are still visible at
a glance. The measured ls. losses explain most of the observed kWh/mz2 losses depicted in
Figure 77, but not all.

The impact of secondary colour induced effects is getting visible in Figure 77 when normalising
the produced kWh to the measured STC power. The kWwh/W, difference with respect to the
reference module ranges now from a gain of 9.5% to a loss of 5.5%. Secondary effects like
the operating module temperature, response to daily and seasonal spectral variations and an-
gular response or irradiance gains due to the use of bifacial cells are determining these num-
bers, stressing the need for a full characterization of coloured modules according to IEC 61853
Part 1 and Part 2.

The example of the textile module (9.5% kWh/W, gain compared to the reference module),
shows how the use of bifacial cells can be the solution to partially compensate for the efficiency
loss due to the front colour printing. The backside of the module is fully transparent leading to
a bifaciality factor >1. Precise quantification of the bifacial gains versus colour-induced losses
is here not possible due to the non-availability of reference modules with the same BOM.

In the case of the white module (4.8% kWh/W, gain compared to the reference module), the
partial compensation of the STC efficiency loss is attributed to the spectral selective foil, which
has the advantage to reflect and diffuse the visible spectrum, while the infrared part is trans-
mitted and converted into electricity. Despite the large loss in ls, the foil leads on one side to
a lower operating temperature of up to 10°C (see Figure 78b), and on the other side to a lower
spectral mismatch over the day. The same effect can be seen, although to a minor extent, in
the light grey module.

The other modules show a negative effect of the colouring on the kWh/W, performance of -
3.9% to -5.5%, due to thermal and spectral losses. The red fagade module reaches the highest
cell temperatures due to the very thick glass structure.
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Figure 78: a) Visualisation of spectral response curves of all coloured modules against
one of the reference modules. b) Back of module temperature of coloured mono-facial
modules for one day in August against one reference module.

In multi-colour modules, a further difference in performance is expected due to the contribution
of possible mismatching effects from the designed patterns. But measurements of test mod-
ules showed that despite the completely different patterns and colours (two modules from the
same manufacturer representing Swiss cantonal flags), a relative difference in the perfor-
mance of just 5% was found. Careful planning of the artistic design was found to be the key
point to minimize the mismatch losses of the modules.

5.3 Uncertainty of Energy Rating

Considering the energy rating methodology described in IEC 61853-3 [5], the retrieved Climate
Specific Energy Rating (CSER) parameter, like any estimated value has an associated uncer-
tainty derived from both the possible errors (systematic and random) in the determination of
the input data used and from the applied calculation models themselves.

Part 1 [3] and 2 [4] of the IEC 61853 standard define the procedures to obtain the input data
required by the models described in Part 3 [5], and represent various characteristics of the PV
device, such as the temperature and irradiance behaviour or the spectral response. As stated
in the first two documents, for every performance test a report has to be prepared including
among other details “a statement of the estimated uncertainty of the calibration and test result
(where relevant)”. Similarly, in part 3, a report with the resulting energy ratings shall be pre-
pared. This should include, among other information, “a statement of the estimated uncertainty
of the energy rating results”.

Regarding the input data required for the estimation of the CSER, one of the main factors
contributing to the differences in the performance between devices is the irradiance depend-
ency which is modelled based on the power matrix measurements [11, 13, 107]. Therefore, it
is of high importance to limit the uncertainty of these measurements, which are obtained fol-
lowing the conditions defined in a series of normative references listed in Part 1. Each meas-
urement is subjected to uncertainty, which depends on the applied levels of irradiance and
temperature, measuring set-up, procedure, etc. Laboratories performing these kind of power
measurements have declared uncertainties for each of those measurements [107, 157], which
depending on the specific setup may be correlated to a greater or lesser extent. For example,
any error in the calibration of the reference cell for the irradiance level determination will be
present in all measurements.

Besides the performance matrix, another important source of uncertainty in the energy rating
analysis comes from the measurements required to calculate the two coefficients, (uo and uy)
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used to estimate the temperature of the PV module and simulate the thermal performance as
a function of the received irradiance, ambient temperature and wind speed [107]. The experi-
mental set-up to define these parameters, described in part 2, is difficult to implement with the
subsequent possible measuring errors. At present, the IEC Technical Committee 82 is working
on the first amendment to part 2 of the IEC 61853 standard, which may include changes in the
determination of both thermal parameters.

Another input data required for the estimation of the CSER is the a, parameter used for the
irradiance correction due to the angle of incidence effects. This empirical coefficient is calcu-
lated from measurements of the short circuit current of the PV device when illuminated using
different incidence angles between the light source and the normal to the module’s surface.
These measurements, especially those at high incidence angles are subjected to errors from
the measurement set-up and the intrinsic PV device response derived from its configuration
(anti-reflective coating, structured glass or standard glass). The measurement uncertainty is
significant for incidence angles above 50°. The variability in the measurements at 70° and 80°
for various silicon-based modules could be 1.5% and 2.4% respectively, as stated by [118].
Moreover, part 2 of the standard, where the a; setup determination is described, does not
specifically indicate the fitting procedure to apply to the experimental data in order to calculate
the value of a,, which results in different a; values depending on the procedure used.

The spectral correction applied in the IEC 61853-3 methodology uses spectral response val-
ues, which should be obtained following the procedure described in IEC 60904-8 [112] and so
are also subjected to uncertainty. For example, the set-up applied in [13], has an uncertainty
for the raw spectral response measurements of 3.38%. However, this contributes to an uncer-
tainty of 0.124% in the spectral mismatch factor estimation. In addition to this, the fact that the
spectrally resolved irradiance data provided in the climatic reference datasets (IEC 61853-4
[6]) is integrated into bands of different width, requires an additional step in the estimation of
the spectral correction coefficient. The spectral response value for each of these 29 bands has
to be calculated and part 3 does not clearly describe how to estimate these discrete values
from the spectral response data measured at small wavelength steps according to [112] on the
PV device under test.

The input data used in the IEC 61853-3 methodology regarding solar radiation data and the
climatological variables of ambient temperature and wind speed provided in part 4 are fixed
reference datasets and therefore are not considered to contribute to uncertainty. The accuracy
of the solar resource data and climatological variables are more important for an accurate
estimation of the expected energy yield than for an energy rating analysis where the accuracy
of the data regarding the PV device is more important. As a result, the accuracy of the energy
rating calculation is limited by the uncertainty in the PV module measurements since the meth-
odology and the climatic datasets are predefined and standardized [13].

How the uncertainty in the various input data is transmitted throughout the different steps of
the energy rating methodology into the final CSER value is not defined nor quantified in the
IEC 61853 standard series.

Various studies have quantified the impact of the input data uncertainties on the estimated
energy rating, for example [11, 13, 157]. Sources of uncertainty in the power matrix measure-
ment are described [157] and analysed [11, 157], but the energy rating estimation method
differs from the one defined in IEC 61853-3. Authors highlight the importance of the STC power
value as it is often not a constant value, but it may depend on light and temperature exposure
[118]. Uncertainty of STC power may vary between 1.1% and 2% depending on the technol-
ogy, which for the authors is the most important contributor to the uncertainty in the final energy
rating estimation. The estimated uncertainty in the performance estimation ranges from 1.8%
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to 3%, including the STC power estimation [11]. Measurement uncertainties often depend on
the target conditions of the measurements, which are commonly optimized for STC. As a re-
sult, the measurements of the other points of the power matrix of IEC 61853-1, will present
higher uncertainty values, as reflected in [107, 118, 157]. Declared uncertainties in the power
matrix data ranging from 1.3 to 3.5% result in uncertainties in the final energy rating value of
1.32 to 4.5% depending on the level of correlation assumed between the various power meas-
urements, ranging from fully independent to the worst-case scenario where measurements are
considered fully correlated [157]. A complete uncertainty analysis of both the input data and
the power output estimation is presented in [107] following the IEC 61853-3 methodology for
the energy rating estimation. The final average uncertainty estimated for the CSER parameter
is 1.9% which is related to an estimated uncertainty of 2.2% in the yearly energy output and
1.9% in the STC power. Authors conclude that the most important sources of error are the
irradiance measurement in the power matrix and the determination of the two thermal param-
eters, Up and us.

In addition to the uncertainty in the input data, the models integrated in the IEC 61853-3 meth-
odology may not be accurate, to the same extent, for all PV technologies and devices due to
their intrinsic characteristics. For example, the model applied for the angle of incidence analy-
sis uses a mathematical expression to adjust the short circuit current measurements to the
various incidence angles applied that may not be accurate enough to fit the data at high inci-
dence angles and may behave differently for different devices. The model may not represent
to the same extent the behaviour of devices with different optical characteristics using anti-
reflecting coatings, structured or standard glass. The effect of different surfaces on the perfor-
mance of the devices is quantified, following a different model to the one defined in part 3 in
[14]. Besides, the assumption of an isotropic distribution of the diffuse irradiance is a simplifi-
cation of the real solar resource available.

Similarly, the model used to estimate the operating temperature of the PV module may not be
able to reflect the thermal behaviour of different encapsulations or module configurations,
linked to the module heat capacitance, thermal transients, temperature gradient across the
module or the radiative heat transfer that occur on the device.

To estimate the power output, it is necessary to apply interpolation and extrapolation on the
measurements of the power matrix defined in part 1. However, as stated in [157], the uncer-
tainty of the interpolated values could be smaller than the uncertainty of the measured points,
as long as these are not correlated. Part 3 contains a series of equations describing how to
apply the bilinear interpolation and extrapolation. Nevertheless, they are not described in
enough detail for all possible situations (defined by the available in-plane irradiance and the
module operating temperature) which may lead to different implementations.

In addition to this lack of clarity under certain circumstances, mainly characterized by low irra-
diance conditions, the bilinear interpolation and extrapolation used in the energy rating stand-
ard may lead to deviations from the real behaviour of technologies with significant non-lineari-
ties. This may be disadvantageous or beneficial in the power output estimation under certain
circumstances, especially under low irradiance levels which are abundant in some of the ref-
erence climates. However, deviations at low irradiance levels can be considered not too rele-
vant from the energy production point of view over the complete year analysed in the energy
rating standard. Besides, considering nonlinear models at low irradiance levels provided very
similar results to linear ones, so the additional complexity may not be required [104].

Various interpolation methods were analysed in [107], where the one used at the IEC 61853
shows one of the lowest bias. Besides, authors concluded that the error and bias derived from
the interpolation methodology applied is much lower than the uncertainty introduced by the
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input data used throughout the complete energy rating estimation. The higher impact being
from the thermal parameters and the irradiance measurements during the power matrix meas-
urement. In this description of uncertainties, we are always considering expanded two sigma
values.

5.4 Representative Metadata Analysis of PV Systems

In the early days of photovoltaic deployment, PV systems were installed under optimum con-
ditions for cost reasons: facing South (at the Northern hemisphere) or North (at the Southern
hemisphere) at a tilt angle somewhat lower than the location’s latitude [158, 159]. In this way,
the maximum annual specific yield in kWh per kW, installed could be achieved. Earlier work of
Task 13 members has been focused on the analysis of annual specific yield in various coun-
tries (EU, USA, Australia), and it has been reported that annual specific yield is higher for
countries with higher irradiance, while the annual system performance ratio is negatively cor-
related with ambient temperature [160]. Visualization of an updated data set of some 20,000
systems in Netherlands, Germany, Belgium, France, and Italy, based on web-scraping internet
sources showed a larger annual specific yield with decreasing latitude [161]. Similar findings
have been reported for France [162] and Belgium [163]. These studies usually show average
or median values for annual specific yield, sometimes geographically resolved [161], while
some attempt to fit a function on the observed distribution of values [162, 163]. Notwithstanding
these results, it is unknown how representative the actual systems are for the installed PV
based in a country or region: a data-set may contain only roof-mounted systems, or field-based
systems, or a mix of these.

With the large decrease in PV system cost, it can be expected that PV systems would be
economically attractive at locations with non-optimum azimuth and tilt. While variations indeed
are observed in field-based systems [164] especially for residential systems azimuth and tilt
variations are inherent to the specific building on which the systems are installed. However, in
such urban environments, shading effects of various roof elements and neighbouring buildings
will lower performance ratio and annual specific yield. A recent study comparing yield between
urban and rural environments in the Netherlands shows that performance ratio, thus account-
ing for non-optimum azimuth and tilt, indeed is lower in an urban setting [165].

Rather than finding annual yield data, it is suggested to obtain PV system meta-data (tilt and
azimuth of modules, installed capacity), and to use representative distributions of that, region-
ally resolved, to calculate the specific annual yield distributions based on annually varying
weather information (irradiance, ambient temperature) [166]. In a concerted effort to collect
and process as many performance data as well as metadata (tilt, azimuth, installed capacity
and specific annual yield) as possible, Killinger et al. [167] have collected metadata from nearly
3 million PV systems located in Europe, USA, Japan and Australia, representing a total capac-
ity of 59 GWp (14.8% of 2018 installed capacity worldwide [167, 168]. These data have been
clustered by two classes of system size (<25 kWp, and >25 kWp), and on a country level. Each
metadata parameter in a cluster was approximated by a distribution function. A specific distri-
bution function was found based on the best fit of a selection of 13 functions, such as Weibull
[169].
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Results show commonalities across all clusters, see Table 19 and Figure 79, for systems with
capacity smaller than 25 kWp, thus mostly residential systems). Mean tilt values were reported
in a range between 16.1 degrees (Australia) and 35.6 degrees (Belgium), average specific
annual yield values occur between 786 kWh/kWp (Denmark) and 1426 kWh/kWp (USA South).
The region with smallest median capacity was the UK (2.94 kWp) and the largest was Germany
(8.96 kWp). Almost all countries had a mean azimuth angle facing the equator.

Figure 79 shows all metadata collected and fitted with distributions functions that best fitted
the data. Data on systems larger than 25 kWp show similar distributions, while average tilt
values are larger compared to systems smaller than 25 kWp, and specific yields larger, which
evidences that larger installations allow for optimum conditions [167, 168].

Table 19: Mean or median value extracted from the entire data set for several coun-
tries for each of the metadata parameters (adapted from Source [168]).

Country Azimuth Tilt Capacity Specific yield
(degrees) (degrees) (kWp) (KWh/kWp)
(mean) (mean) (median) (mean)

Australia 8.58 16.1 5.00 -
Austria -0.34 31.1 5.15 1040
Belgium -1.69 35.6 5.20 922
Denmark 0.48 30.0 6.00 786
France -0.28 28.7 2.96 1101
Italy -15.9 19.8 5.88 1142
Japan -1.20 23.8 4.92 1222
Netherlands 0.77 32.5 3.30 855

UK -1.07 31.8 2.94 897
USA North 0.42 25.2 5.81 1005
USA South 9.33 19.9 5.26 1426
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Figure 79: Histograms of real data (bar) with approximated probability distributions
(line) for the different clusters (columns) and parameters (rows), where capacity is
the installed capacity and yield is the specific annual yield. All systems reported here
have a capacity smaller than 25 kW,. Within each of the axes is reported the name of
the best fitting distribution type, the root mean squared error (RMSE) between the
scatter of real data in the histogram against the fitted probability density distribution,
the number of data points considered for that cluster (n), and the Pearson correlation
coefficient (p) of the linear regression. The mean value p is shown in place of p for
Yield. All y-axes are scaled between 0% and 50% probability except where a bold red
value is assigned to the individual axis (Source: [168], reproduced with permission
from Elsevier).

Azimuth data is best fitted for nearly all countries by a logistic probability distribution function,
while no such correspondence is observed for tilt, capacity nor annual yield. The tilt angle
distributions differ quite a lot seven different distribution types have been found. The tilt angle
increases somewhat with latitude. The physical roof angle is dictating the tilt angle of the PV
system, while on flat roofs, tilt angles typically are kept low to keep wind forces low. Interest-
ingly, Belgium and the Netherlands share similar climate and latitude yet have different tilt
distributions, most probably due to nationally differing architectural roof styles. The distribu-
tions for the installed capacity lead to a similar average capacity, with a clear deviation in the
case of France which shows a peak at 3 kW,. This was due to regulations [162]. Histograms
of specific annual yield data are much smoother than other metadata histograms, which is due
to larger sample size and digital recording of data instead of manual human error-prone data
reporting. Results of mean annual yields are similar to the earlier reported ones, while also
differences can be observed, most probably related to the representativeness differences in
datasets.
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Having established a set of representative distributions for azimuth, tilt and capacity, they can
be used in regional, or national, PV power modelling approaches, such as suggested by Saint-
Drenan et al. [166]. Killinger et al. [167] suggest using the fitted distributions to randomly sam-
ple the desired metadata of a portfolio of systems in a specific cluster. The reported distribution
functions should not be used generally, but only for specific clusters, or for clusters not ana-
lyzed here that have similar climates, latitudes and support policies or subsidies. To illustrate
this, PV power generation in Germany for systems smaller than 25 kW, can be derived as
follows, based on the distributions.

First, as the installed capacity, geographic location and a specific annual yield of all PV sys-
tems is known, it should not be sampled if one wishes realistic outputs, though it may be sam-
pled for theoretical reasons.

Second, for each PV system, tilt and azimuth are assigned to that system by sampling the
fitted distribution. For the azimuth, a logistic distribution is used with locations coefficient of
—-0.1366 and a scale parameter of 23.0048, and for the tilt, an extreme value distribution is
used with a mean of 38.0648 and a standard deviation of 9.6547 [168]. The capacity can either
be the actual capacity of a system, or can be taken from the distribution (in this case a general
extreme value distribution with a shape of 0.1143, a scale of 3.5745, and a location of 6.2413
as parameters.

Third, for each PV system energy yield can be simulated using appropriate models, geographic
location and meteorological data. The generated PV energy in Germany can then be derived
by aggregating the simulated energy from all systems. If the number of PV systems is too
large, one can also use an approach to randomly choose PV systems and subsequently up-
scale the results in order to limit computational effort. Rather than a simulation of energy yields,
actual yield, as collected and fitted here, could be used. However, energy yield is an output
value, which is based on static metadata and dynamic weather data. Also, if one wants to
calculate daily or monthly energy generation, the only simulation possible is based on the
metadata distribution functions. Here, the use of a performance ratio, or rather a distribution of
performance ratio values per cluster that are derived from specific annual yield values may be
worthwhile [167]. This was suggested earlier to visualize regional differences in annual yield
using a single performance ratio of 0.85, thus assuming all PV systems are performing well
[170].

5.5 Long-Term Degradation Rates: Case Study of a Small System in
Bangkok, Thailand

One of the biggest questions is what kind of information the energy rating has in the long run
for a photovoltaic technology, and even more for an installation. Perhaps to clarify this it is
necessary to understand the differences between energy rating, energy yield, and long-term
performance.

The energy rating, what has been the focus of this report is described in the series of standards
IEC 61853 and evaluates the PV module performance based on power (watts), energy (watt-
hours), and performance ratio. The energy yield is an exposition of the technology for at least
one year, monitoring the performance of the PV technology [171]. The long-term performance
assessment is representative measurement for periods of several years of operations.

These differences are summarized in Table 20.
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Table 20: Comparison: Energy rating, energy yield and long-term performance assess-

ment.
PV Energy Rating PV Energy Yield Long-term Performance
Assessment
Basis pure calculation under measurement under Real-operating condi-
standardized condi- real operating condi- tions
tions tions
Duration - 1 year Years of operation
Goal Assess expected per-  Assess real perfor- Assess real performance
formance based on 1- mance at one specific at one specific location
year data sets cover-  location for one year for the long-term
ing different climatic
regions
Stand- series of standards PV module characteri- PV module characteriza-
ards/Prac- IEC 61853 zation based on IEC tion based on IEC stand-
tices standards (e.g., IEC ards (e.g., IEC 60904-x,

60904-x, IEC 61853-X)
Measurements of IV
curves, MPP and envi-
ronmental data (IEC
60904-1 , IEC 61829,
IEC 61724-1)

IEC 61853-X).
Measurements of |V
curves, MPP and envi-
ronmental data (IEC
60904-1 , IEC 61829,
IEC 61724-1)

Inspections, continuo
monitoring, cleaning pro-
cedures, re-testing

Even by recognizing that several factors are associated with the energy yield performance, the
long-term performance remains unclear. The relatively high maturity and market share of crys-
talline silicon modules allow performance studies of up to 20 years or more to be found in the
literature [73, 172]. Less studies are found for thin-film technologies [173, 174]. Among these
studies, it is important to distinguish the performance degradation of PV modules from the
degradation of the PV system. For PV systems, the degradation is considerably higher due to
the inclusion of losses of other components, the so-called system balance (BOS).

Although c-Si is a mature technology, not all failures are 100% known, as time advances new
phenomena appear and will continue to appear in the long term - especially in more recent
technologies such as PERC, n-pert, bifacial - which will involve the search for new solutions.

This chapter will open the arising problem of long-term degradations of (PV Modules) through
a case study in the location of Thailand.

5.5.1 Introduction to the case study

PV systems have been in Thailand for several decades starting from 1970s [175]. Early adop-
tions were mostly stand-alone systems used for telecommunication applications. In 1980s, off-
grid systems became widespread in rural areas including systems for schools, water pumping
systems, and centralized battery charging stations. In 1990s, PV and balance of system (BOS)
domestic manufacturing were founded. A rapid growth was observed in 2000s because of the
Solar Home Project (SHP), a government subsidy program. Domestic PV and BOS testing
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laboratories have also been established for product quality control. The growth continues as
the Thai government initiated the adder and feed-in tariff programs with the accumulated ca-
pacity of 2.9 GW in 2018 [176]. The majority of installations are utility-scaled PV projects. Solar
power is also included in the Thailand Power Development Plan (PDP2018) with a target of
10 GW in 2037 [177].

Currently, many systems over 10 years old have exhibited degradation and failures in both PV
panels and BOS equipment. Researchers from the National Science and Technology Devel-
opment Agency (NSTDA) have reported degradation rates for poly-Si modules of 0.5%/yr in a
3-year old system installed in a hot and humid climate [178]. The CES Solar Cells Testing
Center (CSSC) has reported degradation rates for mono-Si and poly-Si modules, installed for
13 years near the gulf of Thailand, at 1.14%/yr and 1.41%/yr, respectively [179, 180].

PV system reliability is strongly influenced by the degradation of PV modules. An investigation
of cause and effect is important for both preventive and corrective actions. Electrical degrada-
tion and physical module deterioration have been addressed previously [179]. In this case
study, we investigated a 15-year old system using annual visual inspection results and elec-
troluminescence images, as well as measured weather, system performance ratio, and module
performance.

5.5.2 Background system information

The system under study is a 3.12 kW, free-standing flat roof PV grid-connected system of 32
modules in two strings. It is located at 13°34’ N and 100°26’ E, in a tropical hot and humid
climate in the southern Bangkok area, Thailand near the sea. It was installed in 2003 and is
still functioning. All modules are crystalline silicon. Half of the modules were locally assembled
(mono or poly?) and half were imported (mono or poly?). The monitoring system was installed
in 2010. Meteorology data such as in-plane solar irradiance, ambient and module temperature,
wind speed and direction, and relative humidity are measured.

5.5.3 Data monitoring

The measurements are performed according to the IEC 61724 standard [141] with a sampling
interval of 30 seconds. The monitored parameters are as follows.

1. Meteorology parameters: in-plane global irradiance at S-facing, 14 degree tilt (W/m?),
ambient temperature (°C) using T-type thermocouple and wind speed (m/s).

2. Photovoltaic array parameters: the output DC voltage (V), the output DC current (A)
are measured at PV string by DC meter before the inverter input and the back-of-mod-
ule temperature (°C) using T-type thermocouple.

3. Output parameters from the inverter: the utility grid AC voltage (V), the AC current to
the utility grid (A) and the AC active power to the utility grid (kW).

5.5.4 PV module testing

All 32 modules are tested according to IEC 61215 [181] every year at CSSC, an ISO/IEC17025
accredited laboratory. The tests include (1) visual inspection, (2) performance at standard test
condition (STC; 1000 W/m?, AM. 1.5, 25 °C), (3) insulation, and (4) electroluminescence. Re-
lated electrical parameters are the maximum power (Pmax), Shot-circuit current (lsc), current at
maximum power (Imp), and open-circuit voltage (Vo). The degradation rates are calculated and
measurements are compared with the corresponding nameplates.
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5.5.5 Meteorology result

The in-plane solar irradiation of the system was between 1,810 and 2,005 kWh/m?/yr. From
system monitoring data during 2012 - 2018, the 50" percentile of in-plane daily solar irradiation
was 5.30 kwh/m?/day. Figure 80 presents (@) probability density function (PDF) and (b) cumu-
lative distribution function (CDF) of in-plane solar irradiation. The average of in-plane solar
irradiation was about 1,891 kWh/m?/year.
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Figure 80: In-planeirradiation a site station which continue record from 2012 to 2018;
(a) probability density function (PDF) and (b) cumulative distribution function (CDF)
Mean = 5.31 (kWh/m?/day) and STDEV = 1.26 (kWh/m?/day).

Figure 81 presents the average monthly temperatures at the site. From the measurement data
in 2012-2016, the average ambient (include night time) temperature is 29.1°C. The maximum
temperature is 36.0°C in April and the minimum is 20.0°C in January. The average module
temperature is 33.3°C. The maximum module temperature is 67.4°C in September because of
the cumulative heat content from high solar irradiance in winter. The minimum module temper-
ature is at 20.0°C, which is the same as the ambient temperature in January. The largest dif-
ference between the ambient and module temperatures is at 47.0°C in September. The aver-
age relative humidity is about 78%. The recorded values of module temperature are in the
range of 19.6 — 67.4°C.
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Figure 81: The average monthly ambient (left) and module (right) temperature
between 2010 and 2018.
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Performance ratio of the system

The performance ratio is evaluated from 2012-2019 as shown in Table 20. The evaluation is
according to IEC 61724.

Table 21: PV system performance (Installation capacity is 3.12 kWp).

Year In plane solar AC energy Yield PR Remark
irradiation (kWhlyear) (KWh/kWp) (%)
(kWh/m?/year)
2012 1,888 3,859 1,237 66 arranged the position of

PV modules by Isc

2013 1,810 3,992 1,279 71 Irradiation 2013 (data
from 22 — 30 Apr 2013
were evaluated)

2014 1,929 4,000 1,282 66 -
2015 1,963 3,971 1,273 65 -
2016 2,005 3,282 1,052 62 -
2017 1,818 3,033 972 53 System disconnected for
2 months
2018 1,821 3,641 1,167x 64 Arrange and re-installa-
tion

5.5.6 Electrical degradation

All 32 modules have been measured since 2010 annually for performance at standard test
conditions (STC) according to IEC61215:2005. Electrical parameters, consisting of current-
voltage characteristic (I-V curves), short-circuit current (lsc), open-circuit voltage (Voc), current
at maximum power point (Imp), the voltage at maximum power point (Vmp), power at maximum
power point (Pmp), fill factor (FF), were measured by CSSC at STC. The uncertainty of meas-
urement for performance at STC is 2.24%.

Parameters obtained by IV characteristics at STC are evaluated for the annual degradation
and depicted in Figure 82. Here the annual degradation rate of each |-V parameter compared
to the nominal (nameplate) is shown. The power output of poly-Si modules decreased with a
slope -0.06, also revealed in the Inp and Vmp which slopes -0.04 and -0.03 respectively. The
output power results of mono-Si modules and their plausibility is still being analysed.
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poly-Si Degradation Rate per year (%)

Figure

(a) poly-Si modules and (b) mono-Si modules.
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Figure 83: Front and rear sides of example poly-Si module from 2010 to 2018.
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Figure 84: (a) Back-sheet delamination and chalking (b) Visual defects consist of
Browning (B), Crack (C), Corrosion (Co), Delamination (D) and Snail trails (S). Source:
[182].

After electrical characterization, electroluminescence images were taken. The poly-Si modules
exhibited the following failures: crystal dislocations, edge wafer, finger failure, crack and micro-
crack [183]. Figure 85 presents EL images of the same poly-Si module from 2016 to 2018. The
mono-Si modules only exhibited shunt faults on cells as shown in Figure 86.
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2016 2017 2018

Figure 85: EL images of example poly-Si module during 2016 to 2018.

2016 2017 2018

Figure 86: EL images of example mono-Si module from 2016 to 2018.

5.5.7 Conclusion

Module degradation which affects the system performance has been observed on the PV mod-
ules under study. In this study, the power degradation rate of poly-Si modules is -1.47% per
year and for mono-Si modules the results and their plausibility are still being analysed. When
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observed each year, the physical degradation is increasing, for example, the delamination ar-
eas, corrosion areas and the level of browning. These defects have an impact on the perfor-
mance of the modules that were quantified. We plan to continue our work on finding the corre-
lation of climate factors and module degradation by using the monitoring data compared with
the annual time series of visual defects and electrical performance. In near future, we plan to
analyse a monitoring degradation of this system with the correlation of PV performance deg-
radation by STC result.
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6 CONCLUSIONS

The IEC Standard series 61853 "Photovoltaic (PV) module performance testing and energy
rating" (Part 1 to 4) provides a methodology to obtain a simple but realistic estimate of the
performance of a PV module in different climatic conditions. The final output is the so-called
Climate Specific Energy Rating (CSER) parameter. The CSER is equivalent to the perfor-
mance ratio of the PV module for a complete year and allows to compare the performance of
different PV technologies or modules under real working conditions. If the CSER is one, this
means that the average efficiency of the photovoltaic module is equal to its efficiency in STC.
If yield losses are dominant, CSER will take values lower than one.

As an input to the calculation of the CSER, module characteristics include the performance
under variable irradiance and module temperature (G-T matrix), its angular responsivity (AR),
the spectral responsivity (SR), and the nominal module operating temperature (NMOT) of PV
modules. The measurement procedures for these are described in Part 1 and 2 of the IEC
series.

Part 3 lays down a methodology for the calculation of the CSER value, which additionally to
the results of the first two parts incorporates the reference climate data sets from Part 4 as
input data. Currently the user can choose from six climate data sets (continental temperate,
coastal temperate, tropical humid, arid subtropical, coastal subtropical, high altitude), all of
which comprise a time series of hourly data of meteorological parameters for a full year. The
climate data sets also contain solar spectral irradiance data, which are not presented in a high
resolution but in a low-resolution format with 29 data points in the total wavelength range
300 nm to 4000 nm. The wavelength intervals for averaging solar spectral irradiance are also
known as Kato-bands.

With regard to Part 1 and Part 2, this report provides the information for indoor and outdoor
characterization, pointing out the objective of these measurements and the main advantages
and disadvantages of the two approaches (laboratory and outdoor). In addition, the exemplary
results of these measurements have been examined in detail.

Since talking about energy yield of PV modules is also setting climatic data sets, the climate
classification plays an important role. This report has examined global approaches, as the
PVCZ scheme aims to understand the degradation of PV modules based on the Arrhenius law,
and the KGPV scheme extends the KG climate classification by including irradiation as a new
layer of the map. Climate classification presents a multifaceted problem, in which solutions
have to balance specificity, accuracy, simplicity, and applicability. Efforts have been made, but
still, the correlation with field-observed degradation modes are needed.

Currently, the scope of the IEC 61853 energy covers single-junction monofacial devices. If in
the future, other devices such as bifacial or multi-junction devices are to be considered, the
standard datasets may have to be modified or extended. The new variables will depend on the
methodology used to model the performance of the new devices and the availability of data at
global scale.

Another limitation of the IEC energy rating standard regards the technologies with significant
non-linearity in the characteristics modelled, such as the performance at low irradiance levels.

This report also examines the approaches of accredited laboratories and institutions to energy
rating. Experimental results have also been shown for relatively new technologies and other
PV solutions, such as bi-phase, colour and BIPV modules. For these approaches and results,
as well as for the IEC 61853 method, the uncertainty in the PV rating shall be considered. As
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in any other estimation model, possible systematic and random errors may occur in the input
data used and in the applied calculation models themselves, as they may not be robust and
representative, to the same extent, for all PV technologies and devices. Therefore, results
should be taken with caution, due to the different effects taken into consideration, for devices
whose efficiency is affected by long-term exposure to outdoor conditions, as results may be
misleading. Devices lacking long-term stability would obtain overestimated ratings with regard
to real lifetime performance. These and other possible sources of uncertainties are also dis-
cussed.

The search for higher efficiencies and lower LCOEs in the PV industry, has made that the
concept of energy instead of power is becoming more and more important and with this, the
development of new and better energy rating methods has started on a promising path.
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ANNEX 1 MODELLING VALIDATION DATA SET

This Annex 1 describes some data files containing measured module data of a standard crys-
talline silicon module. The intention is to provide an open source data set that contains all of
the necessary input data to calculate the energy yield of a module together with 1 year of real
outdoor data for comparison. The data sets have been made available on the PV Performance
Modelling Collaborative website [54].

The data set is divided into two parts, which includes:
A. Module characterisation data

Pmax, Isc, and Voc matrix
Temperature coefficient a, B and &
Spectral response curve

Angular loss curve

Thermal coefficients U0 and U1

B. 1 year real operating data (5 minute intervals)

Pmax, lsc and Voc extracted from |-V curves
Module temperature Tmod

In plane irradiance Gpoa

Horizontal irradiance Gnor

Diffuse irradiance G

Ambient temperature Tamb

Wind speed ws

Module characterisation

The module characterisation according IEC 61853-1:2011 [3] and IEC 61853-2:2016 [4] is per-
formed by SUPSI PVLab, an ISO 17025-accredited test lab. The measurement uncertainties
of the single measurements are included in the data files. The module was stabilised prior
characterisation.

The I-V curves at different irradiances (100 - 1100 W/m?2) and temperatures (15°C - 75°C) are
measured with a Class A+A+A+ PASAN IlIB solar simulator equipped with different neutral
density filters for the adjustment of irradiance and a thermal box for the regulation of tempera-
ture.

The spectral response, used also for the spectral mismatch correction of the I-V curves, is
measured on the same solar simulator, but by placing 28 narrow band-pass filters from 360 to
1200 nm in front of the light source.

The angle of incidence (AOI) dependency is measured on the same set-up, by rotating the
module from 0 - 85° in front of the solar simulator and by shading a single cell to obtain the
change of Isc for a single cell. The approach follows the non-destructive procedure developed
and validated by Herrmann et al. in [43].

The thermal coefficients (U0 andU1) are measured outdoors on an open-rack equipped with
maximum power point trackers (MPPT). The module temperature (Tmod) iS monitored in five
second intervals simultaneously to the wind speed (ws), ambient temperature (Tamp) and in-
plane irradiance (Gpoa)-
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Module energy yield measurements

The energy yield of the module is monitored for one year. The |-V curves are recorded at inter-
vals of five minutes together with the module temperature (Tmod) and the irradiance. Following
irradiance values are measured: horizontal global (Gho), diffuse irradiance (Gaitr) and in-plane
global (Gpoa) and spectral irradiance (Gspec). The in-plane irradiance is measured with a cali-
brated Kipp&Zone CMP21 pyranometer and an EKO MS-710/712 (350-1700nm) spectroradi-
ometer. Wind speed (ws) and wind direction (wd), ambient temperature (Tamp) and humidity
(hum) is monitored separately through the meteo tower located in close proximity to the energy
yield test stand.
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