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Abstract

As early as the 1980s, photovoltaic (PV) modules have been deployed in high latitude
regions to power buildings and equipment. However, it is only in recent years that significant
PV deployments have begun to occur in these regions thanks to the continued drop in PV
module costs. Historically, PV technologies have been deployed in low-to-mid latitude locations
where solar resource is high and the economics of PV were more suitable. In these regions
snowfall is rare or non-existent. This thesis supports efforts to bridge the knowledge gap
between PV systems designed, operated, characterized, and modelled in low-to-mid latitudes
and PV systems in high latitude, northern locations. Bifacial PV technologies are, in particular,
explored due to their added benefits in regions with regular snowfall and cloud cover. The
research presented in this thesis spans from the cell-level to the system-level and includes both
experimental and modelling work.

One of the main challenges for PV systems in high latitudes is predicting their performance
under high latitude operating conditions. This is particularly challenging for bifacial PV tech-
nologies where the added complexity of rear-side light is heavily influenced by the surrounding
environment and illumination conditions. In this thesis, emerging high efficiency and high bifa-
ciality silicon heterojunction solar cells are simulated and measured under high latitude operating
conditions. A methodology for testing bifacial devices indoors that incorporates the effects of
additional illumination from rear-side ground cover is developed.

Several bifacial PV system-level models are discussed and explored in this thesis for simu-
lating mid-and-high latitude PV systems, including emerging vertical PV designs. Vertical PV
systems have been deployed in recent years in smaller-scale sites (<1 MW) due to their suit-
ability in high latitudes and in agri-photovoltaic applications. The effects of varied row spacing
and module tilt are explored as a function of latitude, and empirical equations are developed for
calculating system row spacing given deployment latitude and configuration (fixed-tilt, tracked,
or vertical systems). The sensitivity of bifacial PV energy yield models to input albedo is ex-
plored via the calculation of spectral albedo mismatch as a function of latitude for 10 different
ground cover scenarios, demonstrating a tendency towards increased modelling uncertainty in
high latitudes.

This thesis also presents the highest latitude location model validation effort to-date at
65°N and validates five PV models for emerging vertical bifacial PV systems. Vertical PV
systems are found to have higher modelling uncertainty than equator-facing fixed-tilt systems,
however hourly and seasonal trends are generally well predicted by the models. Finally, the
degradation of PV systems in cold, snowy climates is reviewed and new analysis is presented
for four PV systems >60°N. PV systems deployed in cold climates tend to degrade slower than
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warmer climates, which is an indication that PV systems in high latitudes may out-live their
lower-latitude counterparts.

Overall, the six papers presented in this thesis support continued development of mid-to-high
latitude PV and demonstrate that PV technologies can be used to provide reliable, seasonal
electricity. PV systems must be designed with high latitude environmental conditions in mind,
higher tolerances to uncertainty, and to meet northern energy priorities.
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Chapter 1

Introduction

For the world to reach net-zero
We need renewables in the North.
Solar energy could be one hero
This thesis follows henceforth.

Sunlight is abundant
(At least for half of the year).
Research in this field is not redundant
And PV performance is not so clear.

Thus in this work, we seek out answers
For how to solar power northern nations.
We show bifacial & vertical PV are enhancers
For future decarbonizations.

H ok sk

During the course of this PhD, global installed solar photovoltaic (PV) capacity grew from
~500 GW to >1.6 TW, more than doubling all previous cumulative installed capacity and
beginning the terawatt age of PV [1]. PV technologies are poised to reach between 30-70 TW
of installed capacity by 2050 under net-zero 2050 pathways [2]. To achieve this large growth
in PV capacity, PV modules must be deployed across the world, on the utility-scale.
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Figure 1.1: The percentage of electricity generation per country which comes from coal, oil, or gas.
Country values for 2021, as compiled from the International Energy Agency [6].

Photovoltaics in High Latitudes

PV technologies have been deployed in high latitude, northern locations to power equipment
and buildings as early as the 1980s [3,4]. However, significant development in high latitudes
have been limited in the past due to the prohibitively high cost of solar modules. With the
dropping costs of PV modules, PV is now one of the cheapest forms of available electricity in
most areas of the world [5] and may be deployed in markets previously unavailable, such as high
latitude and cold climate regions.

Here, | consider Canada as a whole to be a "high latitude” country from the perspective
of historic deployments of PV, with most PV deployments in North America occurring along
coastal regions in the USA. Northern latitudes are primarily the focus of this thesis due to the
local geography of the author (being Ottawa, Canada) and limited populated land mass near
the South Pole. However, research conducted in northern high latitudes will naturally apply
to other regions in the southern hemisphere which also experience regular snowfall and cold
temperatures.

The need in the North is not negligible. Figure 1.1 shows the percentage of electricity that
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was generated in 2021 using fossil fuels per country [6]. To achieve net-zero electricity grids by
2050, a rapid ramp in northern renewable deployments must occur over the next few decades.

The cold climate PV industry is relatively young, especially given module lifetimes are
between 25-30 years and long-duration knowledge of PV performance in the field is limited.
Research is required to know how to optimize and adapt PV deployments for northern environ-
mental conditions, electricity grids, and energy priorities. Despite renewable energy leadership
in the Nordics and Iceland, the solar industry in these countries is still in its early years to meet
the growing needs caused by electrification [7,8]. Best practices for PV in cold climates are
still in the process of being developed, tested, and refined.

Current research fields for PV in high latitude locations include research on the interac-
tion between PV arrays and snow, frost, ice, and permafrost [9-12]; the integration of PV
with agricultural practices ( “agri-PV") [13,14], into building design [15, 16], and hybrid diesel
microgrids [17-22]; the environmental impacts of PV on sensitive and precious northern ecosys-
tems [23, 24]; socioeconomic impacts [25, 26]; the long-term reliability of PV under frequent
and harsh seasonal cycling [3,4,27-33]; and best practices for mounting, operation, and main-
tenance [34-37].

In this thesis, the characterization and optimization of PV solar cells and systems is dis-
cussed under northern environmental conditions. Chapter 4 provides a detailed overview of high
latitude environmental conditions and the impact these unique conditions have on PV system
design, while Chapters 5 and Chapter 6 present original research on the characterization and
optimization of mid-to-high latitude PV. In Chapter 6, original research is also presented on
PV system-level model uncertainty and validation in high latitudes, and an analysis and review
of PV degradation rates in cold climates is presented. A detailed thesis outline is provided in
Section 1.1 at the end of this chapter.

Deployment trends

The dropping costs of PV modules was mentioned above as one of the main drivers for increased
PV deployments in high latitude locations. Figure 1.2 shows the PV module price learning
curve between 1976 and 2018, historic record silicon solar cell and module efficiencies, solar cell
technology trends, and trends in the location of PV deployments.

The “learning curve” presented in Fig. 1.2A, shows that the average cost of PV has been
decreasing by 28% per doubling of the installed capacity [38]. Depending on the analysis time
period, the PV learning curve has been reported as between 20-29% [43].

Fig. 1.2B shows the historic record efficiencies for single-junction crystalline silicon solar cells
and modules, taken from the National Renewable Energy Laboratory (NREL) record efficiency
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Figure 1.2: (A) PV module cost learning curve, from Ref. [38]. (B) Record historic silicon single-
junction solar cell and module efficiencies, from Ref. [39]. (C) Historic [40] and projected [41] GW-
manufacturing scale solar cell technology trends, showing AI-BSF, PERC, TOPCon, SHJ, IBC, and
silicon-based tandem technologies. (D) Median latitude of 736 utility-scale PV plants in the continental
USA from Ref. [42]. PV plants are separated into fixed-tilt (non-tracking) and and single-axis trackers
(SAT) and by the year where the PV plant began commercial operation.
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charts [39]. Record cell efficiencies are now around 27% while modules are 25%. These
increased efficiencies in time are a result of technological advancements in silicon solar cell
design. Fig. 1.2C shows the historic and projected trends in solar cell design, with values from
the International Technology Roadmap for Photovoltaics (ITRPV) [40,41]. Aluminium back
surface field (Al-BSF) technologies have now been phased out in favour of passivated emitter
rear-contact (PERC) cells. N-type solar cell technologies of tunnel oxide passivated contact
(TOPCon) and silicon heterojunction (SHJ) design are anticipated to grow and overcome PERC
popularity in upcoming years. Interdigitated back-contact (IBC) cells are expected to grow to
a lesser extent due to their increased complexity [41]. Tandem cells using silicon as a bottom
junction are expected to begin to grow on the market over the next decade, due to their ability
to overcome the 1-junction efficiency limit, described in Section 2.4 of this thesis. Common
silicon solar cell designs, such as PERC, TOPCon, and SHJ are described in more detail in
Section 3.1.

Bifacial photovoltaics - PV cells and modules which produce electricity from photons ab-
sorbed from both front and rear sides - are significantly growing in world market share compared
to traditional single-sided monofacial designs. Bifacial PV is further described in this thesis in
Chapter 3. Bifacial cells are expected to compose 90% of all manufactured solar cells this year
(2024) [41] and NREL estimates that 50-75% of all installations in 2022 were bifacial [44].
Bifacial benefits have been shown to tend to increase with latitude [45-48], making them a
promising technology choice for installations in cold climates. Further details can be found in
Section 4.4.

Fig. 1.2D shows deployment location latitude trends, as digitized from Ref. [42]. In this
work, Bolinger et al. examined the centroid latitude of 736 utility-scale PV plants which began
commercial operation between 2007 and 2019 in the USA, representing >90% of the US utility-
scale PV fleet. Since 2015, the median latitude of fixed-tilt PV deployments has been rising,
demonstrating a recent northward trend in PV deployments, and highlighting the importance
of this research field.

Photovoltaics in Canada

The northern country and home of this thesis’ author, Canada, generates ~20% of its electricity
using fossil fuel resources, leading to around ~80 Mt of CO,. emissions per year [49], as
visualized in Figure 1.3. Further renewable energy developments are required to reach net-zero
emission goals and to fulfill projected energy requirements given an electrifying world.

Fossil fuel consumption varies across Canada. Figure 1.4 shows electricity and PV trends
across the 10 provinces and 3 northern territories of Canada. Fig. 1.4A shows the annual total



Chapter 1

800

I M Nuclear
. Wind
600 Fossil 0.5%

: IEI Fuels Solar

Mt COgze

200

01960 2000 2010 2020

Figure 1.3: Historic emissions and electricity mix in Canada. Historic data is from Ref. [49], while
electricity mix data is from Ref. [50] for 2022.

electricity emissions per province and territory in 2020, highlighting high emissions particularly
in the prairie provinces of Alberta and Saskatchewan [51]. When examining the greenhouse
gas (GHG) intensity of electricity generation throughout Canada (Fig. 1.4B) [51], regions with
lower population and high fossil fuel consumption are also highlighted, showing high emissions
intensity in the northern territories and some regions of Atlantic Canada.

Natural Resources Canada has calculated the annual PV potential - or predicted annual
energy yield per installed capacity - for monofacial latitude-tilt fixed-tilt PV arrays across
Canada [52,54]. This data is reproduced in Fig. 1.4C. This analysis highlights the poten-
tial for PV technologies to offset CO, emissions particularly in the Canadian prairies where
electricity emission intensity is high. It also highlights that there are many regions in northern
Canada where PV potential is >1000 kWh/kWp. PV electricity generation can be improved
compared to these values yet by using high-efficiency bifacial modules and optimizing PV sys-
tem designs for high latitude environments. The impact of design choices, such as these, on
PV potential is presented in Section 6.4.

Fig. 1.4D shows the reported installed capacity of PV across Canada in 2022, according
to the Canadian Renewable Energy Association [53]. Installed capacity across Canada grew
by 26% from 2021 to 2022 to a total capacity in Canada of ~4 GW. In the past, most PV
deployments occurred in Ontario due to government incentives, however in recent years much
of the development has shifted to Alberta where solar resource is particularly high. In 2022,
3 of new renewable energy projects in Canada were in Alberta [53]. Significant development
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Figure 1.4: (A) Annual electricity emissions, and (B) the intensity of electricity generation greenhouse
gas emissions across Canada. Reported numbers are for 2020 from the Canada Energy Regulator [51].
(C) The calculated annual PV potential for latitude-tilt fixed-tilt PV across Canada, adapted from
Natural Resources Canada [52]. Dots correspond to capital cities, while the star is Ottawa, the nation’s
capital. (D) Installed PV capacity in Canada as of 2022, according to the Canadian Renewable Energy

Association [53].
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of PV in the northern territories of Canada is also underway, particularly in the Yukon where
7.2 MW of PV capacity is installed with at least 5.5 MW of further development in the planning
and proposal stage. The main objective of this thesis is to help support further PV development
in cold climates by modelling, analyzing, and characterizing PV performance under the high
latitude operating conditions found throughout Canada and beyond.

1.1 Thesis outline

This thesis is composed of seven chapters and has been written in a 'thesis-by-papers’ style.
All figures in all chapters of this thesis have been made by the author of this thesis. Chapters
2 and 3 provide background information supporting this thesis work, with Chapter 2 presenting
background information relevant to photovoltaic cells and Chapter 3 presenting background
information relevant to photovoltaic systems. Chapter 4 analyzes high latitude environmental
conditions and summarizes their impact on system design, while Chapter 5 and Chapter 6
introduce and reproduce the journal articles of this thesis. Six lead-author journal articles are
included in this thesis. The contributions of each co-author are stated at the beginning of each
publication. The novelties of each publication are summarized before their placement in this
thesis.

The methodologies used throughout this thesis differ, depending on the approach of the
publication. Generally, the scientific method has been used and statistical analysis has been
conducted on modelled and measured data. The models used in this thesis have been validated
against measurements conducted using calibrated equipment. Field data in test-sites have been
well-instrumented and documented, and any short-comings in data quality have been discussed
in their associated publications. The work presented in this thesis has been done in collaboration
with other research institutes well established in the PV community - Arizona State University,
NREL, and the Alaska Center for Energy and Power (ACEP).

Chapter 2 walks through the background physics necessary to understand the research
presented in this thesis, covering semiconducting material principles, the photovoltaic effect,
solar resource on Earth, and drift-diffusion cell-level modelling.

Chapter 3 introduces bifacial photovoltaic solar cells, modules, and systems. This chapter
also introduces common sky, optical, and electrical models for predicting the performance of
PV systems. The PV system-level modelling platforms used in journal articles (Section 5.2,
Section 6.1, Section 6.2, Section 6.3, Section 6.4) are presented and compared.

Chapter 4 provides a deeper overview of the physical environmental conditions present
in high latitude locations, presenting original analysis on annual and seasonal trends in solar
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resource, ambient temperature, and snowfall. Sections 4.1, 4.2, and 4.3 are the first-draft
contribution to a greater review paper covering the perspective of PV in high latitudes. This
section was written by myself, the author of this thesis. However, future versions of this section
will be reviewed by paper collaborators and incorporated into a collaborative paper. As our
manuscript is still in the early draft stages, the author-list and title is still pending. Section 4.4
summarizes some key technical take-aways for PV in high latitudes, and links these take-aways
to the research articles presented in the subsequent chapters.

Chapter 5 presents two published journal articles on the characterization of bifacial PV
devices. Section 5.1 presents an article published in Solar Energy Materials and Solar Cells
on the effect of air mass on carrier transport in bifacial SHJ solar cells. Section 5.2 presents
a commentary published in Joule, speculating on an extension to indoor bifacial solar cell
measurement method standards which incorporates the effects of albedo.

Chapter 6 presents two published journal articles and two submitted manuscripts on PV
system-level trends with latitude. Section 6.1 presents an article published in Solar Energy
on the optimization of row spacing and tilt for bifacial PV systems as a function of latitude.
Section 6.2 presents an article published in Progress in Photovoltaics: Research and Applications
on spectral mismatch factors for bifacial PV systems in high latitudes. Section 6.3 presents a
submitted manuscript (July 2024) on validating bifacial PV system models for vertical systems
and in a high latitude location. This work was completed during a 6-month internship to NREL.
Section 6.4 presents the final manuscript of this thesis, submitted for publication in August of
2024. This manuscript analyzes and reviews degradation rates of PV systems located in cold,
snowy climates.

Chapter 7 summarizes the thesis as a whole and discusses the future outlook of PV in
northern environments.
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Physics of semiconductors & solar cells

Solar power arises
From the photovoltaic effect.
With sufficient photon-energy sizes
One finds excited electrons to collect!

d ok ok

Photovoltaic devices operate on the photovoltaic effect, where photons absorbed into semi-
conducting materials result in the excitation of electrons to higher energy states. This charge
separation results in an increase in electric potential, or voltage, which can then be used to do
work when connected in an electrical circuit. This effect was first discovered in 1839 by Edmond
Becquerel, with observations of an electrochemical cell increasing in voltage when exposed to
sunlight [55]. The first photovoltaic cell was produced in 1883 using molten selenium and a thin
layer of gold [56], but it wasn't until 1954 that the first photovoltaic cell with an efficiency >1%
was produced by Daryl Chapin, Calvin Fuller, and Gerald Pearson of Bell Laboratories [57].

In order to understand the underlying properties of photovoltaic devices that lead to effi-
ciencies >20% today, it is first necessary to understand the underlying atomic properties of
the materials which give rise to the photovoltaic effect. To do this, we must understand the
nature of semiconducting materials. As silicon-based devices are the focus of this thesis work,
emphasis will be given to silicon semiconductors and photovoltaic devices. Silicon is the most
commonly used semiconductor on Earth due to its natural abundance, low cost, and stability.

10
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2.1 Semiconductor materials

Semiconducting materials are a class of materials with properties between that of conductors
and insulators. The conductive properties of semiconductors are highly tunable, making them
attractive materials for electronic and photonic device applications.

The distinction between semiconductors, conductors, and insulators lies in their electronic
band structure. In solid materials, atoms are arranged in dense crystalline structures with single-
atom electronic energy levels overlapping and hybridizing into large-scale continuous bands of
energy levels. In this band structure, conduction band states refer to the collection of delocalized
states that allow for flow of electrons throughout the material. Valence band states are the
collection of highly localized states around atomic nuclei, which inhibits valence electronic
movement. The bandgap of a material is defined as the difference in energy between the
highest valence band energy level and the lowest conduction band energy level, and the Fermi
level of the material is defined as the energy level where electrons have a 50% probability of
occupation.

In conductors, the conduction band state is populated with free electrons without external
excitation, resulting in a Fermi level occurring within or at the conduction band edge. These
materials are sometimes described as having a zero or negative bandgap.

Semiconductors, on the other hand, have a positive, non-zero bandgap of usually <3 eV.
When electrons are excited, for example by photon absorption, they may be excited from
the occupied valence band into unoccupied conduction band states, allowing for electron flow
throughout the material. The density of electrons in the conduction band of a semiconductor is
usually less than 10?° cm~3, whereas conductive materials have electron densities on the order
of 10%% cm™3 [58].

Like semiconductors, insulators have zones of forbidden energy states defined by the bandgap
of the material. However, for insulators the bandgaps are so large (>3 eV) that this energy
barrier is improbable to be overcome under normal operating conditions. Thus, insulators
have a negligible density of charge carriers in the conduction band. Insulators can become
semiconducting if sufficient excitation conditions are present, and common semiconducting
materials can exhibit insulating properties when insufficient excitation conditions are present
[58].

In the following subsections, some physical properties of semiconducting materials relevant
to photovoltaic devices are described. Much of this work is adapted and inspired by Jenny
Nelson's The Physics of Solar Cells [59] and the PhD thesis of Meghan Beattie [60].
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(A) Diamond lattice (B) Zincblende lattice (C) First Brillouin zone

Figure 2.1: (A) Real-space diamond cubic lattice structure, (B) real-space zincblende cubic lattice
structure, and (C) the first Brillouin zone in k-space for both FCC lattices.

2.1.1 Crystal and energy band structure

Semiconductor materials are comprised of atoms held together in crystalline structures with
covalent bonds. In a perfect crystal, the atomic lattice is highly uniform and periodic over long-
range distances. Sub-optimal growing conditions can result in multi-crystalline or amorphous
semiconductors, exhibiting crystalline order on medium to short-range scales.

The most common method for crystal growth of silicon is the Czochralski process [61]. In
the Czochralski process a silicon seed crystal is dipped into a crucible of hot, molten silicon
and then slowly withdrawn and rotated to the surface. Liquid silicon crystallizes to the seed
and gradually forms a large, cylindrical crystal. Dopants, such as boron or phosphorus, may be
added to the crucible during growth to alter the electrical properties of the silicon crystal [61].
The large silicon crystal is then typically sliced into flat, thin sheets and polished to remove
defects and surface impurities.

Figure 2.1 demonstrates two common crystalline structures found in semiconducting mate-
rials. Group IV semiconductors such as silicon (Si) and germanium (Ge) form diamond cubic
lattice structures with each atom bonded covalently to its four nearest neighbours, as provided
in Fig. 2.1A. Semiconductors made from elements in group Ill and group V of the periodic
table (or, 11-V semiconductors), instead form into zincblende cubic lattices, as depicted in Fig.
2.1B. The same underlying intersecting face-centered cubic (FCC) lattice is present in both
structures, but with the two FCC lattices being either the same atoms (as in the case of silicon)
or distinct atoms (for IlI-V materials).

The periodic nature of the underlying atomic structure of semiconductor crystals (Fig.
2.1A/B) can be described in momentum space (k-space) by taking the Fourier transform of
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Figure 2.2: Energy band structure of (A) silicon and (B) gallium arsenide (GaAs). Band structures
are modified from [62]. (C) Simplified energy band structure as a function of position, showing the
conduction band edge, F., the valence band edge, F,, the bandgap, 7, and the electron affinity, x.

the crystal lattice in real space. The primitive unit cell of this reciprocal lattice containing a
single central lattice point, is called the first Brillouin zone. The first Brillouin zone for an
FCC lattice is provided in Fig. 2.1C. Points of high symmetry are labelled. Given that optical
transitions must conserve both energy and momentum, it is useful to have a k-space framework
for describing and analyzing the band structure.

The high symmetry points labelled in Fig. 2.1C correspond to features in the energy band
structures of semiconducting materials. Figure 2.2 shows the energy band structure of silicon
and GaAs as function of energy and momentum. Some high symmetry points are labelled on
the diagrams, corresponding to those labelled in the first Brillouin zone in Fig. 2.1C. The
conduction bands, F,., are drawn in purple while the valence bands, F,, are drawn in teal. The
bandgap, F,, is labelled for each diagram.

Silicon is an indirect bandgap semiconductor, meaning that the minimum bandgap energy,
F,, does not occur at the k=0 I'-point. An appropriate change in momentum is required to
promote an electron from the valence to conduction band. This momentum is usually supplied
by a phonon, or lattice vibration. Thus, band-to-band electron promotion at the fundamental
bandgap can only happen in silicon if there are a sufficient number of phonons with sufficient
momentum. As a consequence, indirect bandgap semiconductors tend to have lower optical
absorption than direct bandgap semiconductors, such as GaAs.

To show the energy band structure as a function of position within a device, a simplified
diagram is used, presented in Fig. 2.2C. It is assumed that a continuum of states exists in each
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E. and FE, band. The electron affinity, y, defines the minimum required energy to remove an
electron from the semiconductor. The energy of a free electron outside of the semiconducting
material is defined by the vacuum level, E,,..

2.1.2 Density of states

The density of states (DOS) of a semiconductor describes the number of available quantized
states between (E, E + dE) in a particular energy continuum band. Near the conduction or
valence band edge, the bands can be approximated as parabolic in k-space. Thus, the energy,
E, corresponds to the band edge with an expansion about this of dF.

With the parabolic band approximation, the DOS, ¢(£), near a band edge can be approxi-

mated as:
2 o, dk

4 -
@2m)3 " dE

with 2/(27)3 k-states per unit crystal volume.

g(F) =

(2.1)

For the conduction band, the DOS under the parabolic approximation for an energy, F,
within the conduction band, F., works out to be:

o2

3
1 2m}\ 2
wlE) = 5 () VEE. 22)
Similarly, the DOS in the valence band F, is:

0.(E) = = (2;”) VE,—F 23)

~ o

where 71 is the reduced Plank’s constant and the symbol m* denotes the effective mass of a
carrier in either the conduction or valence band. The effective mass is a parameter defined by
the band structure, often assumed to be constant near a band valley.

The effective mass is given by:

O’F
0k?
where E is either the valence band, F,, or conduction band E., for holes and electrons,
respectively.

m* = h?

(2.4)

The parabolic band approximation only holds for limited ranges near the bottom of band
valleys, as eventually these valleys connect into a continuum as in Fig. 2.2A/B. Spin-orbit
interactions may also perturb the parabolic band approximation [58].
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Figure 2.3: (A) The Fermi-Dirac distribution and (B) the density of states functions for g.(F) and
gu(E) at T = 0. (C) The Fermi-Dirac distribution and (D) the density of states functions at 7" > 0.
The shaded grey background in (B) and (D) correspond to the concentration of electrons.

2.1.3 Carrier concentration

Above, the DOS described the distribution of band states in energy and momentum space.
In order to calculate the number of electrons and holes in an energy band, we must first
characterize the occupation probability of the states. The occupation probability of an energy
level can be determined by the Fermi-Dirac distribution, f(F):

FE) = — (25)
1+ e BT
where [y is the Fermi-level, kp is the Boltzmann constant, and 7' is the temperature. At
absolute zero, every state below the Fermi-level, £, is occupied and every state above is
unoccupied. For T' > 0, the thermal kinetic energy of electrons results in some excitation to
states above the Fermi-level and into the conduction band. Figure 2.3 provides a visualization
of f(F)and g(F) for T'=0and T > 0.

Thus, the concentration of electrons in the conduction band, 7, can be calculated from the
integration of g(~) and f(£) from the conduction band edge F. to infinity:

n= /OO n(E) dE = /Oo 9(E)f(E) dE (2.6)

E.

The corresponding expression for the number density of holes, p, or vacancies of electrons
left behind in the valence band, is thus:

p— / " p(E) dE = / "G (B)1 - f(E)] dE (2.7)

oo —00
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In the case where the Fermi level, /7, is sufficiently far from either of the band edges, the
Boltzmann approximation can be used. For £ >> E} the Fermi-Dirac function simplifies:

Ef—E
F(B) ~ e TaT (2.8)
This allows for the evaluation of 2.6 and 2.7 using f(£) from 2.8:
Ej—Ec Ey—Ej

n=N.e *sT | p=N,e 5T (2.9)

The constants N. and N, describe the effective conduction and valence band density of

states, respectively:
3 3
m*kgpT \ 2 m*kgT \ 2
N, =2 —=—+— N, =2 —2—— 2.1
¢ ( 2mh? ) ’ ! ( 2mh? ) (210)

In an intrinsic semiconductor, the product of np is a constant with the carrier concentrations
of electrons and holes equal:

__Eg
n; =np= N, N, e *5T (2.11)
where n; is referred to as the intrinsic carrier density of the semiconductor.
This leads to the Fermi level of the intrinsic semiconductor, £;, to be near the center of the

bandgap:
E.—E, kgT N,
E;, = — In|— 2.12
: 2 2 (N) (212)

The intrinsic electron concentration (n = n;) at 300K in silicon is 1.7x10"® cm™3 [63].

Effect of doping

An intrinsic semiconductor describes a perfect crystal with minimal impurities. Dopants intro-
duce impurities which change the local distribution of electronic energy structure and may be
used to tune the properties of semiconducting materials.

Dopants can be classified as either donors or acceptors, depending on their valence elec-
tron count compared to the bulk crystal structure. For silicon semiconductors, the underlying
crystal lattice is composed of four nearest neighbour tetrahedral bonds. A donor impurity, such
as phosphorus with five valence electrons, can introduce energy levels above F; and donate
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Figure 2.4: The energy band diagrams and number densities for electron and holes for (A-B) an
intrinsic semiconductor, (C-D) an n-doped semiconductor, and (E-F) a p-doped semiconductor. These
subplots have been adapted from [60].

extra valence electrons to the conduction band via ionization. This results in an increase in
electrons and a shift of the Fermi level towards the conduction band. An n-type semiconduc-
tor describes a semiconductor which has been doped to have higher relative concentration of
electrons compared to holes.

An acceptor impurity, such as boron with three valence electrons, can introduce unoccupied
energy levels below F; that may then be filled by other electrons within the valence band. This
ionizes the dopant atom, increases the hole concentration in the valence band, and shifts the
Fermi level towards the valence band. A p-type semiconductor describes a semiconductor which
has been doped to have lower relative concentration of electrons compared to holes.

Figure 2.4 displays the energy band structure and electron and hole number densities for
an intrinsic semiconductor, an n-doped semiconductor, and a p-doped semiconductor. If the
density of donor dopants, NV, is significantly larger than n;, then n ~ N; and p = n?/N,. If the
density of acceptor dopants, NV, is significantly larger than n;, then p ~ N, and n = n?/N,.

Effect of an external bias

The properties described so far for semiconducting materials have been under equilibrium,
without any net current flow. The populations of electrons and holes in a semiconductor can
be varied from equilibrium by exposure to light, or by an external applied bias. For an applied
bias, V/, electron and hole populations relax to quasi thermal equilibrium. The Fermi level
splits by Ay (related to the intensity of the external bias) into separate quasi-Fermi levels for
electrons, /s, and holes, ,:
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Figure 2.5: (A) The energy band diagram showing the splitting of the Fermi level and (B) the number
densities for electrons and holes for an intrinsic semiconductor under a voltage bias.

A/J = Efn - Efp (213)

This approximation may be used since relaxation times within each band is much quicker
than relaxation between bands, resulting in the electron and hole populations having distinct
quasi-Fermi levels and temperatures.

Under a bias, the electron and hole densities are simply Equation 2.9 with £y, and Fj, in
place of Ej:

Efp,—Be Ey—Ey,

n=N.e T | p=N,e *s7T (2.14)

A depiction of quasi-Fermi level splitting under an external bias is provided in Figure 2.5.

2.1.4 Conductivity and mobility

Semiconductor conductivity is directly related to the free carrier densities, n and p, as well as
the carrier mobilities, 11, and 1,
o = q(pan + ppp) (2.15)

where ¢ is the elementary electric charge.

Thus, the material conductivity can be tuned by introducing additional electron or hole
carriers via doping, described in Section 2.1.3.
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The electrical mobility of a carrier is the magnitude of the drift velocity per unit electric
field, E:

9]
S 2.16
r=g (2.16)
The mobility is defined as positive for both electrons and holes, but the drift velocities, v,
will be in different directions with the electric field for the carriers.

The mobility is composed of a variety of contributions from various scattering processes.
These processes can be reciprocally summed:

1 1 1 1 1
i + + + (2.17)

H Mphonon Hdoping Mearrier Mdefect

where [1,1,0,0,, 15 the phonon scattering mobility, /¢4, is ionized impurity scattering mobil-
ity from dopants, /i..icr IS carrier-carrier scattering mobility, and /t,..; is defect scattering
mobility.

Phonon interband scattering tends to decrease the mobility of holes in particular compared
to electrons due to band degeneracy at the valence band edge. This increases the probability
of interband scattering, which reduces hole mobility [63].

2.1.5 Drift and diffusion

The current density, ./, in a semiconductor can be described as the sum of two terms: a drift
current density, /4., and a diffusion current density, Jg;usion:

J = Jdrift + Jdiffusion (218)

The drift current describes the motion of the charge carriers driven by an electric field,
whereas the diffusion current describes the motion of charge carriers driven by a concentration
gradient.

In an electrostatic field, E, the drift current density is described by Jy,;r+ = cE and can be
separated into electron and hole terms:

Jarigt = Jarigtn + Jariftp = q(an + ppp)E (2.19)

Free charge carriers are driven to move in the electrostatic field to reduce their electrostatic
potential energy. The electrostatic field causes a gradient in the vacuum level, conduction band,

19



Chapter 2

and valence band. Electrons drift down the conduction band, while holes drift up the valence
band, travelling in opposite directions and producing current in the direction of the electric
field.

The diffusion current density is instead driven by carrier concentration gradients, Vp and
Vn:
Jdiffusion = Jdiffusion,n + Jdiffusion,p = Q(Dnvn - Dpvp> (220)

where D, and D, are the diffusion coefficients of electrons and holes, respectively. The diffusion
coefficients are proportional to the carrier mobilities, 11, and /1, [59]:

T kT
D, =B p = BB (2.21)

q q
In the presence of a concentration gradient, free charge carriers are driven to minimize their
statistical potential energy by migrating from areas of high carrier concentration to low carrier
concentration.

2.1.6 Generation and recombination

The generation of an excited electron can happen from thermal excitation, but, more impor-
tantly for solar cells, the energy required to transition an electron in the valence band to the
conduction band can be supplied by the absorption of a photon with energy above the bandgap.
Electronic excitation events which promote an carrier from a lower energy state to a higher en-
ergy state are called generation events. Generation events which take place as a result of photon
absorption are referred to as photogeneration.

For photogeneration with photon energy £ > E,, excess carrier energy is lost to lattice
interactions until the excited carrier relaxes to the band edge in a process called thermalization.
A schematic of photogeneration and thermalization is provided in Figure 2.6.

Generation events which excite electrons to the conduction band perturb the equilibrium
carrier concentrations:
n=ng+An, p=po+Ap (2.22)
where 1, and p, are electron and hole concentrations in equilibrium.
Recombination is the loss of electronic excitation through the decay of a carrier from a
higher energy state to a lower energy state. The released energy from this process may be
given up with photon emission, as heat with phonon emission, or as kinetic energy to another

carrier. Both generation and recombination processes can occur from band-to-band, or may
occur with localized states. A few common recombination mechanisms are outlined below.

20



Chapter 2

e
F Yl
. ®
E ‘o ® ® e __——
i l E
_4—--—"_'__—__0—
E
! 9 O O O Surface
S Radiative SRH Auger
@)

Photogeneration

& thermalization Recombination

Figure 2.6: A schematic of photogeneration and thermalization alongside recombination mechanisms
of radiative, SRH, Auger, and surface recombination.

Radiative recombination

Radiative recombination is the process by which an excited electron moves to a lower energy
state and combines with a hole via the emission of a photon (see Fig. 2.6). Radiative recom-
bination, R,,;, may be calculated using:

Rraa(n,p) = Brea(np — n?) (2.23)
where B,,; is a carrier density-independent property called the radiative recombination coeffi-

cient.

For a doped semiconductor, R,,; is proportional to excess minority carrier density. The
minority carrier radiative lifetime for a p-doped semiconductor, 7,,,.,,, is given by:

1
radn — 5 a7 2.24
Trad, Brzszzz ( )

The minority carrier radiative lifetime for a n-doped semiconductor, 7.4 ,, is given by:

1
- 2.2
e B, N (2.25)

Radiative recombination tends to be suppressed in indirect bandgap materials like silicon,
since this recombination process requires additional momentum transfer.
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Auger recombination

In Auger recombination, band-to-band or trap-assisted recombination is accompanied with a
carrier-carrier interaction resulting in the transfer of kinetic energy from one carrier to another.
Two similar carriers collide, causing one carrier to excite to a higher energy level and the other
to recombine across the bandgap (Fig. 2.6). The carrier with increased kinetic energy decays
in time back to the band edge via thermalization.

The rate of Auger recombination, R,,,, is a three carrier process, leading to n*p and np?
carrier concentration dependency:

Raug(n,p) = (Cougn 1+ Caugyp P) (np — nf) (2.26)
where (', are Auger recombination coefficients for electrons and holes.

The minority carrier Auger lifetimes for doped semiconductors are given by:
1 1

Taug,n = y  Taugp =
g Caug,n Nf o Caqup N(g

(2.27)

Auger recombination events conserve energy and momentum and involve the transfer of
momentum between carriers in the process. As a result, Auger recombination is often the
dominant recombination process in high quality indirect bandgap materials such as silicon.

Shockley-Read-Hall recombination

Shockley-Read-Hall (SRH) recombination is a non-radiative recombination process that involves
localized defect or trap states. Carriers can thermalize into localized trap states to recombine
(Fig. 2.6). These trap states can be a result of dopant impurities, or may be related to other
defects such as lattice vacancies.

The rate of SRH recombination, Rszy, through a single trap state can be calculated from:
np — n?
Tsrup(n + 1) + Tsraa (D + pt)

where 75z terms are the minority carrier SRH lifetimes, and 7, is the electron density and p;
is the hole density when the electron Fermi level is equal to the trap energy, F;.

Rsru(n,p) = (2.28)

SRH minority carrier lifetimes can be empirically modelled as doping dependent by using
the Scharfetter relationship [64]:

Tmaz — Tmin
Tsri(Na, No) = Tin + ——F————~5 (2.29)
Nref
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where Tin, Tmaz, 77, and N,.; are fitting parameters for the material.

SRH recombination is not intrinsic to semiconductor crystals like radiative and Auger recom-
bination processes, and can be reduced by having very pure semiconducting crystals. However,
in any realistic environment, some amount of defects will be introduced into crystal lattices
during fabrication and end-use. Highly doped regions of devices will also have higher SRH
recombination rates due to the addition of recombination centers and trap states. When the
defect and impurity densities are sufficiently high, SRH recombination can dominate over the
dominant intrinsic material recombination process (either radiative or Auger recombination).

The above mentioned recombination processes are processes associated with the bulk of
a semconducting material. The effective minority carrier lifetime of the bulk is the inverse
combination of all bulk minority carrier recombination lifetimes:

1 1 1 1
Z = + + (2.30)

T Trad Taug TSRH

The average length a carrier travels before recombination is characterized by the diffusion
length, L, or L,, and relates to the minority carrier lifetime:

L,=+Dyn,, L,=+/D,7, (2.31)

where D,, and D, are the diffusion coefficients for the minority carriers given by Eq. (2.21).

Surface recombination

Recombination processes are also associated with the surfaces and interfaces of materials. At
the surface of a material, there tend to be dangling bonds, which result in localized surface
states within the bandgap that can act as recombination centers for electron-hole pairs (see
Fig. 2.6). Surface recombination is characterized by a surface recombination velocity, S, in
units of em/s:

S = vrQlN; (2.32)
where v7 is the thermal velocity, (2 is the surface area capture cross-section, and /V, is the
density of surface traps.

The surface recombination rate, R,,,, is a form of surface SRH recombination, and can be
calculated in a similar manner:
nepPs — N3
(ns +ne)/Sp + (ps + 1)/ Sn
where n, and p, are the electron and hole densities at the surface of the material.

Rsurface = (233)
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2.1.7 The transport equations

The movement of charge carriers within a semiconductor is determined by light absorption,
current generation, and charge recombination. In order to calculate semiconductor transport
equations, two main principles must be met: the number of electrons and the number of holes
must each individually be conserved, and the electrostatic potential caused by the charge carriers
must follow Poisson’s equation.

The conservation of electron number requires that:

on 1
-t _ — 2.34
T qVJn +G, — R, (2.34)

where ¢ is time, J, is the total electron current density, (-, is the generation rate of electrons,

and R,, is the total recombination rate of electrons. The conservation of hole number takes a
similar form, but with negative elementary charge:

ap 1
a—f == VG- Ry (2.35)

Equations 2.34 and 2.35 are referred to as the continuity equations.

Poisson’s equation relates the electric field, E, to the density of charge carriers in the

material:
V-E:—Vng:g(Na—Nd—kn—p) (2.36)

S

where ¢, is the static dielectric constant and ¢ is the electrostatic potential.

2.1.8 Optical properties

The topic of photon absorption is a rich field, covering band-to-band transitions, excitonic tran-
sitions, inter-band transitions, impurity-band transitions, free carrier transitions, and resonant
transitions with vibrational lattice states. Here, we review briefly some basic equations for de-
termining optical properties of reflection, transmission, and absorption relevant for silicon solar
cells.

The complex index of refraction, 7, describes the refraction and absorption properties of a
material:
n=n,+iK (2.37)
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where 7, is the real component and « is the extinction coefficient. In general, these values
depend on wavelength.

The extinction coefficient determines the absorption of the material, o:

4k
_ 2.38
a S ( )

where ) is the wavelength of light.

The reflection and transmission of light from one medium to another is determined by the
complex index of refraction. The reflectivity, /7, at a plane interface between two materials at
normal incidence can be calculated using the complex index of refraction for each medium:

- ~ 2
ny —ng

R= |- —
ni + No

(2.39)

For solar cells, this calculation is often done between the index of refraction of air (n = 1)
and the top surface material of the solar cell (n ~ 3—4), giving a reflectivity of around 30-40%.
Generally, net reflectivity increases as incident angles become more oblique. Further discussion
on the design of solar cells for reduced light refection is discussed in Section 2.3.

2.2 Photovoltaic energy conversion

So far, we have discussed the generation and transportation of charge carriers in a semiconduct-
ing material. In order to successfully have photovoltaic energy conversion, charge separation
must also occur. The most common method for charge separation in PV devices is via a p-n
junction.

2.2.1 p-n junctions
p-n junctions are formed by the physical contact of two semiconducting materials, one n-doped
and the other p-doped. Their physical contact results in the alignment of the Fermi levels

between the two materials and a shift in the vacuum level. This causes a built-in potential
which is driven by the difference in material work functions, @:

1
o = E(Emc — Ey) (2.40)
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Figure 2.7: (A) A p-doped material, (B) an n-doped material, and (C) a p-n junction.

Vi = q(®p — ) (2.41)

A depiction of the Fermi level alignment and band structure of a p-n junction is provided
in Figure 2.7. In terms of carrier motion, when a p-doped material is placed in contact with an
n-doped material, their carrier concentration differences result in a diffusion current. Electrons
from the n-doped material diffuse towards the p-doped material, leaving behind positive ions.
Holes similarly diffuse from the p-doped material to the n-doped material, leaving behind nega-
tive ions. These ions create an internal electric field near the interface which induces a minority
carrier drift current to balance the majority carrier diffusion current under equilibrium.

The built-in bias resulting from a p-n junction can be calculated from carrier concentrations

N, and N, with:
kT . ( N,N,
Vi = = ln( . d) (2.42)
q

n;

In the depletion approximation, it is assumed that there are no majority carriers located over
a region of w, +w,, around the interface. This region is called the depletion region, or the space
charge region, as labelled in Fig. 2.7. The width of the space charge region can be found using
Poisson’s equation and assuming that the potential outside of this region is constant [59]:

1 265%1' 1 263%@'

Wp = oy | e Wy = ey |
. Ny Q(N%“‘N%)

5 2.43
P N, Q<NLG + Fd) ( )
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Figure 2.8: Schematics of a p-n junction at (A) equilibrium, (B) forward bias, (C) reverse bias, (D)
short-circuit, (E) maximum power, and (F) open-circuit.

Thus, the total width of the space charge region, w,.,, becomes:

2¢, (1 1
Weer = wp —|-wn = \/ ; (N Nd> ‘/bz (244)

with ¢, the static dielectric constant, ¢ the elementary charge, N, the density of ionized ac-
ceptors in the p-doped material, V; the density of ionized donors in the n-doped material, and

Vi the built-in bias.

Wide depletion regions aid in carrier collection, while high doping levels aid in cell voltage.
If doping increases on either the p or the n side, the depletion region shrinks. This is one of
the fundamental compromises in solar cell design.

Another depletion region requirement is that Ey, - Ef, = ¢V = constant in the space-
charge region, leading to:

\4
pn=n; e*sT  for — wp < T < Wy (2.45)
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This holds true under an external bias, V', which splits the Fermi level into £, and Fj,. The
total junction bias is given by V; = V}; — V. When V; < V}; the device is under forward bias,
the depleted region is reduced in width, and the barrier to majority carrier diffusion decreases.
When V; > Vj; the device is under reverse bias, the depleted region increases in width, and the
barrier to majority carrier diffusion increases. This is visualized in Figure 2.8B/C.

2.2.2 Current-voltage characteristics
Under illumination

Under illumination, electron and hole populations increase above their equilibrium values and
reach quasi-thermal equilibrium populations described by Fermi level splitting. Increased minor-
ity carrier concentrations in the depletion region result in a drift current referred to commonly as
the short-circuit current, J,., which is related to the intensity of the illumination light. Fig. 2.8D
shows the band structure under short-circuit illumination.

The short-circuit current of a solar cell is determined by the incident photon flux, ,(£),
and the external quantum efficiency (EQE) of the cell. The EQE characterizes the ability of
the material to convert photons of wavelength )\ into carriers that are collected by an external
circuit. It is the ratio between collected carriers to incident photons. An example EQE curve
is shown in Figure 2.9 for a silicon solar cell. EQE is reduced from an ideal value of EQFE =1
for energies above the bandgap (< 1100 nm in wavelength for silicon) due to reflection off the
surfaces of the solar cell and transmission through the solar cell.

The photocurrent, or J,., can be calculated from:
Jse = q/ ¢,(FE) EQE(E) dE (2.46)
0

To examine the collection efficiency of absorbed photons, reflection and transmission losses
can be removed from the EQE. This is referred to as the internal quantum efficiency (IQE):

IQE(\) = — gg?(jy( 0 (2.47)

where R is the reflectivity and 7 is the transmittance of the solar cell.

The spectral response, SR, describes the relationship between the photocurrent and the
incident spectrum power:
_
~ he

The EQE, IQE, and SR of an example silicon solar cell is provided in Figure 2.9.

SR\ = LEQE() (2.48)
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Figure 2.9: (A) IQE and EQE, (B) spectral responsitivity. The shaded grey background corresponds
to an ideal cell.

Under an external bias

Under an external forward bias, the potential barrier across a p-n junction is reduced (Fig.
2.8B). Consequently, the majority carrier diffusion current increases, injecting minority carriers
into opposite polarity sides of the p-n junction and opposing any generated photocurrent. In
the dark, solar cells behave like diodes, with significantly higher current under forward bias than
reverse bias. The non-ideal diode equation describes the net current flow in the absence of
illumination:

Jaark = Jo <€#‘;T - 1) (2.49)

where J, is the dark saturation current density, and 7 is the ideality factor. In an ideal diode,
m = 1 and there is little recombination in the depletion region and the dark current is diffusion-
dominated. If significant recombination occurs in the depletion region, m can reach a value of
m = 2.

Under illumination and an external bias

The total current under illumination and external forward bias can be calculated by J .+ Jyur-
Since the dark current flows in the opposite direction as J,., the equation becomes:

‘](V) - JSC - Jdark(‘/) = Jsc - JO (emz‘;T - 1) (250)
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Figure 2.10: An example |-V curve for a PV device under illumination. Power is provided by the
purple curve, while current is given in teal. Key |-V curve parameters are labelled.

Figure 2.10 shows an example current-voltage (J-V) curve for a PV device under illumination
and varied forward bias.

The open-circuit voltage, V., is the voltage where light and dark currents cancel, providing
a net current flow of zero. This is visualized in Fig. 2.8F and can be calculated from the ideal
diode equation (Eq. 2.50) to be:

kgT (Jsc )
Vie = B2 In [ 222 41 2.51
. 7 (2.51)

Open-circuit voltage increases logarithmically with illumination intensity and cannot be larger
than the bandgap of the semiconductor.

The device power density, °, depicted in purple in Fig. 2.10, can be simply calculated
by P = JV. The maximum power point describes the peak in PV power production and is
denoted by P, for a current of J,,, and a voltage of V., (Pnp = JimpVimp). Fill factor (FF)
measures the squareness of the J-V curve (shaded area in Fig. 2.10) and can be calculated
from the maximum power point:

Jmp Vi
FFp=""2 TP 2.52
JSC‘/OC ( )

Finally, the power conversion efficiency, 7 of the device is calculated by dividing the output
maximum power by the input illumination power:

. Pmp . Jmpvmp Jsc‘/ocFF

Pine Pine Pine ( 53)
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Figure 2.11: (A) Simplified equivalent circuit of a solar cell with parasitic resistances. Current-voltage
curves of a solar cell with (B) series resistance and (C) shunt resistance.

where P;,. is the power of the incident light.

Solar cell efficiency can be reduced by the presence of series resistance, 7, and shunt
resistance, [7,,. These extra resistances can be added into Equation 2.50:

a(V+JARs) A
) VAR g

J(V> - JSC - Jda'r‘k(v) — Jsc - J() (6 mkgT
Rsh

where A is the active area of the solar cell. The effect of series and shunt resistances on J-V
curve behaviour is visualized in Figure 2.11. Fig. 2.11A shows a simplified equivalent circuit
model of a solar cell with parasitic resistances as labelled.

Effect of illumination intensity and temperature

Figure 2.12A displays the effect of illumination intensity on current-voltage behaviour. As
mentioned previously, short-circuit current scales linearly over the range of non-concentrating
illumination intensity, while open-circuit voltage scales logarithmically. This tends to result in an
increase in cell efficiency with increasing illumination intensity, however series resistance effects
under high light concentration will eventually limit the efficiency of PV devices [59].

Increasing temperature, on the other hand, largely impacts the open-circuit voltage of solar
cells. As temperature increases, the population of intrinsic carriers increases. Dark saturation
current, Jy,,5, increases as a result, which reduces open-circuit voltage. To a smaller effect,
increasing temperature shifts the band-edge towards narrower bandgaps, resulting in an increase
in photocurrent. However, the loss in V/,. out-weighs this photocurrent increase. The effect of
temperature on current-voltage curves and EQE is visualized in Fig. 2.12B&C.
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Figure 2.12: Example effect of (A) varied illumination intensity and (B) varied temperature on
current-voltage curves of a silicon solar cell. (C) Effect of temperature on the absorption band-edge.

2.3 Light trapping

As mentioned in Section 2.1.8, for the interface between two planar materials of air and a
semiconducting surface, the reflectivity in the visible wavelength regime is high, typically around
30-40% [59]. For solar cells, where the short-circuit current is linearly related to the amount of
absorbed incident light, minimizing reflection to maximize semiconductor absorption is critical
to achieving a high efficiency device.

Two main techniques are used in non-concentrating silicon solar cells for increasing semicon-
ductor light absorption: the application of anti-reflection coatings (ARCs) and surface texturing.

ARCs consist of thin-film deposited dielectric layers on the front (and rear) surfaces of the
semiconductor with index of refraction between that of air and the semiconductor. Depending
on the thickness of the deposited layer, the surface reflection can be tuned to minimize at an
optimal point for the solar spectrum. Multiple layers of ARCs can be used to further reduce
reflection over a broader range of wavelengths. The implementation of ARCs in silicon solar
cell designs, can be seen in Section 3.1.

Texturing of the front and rear surfaces of silicon solar cells reduces the net reflection of
light over the silicon absorption range and increases the optical path length of photons travelling
inside the PV device. This increases the probability of photon absorption by causing reflection
and scattering at angles wider than the surface normal.

For light travelling within a semiconductor towards an air-boundary and for any angles
greater than the critical angle, 6., the light will be internally reflected:

0, = sin~! (”—) (2.55)

Nsemi
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Figure 2.13: A schematic showing light trapping effects for various surface textures: (A) flat surfaces,
(B) regular pyramids, (C) random pyramids, and (D) random pyramids with a rear reflector. Note:
texturing is not to scale and arrows trace example ray trajectories. Adapted from [65].

Figure 2.13 shows a schematic of the path of light rays in various textured structures. For
surface texture structures dycziure > A On a semiconducting substrate with dupsirate => dicsture,
light can be treated with ray tracing techniques.

In a perfectly randomizing surface, reflected light rays are scattered equally across all possible
hemisphere angles. This is referred to as a Lambertian surface. In a perfect Lambertian surface,
the ideal path length enhancement is around 50 in silicon [59]. In practice, regular and random
pyramidal textured surfaces are often used in place of Lambertian reflectors due to their relative
fabrication ease. Silicon PV devices are most commonly textured with random pyramids during
fabrication using selective etching acidic baths. The random pyramids introduced by selective
etching typically achieve path length enhancements closer to 10x that of a planar structure [59].

2.4 Efficiency limits

PV devices have limited maximum efficiencies based off fundamental thermodynamic limits
between the emitted solar spectrum of the sun and the solar cell temperature. In 1961, Shockley
and Queisser developed a methodology for determining the ultimate limiting efficiency of a single
junction solar cell on Earth [66]. Here, we briefly outline the modified single-junction efficiency
limit which incorporates the standard solar spectrum, AM1.5G*, and radiative recombination
[59]. This limit is known as the Shockley-Queisser limit, or the detailed balance limit. The
main assumptions of this limit are:

e The sun radiates at a spectrum of AM1.5G with 1000 W/m?.

'The standard solar spectrum of AM1.5G is discussed further in the next section, Section 2.5
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Figure 2.14: The single-junction solar cell detailed balance efficiency limit as a function of bandgap
and wavelength for AM1.5G. A selection of record-breaking efficiency cells and modules as published
in Version 64 of the Martin Green efficiency tables are provided, given by circles and squares [67]. The
bandgap of silicon and GaAs are given by vertical dashed lines.

e The solar cell has a perfect step-wise absorption where all light with 2 > E; is absorbed.

e One photon with £/ > E; generates one electron-hole pair.

e Charges are perfectly separated within the solar cell, with only radiative recombination
losses.

e No potential is lost through external resistances in the circuit, with collected electrons
providing Ap = gV of work to the external circuit.

Given these assumptions, the maximum efficiency limit is dependent on the cell temperature,
7', and the bandgap, £,, according to the following equation from Ref. [59]:
_JV v
" Pinc Pine

0 Joe — Jo(e?V/kaT _ 1)] (2.56)
where both the J,. and J, terms are dependent on the bandgap energy. The net current
generated by the solar cell is the result of the difference in absorbed photon flux and the
emitted photon flux. A peak in the maximum efficiency limit as a function of 7, can be found,

demonstrating the fundamental trade-off between absorbed current density and maximum power
operating voltage.
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Figure 2.15: (A) The spectral irradiance emitted from a 5800 K blackbody radiator, the extrater-
restrial solar spectrum, AMO, the standard solar spectrum AM1.5G, and the direct-beam component
of AML.5. An inset schematic demonstrates the definition of various AM spectra. (B) The spectral
irradiance of the sun under various AMs. Plotted spectra have been generated using SMARTS [68].

Figure 2.14 shows a plot of the limiting efficiency of a single-junction, non-concentrating
solar cell as a function of device bandgap energy. Vertical dashed lines show the bandgaps of
silicon and GaAs. Current record breaking efficiencies for a few select technologies are displayed
for both record breaking cells (circles), and recording breaking modules (squares).

2.5 Solar resource

In order to have a better understanding of the capabilities of solar cells to generate current, we
must consider the source of illumination - our neighbourhood Sun.

The sun radiates energy primarily from the ultraviolet (UV) to the infrared (IR), peaking in
the visible wavelength region. The emitted spectrum of the sun can be modelled as a blackbody
radiator with a characteristic temperature 7, ~ 5800 K. A blackbody radiation spectrum is
displayed in Figure 2.15A with an example extraterrestrial spectrum of the sun given by AMO.
The blackbody radiation spectrum is reduced by the subtended angle of the sun on Earth. The
sun deviates from an idealized blackbody model due to photon absorption within the sun from
atoms, ions, and in rare cases molecules. The chemical species present in the sun (primarily
hydrogen, helium, with small amounts of carbon, nitrogen, oxygen, calcium, silicon, and iron)
result in specific absorption features, indicating electronic transitions.
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Given the angle the sun subtends in Earth’s sky, the amount of radiation received just
outside the Earth’'s atmosphere (AMO0) is relatively constant, around 1360 W/m? [69, 70].
Further attenuation occurs as sunlight passes through the Earth’'s atmosphere and scatters and
absorbs. The amount of attenuation depends on a variety of factors: the season of the year and
time of day, the location latitude, and variations in atmospheric constituents, and sky conditions
(clouds, aerosols, water vapour).

Air mass (AM) quantifies the path length of sunlight through the atmosphere normalized
to the path length when the sun is at a zenith angle of 0° (directly overhead). Standard
solar spectra have been defined based off AM to facilitate comparisons between PV devices.
For terrestrial applications, the standard solar spectrum is AM1.5G, where the 'G’ refers to
global radiation, including both direct and diffuse components. AM1.5D, on the other hand,
is the standard solar spectrum for only direct radiation. AMO is the standard solar spectrum
for extraterrestrial applications without atmospheric attenuation from the Earth [70]. These
solar spectra are plotted in Fig. 2.15A. Some of the main absorption features of the Earth's
atmosphere can be seen in the solar spectra for AM1.5G and AM1.5D. Water and CO, in the
atmosphere cause significant absorption features in the near IR from 900 nm to 2600 nm.

AML1.5G is defined by when the sun is at a zenith angle of 48° with the receiving surface
at a tilt of 37°, and scaled to an irradiance of 1000 W/m?. These values were chosen to
represent an average location in continental USA [70]. However, the AM of the sun varies
throughout the year, depending on location, time of day, and season. Fig. 2.15B shows the
solar spectra for higher AMs, corresponding to lower solar elevation angles. Higher AM leads to
significant attenuation in the solar spectra and a shift in spectral content towards the near IR.
This means that though PV devices are optimized, tested, and rated at AM1.5G, in practice
device efficiencies can vary quite significantly depending on the illumination conditions of the
deployment location.

2.5.1 Irradiance components

The electromagnetic radiation emitted from the Sun and incident on Earth's surface is often
measured and quantified by three common metrics in the PV field: direct normal irradiance
(DNI), diffuse horizontal irradiance (DHI), and global horizontal irradiance (GHI). A schematic
of these irradiance components is presented in Figure 2.16. DNI quantifies the amount of solar
radiation received per unit area by a surface perpendicular to the sun's position in the sky.
This value typically includes circumsolar radiation, defined often as a 2.5° radius circle centred
on the sun [71]. DHI, on the other hand, characterizes the amount of radiation arriving on a
flat-plane surface that does not come directly from the sun and has been scattered by particles
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Figure 2.16: Components of solar irradiance: (A) DNI, (B) DHI, (C) GHI.

and molecules in the atmosphere. These two quantities together form the GHI, with the GHI
being defined for a surface horizontal on the Earth's surface, as pictured in Figure 2.16C.

Thus, the GHI is calculated from the following equation, accounting for varied solar position
for the measurement of DNI:

GHI = DHI + DNI cosf (2.57)

In this equation 6 is the solar zenith angle, the angle subtended by the sun’s position in the
sky and a vertical line normal to the Earth's surface, as labelled in Figure 2.16A.

2.5.2 Albedo

Ground-reflected irradiance can also compose a significant portion of incident irradiance on PV
systems, particularly for bifacial PV systems [72]. In the photovoltaic world, albedo quantifies
the reflectance of the ground over all possible solar angles by comparing upwelling to down-
welling irradiance [73]. This is typically done by measuring broadband solar radiance with two
pyranometers, one facing up towards the sky (as is done to measure GHI) and the other facing
towards the ground. Albedo, a, is then calculated as the ratio between these two values, with
values expected to fall between 0 (totally absorptive ground) and 1 (totally reflective ground):

a=GUI/GHI (2.58)

where GUI refers to global upwelling irradiance measured by the pyranometer facing towards
the ground [73]. Figure 2.17 shows an example measurement set-up for determining albedo”.

2Sky-facing pyranometers are recommended to be heated with sufficient power to melt any potential snow
accumulation, as can be seen in Fig. 2.17B. This meteorological station contains a separate heated GHI sensor,
not depicted, which is used for calculating albedo.
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Figure 2.17: The albedometer set-up at the E-W vertical test-site in Fairbanks, Alaska, maintained
by the Alaska Center for Energy and Power. Photo credit: William Fisher.

Albedo is commonly measured as a broadband value over the solar spectrum, but may also
be measured per wavelength to get a spectral albedo. Broadband albedo, a;,, can be calculated
by integrating the measured spectral albedo, A()\), by the standard solar spectrum of AM1.5G
over all available wavelengths, A:

[ AQ) AM15G(A) dA
W= T T AMLSG(N) dX

(2.59)

Figure 2.18 below shows the spectral and broadband albedos for fresh snow, green grass, dry
grass, and soil, given by solid and dashed lines, respectively. The albedo of soil is plotted using
data from the Simple Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS)
database [68] and the remaining albedos are digitized from Ref. [74]. As we will see in later
chapters, the effect of albedo can be substantial for bifacial PV performance.

2.6 Drift-diffusion modelling

To model the performance of practical photovoltaic devices with non-radiative recombination,
surface texture, multiple layers, doping gradients, and 2D or 3D structure, optoelectronic drift-
diffusion models for semiconducting materials may be used. Here, we provide a basic outline
of drift-diffusion modelling via Synopsis Sentaurus technology computer-aided design (TCAD),
necessary to understand the background of the device physics modelling done in Chapter 5.
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Figure 2.18: Spectral and broadband albedos of fresh snow, dry grass, green grass, and soil [68, 74].

Sentaurus is a modelling package for simulating optoelectronic semiconductor devices using
finite element and finite difference methods.

Sentaurus relies on a number of packages to perform various tasks in a device simulation.
A typical tool flow is depicted in Figure 2.19, indicating the flow of input and output files.

The Epi tool generates an epitaxially layered device by assigning materials, layer thicknesses,
and doping concentrations. The MatPar tool assigns remaining material parameters according
to detailed material parameter files, including parameters such as doping-dependent mobility,
recombination coefficients, and density of states. The Structure Editor tool creates contacts on
the material stack and generates a mesh, discretizing the regions according to user commands.
The mesh density is typically non-uniform throughout a simulation to optimize solution time and
ensure accuracy in regions with strong potential gradients and optical generation. The Sentaurus
Device tool performs the main analysis, using input files describing the device structure, material
properties, and simulation mesh.

Sentaurus Device solves for J-V curves by first computing Poisson’s equation (Eq. 2.36) to
determine carrier density under equilibrium. Optical generation given a defined input spectrum
is then calculated, followed by steady state electrostatic potential and carrier concentrations
using Poisson’s equation and electron and hole continuity coupled partial differential equations
(Eq. 2.34, 2.35, 2.36). These equations are solved numerically over the mesh while stepping
through a voltage sweep. EQE can also be calculated in this tool by solving the drift-diffusion
equations as a function of wavelength [76].

Results of the simulations done in Sentaurus Device can then be plotted and exported using
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Figure 2.19: Workflow of Sentaurus tools and input and output files, adapted from Ref. [75].

40



Chapter 2

Sentaurus Visual.

For a detailed example of simulating a simple p-n junction silicon solar cell in 1D in Sen-
taurus, please refer to Chapter 3 of of Ref. [75].

In this thesis, the workflow for simulating solar cells in Sentaurus is more complicated than
the picture provided in Figure 2.19. Figure 2.20 outlines the simulation workflow used in this
thesis. In order to accurately model bifacial solar cells, which have dual-sided textured surfaces,
the computation of optical generation must be calculated first in 3D. This 3D computation
involves using a Monte Carlo ray tracing approach with thin-film transfer matrix method (TMM)
boundary conditions to handle micron-scale surface textured structures with nanometer-scale
conformal thin films. Optical generation must be calculated for both front illumination and
rear illumination conditions, and are considered to be linearly additive for when the solar cell is
simultaneously illuminated from both sides.

The optical calculation is computed on the smallest repeating unit cell to reduce computa-
tional time. A process for converting the resulting 3D generation profile into a 1D profile that
can be used for lower-dimensional electrical simulations is described in detail in Refs. [77,78].
The example Sentaurus project for a monofacial single-sided textured silicon solar cell in Ref. [77]
was modified by the author of this thesis to function for bifacial dual-sided textured solar cells.
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Figure 2.20: A schematic workflow of Sentaurus drift-diffusion modelling for textured bifacial solar
cells.
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Fundamentals of bifacial photovoltaics

Bifacial PV collects light on both faces
To enhance energy yields.
There are gains in many places
Especially snow-covered fields.

Modifications to traditional designs
Are minimal but required.
New modelling guidelines

Are under-development and desired.

ok sk

Beyond the semiconductor and solar cell physics presented in Chapter 2, additional cell and
system-level design considerations must be understood for a broader understanding of their
practical application. For this thesis in particular, bifacial photovoltaic designs are discussed.

Bifacial photovoltaics collect light on both front and rear faces by exposing rear-side semi-
conducting material to light absorption. The first bifacial solar cell design was filed for patent
by Hiroshi Mori in 1961 [79]. In the decades following, bifacial solar cells were investigated
for use in both terrestrial and space applications [80, 81], with researchers noting the potential
cost-benefits of this additional rear-side absorption [81]. Mass commercialization of bifacial
modules has now been underway since the 2010s, with bifacial module manufacturing exceed-
ing monofacial manufacturing capacity in recent years to now compose between 80-90% of the
world solar cell market share [41].
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Figure 3.1: Irradiance sources for bifacial PV systems.

Figure 3.1 shows a sketch of a bifacial module, as viewed from the rear. Direct-beam,
diffuse, and ground-reflected light can be absorbed on both front and rear faces. This additional
absorption results in a bifacial gain, B:

o EY;)Z - EYmo

B
EY0

(3.1)
where F'Y); is the energy yield of a bifacial module or array and E'Y,,, is the energy yield of

an equivalent monofacial module or array. Bifacial gain is often also reported and calculated
optically, using incident plane-of-array irradiance [82].

The energy yield bifacial gain of a PV system is fundamentally limited by the bifaciality of
the underlying solar cell design. The International Electrotechnical Commission (IEC) Technical
Specification 60904-1-2:2019 defines the measurement procedure for bifaciality coefficients ¢ ..,
©voe, and ©p,,, [83]. Bifaciality coefficients are determined by measuring front-illuminated and
rear-illumination current-voltage curves under Standard Test Conditions (STC) (1000 W/m?,
AML1.5, normal incidence, and 25°C):

Jsc,r

sc — 3.2
PJ oot (3.2)
‘/oc r
oc — 7 3.3
v Voo s (3:3)
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Pmp,r
Pmp,f

(3.4)

PPmp =

where subscripts r and f refer to rear-illumination and front-illumination, respectively. On
module manufacturing sheets often only ¢p,,, is reported.

Bifaciality coefficients typically fall between 60-90% due to semiconductor device properties,
differences in rear-side metallization patterns, and, in the case of full modules, other rear-side
obstructions such as junction boxes [84]. High bifaciality factors may be achieved through the
use of high quality c-Si substrates and high-symmetry device design, however, solar cells are
designed for optimal performance under front-side illumination, where most light is incident.
This often leads to bifaciality factors <1.

Including the solar cell design and associated bifaciality coefficients, the bifacial gain of a PV
system also depends on a number of system-design and environmental factors. These include the
mounting geometry (height, tilt, row-to-row separation, frames), rear-side mounting structure
(racking, torque tubes), ground albedo and spatial homogeniety, array design and size, sky
conditions, near-by obstructions, and geographical location [85]. Given the wide range of factors
that can influence bifacial gain, typical reported values fall in the range of 5-30% [74,86-88],
but may be >50% in some cases [80, 89].

In the following sections, the design of common bifacial solar cells, modules, and systems
are discussed followed by an introduction to system-level bifacial modelling.

3.1 Solar cell design

The basic components of 1-junction silicon solar cells are a bulk n-doped or p-doped silicon
substrate, emitter, back surface field, ARC, and metallization in the form of busbars and fingers.
Bifacial solar cells enable the collection of rear-side light by using a metallization pattern of
fingers and busbars on the rear-face, in place of the full-surface rear-side metal contact used
in monofacial cells. Some common present and historic bifacial silicon solar cell designs are
provided in Figure 3.2.

For many decades, Al-BSF technologies dominated the silicon solar cell market, using mc-
Si p-doped substrates with aluminium doping by the rear-side metal contacts to form a back
surface field [91]. Bifacial versions of these cells were developed as early as the 1980s [92]. With
the dropping cost of high-quality c-Si wafers, PERC technologies entered the market, including
bifacial PERC technologies in 2017 [86]. PERC structures have been explored on both p-doped
and n-doped substrates [93].
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Figure 3.2: A schematic of common monofacial (A-D) and bifacial (E-H) silicon solar cell designs:
(A,E) AI-BSF, (B,F) PERC, (C,G) SHJ, and (D,H) TOPCon. Rear-side morphology is shown as
textured in all cases, but monofacial designs may be polished flat [90].

Bifacial

p-type PERC | n-type PERC | SHJ TOPCon
Bifaciality (%) 60-75 85-90 90-95+ 80-90

Table 3.1: Bifaciality of select modern silicon solar cell technologies.

Figure 3.2 also displays some emerging high-efficiency n-type substrate designs, namely
SHJ and TOPCon. SHJ designs (also commonly referred to as heterojunction with intrinsic
thin-layer (HIT)), were first introduced in 1997, with the patent opening to the public in 2010,
resulting in recent adoption [94]. SHJ cells consist of a c-Si substrate with thin-film doped
hydrogenated amorphous silicon (a-Si:H), thin-film intrinsic a-Si:H, and transparent conducting
oxide (TCO) layers on both front and rear faces [95]. Similar to how SHJ cell designs improve
bifacial solar cell efficiencies via surface passivation with a-Si:H, TOPCon cells improve rear
surface recombination by introducing contact passivation with an ultra-thin layer of silicon
dioxide and a thin layer of doped poly-silicon [96]. SHJ and TOPCon solar cell technologies
have achieved record monofacial efficiencies between 26-27% to date [97,98]. With better
quality c-Si substrates and new techniques for passivating surfaces, bifacial cell efficiencies have
approached that of monofacial cell efficiencies.

The typical range of bifacialities of modern bifacial solar cell structures is provided in Table
3.1, with values based off Ref. [94] and Ref. [86].
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Figure 3.3: Module components and layers for monofacial and bifacial modules.

3.2 Module design

Solar cells are electrically connected in series and parallel and then packaged to make PV
modules. Modules typically consist of three strings of cells, each containing a bypass diode,
as visualized above the module in Figure 3.4. Bypass diodes protect individual solar cells from
entering reverse bias breakdown. Current is able to flow through a bypass route in the diode in
the scenarios where module shading would otherwise cause high reverse biasing.

After electrical connection, solar cells must be encapsulated using an encapsulant such as
ethylene-vinyl acetate (EVA) or a polyolefin elastomer (POE), and then structural support and
rigidity is supplied by application of heat-strengthened or tempered glass. For monofacial mod-
ules, an opaque rear-side backsheet is used to seal the module within an aluminium frame. In
the case of bifacial modules, this opaque backsheet is replaced with either a transparent back-
sheet or another layer of heat-strengthened glass (referred to as glass-transparent backsheet,
or glass-glass modules, respectively). Figure 3.3 shows the main layers and components of
monofacial and bifacial PV modules. A junction box contains the electrical wiring connections
for the module, and is often placed on the rear-side of modules. The optimum design and
placement of junction boxes for bifacial PV is an active area of research [99, 100].

Modules with half-cut cells are being adopted by industry, where solar cells are diced and
connected in series. This reduces resistive losses in the module string, and can create a module
which is more tolerant to non-uniform illumination [101]. However, unpassivated raw cell edges
can also result in power loss if the edge-to-area ratio becomes too high [101].

Frameless modules have also been explored in recent years, as these modules reduce self-
shading. Frameless modules, however, can come with mechanical and durability challenges
[102].
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Figure 3.4: Diagram showing how PV cells get packaged into modules which then become deployed
PV systems. Bypass diodes are shown above the module for illustrative purposes.
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Figure 3.5: Schematic diagram of various portrait and landscape PV mounting architectures, with
varying tier number.

3.3 System design

PV systems are composed of a series of electrically connected modules, with the modules
composed of electrically connected PV cells. This is visualized in Figure 3.4.

Modules are commonly mounted in PV systems in a few different configurations: “in por-
trait”, “in landscape”, and with or without multiple tiers. Some example configurations are
shown in Figure 3.5. For example, a “l-in-portrait” or 1-P PV system refers to a single level
of modules mounted with their short-side closer to the ground. A “2-in-landscape” or 2-P
system refers to two tiers of modules mounted in the same row with their long-side closer to
the ground.
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Figure 3.6: Common PV system configurations. (A) A south-facing fixed-tilt site located in Lule3,
Sweden, photographed by the author. (B) A SAT site located at Michigan Technological University
[103]. (C) A DAT site located in Fairbanks, USA [104]. (D) A east-west vertical bifacial site located
in Luled, Sweden, photographed by the author.

PV systems may either be mounted at a fixed-tilt, or in a configuration that allows for
sun-tracking, depending on factors such as the projected levelized cost of electricity, available
land, and reliability concerns. Some common PV configurations with example site photographs
is provided in Figure 3.6.

Fixed-tilt systems are commonly deployed facing the equator (south-facing in the northern
hemisphere, north-facing in the southern hemisphere) at a tilt from horizontal around the
location latitude. This leads to a peak in PV production at solar noon. Fixed-tilt systems
may also be deployed in various other configurations, including being mounted at low tilt on
roof-tops, against the facades of buildings, or even vertically like a fence. East-west oriented
bifacial vertical fixed-tilt PV systems have been deployed in recent years in small-scale arrays of
<1 MW. E-W vertical systems offer some potential advantages compared to traditional equator
facing fixed-tilt designs, discussed further in Section 4.4 and Chapter 6.

For tracked PV systems, modules must be mounted on rotating racking structures. In the
case of horizontal single-axis trackers (SATs), modules commonly rotate from the east to the
west along a torque tube, resulting in a horizontal tilt at solar noon. Double-axis tracker (DAT)
systems introduce an additional degree of freedom to track the sun similar to a sunflower.

Example PV production curves throughout a day for these system configurations is modelled
and plotted for reference in Figure 3.7 for a clear-sky day in June in Whitehorse, Yukon. Energy
yield is modelled in Dual-sided Energy Tracer (DUET) [105] for a central module in a utility-
scale array using typical meteorological year (TMY) data from the Canadian Weather-year for
Energy Calculation (CWEC) database. All modules are bifacial with a bifaciality of 75%.
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Figure 3.7: Clear-sky day PV module production curves for a south-facing latitude-tilt fixed-tilt

system, E-W vertical system, SAT system, and DAT system for June 15th in Whitehorse, Yukon.

Energy yield is normalized to peak with the DAT production peak. All systems are modelled as
bifacial.

The DAT PV production curve acts as a rough envelope for the maximum possible energy
yield due to tracking. In practice, rotation limits and sub-optimal tracking practices on non-
flat terrain or during cloudy days can reduce this modelled envelope [106]. Due to reaching
a horizontal tilt at solar noon, which increases cosine losses, the SAT energy yield slightly
decreases at solar noon. Both the DAT and fixed-tilt systems experience an energy yield peak
at solar noon. E-W vertical systems, as a contrast, experience two peaks during daily clear-
sky operation: one in the morning associated with sunrise in the east, and one in the evening
associated with sunset in the west. SAT system production similarly remains high in the morning
and afternoon due to east-west rotation capabilities. As a final note, vertical PV production
reaches a minimum at solar noon due to grazing angles-of-incidence on the vertical modules
leading to large reflection losses.

3.4 System modelling

Modelling of PV systems is critical for the design, financial analysis, and monitoring of PV
deployments. The modelling of bifacial PV is particularly challenging due to the need for robust
methodologies for capturing the optical and electrical effects of rear-side irradiance. This is a
complex problem due to the inhomogeneous spread of irradiance over module surfaces, which
is particularly prevalent for the rear-face in tilted or tracked systems [85]. Rear-side electricity
production is not simply proportional to optical gain either, it is reduced by the bifaciality factor
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of the module (described by Egs. 3.2, 3.4, and 3.3) and can further incur electrical mismatch
losses in the system [107]. Rear-side shading and irradiance will change over the course of a
day, season, and depending on location and surrounding environment.

3.4.1 Sky models

In order to calculate the amount of incidence plane-of-array irradiance on the front and rear
faces of bifacial modules, a method for translating measured GHI, DNI, and DHI is required.
If measurements of DNI and DHI are not available, decomposition models using measured GHI
may be used [108, 109].

The modelling of diffuse-sky contributions to plane-of-array irradiance is particularly complex
due to the wide range of sky conditions that can occur to generate a measured value of DHI,
and diffuse radiation is, by nature, not well-defined to a specific location. Thus, diffuse sky
models are required to simulate the distribution of DHI across the sky-dome.

Many models exist for simulating the distribution of diffuse irradiance across the sky [110],
however, by far the most common sky models employed by PV modelling platforms are either
the 1993 Perez sky model [111] or the 1990 Perez sky model [112]. In both models, the diffuse
sky is separated into three main components: a circumsolar region, a horizon region, and the
remainder of the sky dome. These irradiance components are visualized in Figure 3.8. The
total irradiance of the diffuse sky, when summed, is equal to the DHI.

In the more recent version of the Perez model (1993), cloudy conditions are accounted for
by adjusting five empirical coefficients describing the luminance distribution for different sky
clearness indexes [111]. The coefficients adjust the relative intensity and shape of the horizon-
zenith gradient, the circumsolar region, and the effect of backscattered light off the surface of
the Earth. These coefficients were determined using measured sky scans in Berkeley, California.
It has been shown that locally-optimizing the Perez model coefficients can significantly improve
model accuracy [110].

3.4.2 Irradiance transposition models

Techniques for calculating irradiance transposition given a diffuse sky model and measurements
of GHI, DNI, DHI, fall into three main categories: empirical models, view factor (VF) models,
and ray tracing models. As we will see in Section 3.4.4 for the DUET model, there may be
other techniques outside of these three main categories as well, though they are less common.
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Figure 3.8: A schematic of the Perez sky model with beam irradiance, circumsolar irradiance, isotropic
diffuse irradiance, and horizon brightening effects labelled.

Empirical models

Empirical models may be used to calculate PV plane-of-array irradiance by relating measured
irradiance components (GHI, etc.) to incident module irradiance using experimental data. Some
empirical PV models exist for predicting bifacial gain, requiring a simplified set of inputs such
as only albedo, clearance height, module tilt, and ground coverage ratio [84]. While useful for
their simplicity, empirical models cannot compete with the accuracy of models which require
more thorough inputs and model the specific geometry, electrical parameters, and locations of
PV deployments.

View factor models

View factor models calculate the radiation transfer between two surfaces, with the “view factor”
being the fraction of emitted energy from one surface which is incident on the other [113,114].
This is visualized in Figure 3.9A. In a 2D view factor model, the radiation transfer is calculated
in a reduced dimension by assuming rows of modules are of infinite extent. This allows for
fast computation time and is suitable for studying the performance of central PV modules
within utility-scale arrays. Several PV modelling platforms make use of 2D view factor models
for calculating bifacial PV performance, including PVSyst [115], the System Advisor Model
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(A) View Factor Method (B) Ray Tracing Method (C) Finite-Element Method

Figure 3.9: Visualization of (A) view factor methodology, (B) ray tracing methodology, and (C)
finite-element methodology for irradiance transposition.

(SAM) [116], and bifacialVF [117]. 3D view factors, on the other hand, solve numerically the
radiation transfer between surfaces to capture the effects of finite array size, demonstrated in
Ref. [118] and Ref. [119].

Examples of view factor calculations for some example simple surfaces may be found in
Ref. [84] and Ref. [120].

Ray tracing models

Ray tracing algorithms rely on the concept of light 'rays’ where individual light ray reflection,
transmission, and absorption properties are traced within a 3D scene. The geometry of the
3D scene must be constructed given user inputs, and material properties governing reflection,
transmission, and absorption are assigned to each object within the scene. Backwards ray
tracing algorithms may be used to map the irradiance transfer outward from objects of interest.
This method decreases computation time by focusing on sampling ray paths relevant to the
object of interest [121]. A simple visualization of backward ray tracing is shown in Fig. 3.9B for
a PV system. The 3D nature of ray tracing techniques allows for modelling edge effects and the
effects of complex shading structures, particularly relevant for rear-side irradiance calculations
with racking.

Ray tracing models have been implemented for the PV field in, for example, bifacial_radiance
[122] and SunSolve Yield [123]. Due to computational complexity, ray tracing simulations
require the use of high performance computers or cloud computing capabilities.

53



Chapter 3

3.4.3 Electrical models

In addition to the plane-of-array irradiance calculated using irradiance transposition models,
another critical input parameter for modelling PV system energy yield is the solar cell operating
temperature.

A variety of PV thermal models exist in the PV field. A few common empirical temperature
models are the nominal operating temperature (NOCT) model [124], the Faiman model [125],
and the Sandia model [126]. In the NOCT model, operating cell temperature, 7., is calcu-
lated to linearly increase with incident irradiance, (7, given the module manufacturer reference
temperature, Tyocor:

(Tvoct — 20)
800
where T',,,, is the ambient temperature of the outdoor PV deployment, and 7'yocr is measured

under 800 W/m? with ambient temperature 20°C and wind speed of 1 m/s.

Tcell - Tamb + G (35)

In the Sandia model, a distinction is created between the module operating temperature,
T'.04, @s measured from the module glass, and the underlying solar cell temperature. The cell
operating temperature is then calculated as a function of plane-of-array irradiance, ambient
temperature, wind speed, ©,, and two empirical coefficients, a and b. Coefficients a and
b correspond to either open-rack or roof-mounted systems, and either glass-glass or glass-
backsheet packaging [126]. The equation for determining cell temperature with the Sandia
model is:

G

Tce - Tam atbow
1 s+ G+ To00

AT (3.6)
where AT=3°C for bifacial modules.

The Faiman model also relies on two coefficients, U/, and U;, corresponding to a constant
heat transfer coefficient and a convective heat transfer coefficient, respectively [125]. Cell

temperature is calculated as:

G
Toott = Ty + ————— 3.7
. b+%+m% (3.7)

where values of U, and UU; are available for seven different types of glass-backsheet modules
[125].

A few simple models for computing the electrical output of PV models given plane-of-array
irradiance and operating temperature exist. In the approach applied by PVSyst [113,114], a
single-diode model is used to determine maximum power where the current is determined simply
by the product of the incident plane-of-array irradiance and a solar cell technology responsivity.
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Additional loss factors, such as electrical mismatch and soiling, must be applied following this
calculation.

In PVWatts [127], the DC power of the PV array is calculated given the module nameplate
power rating, P,.:.q, and efficiency temperature coefficient, +:

= O Prea [+ (Toa — 25)] (39)
where P,,;.q is measured at STC with 1000 W/m? and 25°C. Similar to PVSyst, loss mech-
anisms, such as shading, soiling, snow accumulation, mismatch, and degradation, are applied
given default or user-defined values [127].

Pdc

PV module current-voltage behaviour can instead be determined more accurately by cal-
culating individual IV curves for the module cells and following Kirchoff's Laws. For example,
PVMismatch is a python package which computes module IV curves from cell IV curves by
appropriately summing cell IV curves in parallel and series, based on PV equivalent circuit the-
ory [128,129]. Cell current-voltage behaviour is modelled using either a 1-diode model (Eq.
2.50 or Eq. 2.54), or a 2-diode model. In the 2-diode approach, recombination is accounted
for by having two 1-diode terms, one with an ideality factor of 1 and the other with an ideality
factor of 2. In this model, bypass diodes are treated as perfect conductors in the case when the
cell substring voltage is less than the bypass diode trigger voltage and perfect insulators other-
wise. Modelling approaches, such as that employed by PVMismatch, can account for effects of
shading and irradiance non-uniformity and thus, do not rely on user-estimates or default values.

In this thesis, modelling is completed on individual modules situated within larger PV arrays.
For modelling the power output of multiple strings of modules or full arrays, further calculations
can be done to combine module IV curves and account for effects such as maximum power
point tracking algorithms and DC-to-AC conversion.

3.4.4 Select bifacial photovoltaic models

The bifacial PV models employed in this thesis are briefly described below. Table 3.2 summarizes
some key capabilities of the models, including versions used throughout thesis simulations and
a comparison of computation time. With the exception of DUET, models have been used solely
for their optical capabilities.

PVSyst

PVSyst is a commercial PV software package used commonly in the PV industry to model system
performance and determine system sizing for stand-alone and grid-connected systems [115].
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PVSyst bifacialVF | SAM bifacial_radiance | DUET

Main algorithm 2D VF 2D VF 2D VF Ray tracing 3D finite-
element

Spectral albedo X X X v X
Specular reflections | X X X v X
Rear-irradiance non- | X v v v v
uniformity
Rack shading Ve X X v v
Edge effects X X X v v
Data resolution Hourly Sub-hourly | Sub-hourly | Sub-hourly Sub-hourly
Albedo resolution Monthly Sub-hourly | Sub-hourly | Sub-hourly Sub-hourly
Speed <ls 3s <ls 6s 6s
(time/timestamp)?
Version used v7.4.8 v0.1.8.1 v4.2.0 v0.4.2 v0-research

Table 3.2: Bifacial photovoltaic models.

PVSyst uses a 2D VF approach coupled with a single-diode module model to calculate PV
system performance. Loss factors, such as electrical mismatch, soiling, and rear-irradiance
non-uniformity, are applied in the model using user-defined or default correction factors.

bifacialVF

BifacialVF is an open-source python-based bifacial PV software developed by NREL for cal-
culating optical properties of PV systems under infinite row length assumptions [117]. The
model uses a 2D view factor approach for solving 1D linescans of front and rear plane-of-array
irradiance per timestamp, based off user-input geometry and weather files. Some electrical
modelling abilities are possible using a bilinear interpolation code add-on [130, 131], available
on the bifacial VF GitHub.

1Speed test was completed on a Windows 10.0 Dell OptiPlex 7020 computer with an Intel Core i5-4690
processor (4 cores) and 16GB of RAM.

2Rack shading is not calculated by the program, but can be implemented by defining a structure shading
factor.
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The System Advisor Model

SAM is a performance and financial model developed by NREL used to simulate a variety of
energy systems, including PV, wind, geothermal, battery, and hybrid systems [116]. PV mod-
elling is completed using a 2D view factor model. Grid-tied electrical modelling is then carried
out using PVWatts [127] based off user or library-defined module and inverter specifications.

bifacial_radiance

Bifacial_radiance is an open-source python wrapper using the ray tracing software RADIANCE
which calculates non-uniform 2D irradiance profiles on the front and rear sides of PV modules
within a 3D scene [122]. Developed by NREL, bifacial_radiance can evaluate the 2D irradiance
profiles of any select module within a user-created PV array, including effects such as rack
shading, nearby obstructions, and edge-effects. The RADIANCE ray tracing algorithm uses a
backwards ray tracing approach with rays generated stocastically using a Monte Carlo algo-
rithm. Bifacial_radiance uses PVMismatch software for computing power output and electrical
mismatch [128,129].

DUET

DUET, developed internally by the University of Ottawa with lead development by A. Russell
[105], is a 3D PV performance model which uses a numerical finite-element method to solve
3D view factor algebra. Irradiance transposition is calculated by segmenting the 3D scene,
including the sky, ground, and PV array, into a mesh of elements, as visualized in 3.9C. Radiation
transfer is calculated between, for example, the ground and the rear-side of a bifacial module by
calculating the summation of partial view factors from all ground elements to all rear-module
surface elements. Details on these calculations can be found in Ref. [120].

3D shading calculations are completed in the model using a ray-intersection algorithm, which
verifies whether the path between emitting radiation elements and non-emitting elements in the
scene are blocked by shading objects, such as the module frame or racking [105]. The emitted
ray can be completely or partially blocked by the shade object, depending on the material
transparency.

Electrical behaviour is solved using an approach similar to the 1-diode |V summation ap-
proach described for PVMismatch in Section 3.4.3. STC short-circuit current is solved by
multiplying the total incident power on the module by the module bifaciality and responsivity.
Correction factors which account for variations in spectrum can be applied at this stage. The
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current is then adjusted according to the current temperature coefficient of the module and
the operating cell temperature. Operating cell temperature can be calculated in DUET using
the NOCT, Faiman, or Sandia models described in Section 3.4.3. Current-voltage curves are
then calculated using a 1-diode model as in Eq. 2.54, and cell IV curves are combined using
equivalent circuit theory to determine module IV curves.

DUET can model the effects of half-cut cells as well as varying internal electrical wiring
schemes on output module power. Dynamic optical and module IV curves are computed for
each timestamp given user-input weather and solar resource files. Typically, calculations of
energy yield are computed using TMY data. Annualized and per timestamp PV performance
metrics, such as calculated plane-of-array irradiance, bifacial gain, electrical mismatch, and

energy yield, are output into data files. Figure 3.10 summarizes the main simulation workflow
in DUET.
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Set desired inputs — location, array design, module electrical parameters;
Input solar resource and environmental data files.

I_) Compute static array geometry;

Mesh sky, ground, and module-under-test surfaces;
DUET Compute static optical model
SUNLAB '
Time-Dependent Calculations ‘l

r Sun position 1

Perez sky model 1 1 [ Dynamic array geometry

Dynamic optical model
* Solar resource;
. X ) Albedo; .
2D irradiance profiles; Ambient temperature; :
Compute Cell temperatures; Wind speed. :
Electrical mismatch loss; Loop over each :
Module |-V curves. timestamp & update O

3 Timestamps

Annual energy yield

Figure 3.10: Schematic workflow of DUET, adapted from [105].
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High latitude environmental conditions

Northern environmental conditions
Include strong variation with season,
Significant snowfall traditions,
And temperatures that are freezin'.

d ok ok

With the emergence of PV systems in northern high latitudes, it is crucial to understand the
impact of unique northern environmental conditions on PV system performance, data collection,
modelling, and reliability. The potential for solar PV in high latitude regions benefits from and is
challenged by the unique physical characteristics of these regions. In contrast to lower latitudes,
high latitude regions are characterized by:

e Dramatic seasonal variation

Low solar elevation and large range of solar azimuth

Higher diffuse fractions and less UV light

High albedo from snowfall

Lower average ambient temperatures

Key high latitude environmental physical characteristics are presented in the following sub-
sections: available solar resource, ambient temperature, and snowfall.!

INote: Sections 4.1, 4.2, and 4.3 are the first draft contribution to an international collaborative review
paper on the opportunities and challenges associated with high latitude photovoltaics, led by Erin Whitney,
Director of the Arctic Energy Office in the US Department of Energy.
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Figure 4.1: Annual (A) GHI, (B) DNI, and (C) DHI as a function of latitude for ~3000 locations.
Labeled stars indicate example locations of Accra (Ghana), Mexico City (Mexico), San Francisco
(USA), Ottawa (Canada), Oslo (Norway), and Fairbanks (USA).

4.1 Available solar resource

Annual solar irradiance components of GHI, DNI, and DHI are presented in Figure 4.1 for ~3000
locations using hourly TMY files from the National Solar Radiation Database (NSRDB) [132].
A few example locations are indicated in the subplots by labeled black stars. On an annual
basis, the total amount of terrestrial solar insolation decreases as a function of latitude for GHI,
DNI, and DHI. This is largely driven by a decrease in solar resource during winter months caused
by the axial tilt of the Earth relative to our orbit around the sun. Figure 4.2A demonstrates the
cumulative GHI in three locations of differing latitudes (25°N, 45°N, and 65°N) on a monthly
basis. Seasonal effects are much more extreme for high latitudes, with the sun staying below
the horizon at winter solstice for latitudes at and above the Arctic Circle (66.56°N).

The seasonal effects of solar resource is shown in Figure 4.3A-D with monthly average
solar insolation plotted for March, June, September, and December of 2023. The geographical
data for making these plots was downloaded from the NASA Earth Observations website [133].
These subplots show the effect the length of daylight has on insolation patterns. Near the
summer solstice (June), high latitude regions are bathed in a large amount of solar irradiance.
In contrast, during the winter near the winter solstice (December) little to no insolation occurs.

The relative position of the sun in the sky over time follows a significantly different pattern
in high latitudes than at lower latitudes. To further characterize the effects of solar position,
the function get_solarposition in pvlib was used [134]. Figure 4.4 shows latitude trends for solar
resource and sun path during the summer solstice, spring or fall equinox, and winter solstice.
Fig. 4. 4A-E shows the solar elevation angle and solar azimuth traced by each day for locations
between 20-80°N. The length of daylight, maximum solar elevation angle, and range in solar
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Figure 4.2: Monthly (A) GHI, (B) average ambient temperature, and (C) average albedo for three
example locations: Culiacan, Mexico (25°N), Ottawa, Canada (45°N), and Fairbanks, USA (65°N).
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Figure 4.3: Average monthly map of the northern hemisphere for (A-D) solar insolation, (E-H)
surface temperature, and (I-L) albedo for March, June, September, and December. Data for creating

these plots was retrieved from Ref. [133].
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Figure 4.4: The solar elevation angle and solar azimuth for (A) 20°N, (B) 40°N, (C) 60°N, (D) 70°N,
and (E) 80°N locations during the summer solstice, spring or fall equinox, and winter solstice. (F)
The length of daylight, (G) maximum solar elevation, and (H) range of azimuth angle traversed by
the sun for each day as a function of latitude.

azimuths for the solstices and equinox are provided as a function of latitude in Fig. 4.4F-
H. Above 60°N, there is an extreme difference in day length at the solstices, very low solar
elevations, and very large solar azimuth ranges.

Not only does the total amount of annual and seasonal solar insolation change as a function
of latitude corresponding to differences in sun path, the spectral contents of the solar insolation
tend to change as well. Figure 4.5A demonstrates the annual GHI-weighted average diffuse
fraction as a function of latitude for several locations. Diffuse fraction is calculated as a ratio
between the DHI and GHI, and tends to increase as a function of latitude, though a wide range
of diffuse fractions are observed for locations at similar latitudes. Increasing diffuse fraction is
an indicator of frequent cloudy conditions. An example measured cloudy spectrum is provided
in Figure 4.5C with a clear-sky spectrum, both normalized at 500 nm. The cloudy spectrum
demonstrates a shift in spectral content compared to clear-sky atmospheric absorption.

Figure 4.5B shows the GHI-weighted annual average clear-sky AM for these same locations.

64



Chapter 4

| T 5 T T T | T T T | T T T l T T T | T
c | (B) . ]
o 0.8 - * Fairbanks -
"3 . T wv ]
© 0.6[# & airbanks | © -
uw * . S ]
(1] . i
0.4 - = N
§ i < 2 " o SanFra [ * Oslo 3
= _ [ Mexico City % 7]
6 0.2 ] 0 :
TN T TN N T SN [ T T |- 1 IAFcrla IR T T IS N T AN Y S N B
20 40 60 80 0 20 40 60 80
Latitude (°N) Latitude (°N)
E T T T | T T T T T T T T T T T T T T T T T l T T T T ]
g € 1.01(C) Clearsky | g [ (D) AMLS5 -
c8 | BCloudy | § = Tr AM3
2R fi C i
E ® I ] E R.E‘:“ 1.0F AM5 |
=9 05F 4 ZE F :
[ - & “‘3“- C ]
8E | ] g=03¢ ‘;
»wo L 1 & - ]
E 0 O L | ¥ . . 1 L L O O C L L (| I 1 L 1 L -
0 1000 2000 3000 0 1000 2000 3000
Wavelength (nm) Wavelength (nm)

Figure 4.5: Latitude trends for annual GHI-weighted average (A) diffuse fraction and (B) air mass.
(C) Example solar spectra for clear-sky and cloudy days. (D) Example solar spectra for AM1.5, AM3,
and AM5. The cloudy spectrum is digitized from Ref. [135].

GHI-weighted AM was calculated using pvlib's get_relative_airmass function for all hours in a
year in each location [134]. Some example air masses are provided in Fig. 4.5D. More annual
solar irradiation tends to occur at higher AM for high latitudes, a consequence of lower solar
elevation angles. Higher AM shifts the spectral contents of solar irradiation away from the UV
and into the IR.

4.2 Ambient temperature

Ambient surface temperature on the Earth tends to decrease as one moves away from the
equator and towards the poles. Figure 4.6A shows the annual average ambient temperature for
~3000 locations using NSRDB TMY files. The 98th percentile TMY measured annual high
and low ambient temperatures are provided in subplots Fig. 4.6B/C. Since each month in a
TMY dataset may be taken from a different year of historic data to represent a 'typical’ year,
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Figure 4.6: (A) Annual average ambient temperature as a function of latitude. The 98th percentile
annual temperature (B) high and (C) low in each location’s TMY dataset.

these 98th percentile high and low ambient temperatures do not capture extreme or anomalous
fluctuations in temperature, which are becoming more common [136].

Surface temperatures are nearly always lower at high latitudes when compared to lower
latitude regions regardless of season. Figure 4.2B shows the average ambient temperature
for three locations of varied latitude using TMY data. Ambient temperature varies seasonally
in all locations, but experiences the most dramatic fluctuations for higher latitude locations.
This can also be observed in Fig.4.6, by comparing the annual high and low temperatures
to the average temperature. For lower latitude regions, locations tend to have high and low
temperatures more similar to their annual average. Higher latitude locations tend to experience
more dramatic temperature swings, particularly towards colder temperatures during the winter
season when sunlight is scarce. In Fig.4.2B, the monthly average temperature fluctuates by
10°C in Culiacén (25°N) throughout the year while higher latitude locations of Ottawa (45°N)
and Fairbanks (65°N) fluctuate by nearly 35°C.

The seasonal effects of ambient surface temperature are shown for the northern hemisphere
in Figure 4. 3E-H with monthly average temperatures plotted for March, June, September,
and December of 2023 using data from Ref. [133]. Near the summer solstice (June), high
latitude regions experience their warmest average temperatures due to an abundance of sunlight,
compared to the winter solstice month of December. Seasonal differences between equinox
months of March and September can be seen, with March experiencing significantly lower
temperatures than September due to Earth's seasonal lag caused by the high latent heat of
water.
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Figure 4.7: (A) Average annual albedo as a function of latitude and (B) percentage of the year with
snow coverage.

4.3 Snow

Ice crystals may form in our atmosphere, grow, and eventually tumble to the Earth's surface
as snow. Snowfall tends to occur primarily in the northern half of the northern hemisphere,
Antarctica, and in high altitude mountainous regions with sufficiently cool temperatures and
humidity. Albedo is widely used to characterize the reflectance of the Earth's surface and can
be used as a measure for quantifying the presence of snow (see Section 2.5.2).

The annual average albedo and percentage of the year with snow cover for TMY locations
is provided in Figure 4.7. Snow coverage is calculated by assuming any timestamp with an
albedo >0.5 is due to the presence of snow on the ground. All hours of the year are considered
in this calculation, including timestamps with no sunlight. This figure gives an approximate
idea of how annual average albedo tends to increase with latitude, driven by periods of snow
accumulation during the year. However, the albedo timeseries data provided in TMY files are
limited in many cases, particularly for high latitude locations where data availability is low and
high quality ground-station or satellite measurements of albedo is sparse. In many cases, albedo
is simply assumed to always be 0.2 or 0, leading to a series of locations with average albedos at
0 and 0.2 in Fig.4.7A. This results in erroneously low snow coverage in Fig.4.7B, shown by the
data points at 0% for many high latitude locations. A dashed line that continues lower latitude
trends into high latitude regions is provided as a guide for the eye in Fig.4.7.

In some cases, a simple binary between fresh snow (albedo=0.85) and non-snow (albedo=0.2)
ground cover is also assumed in the datasets [137]. This can lead to an over-estimation of
ground albedo [11], as the albedo of snow tends to decay in time due to changes in chemical
composition and soiling [138]. The intial albedo of fresh snow may also be different due to
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Figure 4.8: A diverse array of photovoltaic system configurations can be found in high latitude
regions. (A) A south-facing fixed-tilt PV plant owned and operated by Luled Energy, photographed
by the author. (B) A SAT test-site in Michigan [103]. (C) A DAT test-site in Fairbanks, Alaska [104].
(D) A 100-kW E-W vertical bifacial PV pilot plant installed by the Sunna Group in Luled, Sweden,
photographed by the author. (E) A rooftop PV installation installed by SILFAB Solar in Toronto [140].
(F) PV modules integrated into the fagade of the Nunavut Arctic College [32]. (G) An art installation
of PV panels called Pited Solvdg, photographed by the author. (H) The Old Crow solar project, using
an E-W A-frame design [141].

variations in temperature, humidity, grain size, and impurity content [68,138,139]. Figure 4.2C
shows the average monthly albedo for three locations of varied latitude. For Ottawa at 45°N,
a binary albedo assumption can be seen, while the albedo for Fairbanks at 65°N is likely based
off ground-station measurements, leading to lower average winter time albedo. In Culiacén,
Mexico, the albedo does not vary dramatically with the seasons due to having no snowfall.

Figure 4.31-L shows the same monthly average map of the northern hemisphere for surface
albedo, as measured by Ref. [133]. Close to the North Pole, snow is present on the ground
continuously throughout the year, but at more moderate latitudes albedo tends to dramatically
fluctuate with the seasons.
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Figure 4.9: Visualization of key technical northern PV performance outcomes, summarized in this

chapter.

4.4 Impact on system design & performance

The unique physical characteristics of high latitude regions lead to the use of unique and diverse
photovoltaic systems. Figure 4.8 demonstrates eight example PV sites found in snowy climates.

Some key generalized technical impacts of northern PV systems are introduced below and
tied into the results of this thesis’ journal articles and submitted manuscripts. Figure 4.9
summarizes the discussed impacts visually.

1. Vertical PV systems are competitive

In northern latitudes vertically oriented PV systems, such as that in Fig. 4.8D, become com-
petitive on an annual insolation and energy yield basis compared to traditional south-facing
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Figure 4.10: Annual cumulative plane-of-array insolation for (A) south-facing fixed-tilt, (B) SAT,
and (C) E-W vertical PV modules at different latitudes.

fixed-tilt PV [142-145]. This is driven by the increase in albedo, low solar elevation angles, and
tendency to have an increased portion of diffuse light [145]. Vertical systems are additionally
being explored in northern environments due to their ability to better load-match and improve
building self-consumption in the case of building-integrated facades or low-profile rooftop ar-
rays [143,146-148].

In addition to competitive annual insolation, vertical arrays have the added benefit in north-
ern environments of substantially reducing snow accumulation effects. Soiling effects from snow
and dust have been shown to be low or near zero for vertical PV in recent studies [147, 149].
This effect is additionally observed in the manuscript presented in Section 6.3 of this thesis.

Figure 4.10 shows the cumulative plane-of-array insolation received on south-facing fixed-
tilt, SAT, and E-W vertical PV modules in different locations (Hermosillo - 30°N, Golden -
40°N, Regina - 50°N, and Churchill - 60°N). These results were modelled using TMY data in
SAM (for a description of SAM, see Section 3.4.4) and neglects the effects of potential snow
accumulation on PV modules. Cumulative plane-of-array insolation is normalized to peak for
the lowest latitude location with the SAT PV module. E-W vertical insolation is similar to that
found for south-facing fixed-tilt systems in both Regina and Churchill.

Figure 4.11 shows the annual plane-of-array insolation for SAT, E-W vertical, and N-S
vertical modules relative to south-facing latitude-tilt fixed-tilt modules across the northern
hemisphere for ~400 locations modelled in SAM without snow loss. There is a clear trend
towards more similar annual insolation values for different configurations, allowing for greater
opportunity to diversify PV systems in high latitudes. Including snow loss effects for tilted and
tracked PV systems will further enhance the relative performance of vertical PV systems in
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Figure 4.11: Annual plane-of-array insolation relative to south-facing fixed-tilt PV systems as a
function of deployment latitude.

locations with significant annual snowfall.

In this thesis, E-W vertical PV systems are included in the analysis of row spacing latitude
trends in the journal article presented in Section 6.1 [150]. In Section 6.3, the bifacial PV
models introduced in Section 3.4.4 are validated against E-W and N-S vertical irradiance data
collected in two test-sites. Finally, in Section 6.4, vertical site data for a system in Fairbanks,
Alaska is analyzed and discussed in the context of cold climate PV degradation.

2. Bifacial gain increases

Bifacial gain (Eq. 3.1) is well understood to increase with latitude due to long-lasting and
seasonal snowfall in northern latitudes [45—-48]. Bifacial systems may also be able to shed snow
faster due to increased heating potential from the acceptance rear-side irradiance when the
front-side is covered by snow [151-153].

In this thesis the effect of snowfall on output PV performance motivates the work presented
in Section 5.2 [154]. The proportion of total insolation which is ground-reflected on the surfaces
of bifacial PV systems is shown to significantly increase with latitude in the publication presented
in Section 6.2 [72].
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Figure 4.12: Monthly plane-of-array insolation trends for a monofacial fixed-tilt PV module in Her-
mosillo - 30°N, Golden - 40°N, Regina - 50°N, and Churchill - 60°N.

3. Strong seasonal variation in solar resource directly translates to strong seasonal
swings in PV production

Due to the intrinsic tie between available solar resource and PV production, the large seasonal
differences in GHI seen in Fig. 4.2A directly correspond to large seasonal swings in PV produc-
tion. The monthly plane-of-array insolation of a equator-facing fixed-tilt PV module at a few
different latitudes is shown in Figure 4.12, to illustrate. Insolation was modelled using TMY
data in SAM. The energy yield of PV modules in northern latitudes have been measured to
dramatically change seasonally [143].

4. Snow accumulation can hault PV production

The presence of snow ground cover can greatly enhance the bifacial gain of systems in northern
latitudes, however, snow can also accumulate on the top surfaces of modules and block PV
production, resulting in a snow loss [155,156]. Snowdrifts accumulating around PV arrays can
also build up to the point of blocking sunlight [157]. Snow will tend to shed from the surface
of PV models during sunny conditions. Figure 4.13 shows some example photos taken by the
author of snow that is in the process of shedding from PV modules. In Fig. 4.13A, the effect
of tilt can be directly seen on the speed of the snow shedding. In this case, the modules are
frameless, and the snow slid evenly off the surfaces, with higher tilt modules clearing the snow
quicker. In Fig. 4.13B and 4.13C the same PV array can been seen with images taken about 30
minute apart as the sun broke through the clouds. In this case, the snow shedding is uneven.
Predicting the snow accumulation and shedding characteristics of PV arrays in snowy climates
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Figure 4.13: Images of snow shedding patterns on bifacial PV modules. Photos taken by the author
for (A) Pited Solvag and (B-C) a Luled Energy PV plant.

is an active field of research [9,10,158]. The sudden shedding of snow off PV modules can also
pose a hazard in rooftop applications [159, 160].

In this thesis, the effect of snow accumulation was found to have an impact on model
validation of a south-tilted fixed-tilt system in Alaska, presented in Section 6.3.

5. Photovoltaic conversion efficiency increases

Maximum power temperature coefficients of c-Si solar cells typically lie in the range of -
0.25%/°C to -0.40%/°C [161], with both maximum power and photovoltaic energy conversion
efficiencies increasing for the colder temperatures found in higher latitude locations. This is due
to increasing voltage with lower temperatures, discussed previously in Section 2.2.2. Figure 4.14
shows the measured module temperature over multiple years at 15-minute resolution for a SHJ
bifacial south fixed-tilt module deployed in Fairbanks, Alaska, described further in Ref. [143]
and with further site results given in this thesis in Sections 6.3 and 6.4. The median operating
temperature of the module is 15°C. In Fig. 4.14B, the output efficiency of a modelled bifacial
SHJ solar cell is shown using the dual-sided textured cell model developed in Sentaurus (see
Section 2.6) with an efficiency temperature coefficient of -0.07% abs. per °C. In low-to-mid
latitudes, PV operating temperatures typically fall between 20-50°C, while in tropical environ-
ments temperature can be as high as 50-60°C [162]. Given a -0.07% abs. per °C temperature
coefficient, a temperature change from 40°C to 15°C would result in an efficiency increase of
1.7% abs.

In this thesis, photovoltaic conversion efficiency is additionally shown to be improved for
higher air masses in Section 5.1 [163] and in the presence of fresh snow in Section 6.2 [72].
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Figure 4.14: (A) Example distribution of measured module temperature for a south-facing fixed-tilt
PV module in Fairbanks, Alaska. (B) Example photovoltaic conversion efficiency gain with lower
operating temperatures, as simulated in Sentaurus for a SHJ cell.

6. PV systems tend to degrade slower

The effect of climate on PV degradation has been studied in a number of scientific articles
[164-166]. A few such studies include cooler climates that can be found in northern countries
like Canada [33,167,168]. These studies have found indications that cooler climates tend to
result in slower PV performance degradation than warmer climates.

This thesis presents a manuscript which provides a to-date comprehensive review of the
effect of cold climates on PV degradation and performance loss rates, discussed in detail in
Section 6.4.

7. Uncertainty associated with energy yield modelling increases

High latitude environmental conditions lead to increased uncertainty in PV models. The causes
for this uncertainty is multi-fold: modelling uncertainty increases with cloudy conditions and
under high albedo conditions, PV models are not often validated in high latitudes, diffuse sky
models have been optimized in California, and, moreover, these uncertainties are exacerbated by
lower data availability and quality in northern latitudes. The effect of high latitude environmental
conditions on modelling uncertainty is discussed in detail in the journal article presented in
Section 6.3. Modelling error resulting specifically from spectral effects of albedo is discussed in
Section 6.2 [72]. Further research on the sparsity of irradiance stations and data quality issues
at high latitudes can be found in, for example, Refs. [169-171].
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Bifacial photovoltaic cell
characterization & measurement

This chapter details my work on the characterization of bifacial solar cells under varying il-
lumination conditions. Two papers are presented in this chapter, one which emphasizes the
impact of changes in front-incident solar spectrum as air mass increases (for a description of air
mass, see Section 2.5), and the other which develops a measurement technique for including
effects of the rear-side incidence solar spectrum caused by albedo (albedo - Section 2.5.2). This
research seeks to enhance the understanding of how emerging high-bifaciality designs respond
to variations in the spectral content of incidence light from both the front and rear, providing
pathways for improved modelling and measurement accuracy of bifacial structures under varied
illumination conditions.

5.1 Effect of air mass on current losses in bifacial silicon
heterojunction solar cells

In this paper the effect of spectra was investigated
Into high bifaciality cells.
A drift-diffusion model was created
For simulating carrier transport well.

Efficiency was found to peak

At an air mass of five point oh.
These results critique
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AM1.5 assumption status-quo.
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Scope and impact

Bifacial SHJ solar cells are characterized under high air mass operating conditions using the
optoelectronic drift-diffusion model developed in Sentaurus and introduced in Section 2.6. In
most PV system-level models, module performance is estimated by assuming nameplate effi-
ciency and power output, determined under the standard solar spectrum of AM1.5G. Deviations
from AM1.5G can enhance or diminish photovoltaic conversion efficiency, resulting in modelling
uncertainty up to a few percent. Air mass modifiers can be applied into PV system models,
however, estimates of these modifiers must first be calculated.

In this work, performance deviations from the standard solar spectrum of AM1.5G are
quantified for emerging SHJ solar cells.

This article has the following novelties:

1. A dual-sided textured bifacial solar cell model is developed and validated in Sentaurus,
capable of simulating various operating conditions on bifacial SHJ solar cell performance.
Measurements of the complex index of refraction for a-Si:H and indium tin oxide (ITO)
layers are provided, alongside a parameterization of the density of states in a-Si:H layers.

2. Current loss mechanisms are quantified as both a function of wavelength and voltage for
varied solar spectrum incident on the front and rear.

3. |-V parameters, including short-circuit current, maximum power, and efficiency, are pro-
vided as a function of air mass, and may be incorporated as air mass modifiers into PV
system models.

4. Cell efficiency is found to peak at an air mass of AM5, rising by 0.5% abs. from AM1.5G
to AMBG, due to decreased parasitic absorption in passivating surface layers.

Overall, we find that changes in spectral content are especially important for cell structures
with high bifaciality, for locations with large portions of diffuse light, and in mid-to-high lat-
itude locations where solar elevation tends to be lower throughout the year. Our results may
inform future bifacial SHJ solar cell designs, SHJ system-level modelling, and provide motivation
towards region-specific cell optimization.

76



Chapter 5

Author contributions

Erin M. Tonita As the lead author of this work, | developed the bifacial silicon hetero-
junction model in Sentaurus described in this work and introduced in Section 2.6 of this thesis.
Alongside Christopher Valdivia and Karin Hinzer, | developed the study’s investigation into the
effects of air mass on solar cell carrier transportation. | ran and analyzed all simulation results
and led model validation efforts, which included taking measurements of solar cell EQE at the
University of Ottawa. | wrote the original manuscript draft.

Christopher E. Valdivia provided regular supervision and guidance over the course of this
study, in addition to reviewing and editing the manuscript.

Michael Martinez-Szewczyk was responsible for fabricating the SHJ devices used in this
study at Arizona State University. He also provided Suns-Voc measurements for publication in
this manuscript.

Mandy R. Lewis provided measurements of the complex index of refraction and extinction
coefficients for a-Si:H and ITO layers, which were used in the Sentaurus model.

Mariana |. Bertoni supervised the fabrication of silicon heterojunction cells at Arizona
State University and the shipment of samples to the University of Ottawa. Mariana Bertoni
also revised and edited the manuscript.

Karin Hinzer supervised this research project, provided valuable guidance and research
direction, funded the project, and edited the manuscript.

Copyright

(©2021 The Authors. Published by Elsevier B. V. The Version of the Record is available at:

E. M. Tonita, C. E. Valdivia, M. Martinez-Szewczyk, M. R. Lewis, M. |. Bertoni, and
K. Hinzer, “Effect of air mass on current losses in bifacial silicon heterojunction solar cells,”
Solar Energy Materials and Solar Cells, 230, 111293 (2021). https://doi.org/10.1016/7.
solmat.2021.111293

7


https://doi.org/10.1016/j.solmat.2021.111293
https://doi.org/10.1016/j.solmat.2021.111293

Solar Energy Materials & Solar Cells 230 (2021) 111293

Solar Energy Materials
nd Solar Cells

Contents lists available at ScienceDirect

Solar Energy Materials and Solar Cells

journal homepage: www.elsevier.com/locate/solmat

ELSEVIER

Check for
updates

Effect of air mass on carrier losses in bifacial silicon heterojunction
solar cells

Erin M. Tonita® , Christopher E. Valdivia®, Michael Martinez-Szewczyk b Mandy R. Lewis?,
Mariana I. Bertoni b, Karin Hinzer*

2 SUNLAB, Centre for Research in Photonics, University of Ottawa, Ottawa, Ontario, Canada
b DEfECT Lab, Arizona State University, Tempe, AZ, USA

ARTICLE INFO ABSTRACT

Keywords:

Bifacial photovoltaics
Carrier transport
Recombination

Spectral albedo

Solar spectrum
Optoelectronic modelling

We investigate the effect of incident spectra on current loss as a function of depth and voltage into high efficiency
textured bifacial silicon heterojunction solar cells. We integrate thin-film ellipsometry measurements with a 3D
optical model and a 2D electronic model and validate our model with measurements of external quantum effi-
ciency and Suns-Voc. For front illumination at normal incidence, an increasing air mass of AM1.5 to 10 reduces
current density loss due to parasitic absorption in ITO and a-Si:H from 8.1% to 4.0%, and increases recombi-
nation loss at maximum power from 4.2% to 4.7%, resulting in an overall increase in collected current (88.2% to
90.5%). Cell performance metrics are summarized as a function of air mass, with efficiency peaking at AM5.0 for
front illuminated and rear illuminated cells with an albedo of unity. We further demonstrate the impact of
spectra on bifacial efficiency by calculating rear-side performance with the spectral albedo of dry grass. Overall,
current-collection and efficiency trends emphasize the importance of considering spectral effects in energy yield
models. These results are of particular importance for cell structures with high bifaciality and significant spectral
albedo contributions, locations with large proportions of diffuse light, and high air mass locations as in mid-to-

high latitudes.

1. Introduction

Silicon heterojunction (SHJ) solar cell technology is rapidly
increasing in global market share, with industrial production lines able
to reliably produce cells with efficiencies as high as 24% using stream-
lined low-temperature deposition techniques [1]. At the same time, the
global market-share of bifacial photovoltaics (PV) is growing at a 15%
compound annual growth rate and is predicted to overtake monofacial
PV within the next decade [2] as a consequence of their enhanced en-
ergy yield potential and diminishing cost premiums. SHJ is an excellent
candidate for use in bifacial panels, demonstrating the highest bifa-
cialities (>95%) of all silicon technology thus far [3]. Understanding the
nature of carrier transport in SHJ solar cells that gives rise to such high
efficiencies has been a topic of much discussion [4]. The interfaces,
discontinuities, and band-offsets present in such structures influence and
often dominate carrier movement. Previous studies have shed light on
potential mechanisms for carrier transport in SHJ cells in different bias
regimes, including diffusion processes, thermionic emission, barrier
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E-mail address: etoni044@uottawa.ca (E.M. Tonita).
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tunneling, and multistep tunneling through mid-gap defect states [4-7].
Recombination pathways through mid-gap defect states in crystalline
silicon, mid-gap states in amorphous silicon, and interface defects
contribute to carrier loss, and can change the primary mechanism of, or
even dominate over, carrier transport. Within these studies some
consensus has been found, suggesting that high forward-bias regimes
around the cell maximum power point operation in high-efficiency SHJ
cells are diffusion dominated [6]. Carrier diffusion is limited by barrier
heights at hetero-interfaces, and recombination events throughout the
structure resulting from crystal lattice dislocations, impurity atoms, and
surface defects [8,9]. To identify avenues for further efficiency en-
hancements in bifacial operation, quantification of recombination
mechanisms throughout bifacial SHJ cells is required. While others have
explored the impact of bifacial illumination on overall cell and module
performance [10-12], detailed investigations of cell-level phenomena
can provide further insight.

In this paper, we have developed and employed an optoelectronic
model to quantify generation and recombination rate trends throughout
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bifacial SHJ solar cells for both front and rear illumination as a function
of spectra for the first time, to the authors knowledge. We use our model
to investigate individual Auger, Shockley-Read-Hall (SRH), and radia-
tive recombination mechanisms as a function of depth from the front-
face of a bifacial SHJ device. Additionally, we study the effect of vari-
ations in incident spectra to elucidate their influence on generation,
recombination, current density loss, and cell efficiency. We take a
particular interest in investigating incident spectra outside of standard
test conditions (STC) and explore high air mass (AM) conditions and the
influence of spectrally resolved albedo, as real-world operating condi-
tions rarely occur at STC [12]. Our high AM results are relevant for
mid-to-high latitude locations, where GHI-weighted average AMs are
above 1.5 [13]. Furthermore, we support our simulated results with
measurements of bifacial SHJ solar cell external quantum efficiency and
Suns-Voc.

2. Materials and methods
2.1. Fabrication

Hydrogenated amorphous silicon (a-Si:H) layers and indium tin
oxide (ITO) layers were deposited on substrates of c-Si for optical
characterization of each material. Substrates first underwent a 10 min
RCA-B (6:1:1 H20:H02:HCI) ionic clean at 75°C, followed by a 10 min
piranha (8:1 H,0:H3SO4) organic clean at 110°C, and a 10 min buffered
oxide etch at 25°C prior to thin film deposition. An Applied Materials
P5000 Plasma-Enhanced Chemical Vapor Deposition (PECVD) tool was
used for deposition of doped and intrinsic a-Si:H at 250°C, alongside
combinations of silane (SiH4), hydrogen (Hz), phosphine (PH3), and
diborane (BgHg) gases. Indium tin oxide (ITO) was sputtered to a
thickness of 70 nm at 1 kW with 3% oxygen gas flow at a pressure of 5.5
mTorr onto glass substrates that had been cleaned for 5 min with soni-
cation in acetone, isopropanol, and distilled water. ITO samples were
then annealed for half an hour at 280°C.

A J. A. Woollam M-2000 ellipsometer was used to obtain optical
constants of deposited thin films with Tauc-Lorentz and Lorentz-Drude
models for a-Si:H and ITO layers, respectively. Fig. 1 displays the com-
plex index of refraction results for our thin films. These same materials
were deposited on full 156 x 156 mm? bifacial SHJ cells using similar
processing steps. Cells were completed with silver metal paste screen
printed on front and rear faces. Additional measurements of optical
constants, including as-deposited ITO and varied film thicknesses, have
been reported in Ref. [14].
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Fig. 1. Measured complex index of refraction for a-Si:H layers and ITO with
ellipsometry.

Solar Energy Materials and Solar Cells 230 (2021) 111293
2.2. Optoelectronic model

We model bifacial SHJ solar cells in Synopsys TCAD Sentaurus. To
model front and rear regular inverted pyramidal texturing, optical cal-
culations are completed on the unit cell of a 3D quarter inverted pyramid
(side-wall angle 54.7°, height 7 pm) with reflective boundary condi-
tions, shown in Fig. 2. Measured complex index of refraction of ITO and
a-Si:H thin films (Fig. 1) are used as optical model inputs. The thin film
effects of ITO and a-Si layers are computed using the transfer matrix
method, then applied as boundary conditions within a Monte Carlo ray
tracing algorithm on the front and rear faces of the c-Si substrate.
Complex reflection and transmission coefficients are used to compute
the probability of a ray being reflected or transmitted when impinging
on an interface, including the rear facet, with incident, reflected, and
transmitted angles governed by Snell’s Law. Rays are initialized in air
propagating along the z-axis towards either the front or rear, resulting in
a 3D wavelength-dependent profile of the carrier generation rate. As
described in Ref. [15], we collapse this 3D profile to 1D by averaging
over x- and y-dimensions while transforming z-coordinates (depth) ac-
cording to the light-travel distance into the structure. We model a total
effective thickness of 180 pm, which includes the front and rear surface
texture. ITO and a-Si:H layers on the front and rear of the SHJ structure
are modelled as parasitic absorbers, with all generated carriers in these
layers considered lost, a reasonable assumption given their low collec-
tion efficiencies (0-30%) reported in literature [16,17]. This assumption
will result in slightly over-estimating parasitic absorption loss. We run
simulations for both front-only illumination and rear-only illumination.

For electrical calculations, a 2D cell structure spanning 1100 pm (the
half-width between fabricated grid lines) is simulated by solving Pois-
son’s equation coupled with electron and hole continuity equations to
generate depth-resolved recombination rate profiles [18]. The previ-
ously calculated 1D optical carrier generation profile is applied uni-
formly across the cell, except for the regions under the contacts (70 pm
half-width, 6.4% shading) which are left dark. Fig. 2 outlines a sche-
matic of the simulation workflow for front-illumination.

For accurate modelling of a-Si:H layers, the density of states (DOS)
localized within the a-Si:H bandgap must be defined [19-21]. We model

—— Total
----- Urbach Band Tails

20 ——— Mid-Gap States
10 B Donor-Like

X

Z incident

B Acceptor-Like

n-type c¢-Si, 180 um

(a) 3D Optical (b) 2D Electrical

Fig. 2. Model schematic based on fabricated bifacial SHJ cell design, with (a)
optical calculations computed on a 3D quarter inverted pyramid structure, and
(b) electrical calculations computed on a 2D cell. Rays are labelled for z-
propagating front illumination. Inset: DOS for doped a-Si:H layers.

79



E.M. Tonita et al.

Solar Energy Materials and Solar Cells 230 (2021) 111293

Table 1
Input parameters.
Parameter pa-Si:H ia-Si:H n a-Si:H n c-Si
Thickness (nm) 11 6 5 180,000
Bandgap (eV) [37] 1.7 1.7 1.7 1.12
Electron affinity (eV) [37] 3.9 3.9 3.9 4.07
Permittivity (F/m) [37] 119 11.9 11.9 11.7
Electron mobility (em?/Vs) [40] 5 20 5 1417
Hole mobility (cm?/Vs) [40] 1 5 1 470
Doping concentration (cm™>) 1 x 10" 1x10™ 1 x 10" 2 x 10'®
SRH electron lifetime (s) 1x1077 1x1077 1x1077 2x1073
SRH hole lifetime (s) 1x1077 1x1077 1x1077 2x1073
Effective electron band density of states (cm~3) [41] 2.5 x 10%° 2.5 x 10%° 2.5 x 10%° 2.9 x 10%°
Effective hole band density of states (em ™) [41] 2.5 x 10%° 2.5 x 10%° 2.5 x 10%° 1.8 x 10"°
Exponential band tails Density of states (cm 2 eV 1) [21] 2 x 10% 2 x 10% 2 x 10% -
Donor characteristic energy (eV) [21] 0.06 0.06 0.06 -
Acceptor characteristic energy (eV) [21] 0.03 0.03 0.03 -
Donor state capture cross section: e, h (cm?) [40] 1x10' 1x10°1° 1x10'%1x10°1° 1x107'% 1 x 1071 -
Acceptor state capture cross section: e, h (sz) [40] 1x10716 1 x 10714 1x 10’16, 1x10714 1x 10’16, 1x1071 -
Gaussian mid-gap states Density of states (cm’3 eV’l) [21] 5 x 107 1 x 10" 5 x 107 —
Donor peak energy (eV) [21] 0.48 0.48 0.48 -
Acceptor peak energy (eV) [21] 0.70 0.70 0.70 -
Standard energy deviation (eV) [21] 0.23 0.23 0.23 -

Donor state capture cross section: e, h (cm?) [40]
Acceptor state capture cross section: e, h (cmz) [40]

1x101% 1 x1071®
1x1071%,1 x 107

1x107'% 1 x1071®
1x107%%,1 x 107

1x107'% 1 x1071®
1x107%%,1 x 107

exponential Urbach band tails and Gaussian mid-gap states with both
donor-like states and acceptor-like states, as presented in Fig. 2b. The
equations below describe the distribution of Urbach band tails (gpr and
gat) and mid-gap states associated with dangling bond defects (gpy and
gam) for donor and acceptor states, respectively:
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where Npr and Na7 are the effective density of states for donor and
acceptor states in the band tail near the conduction band edge (E¢) and
valence band edge (Ev), respectively; and characteristic energies are
given by Ep and E, for donors and acceptors. Similarly, for the mid-gap
states, Npy and Ny correspond to the effective density of states, while
Epp and Epy, select the energies where the peak density of donor and
acceptor states occur, relative to the band edges. Finally, ¢ characterizes
the width of the distribution of states in the bandgap. Parameters gov-
erning the distribution of defect states in a-Si:H are adapted from
Ref. [22], and are based upon previous experimental and theoretical
studies of a-Si:H [23-25].

Conventionally, the loss of modelled surface area when collapsing a
3D textured optical model to an equivalent flat 2D electrical model is
incorporated into simulations through an Auger and SRV texture
multiplier, typically 1.7 for random pyramid texturing [26,27].
Accordingly, we assume a multiplier of 1.7 for Auger recombination.
While typical SRVs are around 1 cm/s for similar structures [28,29], our
model is insensitive to SRVs of 10 cm/s and lower as other loss mech-
anisms dominate. We therefore assume a SRV of 10 cm/s at a-Si:H in-
terfaces to account for non-ideal passivation quality and the effect of
surface area loss. Additionally, thermionic emission and band-to-band
tunneling models are active at hetero-interfaces.

An ohmic contact is modelled between ITO/a-Si:H layers, assuming a
well-aligned work function [30,31] and an ITO bulk resistivity of 1 x
103 Qcem (150 Q/[]) for test-cells and 2 x 1074 Q cm (30 Q/[]) for cells

with optimized ITO layers [32-34]. Test cells fabricated for model
validation have estimated ITO sheet resistances of 150 /[, but 30 Q/[]
is achievable for optimized fabrication processes that balance optical
and electrical losses [35,36]. This includes free carrier absorption, re-
sistivity, and reflectance. Due to lack of measured values and low cur-
rent densities, we simplify our model by using the same measured
refractive index for both resistances.

Electrical simulation input parameters, including those governing a-
Si:H defect states, are summarized in Table 1. We have assumed an input
SRH lifetime of 2 ms, corresponding to the lower bound of our c-Si wafer
rated quality. All results presented in this paper are for a temperature of
300 K with Fermi statistics enabled.

Finally, to demonstrate the impact of albedo on rear-side perfor-
mance, we consider two rear-side scenarios: an albedo of unity and a
spectrally-resolved albedo for dry grass provided in Ref. [37]. Air mass
spectra used in this work are generated from SMARTS by varying the air
mass of AM1.5G parameters [38,39]. The irradiance (280-4000 nm) and
total incidence current (280-1200 nm) for each AM are provided in

Table 2.

3. Results and discussion

3.1. Experimental results and model validation

To validate our model parameterization and elucidate collection
efficiency behavior as a function of wavelength, we measured the
external quantum efficiency (EQE) of a fabricated bifacial SHJ solar cell
with random upright pyramid texturing. We performed measurements
on a reflective chuck, and thus for direct comparison, a back-reflector
was added to the model. To best match the light-trapping effect of
random pyramid texturing while working with a repeating structure, we

Table 2

Incident air mass power.

AM Irradiance (W/m?) Jinc (mA/cm?)
1.1 1075 49.6
1.5 1000 46.4
2 862 40.3
3 673 31.8
4 553 26.3
5 469 22.4
7 356 17.1
10 255 12.2
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simulate periodic inverted pyramid texturing, which has been shown to
provide Js to within 1% of random texturing [14,46]. Fig. 3a/b dem-
onstrates excellent agreement between experimental measurements and
simulations, with computed Js. within ~0.1% and ~1% of the experi-
mentally extracted Jg. for front and rear AM1.5 illumination, respec-
tively. Our fabricated cell has a high measured bifaciality of 97.3% at
AM1.5 and agrees well with simulated 96.5% bifaciality.

Further, Suns-Voc measurements were completed on a fabricated
bifacial SHJ test cell using a Sinton Instruments WTC-120, and are
compared to simulated front-face current-voltage (I-V) behavior in
Fig. 3c. Input Jy is taken to be the same as modelled results, in line with
<0.1% disagreement found for front-illuminated EQE. Pseudo cell per-
formance metrics derived from the Suns-Voc measurement are provided
in the inset of Fig. 3¢, corresponding to I-V behavior in the absence of
series resistance. Our modelled curve deviates, as expected, from the
pseudo curve vertical slope near V,. due to simulated non-zero series
resistance, and presents a small 0.4% discrepancy in V,.. Measured FF
and 7 both differ by 0.1% abs. compared to simulation, demonstrating
close performance predictability for fabricated cells with optimized re-
sistances. Future optimization of ITO deposition parameters for
improved conductivity will increase fabricated cell efficiency. All
following results assume an ITO resistivity of 2 x 10~% Qscm.

3.2. Recombination and generation

Using our validated model, we calculate the generation and recom-
bination rates of the bifacial SHJ structure of Fig. 2 as a function of depth
measured from the front air/ITO surface. Fig. 4 outlines important
physical phenomena under cell operation at maximum power (Pmpax)-
Our model assumes purely parasitic absorption in films of ITO and a-Si:
H, resulting in zero carrier generation in these layers [16,17].

Solar Energy Materials and Solar Cells 230 (2021) 111293

The electronic band structure of our SHJ cell is provided in Fig. 4a,
and demonstrates good a-Si:H front and rear-surface fields for the case
where the cell is front-illuminated with standard global-irradiance
reference spectrum, AM1.5G. The large valence band-offset of 0.45 eV
at the rear c-Si/a-Si interface prevents minority carriers (holes) in the c-
Si wafer from recombining at the rear surface. Likewise, a barrier of
0.15 eV in the conduction band in addition to a continued rise of 0.3 eV
in front a-Si:H films prevents majority carriers (electrons) from reaching
the front surface. These simulated band-offsets are equivalent to previ-
ously measured offsets for SHJ cells [9].

Electron and hole carrier densities are calculated as a function of
depth into the solar cell from the front air/ITO interface for air masses of
1.5, 3.0, and 5.0, and plotted in Fig. 4b. We calculate a minority carrier
density of <10'® em™3 in the a-Si:H layers, indicative of front-side
conduction and rear-side valence band-offsets at hetero-interfaces
creating effective barriers against electron and hole carrier transport,
respectively. Our simulated decrease in minority carrier density in these
layers results in negligible recombination of c-Si-generated carriers in
these thin front and rear surface films.

In Fig. 4c we plot the effect of varying AM on generation and
recombination rates for front-illumination. Due to our choice of
analyzing at Ppax voltages, all recombination rates are mostly flat
throughout the c-Si depth; for other voltages, recombination rates vary
as a function of depth. At Pp, for all AM, Auger recombination reaches a
local minimum while SRH recombination reaches a local maximum just
beyond the depletion region, with the depletion region spanning
0.08-0.13 pm depths. As Auger recombination is known to have a small
impact for low carrier density [42-44], the dip in Auger recombination
around the depletion region is expected as carriers are being swept away
from this area. Similarly, Shockley-Read-Hall recombination exhibits
expected behavior, peaking where carrier concentrations are equal [8,
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Fig. 3. Measured (data points) and simulated (lines) performance: (a) EQE of a bifacial SHJ solar cell; (b) extracted J,. behavior as a function of AM; and (c) -V

behavior with measured Suns-Voc.
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45]. Radiative recombination remains low, between 1-3 x 10
em~3s~1. We calculate minimal changes in recombination rates in the
depletion region for varying AM due to the effectiveness of the electric
field at clearing away carriers from this region, regardless of changes in
carrier generation rate [8]. Fig. 4b additionally shows this behavior,
with hole and electron densities remaining the same in the depletion
region as AM varies. Thus, variations in incident spectra predominately
affect the recombination rates outside the depletion region, in the bulk
of the c-Si.

In our structure, intrinsic recombination limits device efficiency with
Auger recombination dominant at P,y operation and SRH closely
following. Though not shown here, we compute similar recombination
rate behavior for rear illumination, both with and without spectral al-
bedo applied. For the rear, all recombination rates are higher by one
order of magnitude throughout the c-Si due to the overall increased
diffusion lengths required by carriers to reach the p-n junction.

As AM increases, the optical carrier generation rate decreases due to

an overall loss in incident light intensity and shifts in shape with more
carriers generated deeper into the c-Si. While generation and recombi-
nation behavior changes with AM and albedo, the overall effect of
spectral variations becomes clearer when we consider current loss and
current collection, ultimately leading to cell performance metrics, like
Phnax and efficiency (1).

3.3. Cell performance

Current collection and losses via parasitic absorption and recombi-
nation are presented in Fig. 5 for front and rear illumination under two
AM spectra, 1.5 and 5.0. We selected AMS5 as it displays the largest ef-
ficiency discrepancy compared to AM1.5 over the AM range of 1-10. In
each sub-plot, current is normalized to its own total photogenerated
current, Jpp, and voltage is normalized to its own open-circuit voltage,
Voc. Overlaid text describes Jpp, Jgc, current density at maximum power
(Jmp); Voo, fill factor (FF), and 7. For both front and rear illumination, as
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Fig. 5. Current-voltage behavior for front and rear illumination with AM1.5 and AMS5. Y- and x-axis limits for each subplot are set, respectively, to the total absorbed
current density and open-circuit voltage for each incident spectra. Total incident current from 0.3 to 1.2 pm, Jiy,, is provided. Symbols in (a) correspond to voltages

plotted in Fig. 6.

AM increases, proportionally fewer carriers are lost to parasitic ab-
sorption in ITO and a-Si:H. This is expected due to reduced ultraviolet
(UV) light content leading to proportionally fewer carriers being
generated in surface films. As voltage increases, recombination in c-Si
dominates over parasitic absorption losses, with Auger and SRH con-
tributions similar at Pp,ay, as anticipated from Fig. 4c. For front AM1.5
illumination, 88.2% of the total carriers absorbed in the cell are
collected at P« This collection increases to 90.5% for AMS5.0. Like-
wise, for the rear, total current collection increases from 87.6% to 89.7%
from AM1.5 to AMS5.0. As a result, efficiency follows similar trends.
We anticipate that incident spectra containing proportionally more
photon energies in regions of high EQE (~500-1000 nm, see Fig. 3a)
will have higher overall collection efficiencies. This effect is shown in
Fig. 6, with wavelength-resolved current losses provided as a function of
applied bias for front (a-d) and rear (e-h) illumination. Symbols in panels
a—d reference voltages in Fig. 5a. We plot the current loss mechanisms

L J cell

ANNN J parasitic, front iz

oo

SO

14

Current Density / ],
~J
W

<
W
(e}

Rear —

ov

J parasitic, rear

for front-surface film and rear-surface film parasitic recombination
(Jparasitic, fronts Jparasitic, rear), transmittance (Jr), reflectance (Jr), and
total recombination (J.ec). For these simulations, we have removed the
effect of a reflective chuck as well as finger-shading losses. The voltage
given in Fig. 6b represents the P, voltage for AM1.5 illumination, and,
in overlay, shows the normalized spectral irradiance of AM1.5 and AMS5.
Proportionally more incident current (Ji,) is available for collection by
the cell (Jee1) when higher AM are considered due to the spectral shift
away from the UV and towards the near-infrared. This shifted spectrum
is better matched with the c-Si spectral response and its band-edge. As
applied bias increases beyond Py,x, the proportion of current lost to c-Si
recombination rapidly increases, particularly between 400 and 1000
nm. For rear-side performance most parasitic absorption occurs in the
rear ITO and a-Si:H layers. Rear-side c-Si recombination loss is also
increased compared to front-side, consistent with Fig. 5, and occurs
primarily between 400 and 1000 nm wavelengths. This increase is seen
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Fig. 6. Current losses as a function of wavelength for front illumination (a-d) and rear illumination (e-h) under 0 V, 0.625 V, 0.675 V, and 0.7 V. Panel (b) represents
Ppnax biasing for AM1.5 illumination and includes superimposed AM of 1.5 and 5. AM5 is normalized to have the same total power as AM1.5. Colors correspond to
proportion of current collected in the cell and lost to parasitic absorption, transmission, reflection, and recombination. Symbols in (a—d) correspond to voltages
plotted in Fig. 5a. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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in Fig. 6e compared to Fig. 6a for zero applied bias, but is present across
all voltages.

Fig. 7 summarizes the effect of AM up to AM10 on cell performance
metrics — parasitic absorption loss, recombination loss, Jmp, Jsc, Pmaxs
Voo, FF, and 5 — for front illumination, rear illumination with unity al-
bedo, and rear illumination with dry grass spectral albedo. As previously
discussed, increased AM results in a dramatic decrease in parasitic ab-
sorption (Fig. 7a) for all considered scenarios. This is particularly the
case for front illumination and rear illumination with unity albedo
where parasitic absorption halves from AM1.5 to AM10. While parasitic
absorption decreases with higher AM, we instead observe that the pro-
portion of current lost to recombination (Auger, SRH, and radiative in c-
Si) increases by 0.5% abs. from AM1.5-10 (Fig. 7b) when operated at
Ppax- As relatively more carriers are generated in c-Si, c-Si recombina-
tion dominates current loss. For example, for rear AMS5 illumination
with an albedo of unity, the proportion of current lost to c-Si recombi-
nation is 7.5% compared to 5.2% lost to parasitic absorption. For higher
AM operation, as in mid-to-high latitudes, efficiency enhancements
focused on thinning surface films may not be necessary, thus widening
the available design space. Overall, the combined effect of reduced
parasitic absorption and only slightly increased recombination results in
enhanced current collection probability with AM (Fig. 7c).

Due to reduced overall incident light intensity Jg. (Fig. 7d), Vo
(Fig. 7e), Pmax (Fig. 7f), and FF (Fig. 7g) tend to drop with AM. In Fig. 7h,
simulations show a rise in efficiency with AM that peaks near AM5 for
front illumination and rear illumination with perfectly reflective albedo.
Up to AMB5, spectral shifts result in greater overlap with regions of high
c-Si EQE, with transmission losses increasing in importance beyond this
air mass. As a contrast, dry grass preferentially reflects light beyond the
bandgap of silicon while absorbing visible light, resulting in a decline in
efficiency for all higher AM [37]. In this case, the loss of light above the
bandgap of c-Si out-weights the enhanced current collection simulated
in Fig. 7c.

Thus, while it is well understood that total available power decreases
with AM, we have demonstrated that for front illumination the spectral
shifts resulting from these conditions result in enhanced cell efficiency.
These enhancements will influence energy yield, with panels operating
with higher AM, producing more power over the course of a year than

otherwise expected.

3.4. Effect of encapsulation

This same analysis has been repeated for cells encapsulated on both
front and rear faces with 0.45 mm of ethylene vinyl acetate (EVA) and 3
mm of borosilicate glass. EVA and glass optical constants are taken from
Ref. [47]. The addition of encapsulation increases the proportion of
absorbed current density lost to parasitic absorption by 4.3% abs. and
3.9% abs. compared to bare cells at AM1 and AM10, respectively. The
detrimental effects of UV absorption in EVA and glass layers are less
significant with higher AM due to red-shifting of the spectra. Though the
absorptivity and reflectivity of encapsulating materials are
wavelength-dependent, efficiency trends as a function of AM are found
to be the same as bare cells, with efficiency decreased by 1.40 + 0.02%
abs. from AM1-10. Further details on this analysis are presented in
Ref. [48].

3.5. Oblique incidence angles

All results presented in this work are for normal incidence. However,
during normal operation a wide range of angles will be incident on both
front and rear faces, particularly for higher air masses. Higher angles-of-
incidence (AOI) will result in decreased light-coupling into the device
primarily due to cosine losses, but also due to decreased EQE [14].
Consequently, for the rear-side and for non-tracked systems the effi-
ciency will be lower than presented in this work. In the case of
EVA-based encapsulated silicon cells, higher AOI results in a
more-significant drop in performance compared to bare cells [49]. These
effects will be explored in more detail in future work.

4, Conclusion

In this study, we investigated recombination losses in high-efficiency
bifacial SHJ solar cells as a function of depth, voltage, and wavelength.
We demonstrated a decrease in parasitic absorption of up to 50% rel.
with AM increasing from 1.5 to 10 and a slight rise (~0.5% abs.) in c-Si
recombination, resulting in overall improved cell efficiency up to AM5
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for front illumination and rear illumination with unity albedo. Our
simulated cell collects proportionally more photogenerated current
when AM increases from 1.5 to 5.0, with 2.3% and 2.1% more current
density collected under front-face and rear-face illumination at Ppax,
respectively. Consequently, efficiency rises by 0.5% abs. Additionally,
we investigate the influence of spectrally-resolved dry grass albedo on
rear-side cell performance, demonstrating a sharp decrease in efficiency
with increased AM, unlike the case of unity albedo. As efficiency tends to
rise with AM, we expect such benefits to enhance energy yield in loca-
tions with significant power contributions at high AM. Thus, the spectral
influence of AM and albedo is most impactful for high bifaciality cells,
locations with a high proportion of diffuse-to-direct light, and mid-to-
high latitudes where GHI-weighted AM exceeds 1.5.
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Chapter 5

5.2 A bifacial photovoltaic device measurement method
incorporating albedo

Bifacial standards that have been composed
Lack albedo to their detriment.
A new method is proposed
For adding rear light to measurement.

Rear illumination is weighted
For common systems you might come-by.
Thus, rear light is calibrated
To not be excessively high.

d ok sk

Scope and impact

Over 50% of solar panels deployed in 2022 have used bifacial technology [41]. However, indoor
measurements of bifacial photovoltaic devices often have limited applicability to field operation
due to neglecting the effects of albedo on the rear, or significantly overestimating rear incident
irradiance. In our article, we propose a bifacial illumination method that includes albedo and
appropriately scales the rear-side illumination to include loss mechanisms which occur in the
field. We evaluate the ability of this method to represent real-world illumination conditions
and align with system-level energy yield. This method is compared to bifacial measurement
standards published in I[EC 60904-1-2 in 2019.

This article has the following novelties:

1. An extension to the recent |IEC bifacial measurement standard |IEC 60904-1-2 is proposed,
incorporating the effects of albedo.

This new method, referred to as the Scaled Rear Irradiance (SRI) method in the article,
assigns rear illumination values to specific ground covers and makes a distinction between
equator-facing fixed-tilt PV systems and SAT systems. Rear illumination values are calibrated
using system-level modelling in Boulder, Colorado. The SRI method is designed and calibrated
such that test illumination conditions of bifacial PV devices better represent illumination condi-
tions in the field. This method may be used in place of previous implementations of albedo into
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bifacial PV studies, where AM1.5G was simply reduced by the spectral or broadband albedo of
the ground, resulting in erroneously high estimates of bifacial gain and spectral effects.

The measurement method described in this article has received discussion by committee
members of IEC 60904-1-2. Further standardization of the SRI method by, for example, cal-
ibrating the method for fielded modules under a single instance of normal-incidence AM1.5G
illumination, may be pursued in the future for implementation into measurement standard text.
Nonetheless, the method developed in this work may be used by bifacial PV researchers to
test the effects of albedo indoors under operating conditions which are more representative of
outdoor conditions in the interm. Further development of this model could open pathways
for bifacial module manufacture ratings to include power ratings under a few example ground
conditions such as snow, grass, and soil.
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Introduction

The International Energy Agency has
outlined a roadmap to achieving net-
zero greenhouse gas emissions by
2050, requiring a rapid transformation
of the global energy sector toward
renewable technologies.” While the cu-
mulative total deployed photovoltaic
(PV) capacity exceeded 1 TW in 2022,
annual PV deployments on the scale of
several terawatts by the mid-2030s are
anticipated.” By 2050, PV technologies
are projected to supply 20% of global en-
ergy and >70% of global electricity.! Of
these PV devices, bifacial technologies
are expected to dominate the market
share by >80%° due to the bifacial bene-
fits of increased power production per
area, increased module lifetime, and
cost-competitive manufacturing.” Plan-
ning of system deployments to meet
global energy demand requires accurate
and standardized measurements of bifa-
cial PV devices. Standard measurements
are quoted on commercial module data-
sheets and used to plan system perfor-
mance needs, which impacts system
cost, technology choice, material con-
sumption, land use, and grid stability.

In recent years, progress has been
made on standardizing bifacial mea-
surement procedures.s'8 In 2019, the
International Electrotechnical Commis-
sion (IEC) published a technical specifi-
cation, IEC 60904-1-2,” which defines
two standard methods of characterizing
bifacial PV devices where the front face
is illuminated with 1,000 W/m?2, while
the rear face is illuminated in the range
of 100-250 W/m?. Work is underway to
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evaluate the merits and drawbacks of
these two measurement methods.®®

Rear-side incident irradiance contribu-
tions can vary widely from 0 to
700 W/m? depending on the albedo
of the surrounding environment, orien-
tation of the module, shading, angle
of the sun, atmospheric conditions,
and temporal fluctuations.”? In a recent
systems-level study, Onno et al.” evalu-
ated incident photon-flux on bifacial
modules, finding rear irradiances from
0 to 400 W/m? under typical operating
conditions, with the two most impor-
tant factors governing irradiance varia-
tion being tracking type and
the ground albedo. Ground albedo
changes naturally across diverse global
environments and can be engineered
to increase energy yield. An irradiance
of 200 W/m? is the value selected by
IEC to represent a typical rear-side
contribution  for  bifacial  testing
methods in IEC 60904-1-2. However,
this rear irradiance is not attributed to
any particular ground condition nor
does it account for spectral variation
on the rear face, as it applies the stan-
dard air mass (AM) spectrum of
AM1.5G to both faces. In the field,
rear incident light has a unique spectral
shape determined by the physical
properties of the ground cover, which
previous research demonstrates in
some cases to yield device power varia-
tion of >5%.'%""

In this paper, we propose a method to
complement [EC measurement proced-
ures that accommodates the effects of
spectral albedo and realistic rear-front
irradiance ratios. We model the perfor-
mance of a typical bifacial silicon heter-
ojunction (SHJ) solar cell under three
bifacial illumination techniques: the
two standard methods outlined by IEC
and our new spectral albedo approach,
the scaled rear irradiance (SRI) method.
Finally, we demonstrate at the cell/
module level the ability of our pro-
posed method to represent and predict
energy yield by comparison to a

6 Joule 7, 1-12, January 18, 2023

detailed system-level optical and elec-
trical performance model.

Bifacial illumination methods

[EC 60904-1-2

In the IEC bifacial method, the 1-sun
(1,000 W/m?) AM1.5G spectrum illumi-
nates the front side, while the same
spectrum is scaled to a value between
0.1 and 0.25 suns (100-250 W/m?) on
the rear side. In the IEC equivalent irra-
diance (EQI) method, 1-sun front-side
irradiance, Grgqi(4), is increased ac-
cording to the device's bifaciality, ¢.
For example, for a rear irradiance of
0.2 suns, the applied spectrum is

Greal(d) = AM1.5G(2)
+[0.2 ¢ AM1.5G(2)]
(Equation 1)

with wavelength given by 2. For the SHJ
device examined in this paper, the bifa-
ciality factor is 0.96 but can range from
0.6 to 1 depending on the cell and mod-
ule technology. Technologies with lower
bifaciality will have lower bifacial gain
than what is presented in this paper but
will exhibit similar trends. For example,
in our device, to mimic bifacial illumina-
tion with a rear incident contribution of
200 W/m?, the equivalent front-side illu-
mination is 1,192 W/m?2. The EQI method
isintended to provide a simpler measure-
ment procedure, eliminating the need for
customized device mounting or addi-
tional lamps and optics.

The SRI method

In our proposed SRI method, the rear-
side irradiance is determined by the
spectral albedo of the ground. The
rear incident spectrum, G, sgj, is:

G,,5R|(A) = AM1 SG(A) RSR)(X, T)
(Equation 2)

where Rsg represents a system-level ra-
tio of rear-to-front module plane of
array irradiance (PoA) for spectral al-
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bedo, x, and system tracking type, T.
In this paper, x represents the ground
types studied: snow, white sand, dry
grass, light sand, concrete, roof shin-
gle, green grass, red brick, and soil.
Spectral albedo data is retrieved from
Russell et al.,"" with light sand and soil
provided by the SMARTS database.'”
Data spanning the wavelength range
of 280-3,000 nm is digitized and repro-
duced in Figure 1A. We consider
tracking types of horizontal single-axis
tracked (HSAT) and latitude fixed-tilt.
Values of Rsg) are given in Table 1, while
their calibration is discussed in the
following sections.

The SERI method

Analogous to the [EC equivalent irradi-
ance method, in the scaled equivalent
rear irradiance (SERI) method, the
rear-side irradiance is added to the
front:

Grseri(d) = AM1.5G(4)
+ [RSRI [ AM1 56(/1)]
(Equation 3)

Due to the equivalency of this
method and the SRI method for opti-
cally linear device technologies, as is
the case for most PV technologies, all
results presented in this work are under
illumination on both front and rear
faces.

Calibration of the SRl method

As the two most important factors gov-
erning rear-side irradiance are albedo
and tracking type,’ calibration must
occur for each system configuration of
interest. We exemplify our approach
using a bifacial horizontal single-axis
tracked array located in Boulder, Colo-
rado. Results for a latitude fixed-tilt sys-
tem are additionally summarized in
Table 1 and Figure 1.

Calibration of the SRI method requires
a bifacial PV performance model that
inputs broadband albedo and outputs
front and rear insolation. Broadband al-
bedo, app, is calculated by weighting
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Figure 1. The scaled rear irradiance method

(A) Spectral albedos considered in this work, digitized from Russell etal."’ and Gueymard et al.'? Rear-side EQE, as measured by the authors for our SHJ
device, is provided in the background. Dashed lines indicate the EQE-weighted albedo, as defined by Equation 5.

(B) Depiction of the SRI method calibration for dry grass. The histogram displays the fraction of daylight hours, which occur at a particular ratio of rear-
to-front plane-of-array irradiance on a module in an HSAT array.
(C and D) The relationship between systems-input spectrally weighted albedo and Rsg, for fixed-tilt and HSAT tracking types during (C) non-snow hours

and (D) snow hours.

(E and F) lllustration of the irradiance applied under (E) the IEC bifacial method compared to (F) the spectral-albedo-determined irradiance of the SR

method.

the spectral albedo, A.(4), by the
AM1.5G spectrum'?

_ JA(N) AM1.5G(2) di
b = T ANMA 5G(A) da
(Equation 4)

Integration bounds are determined by
the pyranometer sensitivity, in our
case 280-3,000 nm. We performed
this calibration using the detailed
system-level 3D view factor model,
DUET." DUET applies system array
configurations and environmental con-
ditions to calculate hourly front and
rear irradiance profiles and |-V curves,
among other outputs. This model has
been validated against field data and
other software.’”

Typical meteorological year (TMY) input
data were obtained from NREL's Na-
Radiation  Database
(NSRDB)."> The chosen representative
bifacial PV array consists of 72-cell mod-

tional  Solar

ules with a 1-in-portrait configuration
and a 1.22 m ground clearance. Input sin-
gle-diode model parameters are taken
from our optoelectronic cell model for
the encapsulated bifacial SHJ structure
detailed in Tonita et al.'® For a summary
of all system inputs, see Table S2.

System performance models typically
apply broadband albedo value(s) to
reduce computational cost, so the ef-
fects of spectrally resolved albedo are
introduced by the application of an
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external quantum efficiency (EQE)-
weighted albedo, agqg:

[ A(2) EQE(3) AM1.5G(2)  dx
3FQE = T TEQE(A) AMT5G(A) A dA
(Equation 5)

This approach reduces output electrical
power discrepancy caused by spectral
versus broadband albedo use, as it
weighs the spectral albedo according
to the responsivity of the specific technol-
ogy."® These EQE-weighted albedos are
provided in Table 1 and visualized in Fig-
ure 1A. Broadband albedo values are
provided in Table 1 for comparison.

Finally, to determine the representative
rear-to-front incident irradiance ratio for
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Table 1. Summary of albedo and SRl method parameters

Ground cover, x Soil Red brick Green grass Roof shingle Concrete Lightsand Dry grass White sand Snow
Broadband albedo, apy 0.19 0.23 0.24 0.26 0.29 0.33 0.44 0.67 0.85
EQE-weighted albedo, agqe 0.18 0.21 0.28 0.28 0.29 0.34 0.46 0.75 0.94
Horizontal single-axis tracked irradiance 0.059 0.067 0.086 0.086 0.088 0.102 0.134 0.211 0.240
ratio, Rsp

Fixed-tilt irradiance ratio, Reg, 0.076 0.085 0.107 0.107 0.110 0.126 0.164 0.255 0.188
each spectral albedo (Rsg, in Equations 2 Sentaurus using an optoelectronic

and 3), we calculate hourly 2D front and
rear irradiance profiles on a representa-
tive module in the bi-HSAT array over
the course of a year. Hourly albedo data
are categorized into two datasets: hours
with snow and hours without snow. To
identify the representative ratio for
snowy albedo, the albedo of snow is
applied to only snowy hours (83 days).
For all other albedos, they are applied
to non-snowy hours (282 days).

The ratio of rear (r) to front (f) module
plane of array (PoA) insolation across
all timesteps t with albedo x determines
Rsri:

o _ SPOA(

T Y PoA(Y)

The distribution of Rsg| across timesteps
for dry grass is provided as an example

(Equation 6)

in Figure 1B, while all identified irradi-
ance ratios are provided in Figures 1C
and 1D and summarized in Table 1. Fig-
ure 1C depicts the relationship be-
tween system-input albedo, agqe, and
Rsgi for fixed tilt and HSAT array config-
urations during non-snowy hours, while
the relationship for snowy hours is given
in Figure 1D. It is possible to extract
from these subplots the appropriate
Rsri value for any albedo of interest.

Figure 1E depicts the rear-side irradi-
ance applied during the IEC bifacial
method, while Figure 1F shows the irra-
diance used in the SRI method using
calibrated Rsg.

Results

Device-level performance

We simulated simultaneous front and
rear illumination in Synopsys TCAD

8 Joule 7, 1-12, January 18, 2023

model for textured crystalline silicon
(c-Si) based encapsulated bifacial SHJ
solar cells.”® A schematic of our cell
structure under bifacial illumination
scenarios is shown in Figure S1.

To align with standard test conditions,
cells were maintained at 25°C, and
incoming light was normally incident
for all calculations. For a detailed
description of our model and model
validation see the supplemental infor-
mation and Tonita et al."®

The maximum power and efficiency
output under the SRl method are pro-
vided in Figures 2A and 2B, with IEC stan-
dards given by dotted and solid lines for
comparison. Front-only illumination is
represented by an open circle at 0 W/m?
rear irradiance. For the IEC methods, we
extend the recommended testing range
of rear-side irradiances of 100-250 W/
m? to 0-400 W/m? and indicate the rec-
ommended testing regime by the shaded
backgrounds throughout Figure 2.

The conventional monofacial definition
of efficiency (n) is a ratio between total
electrical output power, Py, and total
incident power, Pi. As the definition
of efficiency under bifacial illumination
is not yet clearly defined,” we consider
the total incident power to be the sum
of front, Pyc¢, and rear, Pinc,, incident
power contributions. Thus, bifacial effi-
ciency becomes:

P P
n = P _ P

Ptot Pinc,f + Pinc,r

(Equation 7)

To include the effects of spectral shape
on efficiency in the SRI method, P,
must be set to:
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w
Pr’nc‘r = 1000_2 RSRI &
m AEQE

(Equation 8)

This accounts for the scaling of the
AM1.5G rear irradiance according to the
spectral shape of the ground albedo.
For example, relatively more photons
are present in the c-Si absorption range
when the spectral albedo is snow
compared to AM1.5G,
agqe > apb. Toachieve the same P, using
a spectrum modified by the ground spec-

resulting in

tral albedo, less total irradiance must be
applied to the rear, given by Equation 8
above. This definition is equivalent to
integrating the rear incident spectrum re-
flected off the ground, which emphasizes
the power conversion efficiency of all light
incident on the device and is necessary for
calculations  of  thermalization and

heating.

Figures 2A and 2B show significant varia-
tion in Py and efficiency depending on
the applied rear irradiance. The two IEC
methods have near-overlapping lines in
all subplots, demonstrating a negligible
difference between the equivalent irradi-
ance method and the bifacial method, as
designed. In Figure 2B, their efficiencies
decrease with increased rear contribution
as rear-injected carriers require on-
average longer diffusion lengths to reach
the front p-n junction, resulting in higher
recombination loss. The efficiency be-
comes a weighted average of the front
and rear efficiency, with the weight
determined by their relative irradiance
contributions.

The SRI method is intended to provide a
method to test the effects of spectral al-
bedo on device performance. The rear ir-
radiances resulting from Rsg for each
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Figure 2. Performance of bifacial illumination methods on a device and system level
(A) The maximum power produced by an SHJ cell using the IEC and SRI methods. Front-only results are given by the white circles, while the shaded

background corresponds to the recommended |EC testing range.
(B) The device bifacial efficiency for these methods. SRl efficiency is calculated using Equations 7 and 8, resulting in the deviation from the AM1.5G IEC

lines.

¢? CellPress

c AM1.5
100N, ———————
0| | &
60: > ol

i Gr(/)‘Z//
40 ‘
,~ Scaled Rear
30 ’

‘ Irradiance

Bifacial Gain (%)

T
0.6
Qeqe

T
0.4

(C) Bifacial gain calculated using two methods. In black, the bifacial energy yield gain of a bi-HSAT module using a validated system-level 3D view factor
model, DUET. The remaining lines are calculated as the gain in device power under bifacial illumination conditions compared to front-only illumination
for device measurement methods. The shaded background around the IEC 60904-1-2 line corresponds to the rear irradiance range of 100-250 W/m?.
The “Max" line represents the maximum theoretical gain due to ground-reflected light in the ideal case devoid of any ground shading. Data are spaced
according to the EQE-weighted broadband albedo (agqg) input into DUET, with icons depicting the ground condition associated with each data point.

ground cover fall within the typical rear-
irradiance operating range reported at
the system level,” with input incident
AM1.5G rear irradiance between 59 and
240 W/m? on the x axes of Figures 2A
and 2B. The maximum and minimum
output power using the SRI method for
the considered albedo dataset covers a
range of values spanning 36 W/m?.

As efficiency includes the effects of
spectral shape through Equation 8,
we calculate efficiency differences be-
tween +0.33% abs. to —0.20% abs.
compared to |[EC methods that assume
AM1.5G on both faces. For example,
snow reflects >90% of light in the c-Si ab-
sorption range, leading to an efficiency
0.30% abs. higher than what is given by
the IEC methods. Thus, the efficiency of
a device at absorbing incident radiation
under varying ground conditions cannot
be accurately characterized without
considering changes in spectral shape.

Energy yield prediction

The SRI method provides illumination
conditions that match operating condi-
tions for a given combination of ground
cover and system design, more closely
representing bifacial system-level per-
formance than 200 W/m? IEC rear irra-
diance. To illustrate, we calculate the
energy yield for a module in the bi-
HSAT array located in Boulder, Colo-
rado using DUET. The black line of Fig-
ure 2C displays its bifacial gain, defined
as the percentage increase in energy
yield compared to an equivalent mono-
facial module. Different ground condi-
tions are plotted on the x axis, with
spacing determined by the EQE-
weighted albedo applied within DUET.

For comparison, device-level character-
ization methods are plotted using bifacial
Pmp gain, defined as the gain in power
under bifacial illumination conditions

compared to front-only AM1.5G illumina-
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tion. This is calculated for the IEC bifacial
and SRI As an additional
comparison point, the maximum bifacial
Pmp gain due to ground-reflected light
is plotted in red, for the case where
Rsri = agqe in Equation 2.

methods.

Since the system-level ratio of rear-to-
front total annual irradiance dictates
the rear irradiance applied in the SRI
method, the resulting bifacial gain tracks
the full system-level analysis well, with
only a 1.7% abs. discrepancy with DUET
on average across varied ground condi-
tions. The agreement between bifacial
Pmp gain and DUET energy yield gain
confirm that in-lab device characteriza-
tion using the SRI method is sufficient
to capture the main sources of energy
yield variation—namely albedo and
tracking type. While Rsg; was calibrated
for Boulder, Colorado (40°N, diffuse frac-
tion 0.36), energy yield gains predicted
using Rsg are within 2.0% and 0.7%
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abs. on average in Phoenix, Arizona
(33°N, diffuse fraction 0.27) and Ottawa,
Canada (45°N, diffuse fraction 0.43),
respectively. Thus, it is possible to
use the values presented in this paper
for other locations, with an Rsg, error
of <7%. Further details on the impact of
geography are provided in the supple-
mental information and Table S1.

As a contrast, |[EC standards do not
provide a pathway for adjusting rear
irradiance given system configuration
and ground cover and thus produce a
flat bifacial gain in Figure 2C. For a
rear irradiance of 200 W/m?, the IEC
method over-estimates bifacial gain by
between +14% abs. to +1.4% abs for
all ground covers except snow. This
discrepancy reinforces the need for
the SRImethod to realistically represent
a range of operating conditions.

Discussion

The SRI method as a full spectrum
calculation

With the development of LED solar
simulator technologies and the possi-
bility for use of custom spectral filters,
bifacial
front and rear spectra could be imple-
mented in the future. Although the SRI
method utilizes AM1.5G on the front
and the rear of cells or modules, it is

measurements with unique

possible to implement this method
with rear-side spectral shape given by
the spectral albedo, A(2).

Rather than a scaling of AM1.5G, the rear
spectrum, G, sri(A), is applied as given:

Ac(A
Grsri(A) = AM1.5G(2) aéb) Rsri(x,T)

(Equation 9)

The device power output by Equation 9
is closely matched by the SRI method
depicted in Figure 2A, as the effect
of spectral shape is included in the
calibration of the SRI method through
agqe- This method can additionally be
applied to any solar spectrum of interest,
not just AM1.5G, such as spectra with
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varying air mass, precipitable water, or
aerosol optical depth. Further details are
provided in supplemental information.

Impact and significance

In this work, the SRl method was
described and
improved method for measuring and
modeling bifacial devices that is repre-
sentative  of

shown to be an

annual performance,
particularly due to its ability to repre-
sent different surface albedos. Incorpo-
rating this new method into future
bifacial standards would provide a
consistent methodology for testing
bifacial spectral or

broadband albedo, corresponding to

devices with
globally varying illumination condi-
tions. This is of particular importance
as renewable energy penetration in-
creases toward a net-zero world,
with bifacial PV projected to contribute
~16% of the global energy supply
by 2050, 30,000 Twh

annually.’?

around

Early implementation of this method
into |[EC standards can do the following:

1. Enable comparisons between ex-
isting and emerging bifacial tech-
nologies

For example, the SRI method can pro-
vide a consistent approach for future
experimental studies of emerging tan-
dem solar devices,
strong spectral dependence due to
their design of segmenting absorption

which have a

into series-connected top and bottom
cells. Tandem devices are anticipated
to be among the next-generation of
silicon solar cell technologies due to
their ability to exceed the single-junc-
tion efficiency limit.”

2. Enable application-specific opti-
mization

With the SRI method, it is possible to
optimize rear-side passivation and
anti-reflection coatings for specific illu-

mination conditions. For example, in
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the case of silicon heterojunction cells
with UV-absorptive ground conditions
such as green grass, tolerances on
rear-side ITO properties are broad-
ened and thicker

fabricated.

layers can be

3. Increase PV deployments in non-
traditional markets

This method also highlights the favor-
able conditions of snow accumulation
present in high-latitude locations by
enabling in-lab device characterization
under snowy ground conditions.

4. Improve system deployment
sizing

Adopting this method can also reduce
investment risk in PV deployments
and impact system planning. For
example, a 1% rel. increase in efficiency
of the bi-HSAT system located in
Boulder, Colorado results ina 1.1% in-
crease in annual energy yield. More-ac-
curate measurement capabilities can
affect future terawatt deployments on
the several gigawatt scale, therefore
changing system cost, material con-
sumption, and land use. Accurate sys-
tem predictions and planning can also
potentially reduce system inefficiencies
caused by mismatch in PV generation
and grid load or impact the sizing of
storage technologies.

5. Support bifacial power ratings

Furthermore, as instantaneous front-only
AM1.5G illumination power ratings are
currently used for monofacial and bifacial
modules alike, this method can inform
future bifacial power ratings. We suggest
manufacturers provide bifacial power rat-
ings for different common ground condi-
tions and tracking types, such as snow,
sand, grass, and soil for single-axis
tracked and fixed tilt configurations.

Estimates of the bifacial power pro-
duced under the SRI method from
existing 1-sun front-only module power
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ratings can be done given the linear
short-circuit current (Jsc) and logarith-
mic open-circuit voltage (Vo) relation-
ship with irradiance. For instance,
assuming a negligible change in fill
factor, the maximum power produced
under bifacial illumination with the SRI
method, Pnpsri, can be calculated as
follows:

Pmp,SRI = Pmpj—sunx(" +02\5/ﬂ|n(x)>

(Equation 10)

where X is the effective increase in
incident irradiance for a particular

albedo:

X =1+ Repi ¢ (Equation 11)
The use of bifacial power ratings
defined with the SRI method will high-
light the benefit of bifacial technolo-
gies, while facilitating PV technology
choice that is best suited for the needs
of individual projects.

Conclusion

In this study, we described a general
bifacial illumination method, the SRI
method, which can predict outdoor
system performance under varying
ground conditions by appropriate
scaling of the standard AM1.5G spec-
trum. We outline how the SRI method
can be used as an extension to IEC
60904-1-2 bifacial measurement stan-
dards to (1) capture efficiency differ-
ences under varied spectral albedo
and (2) represent system-specific illu-
mination levels through in-lab bifacial
device measurements. Implementation
of this approach in IEC standards
would provide commercial bifacial
module manufacturers with a power
ratings
ground covers, such as snow, sand,

methodology for common
grass, and soil. This additional rating
would allow for technology compari-
sons and design optimizations specific
to the planned PV deployment, while
potentially hastening bifacial PV adop-
tion. As bifacial PV deployments are

already rising each
year’ and module lifetimes exceed

25 years, improvements to bifacial

exponentially

measurement standards must happen
rapidly to keep pace with increasingly
varied installation conditions, reduce
financial risk, maximize system energy
yields, and limit greenhouse gas

emissions.

DATA AND CODE AVAILABILITY

The data supporting the findings of this
study are available in the main text and
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additionally available upon request
from the corresponding author. Details
regarding the code used in this paper
are published in Russell et al."* and To-

nita et al."®
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online at https://doi.org/10.1016/j joule.
2022.12.005.

ACKNOWLEDGMENTS

The authors thank CMC Microsystems
and the Natural Sciences and Engin-
eering Research Council of Canada
(NSERC CREATE 497981, NSERC
STPGP 521894, NSERC CGS-D, NSERC
RGPIN-2015-04782) for their funding
support. M.I.B. and M.M.-S. acknowl-
edge funding from the Department of
Energy (DOE) under contract no. DE-
EE0008166. Any opinions, findings,
and conclusions or recommendations
expressed in this material are those of
the author(s) and do not necessarily
reflect the views of the Department of
Energy. The University of Ottawa is on
the unceded territory of the Anishi-
naabe Algonquin Nation.

AUTHOR CONTRIBUTIONS

Conceptualization, E.M.T., C.E.V,,
M.I.B, and K.H.; methodology, E.M.T ;
software, E.M.T. and A.C.J.R.; valida-
tion, E.M.T. and M.M.-S_; investigation,
E.M.T. and M.M.-S.; writing — original
draft, E.M.T.; writing — review & editing,
E.M.T.,C.E.V.,A.C.J.R.,, M.M.-S., M.I.B,

96

¢? CellPress

and K.H.; visualization, E.M.T.; supervi-
sion, C.E.V., M.I.B., and K.H.

REFERENCES

1. IEA (2021). Net Zero by 2050. https://www.
iea.org/reports/net-zero-by-2050.

2. Haegel, N.M., Atwater, H., Jr., Barnes, T.,
Breyer, C., Burrell, A., Chiang, Y.M., De Wolf,
S., Dimmler, B, Feldman, D., Glunz, S., et al.
(2019). Terawatt-scale photovoltaics:
transform global energy. Science 364,
836-838. https://doi.org/10.1126/science.
aaw1845.

3. VDMA (2022). International Technology
Roadmap for Photovoltaic (ITRPV), 2021
Results. https://www.vdma.org/
international-technology-roadmap-
photovoltaic.

4. Kopecek, R., and Libal, J. (2021). Bifacial
photovoltaics 2021: Status, opportunities
and challenges. Energies 14, 2076. https://
doi.org/10.3390/en14082076.

5. IEC (2019). IEC 60904-1-2: Photovoltaic
Devices — Part 1-2: Measurement of Current-
Voltage Characteristics of Bifacial PV
Devices. https://standards.iteh.ai/catalog/
standards/iec/e785e8f8-4662-4726-99¢3-
5a0649327f50/iec-ts-60904-1-2-2019.

6. Rauer, M., Schmid, A., Guo, F.,
Neuberger, F., Gebhardt, P., and Hohl-
Ebinger, J. (2020). Comprehensive
Evaluation of IEC Measurement
Procedures for Bifacial Solar Cells and
Modules. In 37th European PV Solar
Energy Conference and Exhibition (EU
PVSEC). https://doi.org/10.4229/
EUPVSEC20202020-4CO.2.1.

7. Deline, C., MacAlpine, S., Marion, B., Toor,
F., Asgharzadeh, A., and Stein, J.S. (2017).
Assessment of bifacial photovoltaic module
power rating methodologies — inside and
out. IEEE J. Photovoltaics 7, 575-580.
https://doi.org/10.1109/JPHOTOV.2017.
2650565.

8. Rauer, M., Guo, F., and Hohl-Ebinger, J.
(2019). Accurate measurement of
bifacial solar cells with single- and both-
sided illumination. In Proccedings of the
36th Euro. Photovolt. Sol. Energy
Conference Exhibition (EU PVSEC). https://
doi.org/10.4229/EUPVSEC20192019-2CO.
12.1.

9. Onno, A., Rodkey, N., Asgharzadeh, A,,
Manzoor, S., Yu, Z.J., Toor, F., and
Holman, Z.C. (2020). Predicted power
output of silicon-based bifacial tandem
photovoltaic systems. Joule 4, 580-5%6.
https://doi.org/10.1016/j.joule.2019.
12.017.

10. Brennan, M.P., Abramase, A., Andrews,
R.W., and Pearce, J.M. (2014). Effects of
spectral albedo on solar photovoltaic
devices. Sol. Energy Mater. Sol. Cell. 124,
111-116. https://doi.org/10.1016/j.solmat.
2014.01.046.

11. Russell, T.C.R., Saive, R., Augusto, A.,
Bowden, S.G., and Atwater, H.A. (2017). The
influence of spectral albedo on bifacial

Joule 7, 1-12, January 18, 2023 11




¢? CellPress

13.

12

solar cells: a theoretical and experimental
study. |EEE J. Photovoltaics 7, 1611-1618.
https://doi.org/10.1109/JPHOTOV.2017.
2756068.

. Gueymard, C.A., Myers, D., and Emery, K.

(2002). Proposed reference irradiance
spectra for solar energy systems testing. Sol.
Energy 73, 443-467. https://doi.org/10.
1016/50038-092X(03)00005-7.

Vogt, M.R., Gewohn, T., Bothe, K,

Schinke, C., and Brendel, R. (2018). Impact
of using spectrally resolved ground albedo

Joule 7, 1-12, January 18, 2023

data for performance simulations of
bifacial modules. In Proceedings of the
35th Euro. Photovolt. Sol. Energy
Conference Exhibition (EU PVSEC). https://
doi.org/10.4229/35thEUPVSEC20182018-
5BO.9.5.

. Russell, A.CJ., Valdivia, C.E., Bohémier,

C., Haysom, J.E., and Hinzer, K. (2022).
DUET: A novel energy yield model with 3D
shading for bifacial photovoltaic systems.
|IEEE J. Photovoltaics 12, 1576-1585.
https://doi.org/10.1109/JPHOTOV.2022.
3185546.

97

15.

16.

Joule

Sengupta, M., Xie, Y., Lopez, A., Habte,
A., Maclaurin, G., and Shelby, J. (2018).
The National Solar Radiation

Data Base (NSRDB). Renew. Sustain.
Energy Rev. 89, 51-60. https://doi.org/
10.1016/j.rser.2018.03.003.

Tonita, E.M., Valdivia, C.E., Martinez-
Szewczyk, M., Lewis, M.R., Bertoni, M.l., and
Hinzer, K. (2021). Effect of air mass on carrier
losses in bifacial silicon heterojunction solar
cells. Sol. Energy Mater. Sol. Cell. 230,
111293. https://doi.org/10.1016/j.solmat.
2021.111293.



Joule, Volume 7

Supplemental information

A general illumination method to predict bifacial photovoltaic system
performance

Erin M. Tonita, Christopher E. Valdivia, Annie C.J. Russell, Michael Martinez-
Szewczyk, Mariana 1. Bertoni, and Karin Hinzer

98



SUPPLEMENTAL INFORMATION

Cell-Level Model and Validation

We simulated simultaneous front and rear illumination in Synopsys TCAD Sentaurus using an optoelectronic model
for crystalline silicon (c-Si) based encapsulated bifacial SHJ solar cells [S1], depicted in Figure S1. In our model, we use
regular inverted pyramid texturing to emulate random pyramidal light-trapping. Optical calculations use Monte Carlo
3D ray tracing, with subwavelength hydrogenated amorphous silicon (a-Si:H) and indium tin oxide (ITO) thin films
accommodated via transfer matrix method boundary conditions between the c-Si substrate and air. On both faces,
we apply a 6.4% shading loss corresponding to the finger width and metallization coverage of the fabricated cells.
Electrical calculations are solved using Poisson’s equation and electron and hole continuity equations with the finite
volume method in 2D. We apply surface recombination velocities between a-Si:H and c-Si layers of 2 cm/s [S2] and an
ITO sheet resistance of 99.2 O/o, corresponding to our fabrication process [S3][S4]. The c-Si wafers used have a
manufacturer-rated SRH lifetime of 2 ms, which we assume for our simulations. For a detailed description of our
model and all other chosen parameters, see Ref. [S1].

We fabricated bare bifacial SHJ cells at Arizona State University for model validation. Crystalline silicon wafers were
textured in a KOH bath before being cleaned in three 10-minute baths: a RCA-B (6:1:1 H20:H202:HCl) 74°C bath, a
piranha (8:1 H20:H2S04) 110°C bath, and a buffered oxide etch 25°C bath. Layers of doped and intrinsic hydrogenated
amorphous silicon (a-Si:H) were deposited on cleaned 156x156 mm? c-Si wafers with an Octopus Il (INDEOtec) plasma-
enhanced chemical vapor deposition (PECVD) tool at 250°C. Indium tin oxide (ITO) was sputtered with a 2% oxygen
gas flow to a thickness ~70 nm in an MRC 944 sputtering tool. Silver metallization was applied via screen printing on
front and rear faces and cured/annealed for around half an hour at 200 °C.

Measurements of external quantum efficiency (EQE) and Suns-Voc under front-only and rear-only illumination were
conducted to evaluate model performance as a function of wavelength and voltage, as given in Figure S1B and S1C.
Measurements of EQE were conducted with an Oriel 300 W calibrated xenon lamp and Oriel Cornerstone 130 1/8 m
Monochromator, while Suns-Voc measurements were conducted on a Sinton Instruments WTC-120.

Since EQE and Suns-Voc measurements were conducted on reflective chucks, a back-reflector was added to the
simulations for this comparison, but it is not present for any other data analysis presented in this work. Under a
spectrum of AM1.5G, modelled short-circuit current density (Js) has a discrepancy of 0.1 mA/cm? under front
illumination and 0.3 mA/cm? in comparison to measured EQE-extracted Js. Thus, as inputs into Suns-Voc
measurements, we apply pseudo short-circuit current densities equal to our simulation output. We provide these Jsc
input values in the first row of the table inset in Figure S1C. As Suns-Voc is an open-circuit voltage (Voc) measurement
technique, effects of series resistance are eliminated, resulting in the pseudo J-V curve presented in S1C by
experimental dots. Modelled J-V behavior, including resistances, is given by solid lines for comparison.

Measured and modelled Voc shows excellent agreement, with a <5 mV discrepancy for both front and rear
illumination. Pseudo-efficiency (p-n) output by Suns-Voc differs from our modelled efficiency (1) by 0.2% abs. and
0.1% abs for front and rear illumination, respectively. Rear side n is lower than front-side n primarily due to lower Js,

A 1,00-37 ront N’g40 |
- Glass, 3 mm Rear §
EVA, 0.45 mm 0.75- € 30+
ITO, 70 nm =
\ paSiH, 11nm S >
ia-Si:H, 6 nm 80'50_ [ g 20
n c-Si, 180 ym [0
, ia-Si:H, 6 nm e Voo (MV) 713 709 714 713
0 aSidl, 5 nm 0254 - Simulation 5 107 ge 820 823 828 82.8
N (E;YA' 0-5‘5 mm *  Experiment 5 n (%) 218 210 220 21.1
ass, o mm 000 , , O 0 . : .
500 1000 0.0 0.2 0.4 0.6 0.8
A (nm) Voltage (V)

Figure S1. Silicon Heterojunction Cell Model Validation

(A) Encapsulated bifacial silicon heterojunction cell structure, as simulated in this work. Layer thicknesses are as labelled and align with cell
fabrication. (B) Measured and simulated EQE for front-only and rear-only illumination of a bare cell on a reflective chuck. (C) Measured Suns-Voc
with modelled J-V. Parameters extrapolated from Suns-Voc and modelled J-V curves are inset.
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as depicted in S1B, caused by SRH recombination in the c-Si bulk. With higher c-Si wafer quality, reduced
contamination during wafer cleaning, and optimized contacts, efficiencies around 24% are achievable [S5].

The Scaled Rear Irradiance Method in Multiple Locations

The same analysis presented in the main paper has been repeated in Phoenix, USA and Ottawa, Canada to
demonstrate variations in the calibration for other mid-latitude locations with different diffuse irradiance fractions.
The results are summarized in Table S1 for the bifacial HSAT described in the main text. Ottawa, having a higher GHI-
weighted ratio of diffuse light, has Rgg; on average 3% higher than in Boulder. Phoenix, with more direct light, has on
average 7% lower Rgg. For either location, use of the calibrated values as given by Boulder results in similar energy
yield deviations from full system-level analysis with DUET.

Table S1. Calibration and Performance of the SRI Method in Multiple Locations

Phoenix Boulder Ottawa
Latitude 33.45°N 40.01°N 45.42°N
Annual DHI/GHI ratio 0.27 0.36 0.43
Snow - 0.240 0.254
White sand 0.199 0.211 0.214
Dry grass 0.125 0.134 0.136
Light sand 0.095 0.102 0.104
Rsri(x, 7 = HSAT) Concrete 0.092 0.088 0.091
Roof shingle 0.080 0.086 0.088
Green grass 0.080 0.086 0.088
Red brick 0.062 0.067 0.070
Soil 0.054 0.059 0.062
Annual predicted bifacial gain IEC 10 8 8
discrepancy with DUET using Max 27 33 32
Boulder calibration values (% abs.) Scaled 2 17 0.7

The Spectral Scaled Rear Irradiance Method

As described in the main text, the scaled rear irradiance (SRI) method can be adapted to include the effects of spectral
albedo via Equation 9 rather than a scaling of AM1.5G. We refer to this form of the SRI method as the spectral scaled
rear irradiance (S-SRI) method. This method instead changes the applied front and rear spectra based on the spectral
shape of the ground cover. Using the SRI method, output power of the full spectral, S-SRI calculation is predicted to
within 0.2 W/m? on average. Efficiency for the SRI method accounts for the effect of spectral shape via Equation 7
and 8. Thus, efficiency calculated with S-SRI and SRI methods agree to within 0.03% abs. on average for the dataset
of considered albedos.

Additional Variations in Incident Spectra

Additional factors, such as atmospheric conditions and sun position, shift the incident spectrum received on bifacial
cells and modules. This analysis could also be decomposed into direct and diffuse irradiance components. To keep
calculations as simple as possible, and for ease of comparison with IEC 60904-1-2 standards, all calculations presented
in the main text of this article have used the standard AM1.5G spectrum which assumes a particular ratio of direct-
to-diffuse light and set values for atmospheric conditions. Under real-world conditions, this ratio depends on location,
time of day, day of the year, system design, and other environmental factors [S6]. As diffuse light tends to have a
higher UV content than direct light, locations with more diffuse light will have higher spectral-albedo enhancements
for ground coverings that are UV-reflective, such as snow. For example, if the diffuse irradiance fraction increases by
10%, the ratio of EQE-weighted albedo to broadband albedo of snow will rise by around 1%.

10
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Summary of 3D View Factor System-Level Model Inputs

In Table S2 we summarize the environmental, cell, and system inputs into the 3D view factor model, DUET, for a bifacial
horizontal single-axis tracked array. For fixed tilt array configurations, modules are South-facing at latitude-tilt. The
performance of DUET has been compared to other software in Ref. [S7].

Table S2. Summary of DUET Inputs

Boulder, Colorado, USA
40.01°N, 105.26°W
Perez sky luminance distribution model
NREL NSRDB

M2 (156.75 mm)
238.84

7%

16

96

8.19

0.343

0.712

1.08

0.35

12.6

0.00018

0.035

-0.00235

42

ASHRAE

72

Portrait

Included

North-South

5

4.84

1

31

0.03

1

1.22

Includes purlins and torque tube

East-West single-axis tracking
Included

Round

0.05

[y

1
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Chapter 6

Latitude trends for bifacial photovoltaic
systems

In this chapter, latitude trends of bifacial PV systems are explored. Four journal articles are
presented spanning row spacing and tilt optimization, spectral albedo, model validation, and
degradation rates under varying latitudes. This research aims to advance the knowledge of
PV modelling uncertainty in high latitudes; parameterize appropriate row spacing for fixed-tilt,
SAT, and vertical PV systems as a function of latitude; and review long-term performance of
existing northern PV sites.

6.1 Ground coverage ratios for tracked and fixed-tilt pho-
tovoltaic systems for latitudes up to 75°N

Guidelines for row spacing
Have been historically made for low latitude.
Here, northern PV placing
With modern systems is pursued.

Formulae are given
For calculating spacing up to 75 degrees.

Rows should be driven
Further apart in locations that freeze.

g
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Chapter 6

Scope and impact

The PV market is globally shifting towards single-axis tracking and bifacial technologies, while
also expanding to higher latitudes [42]. However, general guidelines for PV system design that
are often employed today were historically developed for monofacial fixed-tilt systems at low-
to-moderate latitudes. Existing row spacing trendlines have not been shown beyond latitudes of
55°N [172]. In this work, we provide empirical equations for calculating appropriate row spacing
depending on the PV deployment latitude and configuration for a few shading tolerance scenarios
up to 75°N. We generalize the appropriate row spacing for any module size by presenting results
in terms of ground coverage ratio (GCR) — the ratio between PV collector length and row pitch.

This article has the following novelties:

1. Empirical equations are provided for calculating appropriate row spacing for fixed-tilt,
SAT, and vertical PV deployments as a function of latitude under three shading loss
scenarios.

2. The tilt of equator-facing fixed-tilt PV systems is optimized for varying latitudes and
GCR. For the 5% shading loss scenario, annual optimum tilt is calculated to be latitude-
tilt minus 10°.

3. We show that bifacial PV arrays require GCRs 11% lower on average than monofacial
GCRs, regardless of tracking type.

4. We demonstrate that tracked and fixed-tilt PV arrays have similar optimal GCRs around
and above 55°N, but that <b55°N tracked systems are significantly more sensitive to
shading losses caused by reducing the spacing between rows.

5. Energy yield density is found to peak for equator-facing fixed-tilt systems for GCR between
0.5 and 0.7. Increasing the number of modules in the same land area will eventually result
in an overall loss to the energy yield produced on the land due to high shading loss. SAT
and vertical PV systems are found to be more tolerant to high packing density across all
latitudes.

Overall, the formulae presented in this paper for calculating optimum PV system GCR using
the location latitude can be directly used by system developers and researchers to aid in system
design. Our results can inform future PV deployment for any location >15°N by providing
updated guidelines that represent the progression of solar energy development.
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ARTICLE INFO ABSTRACT

Keywords: General guidelines for determining the layout of photovoltaic (PV) arrays were historically developed for

F.ixe"l ﬁlt. monofacial fixed-tilt systems at low-to-moderate latitudes. As the PV market progresses toward bifacial tech-

\S/mgk Zlms nologies, tracked systems, higher latitudes, and land-constrained areas, updated flexible and representational
ertical

guidelines are required. Using our 3D view-factor PV system model, DUET, we provide formulae for ground
coverage ratios (GCRs -i.e., the ratio between PV collector length and row pitch) providing 5%, 10%, and 15%
shading loss as a function of mounting type and module type (bifacial vs monofacial) between 17-75°N. Fixed-tilt
arrays span a wide range of GCR (0.15-0.68, 5% loss) compared to single-axis tracked arrays (0.17-0.32) and
vertical east-west arrays (0.11-0.16). We additionally optimize fixed-tilt module tilt, finding that the optimum
tilt can vary from 7° above latitude-tilt to 60° below latitude-tilt in certain cases. We demonstrate that tracked
and fixed-tilt PV arrays should have similar GCRs >55°N, but tracked systems are more sensitive to row-to-row
shading losses <55°N. The GCR of fixed-tilt arrays at lower latitudes can reach 0.55 without introducing >2.5%
shading loss, whereas tracked and vertical arrays reach 2.5% shading loss by GCRs <0.22 and <0.10, respec-
tively. We additionally find that bifacial PV arrays require GCRs up to 0.03 lower than monofacial GCRs. These

Row spacing
Ground coverage ratio
Bifacial

results can inform future deployment designs for latitudes >15°N.

1. Introduction

The inter-row spacing of photovoltaic (PV) arrays is a major design
parameter that impacts both a system’s energy yield and land-use, thus
affecting the economics of solar deployment. Adjacent rows in a PV
array introduce energy yield loss via direct beam shading and diffuse-
sky masking (Appelbaum and Aronescu, 2022; Van Schalkwijk et al.,
1997) and contribute to greater irradiance inhomogeneity and current
mismatch losses. These negative effects of neighbouring PV rows can be
reduced by increasing the spacing between rows and by moving tracked
PV off-sun during morning and afternoon hours in a loss-minimizing
practice known as backtracking. However, as PV deployment continues
to accelerate with decarbonization plans predicting unprecedented
renewable sector expansion (International Technology Roadmap for
Photovoltaic (ITRPV), 2021; The International Energy Agency, 2021),
PV land-use may become more limited and costly (Bolinger and Bolin-
ger, 2022; Kafka and Miller, 2020; Tawalbeh et al., 2021). Optimization
of PV array configuration within a constrained field is required, and
previous guidelines for PV row spacing which focus on eliminating

* Corresponding author.
E-mail address: etoni044@uottawa.ca (E.M. Tonita).
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shading may not be adequate.

A commonly cited approach for determining inter-row spacing in
fixed-tilt systems is the “winter solstice rule”, where spacing is deter-
mined by the shadow length cast on the winter solstice at solar noon.
Some versions of this rule call for even wider row spacing by instead
constraining the time with no direct shading to between the hours of
9:00 AM and 3:00 PM on the winter solstice. The winter solstice rule is
not a practical method for determining row spacing when the economics
of land-use, cabling cost, and associated voltage power losses must be
considered (Appelbaum and Aronescu, 2022; Sanchez-Carbajal and
Rodrigo, 2019).

Similarly, the general guideline for traditionally deployed equator-
facing fixed-tilt system module inclination is to set the module tilt to a
value between 5-15° less than the latitude (Calabro, 2013; Lewis, 1987;
Qiu and Ruiffat, 2003), which is particularly important for higher lati-
tudes (Armstrong and Hurley, 2010; Schroder, 2011; International
Renewable Energy Agency, 2014). The interplay of array tilt and row
spacing must also be considered (Rehman et al., 2020), as the incorrect
coupling of tilt and row spacing can lead to unnecessary production loss.
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For example, a PV plant located in Qatar has reported a 4% annual loss
in energy yield due to a non-ideal coupling of tilt and row spacing,
described by Shah et al. (2019).

While these general guidelines provide a simple methodology for
preliminary system design, greater flexibility on row spacing re-
quirements and characterization of associated shading loss is needed to
minimize the levelized cost of electricity as available land becomes more
scarce and costly. Moreover, these approaches were initially developed
for monofacial equator-facing fixed-tilt systems at low-to-moderate
latitudes. Now that the PV market is globally shifting towards single-
axis tracking and bifacial technologies (The International Energy
Agency, 2021), while also expanding to higher latitudes (Frimannslund
etal., 2021; Pike et al., 2021), an investigation into optimal row spacing
— or ground coverage ratio (GCR) (i.e., the ratio between PV collector
length and row pitch) — for a wider range of technologies and locations is
warranted.

Among a growing configuration of PV technologies is the use of
vertical fixed-tilt arrays. East-west vertical bifacial fixed-tilt PV arrays
have competitive performance with south-facing panels in at high lati-
tudes (Jouttijarvi et al., 2022; Pike et al., 2021), and are also being
explored for agrivoltaic and building-integrated applications (Reker
et al., 2022; Tahir and Butt, 2022).

It is generally acknowledged that horizontal single-axis tracked
(HSAT) arrays require larger row spacing — or smaller GCRs — than fixed-
tilt counterparts. For example, Berrian et al. cites GCRs of around 35%
are typical for HSAT deployments whereas south-facing fixed-tilt GCRs
are often >50% (Berrian et al., 2019). However, there is little existing
literature which indicates how selection of the appropriate GCR varies
with latitude, nor directly compares the performance of HSAT, south-
facing fixed-tilt, and east-west vertical fixed-tilt arrays.

Many studies on row spacing and system design are limited to
moderate latitudes around 15-40° either North or South of the equator,
with few studies up to latitudes around 50°. For example, Baloch et al.
examined the interplay of row spacing and mounting height on bifacial
fixed-tilt and vertical PV arrays at 25°N, finding fixed-tilt arrays are
more sensitive to mounting height than vertical arrays (Baloch et al.,
2020). On the other hand, vertical arrays have been found to be more
sensitive to shading loss due to row spacing compared to fixed-tilt arrays
in a 32°N location (Appelbaum, 2016). Verissimo et al. compared how
favorable PV array system designs vary with GCR for Brazil (Verissimo
et al., 2020), Narvarte et al. compared tracking gain in Spain at 38°N
(Narvarte and Lorenzo, 2008), and Al-Quraan et al. explored the inter-
play of PV array tilt and row spacing in Saudi Arabia (24°N) and Yemen
(15°N) (Al-Quraan et al., 2022) .

Few studies have examined row spacing and system optimization in
higher latitudes. Jacobson et al. conducted an extensive study on the
effects of tracking type around the globe, considering cities with lati-
tudes between 37°S and 64°N, and extrapolating to +80° of the equator
(Jacobson and Jadhav, 2018). However, this study was limited to
monofacial systems and did not discuss how row spacing and land-use
must vary by location. Khan et al. compared bifacial vertical arrays to
monofacial equator-facing fixed-tilt arrays across the globe using a
clear-sky model, and asserted that a 2 m row spacing should be used in
practice (Khan et al., 2017). Pike et al. performed a seasonal comparison
of monofacial and bifacial fixed-tilt and vertical PV module performance
in Alaska, considering only single-module arrays (Pike et al., 2021).
Frimannslund et al. compared the PV potential in the Arctic and Ant-
arctic and discussed in a 78°N case study how the tilt of fixed-tilt arrays
can be adjusted to better suit lower row spacing (Frimannslund et al.,
2021).

On the bifacial side, research regarding bifacial system design
configuration and challenges is becoming more common, however there
has been little direct comparison between row spacing for bifacial vs
monofacial technologies and still many recent publications on PV system
design focus solely on monofacial systems (Bolinger and Bolinger, 2022;
Jacobson and Jadhav, 2018).

Solar Energy 258 (2023) 8-15

In this paper we demonstrate how row spacing affects system per-
formance for both monofacial and bifacial arrays, comparing south-
facing fixed-tilt, HSAT, and east-west vertical configurations for North
American locations at latitudes of 17°N up to 75°N. For each configu-
ration and location, we quantify the inter-row shading and resulting
system energy yield losses for GCRs between 0 and 1. We then provide
latitude-optimal GCRs — and tilts, in the fixed-tilt case — for 5%, 10%, and
15% allowable annual energy yield loss due to inter-row shading.

2. Methodology

We selected 31 locations from across North American countries of
Mexico, the United States, and Canada for PV row spacing character-
ization and optimization. Locations were selected to include a wide
distribution in latitude (17°N to 75°N). Where possible, the locations
represent multiple diffuse fractions within a given latitude range, with
diffuse fraction defined as the annually-averaged ratio of diffuse hori-
zontal irradiance (DHI) to global horizontal irradiance (GHI). Fig. 1
displays a map of diffuse fraction across the continent with our selected
locations indicated by open circles. Environmental data was retrieved
from the US National Solar Radiation Database (Sengupta et al., 2018)
with the exception of latitudes >60°N, which were obtained from the
Canadian Weather Energy Calculation database (Environment and
Climate Change Canada, 2022). Typical Meteorological Year data was
used for each location at an hourly resolution, including hourly-
updating albedo values. A summary of pertinent environmental condi-
tions for each location can be found in Table S1 of the Supplemental
Information section.

We modelled the performance of the PV arrays depicted in Fig. 2
using our PV performance prediction software, DUET (Russell et al.,
2022). DUET generates a detailed 3D model of the PV system including
supportive structures and multiple rows. Optical calculations are then
completed considering direct beam radiation, anisotropic diffuse sky
radiation, and ground-reflected radiation by segmenting the modules,
ground, and diffuse sky-dome into patches. A shading algorithm is
implemented using a deterministic ray intersection method (Moller and
Haines, 2002; Williams et al., 2005) to capture the effect of objects in the
3D scene. These shading results are combined with a 3D view-factor
model to calculate two-dimensional front and rear irradiance profiles
for each timestep (Coathup et al., 2023; Russell et al., 2022). Using
environmental conditions and module electrical parameters, DUET
translates these irradiance profiles into per-timestep cell current-volt-
age (I-V) curves through a temperature and irradiance-dependent single-
diode model. Cell temperature is computed using the Sandia glass-cell-
glass temperature model (King et al., 2004). Module I-V curves are
constructed assuming the wiring diagram depicted in Fig. 2C, with 72-
cells connected in series and parallel with three bypass diodes. The
instantaneous module power is then scaled by the timestep (hour) to
arrive at the module energy yield. Yearly total module energy yield, as
analyzed in this work, is given by the summation of energy yield over all
hourly timestamps. DUET has been validated against hourly field data
from fixed-tilt and tracked bifacial PV systems to within a mean absolute
error of <0.02 W/Wp (Russell et al., 2022; Stein et al., 2021).

To emulate utility-scale systems (Berrian et al., 2019), we calculated
the energy yield of 1 central module in a 5-row array where each row
contains 31 modules, as provided in Fig. 2A. To align with common
deployment configurations, fixed-tilt and HSAT arrays are arranged in a
1-in-portrait (1P) configuration with module frames, purlins, and torque
tubes as in Fig. 2B. Torque tube and purlin dimensions were chosen to
align with the range of dimensions used in literature (Coathup et al.,
2023; Deline et al., 2020). Vertical arrays are instead modelled in a 1-in-
landscape (1L) configuration, as this is commonly used to reduce rear-
side irradiance inhomogeneity (Valdivia et al., 2017; Wang et al.,
2020). Modules were composed of either monofacial or bifacial silicon
heterojunction (SHJ) solar cells with 20.2% efficiency and bifaciality of
96%. Module SHJ parameters, summarized in Table S2, were extracted
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Fig. 1. A map of diffuse fraction across North Amer-
ican countries of Mexico, the United States, and
Canada. White circles indicate the 31 locations stud-
ied. South-facing fixed-tilt systems are studied with
tilts from latitude-tilt + 10° to a minimum tilt of 15°,
in 5° increments. East-west HSAT systems studied
have a range of motion covering + 60°. Ground
coverage ratios (GCRs) between 0 and 1 are studied
for all illumination and mounting types, for both
monofacial and bifacial modules. Depicted fixed-tilt,

-

Bifacial
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Fig. 2. (A) The full simulated PV array scene viewed from the rear-side for fixed-tilt, HSAT, and vertical arrays. Vertical modules are not tilted, as depicted. (B)
Supportive structure dimensions. Purlins are simulated only around the central array module to reduce computation time in the case of fixed-tilt and HSAT arrays. (C)
Framed-module layout and internal module wiring structure with bypass diodes indicated above the module.

using a validated drift-diffusion model for dual-sided textured photo-
voltaic devices described in Tonita et al. (2021). This model has been
validated against measurements of SHJ devices (Tonita et al., 2021).

For this study, we calculated the effect of ground coverage ratios
between 0 and 1 on monofacial and bifacial fixed-tilt and HSAT arrays,
as visualized in Fig. 1. Vertical array GCR is only analyzed for the
bifacial case, as the primary appeal of vertical PV arrays is for electricity
generation in both morning and afternoon hours. GCR is defined by
Equation (1) below:

L
GCR = —

R (€Y

where L is the collector length perpendicular to the row length and R is
the row pitch. A GCR of 1 corresponds to the inter-row spacing where
the horizontal gap between modules becomes zero if the module was to
be rotated to horizontal tilt. A GCR of 0 corresponds to the case where
only a single row in the array is considered, or the inter-row spacing
between modules approaches infinity.

This study investigates full cell 1P arrays where L is the length of a
single module (2.0 m) and 1L arrays where L is the instead the width of a
single module (1.0 m), but results provided in terms of GCR will be
generally applicable to other collector lengths, tier-number, and half-cut
modules. For example, in Boulder, USA at 40°N, a bifacial full-cell 2-in-
portrait (2P) fixed-tilt system with a tier gap above the torque tube of
0.2 m should have a GCR higher by 0.04 compared to the 1P case. Of a
similar scale, a bifacial half-cut 1P fixed-tilt system should have a GCR
higher by 0.03 compared to a full-cell system. Placing multiple electri-
cally separated modules across the collector length, through either
adding additional tiers or half-cutting cells, results in proportionally

lower electrical mismatch loss and allows for marginally higher GCR.
Due to comparably reduced irradiance inhomogeneity between tracked
and fixed-tilt modules, the difference between 2P and 1P for HSAT
system GCR need only be 0.01. Similarly, the difference between half-
cut and full-cell HSAT system GCR is <0.01. Thus, calculated behav-
iour with GCR will apply to other collector lengths and half-cut cells.

For fixed-tilt arrays, we additionally varied the tilt angle, 0, from 10°
greater than the latitude to a minimum tilt of 15° (in 5° increments) for
all locations and all GCRs. A minimum limit of 15° is recommended in
practice to reduce accumulation of dust and dirt, and to facilitate rain-
based cleaning (Figgis et al., 2017; International Renewable Energy
Agency, 2014). For the tilt, 6, we introduce a latitude-tilt adjustment
factor, ¢, for latitude, a, defined as:

O=a+ ¢;0>15 @)

This latitude-tilt adjustment factor is introduced to emphasize the
displacement from latitude-tilt during analysis. The ground clearance
from the middle of modules to the ground, H, in meters was then
adjusted according to the module tilt, 6:

L
H= Esin9+0.25 3)

We model our arrays with a modest minimum module ground
clearance of 25 cm to align with tolerances of HSAT systems in the field,
where H typically varies between 0.8 and 1.5 m (Ayala Pelaez et al.,
2019; Berrian et al., 2019). Increasing this minimum ground clearance
to 1.0 m for fixed-tilt, HSAT, and vertical arrays decreases the optimal
GCR in Boulder by 0.01, 0.02, and 0.01, respectively. For the HSAT
systems modelled in this work, H is set to 1.12 m where 6 in Eq. (3)
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equates to the tracking bounds of + 60° tilt. In addition, a conventional
backtracking algorithm is employed for all HSAT arrays (Lorenzo et al.,
2011). In this algorithm, HSAT module tilt is adjusted away from direct-
beam normal incidence to eliminate direct shading between adjacent
rows. For further information, a summary of all system inputs is pro-
vided in Table S2.

3. Results

3.1. Influence of ground coverage ratio on optimal tilt in a fixed-tilt
system

The interplay of GCR and tilt of fixed-tilt modules is an optimization
problem. As GCR increases (or inter-row spacing decreases), energy
yield loss due to shading for a given module tilt becomes more and more
substantial. For higher GCR values, a lower tilt enhances energy yield by
reducing row-to-row shading loss, despite additional cosine losses (Al-
Quraan et al., 2022; Rehman et al., 2020; Van Schalkwijk et al., 1997).
Fig. 3A displays how changing the tilt of a fixed-tilt array away from
latitude-tilt by ¢ affects the bifacial energy yield of a central module
located in a 5-row array in Boulder, USA. For a given GCR, the tilt
adjustment factor providing the highest energy yield, gop, is displayed
by a star. To the right of the star shading losses dominate, while to the
left of the star cosine losses dominate. As GCR increases from 0 to 1.0,
the optimal tilt of the module moves from latitude + 5° to the minimum
allowed tilt of 15°, or tilt adjustment factor of —25° for Boulder, Colo-
rado. One can also observe on this plot the substantial influence GCR has
on module energy yield, particularly for GCRs > 0.5. From a GCR of 0 to
0.5 the energy yield drops by 9%. From a GCR of 0.5 to 1.0, the energy
yield drops by 50%.

The latitude of the fixed-tilt array also affects the optimal tilt
adjustment factor. Here, we combine the effect of GCR, latitude, and
module tilt for latitudes between 20 and 75°N. Fig. 3B and 3C display the
optimal tilt adjustment factors as a function of GCR for different latitude
bins for monofacial and bifacial modules, respectively. Locations are
binned and averaged by latitude within the error bounds indicated in the
legend, with 2-4 locations per bin. As a contrast to previous findings
which suggest using tilt adjustment factors between —5° to —15° (Cal-
abro, 2013; Lewis, 1987; Qiu and Ruiffat, 2003), we find that the
appropriate latitude-tilt adjustment factors vary between +7° to —60°
when a wide range of latitudes and GCRs are considered. At all latitudes,
shifting towards higher GCR favours shallower tilt angles in order to
limit inter-row shading loss, as seen in Boulder in Fig. 3A. For GCR >0.7,
the minimum tilt of 15° should be used at all latitudes. In higher latitude
locations, the tilt adjustment factor is significantly more sensitive to
GCR due to lower average solar elevation. For example, when changing
GCR from 0.3 to 0.4, the optimum tilt adjustment factor for a monofacial
fixed-tilt module at 17°N decreases by 0.4°, while the optimum tilt for
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this same module located at 75°N decreases by 14°.

Additionally, whether the modules are monofacial or bifacial can
have a slight impact on the choice of optimal module tilt. For GCRs >0.5
bifacial and monofacial optimal tilts are about the same since the irra-
diance contribution from rear-incident light is proportionally small.
However, when GCR decreases below 0.5, there is more opportunity for
diffuse, reflected, and occasionally direct-beam radiation to reach the
rear-side, increasing the relative contribution of row shading on the
front side. The balance between these two effects leads to higher optimal
tilt angles for bifacial arrays than for monofacial arrays at lower GCRs.
For the scenario of no neighbouring rows (GCR = 0), bifacial module
tilts should be on average 3° steeper than monofacial tilts for all loca-
tions. For a moderate GCR of 0.35, bifacial modules optimum tilts are
between 0 and 3° steeper than monofacial tilts, and 1° steeper on
average. However, this difference depends on the bifaciality of the
technology used and will be smaller for modules with bifaciality <96%;
thus, in most cases, the optimum tilt of monofacial and bifacial fixed-tilt
arrays can be assumed to be about the same.

All fixed-tilt results that follow are with the tilt set to the appropriate
optimum value.

3.2. Influence of ground coverage ratio on inter-row losses

Next, we quantified the sensitivity of annual module energy yield to
changes in GCR for fixed-tilt, HSAT, and vertical arrays. Fig. 4 displays
the results for a bifacial module in a fixed-tilt array (4A), HSAT array
(4B), and vertical array (4C). The inter-row energy yield loss, or the
amount of energy yield that is lost in comparison to an infinite row
spacing case (GCR = 0), is plotted on the y-axis. Thus, this inter-row
energy yield loss includes losses associated with direct-beam inter-row
shading, diffuse-sky masking from adjacent rows, and, in the case of
HSAT modules, the cosine losses associated with backtracking to mini-
mize shading.

There is a substantial difference in the impact of GCR on fixed-tilt,
HSAT, and vertical arrays for low-to-moderate latitudes. For example,
at our lowest latitude case of Tuxtla Gutiérrez, Mexico at 17°N, 5% inter-
row shading loss occurs at a GCR of 0.68 for fixed-tilt arrays compared to
a GCR of 0.32 for HSAT arrays and 0.16 for vertical arrays. Lower lati-
tude locations with fixed-tilt arrays have a wide range of GCRs with
inter-row energy yield loss <5%. At our highest latitude location in
Resolute Bay, Canada at 75°N, the difference between fixed-tilt and
HSAT array GCR causing 5% loss is only 0.02. As a contrast, the energy
yield lost to inter-row shading effects steeply increases with GCR for
vertical arrays, with less sensitivity to latitude than fixed-tilt and HSAT
cases. To achieve 5% shading loss, vertical array GCR must be <0.20 for
all locations.

Monofacial module trends are similar to the bifacial trends plotted,
only shifted by 11% on average towards higher GCR for equivalent
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Fig. 3. (A) The bifacial energy yield of a central fixed-tilt module in a 5-row PV array as the tilt adjustment factor, ¢, is varied from —25° to + 10° for Boulder, USA.
A tilt-adjustment factor of zero corresponds to latitude-tilt. Stars indicate the interpolated point of highest energy yield, corresponding to the optimal tilt-adjustment
factor for a given GCR. The optimum tilt-adjustment factors for different GCRs and latitudes is plotted in (B) for monofacial and (C) bifacial south-facing fixed-tilt
systems. Data for the latitudes provided is an average of 2—4 locations, located within the given latitude-bin. The constraint of a minimum tilt of 15° causes plateaus

in the adjustment-factor for GCRs > 0.7.
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Fig. 4. The impact of GCR on the total amount of energy yield lost to inter-row effects of direct-beam shading and diffuse-sky radiation masking for all 31 North
American locations for bifacial (A) fixed-tilt systems, (B) HSAT systems, and (C) vertical systems.

annual relative inter-row losses. Further comparison between bifacial
and monofacial results is presented and discussed in the following
section.

3.3. Latitude trends

To further elucidate GCR trends between 17 and 75°N, we consider
the requirements for each system configuration to perform with an
accepted inter-row energy yield loss of 5%. Fig. 5 displays the GCR for
each of our 31 locations that results in 5% inter-row losses parsed by
latitude and diffuse fraction for fixed-tilt arrays (5A), HSAT arrays (5B),
and vertical arrays (5C). Inset in each of these plots is a linearly-
interpolated geographical map displaying the GCRs.

While there is a correlation between diffuse fraction and latitude,
with a Pearson correlation coefficient of r = 0.71, we find that GCRs are
more strongly influenced by latitude than diffuse fraction. This can be
seen by the dominating shift of GCR from low to high latitude. Locations
at similar latitudes but different diffuse fractions have an average
standard deviation in GCR of just +0.02.

Fixed-tilt GCRs achieving only 5% inter-row energy yield loss span
between 0.14 and 0.68 from 75°N to 17°N for bifacial modules, while
HSAT GCRs range between 0.18-0.32 and vertical GCRs between 0.10-
0.16. To achieve a given relative inter-row energy yield loss, HSAT ar-
rays generally require lower GCR values than fixed-tilt arrays, especially
for lower latitude locations. However, in Canada and Alaska, spacing
requirements are similar for the two configurations, and HSAT arrays
even allow narrower row spacing than fixed-tilt arrays for latitudes
>55°N. This is more easily seen in Fig. 6, which shows the latitude-
trends of GCRs achieving inter-row energy yield losses of (A) 5%, (B)
10%, and (C) 15%. These higher inter-row loss scenarios would apply for
PV deployments where land is limited and modules must be spaced
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closer together to achieve desired yields.

Trendlines for monofacial and bifacial modules in fixed-tilt, HSAT,
and vertical arrays are plotted in Fig. 6. Fixed-tilt behaviour is fit to an S-
curve, with the following equation:

GCR = + GCR, (©))

1+ e Ha-a)

where P, k, ap, and GCRy are fitting parameters and « is the latitude. All
fitting parameters for the subplots in Fig. 6 are provided in Table 1,
allowing for the computation of appropriate GCR for any latitude be-
tween 15-75°N. For the HSAT and vertical array linear regression pa-
rameters, m is the slope, while b represents the y-intercept. The standard
deviation between the fitting functions and calculated data points is
+0.03 for fixed-tilt arrays and +0.01 for HSAT and vertical arrays.

Fixed-tilt array GCR exhibits S-curve behaviour, with low-latitude
GCR plateauing due to a minimum tilt of 15° and high-latitudes expe-
riencing diminishing returns on further increases in row spacing. HSAT
and vertical array behaviour is fit by a linear regression, with GCR
decreasing linearly towards higher latitudes. Vertical arrays only show a
marginal dependence on latitude, leading to a simple linear fit. While
HSAT behaviour is more sensitive to latitude, HSAT trends are different
than south-facing fixed-tilt arrays due to shade-reduction via back-
tracking. For a given GCR, HSAT arrays at higher latitudes will back-
track more often than lower latitude arrays, resulting in higher cosine
losses. Therefore, higher latitude systems require lower GCR to maintain
a specific inter-row loss.

For all depicted inter-row shading loss scenarios, HSAT GCRs and
fixed-tilt GCRs are comparable for latitudes >55°N. This means that land
requirements for deployments in the North will be similar for HSAT and
fixed-tilt arrays. Land-usage should not dictate whether single-axis
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Fig. 5. The GCR giving a 5% inter-row spacing energy yield loss for all 31 locations as a function of latitude and diffuse fraction for (A) bifacial fixed-tilt systems, (B)
bifacial HSAT systems, and (C) bifacial vertical systems. Inset maps show the GCR linearly interpolated across Mexico, the United States, and Canada.
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Table 1
Fitting Parameters for Calculating Ground Coverage Ratio.
Fixed-tilt HSAT Vertical
P k@) ap (°) GCRy m(1/°) b m(1/°) b
Inter-row energy yield loss 5% Bifacial —0.560 0.133 40.2 0.70 —2.68 x 107 0.361 -6.87 x 107* 0.155
Monofacial —0.550 0.138 43.4 0.71 —2.82 x 10°° 0.388 - -
Inter-row energy yield loss 10% Bifacial —0.485 0.171 46.2 0.72 —4.37 x 10’3 0.575 -1.23 x 103 0.257
Monofacial —0.441 0.198 48.7 0.72 —4.76 x 10’3 0.621 - -
Inter-row energy yield loss 15% Bifacial —0.414 0.207 49.9 0.74 —5.76 x 10°° 0.762 -1.93 x 10°® 0.357
Monofacial —0.371 0.208 51.5 0.75 —6.33 x 103 0.825 - -

trackers are deployed in the North, instead decision-makers can focus on
other relevant factors such as tracking cost, feasibility, and energy yield
gain.

For low-to-moderate latitudes, HSAT array inter-row shading loss is
more sensitive to changes in GCR than fixed-tilt systems. For example, in
Miami, USA at 26°N, the GCR for bifacial HSAT arrays is lower than
fixed-tilt arrays by 0.13 under the 15% loss scenario, but this discrep-
ancy nearly triples to 0.37 under the 5% loss scenario. Contrary to the
high-latitude case, low latitude decision-makers who wish to minimize
inter-row shading losses must consider land-use as a key factor when
choosing between tracking and fixed-tilt systems. Vertical system GCR
may reach up to 0.29 when shading loss is more tolerable at low lati-
tudes, as in the 15% shading loss scenario in Fig. 6C. However, low
GCRs <0.20 are necessary for all latitudes when limiting shading loss to
5%. This suggests that vertical PV arrays may need to tolerate higher
shading losses to be more feasible in practice compared to south-facing
fixed-tilt and HSAT arrays.

Whether the array is bifacial or monofacial additionally affects the
latitude-optimal GCRs. As shown in Fig. 6, the trends between bifacial
and monofacial modules for fixed-tilt and HSAT arrays follow the same
behaviour, with bifacial module GCRs shifted lower on average by 0.03
than monofacial, since larger row spaces leads to higher rear irradiance.
The appropriate GCR for any configuration at any latitude >15°N can be
extracted from these plots or calculated using the fitting parameters
provided in Table 1.

4. Discussion

While this paper discusses the interplay of inter-row energy yield loss
on GCR for tracking/fixed-tilt/vertical systems and bifacial/monofacial
modules, the appropriate selection of system configuration is a complex
economic objective function, and further design optimizations should be

considered. For example, PV arrays can be further optimized by ac-
counting for non-flat terrain (Al-Quraan et al., 2022), considering the
effects of wind-based module cooling caused by array layout (Glick
et al., 2020), alternating panel inclination between neighboring rows
(Kafka and Miller, 2020), varying mounting height (Baloch et al., 2020),
and using row-specific tracking algorithms for HSAT arrays (Daly and
Abbaraju, 2018). In addition, other non-conventional array mounting
configurations may be of benefit. For example, high density, shallow
ground-mounted array layouts with little spacing between array rows
have been recently emerging onto the market, claiming land-use re-
ductions ~30% (Carroll, 2021; GameChange Solar, 2023; Jurchen
Technology, 2023).

Here, we presented the sensitivity of inter-row energy yield shading
loss to GCR by comparing to the energy yield of a module with no
neighbouring rows (GCR = 0). In some cases, it might be more beneficial
to instead consider energy density, as suggested by Verissimo et al.
(2020). This could be of more use when, for example, available land for
PV is limited and module costs are low. Figure S1 in the supplemental
information shows a plot of energy yield density as a function of GCR for
the 31 locations considered in this work. For HSAT arrays, energy yield
density continues to increase towards GCRs of 1.0, despite increased
shading losses. If the sole objective is to maximize the energy yield of a
given plot of land regardless of module cost, HSAT rows can be placed
with little to no gap between rows, since losses associated with near
constant backtracking are offset by the sheer number of modules on site.
However, this is not a practical site layout in most circumstances as
space must be left for operation and management practices, and modules
spend most of the year backtracking to tilts < 15°. Fixed-tilt energy
density, on the other hand, peaks for GCRs between 0.5 and 0.7 for
latitudes between 17°N to 75°N. Even with negligible module cost, GCRs
beyond these peaks are unlikely to be economically feasible, as reducing
row spacing further results in an overall loss to energy yield; the benefit

111



E.M. Tonita et al.

gained by fitting more modules into a given space is very literally
overshadowed by shading losses if a minimum 15° tilt is maintained to
avoid soiling. Eliminating the minimum tilt requirement of 15° can
allow for non-conventional shallow-tilt array layouts with high energy
yield density at GCRs of 1 (Carroll, 2021; GameChange Solar, 2023;
Jurchen Technology, 2023). Unlike their equator-facing fixed-tilt
counterparts, east-west facing vertical panels do not experience an en-
ergy yield density peak for GCRs up to 1; it is possible to have GCRs >1
to increase the energy yield density of the PV array (Khan et al., 2017;
Riaz et al., 2021; Tahir and Butt, 2022). In agrivoltaic applications, the
effect of vertical PV row spacing on crop yield must also be considered,
with certain crops being more shade-tolerant or shade-sensitive (Riaz
et al., 2021; Tahir and Butt, 2022). In all cases, incorporating the effect
of GCR on both module energy yield and energy yield density will be
necessary to help inform PV array design.

PV arrays were composed of full-cell silicon technology for the pre-
sented GCR and energy yield analysis. The power output of a module is
generally proportional to the amount of incident irradiance, however,
some technologies may be more shade-tolerant. For example, both half-
cut cells and cadmium telluride (CdTe) technologies have demonstrated
a lower sensitivity to shading than full-cell silicon modules, resulting in
tracking schemes that reduce or even eliminate backtracking hours for
overall improved performance (Cheein et al., 2021; Ngan et al., 2013).
In this case, restrictions on appropriate GCR values as a function of
latitude will be lessened, and closer row spacing could be used.

The analysis we have presented has been conducted for North
American locations, but covers a wide range of operating conditions,
including diffuse fractions between 0.23 and 0.55, average GHI-
weighted ambient temperatures of —4°C to 31°C, average GHI-
weighted albedos between 0.10 and 0.65, and city elevations between
1 and 1600 m. These location parameters are summarized in Table S1.
Including locations across other continents and in the southern hemi-
sphere in this analysis would further the range of operating conditions
and contribute to more scatter in the presented trends. Since latitude
was the dominating factor effecting inter-row energy yield loss, our
results should provide an estimate of the performance of equivalent PV
arrays across the globe.

5. Conclusion

Traditional guidelines for determining PV array layouts were
developed for monofacial fixed-tilt equator-facing systems at low-to-
moderate latitudes, and no longer suit well the expanding PV market,
which has been progressing toward bifacial technologies, tracked sys-
tems, higher latitudes, and land-constrained areas. Old approaches, like
the winter solstice rule, are insufficient to capture the nuance of
deployment planning, where practical and economical constraints vary
widely both geographically and temporally. In this work, we have
quantified the row spacing for tracked, fixed-tilt, and vertical arrays
with both bifacial and monofacial technologies in 31 locations from
17-75°N with acceptable inter-row shading losses of 5-15%. We
generalize our results to an arbitrary collector area by presenting results
in terms of ground coverage ratio. GCR varies widely between 0.15-0.68
for fixed-tilt systems compared to 0.17-0.32 for HSAT systems, both
with a strong latitude-dependence. Similarly, the optimal tilt of fixed-tilt
arrays varies widely from 7° above latitude-tilt to 60° below latitude-tilt,
depending on the latitude and GCR. Vertical systems are less sensitive to
latitude, with GCR varying from 0.10 to 0.16 between 17-75°N. We also
find that it is reasonable to approximate the row spacing of bifacial ar-
rays as equivalent to monofacial arrays, with bifacial modules of 96%
bifaciality requiring GCRs lower by 0.03 on average than monofacial
modules. We demonstrate that latitude is a stronger driver of inter-row
energy yield shading losses than diffuse fraction, and present formulae
for calculating the appropriate row spacing of a PV array for any latitude
between 15-75°N. Our results provide updated guidelines for PV
deployment system design that better suit the expanding PV sector.
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CRediT authorship contribution statement

Erin M. Tonita: Conceptualization, Methodology, Investigation,
Data curation, Writing — original draft, Writing — review & editing,
Visualization. Annie C.J. Russell: Conceptualization, Methodology,
Software, Validation, Investigation, Writing — review & editing. Chris-
topher E. Valdivia: Conceptualization, Writing — review & editing,
Supervision. Karin Hinzer: Conceptualization, Writing — review &
editing, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors gratefully acknowledge the support of CMC Micro-
systems Canada and the Natural Sciences and Engineering Research
Council of Canada [NSERC CREATE 497981, NSERC STPGP 521894,
NSERC CGS-D].

The University of Ottawa is located on the unceded territory of the
Anishinaabe Algonquin Nation.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.solener.2023.04.038.

References

Al-Quraan, A., Al-Mahmodi, M., Alzaareer, K., El-Bayeh, C., Eicker, U., 2022. Minimizing
the utilized area of PV systems by generating the optimal inter-row spacing factor.
Sustainability 14, 6077.

Appelbaum, J., 2016. Bifacial photovoltaic panels field. Renew. Energy 85, 338-343.

Appelbaum, J., Aronescu, A., 2022. Inter-row spacing calculation in photovoltaic fields —
a new approach. Renew. Energy 387-394.

Armstrong, S., Hurley, W.G., 2010. A new methodology to optimise solar energy
extraction under cloudy conditions. Renew. Energy 35 (4), 780-787.

Ayala Pelaez, S., Deline, C., Greenberg, P., Stein, J.S., Kostuk, R.K., 2019. Model and
validation of single-axis tracking with bifacial PV. IEEE J. Photovolt. 9 (3), 715-721.

Baloch, A.A.B., Hammat, S., Figgis, B., Alharbi, F.H., Tabet, N., 2020. In-field
characterization of key performance parameters for bifacial photovoltaic installation
in a desert climate. Renew. Energy 50-63.

Berrian, D., Libal, J., Klenk, M., Nussbaumer, H., Kopecek, R., 2019. Performance of
bifacial PV arrays with fixed tilt and horizontal single-axis tracking: comparison of
simulated and measured data. IEEE J. of Photovolt. 9 (6), 1583-1589.

Bolinger, M., Bolinger, G., 2022. Land requirements for utility-scale PV: an empirical
update on power and energy density. IEEE J. of Photovolt. 12 (2), 589-594.

Calabro, E., 2013. An algorithm to determine the optimum tilt angle of a solar panel from
global horizontal solar radiation. J. Renew. Energy 307547.

Carroll, D., 2021. “5B backs bigger is better with new generation of modular solar
solution,” PV Magazine. Online: https://5b.co/news/2021/media-release-new-5b-ma
verick-offers-improved-performance-and-safety.

Cheein, F., Dolan, D.S.L., Patrick, S.H., 2021. “Effective backtracking algorithm for half-
cut cell solar panels”, The 9 Renewable Power Generation Conference. Dublin Online
355-358.

Coathup, T., Lewis, M.R., Russell, A.C.J., Haysom, J.E., Valdivia, C.E., Hinzer, K., 2023.
Impact of torque tube reflection on bifacial photovoltaic single axis tracked system
performance. Opt. Express 31 (4), 6155.

Daly, A., Abbaraju, V., 2018. Optimizing your energy yield: TrueCapture smart control
technology boosts energy production and financial returns. NEXTracker, Fremont,
CA USA.

Deline, C., Ayala Pelaez, S., MacAlpine, S., Olalla, C., 2020. Estimating and
parameterizing mismatch power loss in bifacial photovoltaic systems. Prog.
Photovolt. Res. Appl. 28 (7), 691-703.

112



E.M. Tonita et al.

Environment and Climate Change Canada, 2022. “Engineering climate datasets,” Online.
Available: https://climate.weather.gc.ca/prods_servs/engineering_e.html.

Figgis, B., Ennaoui, A., Ahzi, S., Remond, Y., 2017. Review of PV soiling particle
mechanisms in desert environments. Renew. Sustain. Energy Rev. 76, 872-881.

Frimannslund, 1., Thiis, T., Aalberg, A., Thorud, B., 2021. Polar solar power plants —
investigating the potential and the design challenges. Sol. Energy 224, 35-42.

Glick, A., Ali, N., Bossuyt, J., Calaf, M., Cal, R.B., 2020. Utility-scale solar PV
performance enhancements through system-level modifications. Sci. Rep. 10, 10505.

International Renewable Energy Agency, 2014. “IRENA global atlas: spatial planning
techniques, session 2b” Online. Available: https://www.irena.org/-/media/Files/I
RENA/Agency/Events/2014/Jul/15/10_Solar_power spatial_planning_techniques_
Cairo_Egypt.pdf.

International Technology Roadmap for Photovoltaic (ITRPV), 2021 Results, Ed. 13,
Frankfurt, Germany (2022).

Jacobson, M.Z., Jadhav, V., 2018. World estimates of PV optimal tilt angles and ratios of
sunlight incident upon tilted and tracked PV panels relative to horizontal panels. Sol.
Energy 169, 55-66.

Jouttijarvi, S., Lobaccaro, G., Kamppinen, A., Miettunen, K., 2022. Benefits of bifacial
solar cells combined with low voltage power grids at high latitudes. Renew. Sustain.
Energy Rev. 161, 112354.

Kafka, J., Miller, M.A., 2020. The dual angle solar harvest (DASH) method: An
alternative method for organizing large solar panel arrays that optimizes incident
solar energy in conjunction with land use. Renew. Energy 155, 531-546.

Khan, M.R., Hanna, A., Sun, X., Alam, M.A., 2017. Vertical bifacial solar farms: physics,
design, and global optimization. Appl. Energy 206, 240-248.

King, D.L., Kratochvil, J.A., Boyson, W.E., 2004. Photovoltaic array performance model.
Sandia Report — SAND2004-3535 8, 1-19.

Lewis, G., 1987. Optimum tilt of a solar collector. Sol. Wind Technol. 4 (3), 407-410.

Lorenzo, E., Narvarte, L., Munoz, J., 2011. Tracking and back-tracking. Prog. Photovolt.
Res. Appl. 19 (6), 747-753.

Moller, T., Haines, E., 2002. Ray/box intersection - intersection test methods. In: Real-
Time Rendering, 2nd ed.,. AK Peters/CRC Press, Natick, MA, USA, pp. 572-1278.

Narvarte, L., Lorenzo, E., 2008. Tracking and ground cover ratio. Prog. Photovolt: Res.
Appl. 16, 703-714.

Ngan, L., Jepson, C., Blekicki, A., Panchula, A., 2013. “Increased energy yield production
of First Solar horiztonal single-axis tracking PV systems without backtracking”, IEEE
39" Photovoltaic Specialists Conference, Tampa. FL, USA, pp. 792-796.

Pike, C., Whitney, E., Wilber, M., Stein, J.S., 2021. Field performance of south-facing and
east-west facing bifacial modules in the Arctic. Energies 14, 1210.

Qiu, G., Ruiffat, S.B., 2003. Optimum tilt angle of solar collectors and its impact on
performance. Int. J. Ambient Energy 24 (1), 13-20.

Rehman, N.U., Uzair, M., Allauddin, U., 2020. An optical-energy model for optimizing
the geometrical layout of solar photovoltaic arrays in a constrained field. Renew.
Energy 149, 55-65.

Reker, S., Schneider, J., Gerhards, C., 2022. Integration of vertical solar power plants
into a future German energy system. Smart Energy 7, 100083.

Riaz, M.H., Imran, H., Younas, R., Butt, N.Z., 2021. The optimization of vertical bifacial
photovoltaic farms for efficient agrivoltaic systems. Sol. Energy 230, 1004-1012.

Solar Energy 258 (2023) 8-15

Russell, A.C.J., Valdivia, C.E., Bohémier, C., Haysom, J.E., Hinzer, K., 2022. DUET: A
novel energy yield model with 3D shading for bifacial photovoltaic systems. IEEE J.
of Photovolt. 12 (6), 1576-1585.

Sanchez-Carbajal, S., Rodrigo, P.M., 2019. Optimum array spacing in grid-connected
photovoltaic systems considering technical and economic factors. Int. J. Photoenergy
1489749.

Schroder, A., 2011. Determination of annual optimum altitude and azimuth angles of
fixed tilt solar collectors in the continental United States using the National Solar
Radiation Database. Proceedings of the ASES National Solar Conference.

Sengupta, M., Xie, Y., Lopez, A., Habte, A., Maclaurin, G., Shelby, J., 2018. The National
Solar Radiation Data Base (NSRDB). Renew. Sustain. Energy Rev. 89, 51-60.

Shah, S.F.A., Khan, L.A., Khan, H.A., 2019. Performance evaluation of two similar 100
MW solar PV plants located in environmentally homogeneous conditions. IEEE
Access 7, 161697.

GameChange Solar, “MaxDensity East West System,” accessed 2023. Online: https://gam
echangesolar.com/maxdensity.

Stein, J., Reise, C., Castro, J.B., Friesen, G., Maugeri, G., Urrejola, E., Ranta, S., 2021.
Bifacial photovoltaic modules and systems: experience and results from international
research and pilot applications. Int. Energy Agency Photovolt. Power Syst.
Programme T13-14, 2021.

Tahir, Z., Butt, N.Z., 2022. Implications of spatial-temporal shading in agrivoltaics under
fixed tilt & tracking bifacial photovoltaic panels. Renew. Energy 190, 167-176.
Tawalbeh, M., Al-Othman, A., Kafiah, F., Abedlsalam, E., Almomani, F., Alkasrawi, M.,
2021. Environmental impacts of solar photovoltaic systems: a critical review of

recent progress and future outlook. Sci. Total Environ. 759, 143528.

Jurchen Technology, “PEG design: The revolution in the field of PV substructure,”
accessed 2023. Online: https://www.jurchen-technology.com/products/solar-mount
ing/peg/peg-design/.

The International Energy Agency, Net Zero by 2050, Paris, France (2021). https://www.
iea.org/reports/net-zero-by-2050.

Tonita, E.M., Valdivia, C.E., Martinez-Szewczyk, M., Lewis, M.R., Bertoni, M.L,

Hinzer, K., 2021. Effect of air mass on carrier losses in bifacial silicon heterojunction
solar cells. Sol. Energy Mater. Sol. Cells 230 (15), 111293.

Valdivia, C.E., Li, C.T., Russell, A., Haysom, J.E., Li, R., Lekx, D., Sepeher, M.M.,
Henes, D., Hinzer, K., Schriemer, H.P., 2017. “Bifacial photovoltaic module energy
yield calculation and analysis”, 44™ IEEE Photovoltaic Specialists Conference,
Washington. DC, USA, pp. 1094-1099.

Van Schalkwijk, M., Kil, A.J., Van Der Weiden, T.C.J., 1997. Dependence of diffuse light
blocking on the ground cover ratio for stationary PV arrays. Sol. Energy 61 (1),
381-387.

Verissimo, P.H.A., Campos, R.A., Guarnieri, M.V., Verissimo, J.P.A., Rafael do
Nascimento, L., Ruther, R., 2020. Area and LCOE considerations in utility-scaled,
single-axis tracking PV power plant topology optimization. Sol. Energy 211,
433-445.

Wang, L., Liu, F., Yu, S., Quan, P., Zhang, Z., 2020. The study on micromismatch losses of
the bifacial PV modules due to the irradiance non-uniformity on its backside surface.
IEEE J. Photovolt. 10 (1), 135-143.

Williams, A., Barrus, S., Morley, R.K., Shirley, P., 2005. An efficient and robust ray-box
intersection algorithm. J. Graph Tools 10 (1), 49-54.

113



Supplemental Information

E. M. Tonita, A. C. J. Russell, C. E. Valdivia, and K. Hinzer, “Optimal ground coverage ratios for
tracked, fixed-tilt, and vertical photovoltaic systems for latitudes up to 75°N”.

I.  OPTIMIZED LOCATIONS

We selected 31 locations from across North American countries of Mexico, the United States, and Canada for
photovoltaic (PV) row spacing characterization and optimization. A summary of pertinent parameters for these
locations is given in Table S1 below. Environmental Typical Meteorological Year data was retrieved from the National
Solar Radiation Database (NSRDB) 5! for locations <60°N. For locations >60°N, the Canadian Weather Energy
Calculation Database (CWEC) was used 52, Environmental data was used at an hourly resolution, however yearly
average insolation, ambient temperature, and albedo are provided in Table S1. A range of elevation from 1-1636 m
above sea level occurs in our dataset. High elevation tends to increase PV performance due to decreased average
temperatures (5>, Since our analysis considers relative changes in energy yield on a location-by-location basis, the
effects of elevation should have a negligible contribution to the results presented in the main text.

Table S1. Summary of Location Environmental Data

°N °W Fraction kWh/mZ/da Temp. (°C)” Albedo

Tuxtla Gutiérrez 16.8 93.1 0.34 26.9 0.16

Guadalajara 20.6 103.4 0.27 6.3 25.1 0.18 1590
Mérida 21.1 89.7 0.31 5.8 285 0.16 4
Culiacan 24.8 107.5 0.26 5.9 30.2 0.17 30
Monterrey 25.8 100.3 0.31 5.4 28.8 0.15 716
Miami 25.8 80.2 0.35 5.2 25.8 0.16 5
Chihuahua 28.7 106.1 0.23 6.1 254 0.18 1462
Houston 29.8 95.4 0.37 4.8 25.6 0.15 15
New Orleans 30.0 90.1 0.36 4.9 235 0.15 1
Phoenix 335 112.1 0.23 5.8 30.5 0.17 321
Albuquerque 35.1 106.7 0.23 5.6 22.3 0.17 1496
Memphis 35.1 90.0 0.36 4.6 225 0.14 85
Virginia Beach 36.9 76.0 0.38 4.5 185 0.10 3
Denver 39.8 105.0 0.30 4.9 19.1 0.23 1587
Boulder 40.0 105.3 0.36 45 185 0.26 1636
Pittsburgh 40.5 80.0 0.44 3.9 17.5 0.17 257
Boise 43.6 116.2 0.28 4.6 20.3 0.17 847
Halifax 447 63.6 0.43 3.6 115 0.22 1
Ottawa 45.4 75.7 0.40 3.8 13.2 0.32 62
Deer Lake 49.2 57.4 0.48 3.2 104 0.35 58
Vancouver 49.3 123.1 0.41 3.2 15.9 0.13 45
Regina 50.5 104.6 0.37 3.7 14.0 0.30 570
Winnipeg 49.9 97.4 0.37 37 13.0 0.31 228
Prince George 53.9 122.8 0.42 3.3 12.2 0.28 599
Flin-Flon 54.8 101.9 0.40 3.3 9.1 0.36 312
Yellowknife 62.5 114.4 0.44 2.9 8.2 0.36 206
Rankin Inlet 62.8 92.1 0.53 2.7 -0.3 0.52 32
lgaluit 63.8 68.6 0.55 25 -0.3 0.51 34
Old Crow 67.6 139.8 0.43 2.7 6.7 0.38 251
Cambridge Bay 69.1 105.1 0.47 24 -2.4 0.56 31
Resolute Bay 74.7 95.0 0.41 24 -4.3 0.65 68

*GHI-weighted averages
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Il.  SYSTEM DESIGN

In Table S2 we summarize the input parameters used in the 3D view factor PV system simulator, DUET 1, System
parameters presented are for a bifacial horizontal single axis tracked (HSAT) array. For south-facing fixed-tilt
systems, the tracking type is set to fixed and the tilt is set to the optimum tilt as described in the main text. For east-
west vertical fixed-tilt systems the azimuth is set to 90° from South, the tracking type is set to fixed, and the module
orientation is landscape. In all cases a minimum ground-to-module clearance of 0.25 m is maintained. Other
parameters are set to common values across each of these system configuration types. Module electrical parameters
are extracted from a model for dual-sided textured silicon heterojunction devices [5¢,

Table S2. Summary of DUET Inputs

Environmental

Sky model

Environmental data

Perez sky luminance distribution
model

NREL NSRDB 54 or CWEC 52

Cell geometry Cell size M2 (156.75 mm)
Cell area (cm?) 238.84
Metallization shading fraction (%) 7%
Irradiance sample points per cell 16
Cell 1-V Bifaciality (%) 96
Short-circuit current (A/cell) 8.19
Responsivity (A/W) 0.343
Open-circuit voltage (V) 0.712
Ideality factor 1.08
Saturation current (nA/cell) 0.35
Shunt resistance () 12.6
Series resistance (Q) 0.00018
Temp. coef. short-circuit current 0.035
(K%
Temp. coef. open-circuit voltage -0.00235
(K1)
Nominal operating cell temp. (°C) 42
Incidence angle modifier model ASHRAE
Module Number of cells 72
geometry Module orientation Portrait
Frame Included
Array geometry  Azimuth (° from South) 90
Number of rows 5
Row pitch (m) Depends on GCR
Number of tables per row 1
Number of modules per table 31
Module spacing along row (m) 0.03
Number of tiers 1
Ground clearance (m) Adjusted according to Eq. 3
Racking Includes purlins and torque tube
Tracker Type Horizontal single-axis tracking, +60°
Backtracking Included
Torque tube Shape Round
Radius (m) 0.05
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I1l. ENERGY DENSITY

In the main text we presented the sensitivity of inter-row energy yield shading loss to GCR by comparing to the energy
yield of a module with no neighbouring rows. In some cases, it might be more beneficial to instead consider energy
density, as suggested by Verissimo et al. 571, This could be of more use when, for example, available land for PV is
limited and module costs are low. Figure S1 shows a plot of energy yield density as a function of GCR for the 31
locations considered in this work for fixed-tilt arrays (A, B), HSAT arrays (C, D), and east-west vertical fixed-tilt
arrays (E, F). All rows have the same scale for ease of comparison between monofacial and bifacial energy yield
density. Energy yield density, p, is calculated by simply dividing the annual module energy yield, E, by the row pitch,
R, associated with each GCR:

p=E/R (Eq. S1).

For HSAT arrays, energy yield density continues to increase towards GCRs of 1.0, despite increased shading losses.
If the sole objective is to maximize the energy yield of a given plot of land regardless of module cost, HSAT rows can
be placed side-by-side, since losses associated with near constant backtracking are offset by the sheer number of
modules on site. However, this is not a practical site layout in most cases as space must be left for operation and
management practices. Additionally, since HSAT modules were not constrained to a minimum tilt of 15° like fixed-
tilt modules, for GCRs near 1.0, the module tilt will be between 0-15° for most hours of the year. Fixed-tilt energy
density, on the other hand, peaks for GCRs between 0.5 and 0.7 for latitudes between 75°N to 17°N. Even with
negligible module cost, GCRs beyond these peaks are unlikely to be economically feasible, as reducing row spacing
further results in an overall loss to energy yield. Unlike their equator-facing fixed-tilt counterparts, east-west facing
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Fig. S1. The effect of GCR on energy yield density for all 31 North American locations for (A, C, E) monofacial systems and (B,
D, F) bifacial systems with (A, B) fixed-tilt, (C, D) HSAT, and (E, F) vertical fixed-tilt configurations.
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vertical panels do not experience an energy Yield density peak for GCRs up to 1.0; it is possible to have GCRs>1 to
increase the energy yield density of the PV array [58],
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Chapter 6

6.2 Effect of spectral albedo on bifacial photovoltaic
module measurements and system model predictions

The effects of spectral albedos
Are quantified for measurement & software.
With spectra like uneven rainbows
You may have error up to 3%, beware.

Spectral mismatch is increased
For fixed systems in northern locations,
Bandgaps above 1 eV at least,
And bright ground-cover applications.

ok sk

Scope and impact

Quantifying rear incident irradiance is one of the main research challenges for accurate prediction
and characterization of bifacial PV performance. Rear irradiance is most heavily influenced by
the surrounding ground albedo, with a major uncertainty associated with the use of albedo
being the importance of spectral shape. In this article, we present a comprehensive study of
spectral albedo effects on (1) bifacial PV device I-V measurements, and (2) annual predictions
of bifacial PV system performance.

This article has the following novelties:

1. An indoor measurement demonstration of measuring bifacial PV devices under varying
illumination conditions corresponding to specific ground covers including snow, grass, and
soil using 1-cell bifacial SHJ mini-modules is completed. This is a practical demonstration
of the SRI method described in Section 5.2.

2. Spectral albedo irradiance mismatch is calculated in 31 locations spanning 15-75°N and
for ten different ground covers.

3. We show that ground-reflected irradiance composes between 2-32% of all annual plane-
of-array irradiance on bifacial PV modules, with notably high (>10%) contributions for
fixed-tilt arrays above 50°N.

4. Empirical equations are provided for estimating the sensitivity of model energy yield
predictions to changes in ground albedo.
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Chapter 6

5. We quantify how much spectral mismatch can be expected to increase for solar cell
technologies with larger bandgaps, such as cadmium telluride (CdTe) and GaAs.

Overall, this article demonstrates the scenarios where omission of spectral effects can lead to
measurement and modelling errors on the order of 1-3%. We recommend considering spectral
effects for (1) fixed-tilt deployments at high latitudes, (2) wide bandgap technologies, (3)
albedos which vary significantly over the technology’s absorption range, and (4) high albedos
such as snow.
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Abstract

We provide a comprehensive analysis of the effect of spectral albedo on photovol-
taic (PV) module measurements and system model predictions. We demonstrate
how to account for albedo in indoor bifacial device measurements by adjusting the
applied irradiance using the scaled rear irradiance method, exemplified on fabricated
silicon heterojunction (SHJ) modules. System model performance is studied using a
detailed 3D finite-element model, DUET, for fixed-tilt and horizontal single-axis
tracked (SAT) arrays between 15 and 75°N. Spectral effects cause variations in mea-
sured SHJ module short-circuit current up to 2% and efficiency variation up to 0.3%
abs. We further demonstrate that rear-side spectral mismatch factors (SMMs) result-
ing from including or omitting spectral albedo in PV system modeling vary between
+13%, while total (front-+rear) SMMs vary up to 3%, depending on the deployment
configuration and latitude. SAT array SMMs are weakly correlated with latitude,
while fixed-tilt array SMMs increase with latitude, driven by an increasing propor-
tion of ground-reflected light on the front-side of modules. Ground-reflections can
constitute between 2% and 32% of total incident module irradiance, with notably
high (>10%) contributions for fixed-tilt arrays at high latitude. Effects of spectral
albedo are most significant for: (1) fixed-tilt deployments at high latitudes, (2) wide
bandgap technologies such as perovskite and cadmium telluride cells, (3) albedos
which vary steeply over the technology's absorption range, and (4) high albedo
ground covers. Overall, we demonstrate that omitting spectral albedo effects can
result in PV measurement and system-level modeling uncertainties on the order of

several percent in these cases.
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broadband albedo, energy yield, ground reflected, latitude, scaled rear irradiance, spectral
albedo, spectral impact, spectral mismatch
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INTRODUCTION

Bifacial photovoltaic (PV) technologies, which absorb radiation on
both front and rear faces, are rapidly becoming the mainstream tech-
nology deployed worldwide, with over 20 GW deployed as of 2021.1
By 2050, bifacial technologies are projected to constitute 80% of the
global PV market share courtesy of their increased absorptive area
and module lifetime compared to conventional monofacial technolo-
gies.2? Energy yield gains typically between 5-30% can be achieved
compared to monofacial technologies,? with bifacial gain driven by
the acceptance of rear-side irradiance. Thus, quantifying rear incident
irradiance is one of the main research challenges for accurate predic-
tion and characterization of bifacial PV performance.

Direct beam irradiance, diffuse sky irradiance, and ground-
reflected irradiance all contribute to the total incident irradiance
received on a PV module. In the case of low-latitude monofacial PV
modules, ground-reflected irradiance typically accounts for <2% of
total incident irradiance,® but this number can be >10% for bifacial
modules and compose >90% of all rear-incident irradiance.*> Ground-
reflected irradiance is determined by the surrounding albedo of the
environment, where albedo is defined as the bidirectional hemispheri-
cal reflectance of a surface and depends on the ground material,
topology, and lighting conditions.>® Thus, the characterization and
measurement of albedo on bifacial rear-side irradiance over a wide
range of conditions, including extending beyond previous low-latitude
assumptions, is imperative for both resource assessment & planning,
and for monitoring the performance of existing deployments.

How ground-reflected, diffuse sky, and direct beam irradiance
sources manifest into rear-side module irradiance profiles depends on
numerous parameters. Rear-side non-uniformity arises naturally from
the configuration of the PV array, with factors such as module tilt,
height, and location in the PV array influencing rear-incident irradi-
ance.””® For example, Ayala Pelaez et al. used a ray tracing technique
to investigate single-axis tracked (SAT) edge-brightening, finding mod-
ules at the end of the tracker experience a 15%-25% increase in rear
irradiance compared to central modules in Albuquerque, USA, at
35°N.? Alongside non-uniformities arising from module orientation
and the surrounding environment, self-shading and self-reflections
can also occur to either diminish or enhance energy vyield. For
instance, Ayala Pelaez et al. found a 2%-8% torque tube rear irradi-
ance shading factor for 2-in-portrait tracked systems in Richmond,
USA, at 38°N.° Similarly, Coathup et al. examined the complementary
effect of torque tube reflections, finding slight annual energy yield
prediction increases of 0.1%-0.2% for tracked systems located in Liv-
ermore, USA, at 38°N.11

Rear-side irradiance non-uniformity leads to current mismatch
loss in all cases. MclIntosh et al. quantified the current mismatch loss
in a SAT array in Golden, USA, at 40°N using a ray tracing model, find-
ing that mismatch losses were higher for edge modules in the array,
for single tier arrays, and when the ground albedo was high.}? Deline
et al. investigated rear side irradiance for ground-mounted tracked
and rooftop fixed-tilt systems in three mid-latitude locations around
the globe and found that mismatch losses increased linearly with

module bifaciality.*® Electrical wiring schemes can be used to reduce
mismatch losses, for example, by the addition of more bypass diodes
or use of half-cut cells.

Among the areas of uncertainty regarding bifacial PV
performance is the importance of the spectral nature of albedo on
both rear-side irradiance and energy vyield. Different ground
conditions will preferentially reflect and absorb certain wavelengths,
leading to unique spectral albedos. In many cases, an average or
broadband albedo is instead used in simulations to reduce measure-
ment and computational complexities.2*"1¢ In recent years, a few
studies have investigated the impact of spectral albedo on bifacial
device performance compared to these broadband approximations.
For example, Onno et al. described how spectral albedo impacts bifa-
cial tandem devices, considering the albedos of brown loam, white
sand, and dry grass,17 while Russell et al. described the theoretical
efficiency limit for bifacial solar cells with and without the spectral
dependence of albedo.’® Russell et al. further modeled that bifacial
solar cell power can vary by up to 5% due to spectral effects.'®

A few studies have explored the impact of spectral albedo on sys-
tem performance, however they are limited to select locations or do
not conduct a yearly energy yield analysis. Brennan et al. investigated
the impact of spectral albedo versus broadband albedo for 22 albedos
and 7 technologies under a single-spectrum representing a sunny mid-
latitude at solar noon.’” Andrews et al. calculated the effect of
spectrally-weighted albedo versus broadband albedo for spectra with
varying cloud optical thicknesses, demonstrating that insolation can
be under-predicted by up to 7% by ignoring spectral effects.?° In this
paper, Andrews et al. suggested that the use of an external quantum
efficiency (EQE) weighted albedo value can be used as a proxy for a
full spectral calculation.?° Vogt et al. adopted this spectrally-weighted
albedo to further demonstrate a 20% relative discrepancy in bifacial
gain compared to using a broadband albedo approximation for
Hamelin, Germany.* Riedel-Lyngskaer et al. analyzed field data in
Denmark of bifacial fixed-tilt and SAT arrays, monitored using differ-
ent spectroradiometers and pyranometers, finding spectral impacts
varying from 0.98 to 1.20.2

Here, we present a comprehensive review of the effect of spec-
tral albedo compared to broadband approximations on yearly bifacial
PV system performance for 31 North American locations spanning
17-75°N. We consider equator-facing fixed-tilt and SAT systems
under 10 different albedo scenarios. Furthermore, we demonstrate
how in-lab bifacial PV module measurements are affected by broad-
band albedo approximations by measuring bifacial silicon heterojunc-
tion (SHJ) mini-modules (1-cell modules) using the scaled rear
irradiance measurement method.?? Thus, this paper is composed of
two primary sections—in the first, we analyze the impact of spectral
albedo on in-lab bifacial module measurements; in the second, we use
the measurements of SHJ mini-modules as input into a PV system-
level performance model to analyze spectral albedo system model
uncertainty. We examine the front, rear, and total spectral mismatch
factors arising from spectral albedo as a function of latitude. Finally,
we extend our analysis to show relative performance variations for six
other technologies in addition to SHJ.
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2 | METHODOLOGY

21 | Albedo

For both module measurements and system-level modeling, we con-
sider 10 albedo scenarios: snow, white sand, dry grass, light sand,
concrete, roof shingle, green grass, red brick, soil, and tundra. The
spectral albedos of these ground conditions are plotted in Figure 1A.
Albedos of soil and light sand are digitized from the SMARTS data-
base.Z® To exemplify a naturally occurring high-latitude surface, we
consider the albedo of tundra to be the measurement of natural sur-
face with soil and rock from Beggild et al. acquired in Greenland.?*
The remaining spectral albedos are digitized from Russell et al.'® For
comparison, broadband albedo, a,p, is depicted by dashed lines in

Figure 1A and calculated using the following formula:

JA(/l) x AM1.5G(2) di

—~
[N
—

app =
JAMl.SG(A) di

The spectral albedo, A(4), is weighted by the standard solar spec-
trum of AM1.5G. Though spectral albedo data is displayed for the sili-
con absorption range in Figure 1A, this value is calculated over
wavelengths, 4, from 280 to 3000 nm representing the absorption
range of typical pyranometers.
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The shaded background in Figure 1A corresponds to the
measured external quantum efficiency (EQE) of a bifacial SHJ mini-
module. As suggested by Andrews et al., we calculated a spectrally-
weighted albedo, a;, using the SHJ EQE to represent performance
under spectral albedo conditions?®:

JA(/I) x EQE(1) x AM1.5G(4) x AdA
a, =

JAEQE(A) x AML.5G(1) x AdJ

This method reduces the computation time required for a full
spectral analysis, while providing comparable results due to incorpo-
rating the technology's spectral response.*?° An inset table in
Figure 1A summarizes ap,, and a, for our 10 considered ground

conditions.

2.2 | Module measurement methodology

Bifacial silicon heterojunction mini-modules were fabricated for
albedo performance characterization and input into a system-level
model. A schematic of the module layer structure is provided in
Figure S1. Four SHJ glass-glass mini-modules were fabricated and
measured to have an average efficiency of 21.9 + 0.9% under front-
side standard test conditions (STC) of AM1.5G at 1000 W/m? and an

Modelling with Albedo
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(A) The spectral albedo and broadband albedos considered in this work, shown for the c-Si absorption range, with silicon

heterojunction EQE given by the faded blue background. The table summarizes the broadband and spectrally-weighted albedos for each ground
condition. (B) A schematic demonstrating how measurements with albedo are implemented indoors by scaling front-side irradiance, Gg(\),
according to the ground albedo, using target irradiance values, Rsg,, calculated using Equations (5) and (7) via the scaled rear irradiance method.
(C) A schematic showing how system-level modeling is completed using varied albedo across 31 locations for fixed-tilt and SAT modules. Array
icons are truncated and represent a 5-row array with 31 modules per row (see Figure 2A). The central module is analyzed in this work,
represented by colored shading. The map displays the yearly average daily solar insolation across Mexico, the United States, and Canada.
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average bifaciality of 96 + 2%. Further information can be found in
the supporting information, including a summary of mini-module mea-
sured parameters in Table S1 and fabrication details.

The performance of bifacial PV mini-modules under varying
albedo conditions can be tested indoors using the scaled rear irradi-
ance (SRI) method, developed and described in our prior work.?? In
the SRI method, the International Electrotechnical Commission (IEC)
standard 60904-1-2 for measurement of bifacial -V behavior?® is
extended to include effects of albedo. In the simplest measurement
case, rear-side irradiance is added to the front-side, modified by the
device's bifaciality, ¢, in what is referred to as ‘an equivalent irradi-
ance method’; the spectra, Gg(4), illuminated on the front-side of a
bifacial device is increased to mimic the effect of additional rear-side

irradiance:

Gr(7) =AM1.5G(2)[1+ ¢R] (3)

Here, R is the value representing the intended rear-side irradiance
in suns. The IEC 60904-1-2 standards recommend testing with
R between 0.1-0.25 suns (100-250 W/m?).

In the SRI method, an albedo, a, is calibrated and assigned to a
particular R, depending on the system mounting architecture (fixed-tilt
or SAT).2? Thus, it is possible to attribute a physical meaning to the
selection of rear-side irradiance values by, for example, applying
irradiance that corresponds to outdoor conditions with fresh snow.
For fixed-tilt and SAT mounting architectures, the rear irradiance R for
an albedo, a, can be calculated using the following two empirical
equations, repeated from Tonita et al.?? These empirical formulae
emulate the performance of 1-in-portrait systems located in Boulder,
USA, at 40°N:

Rfixed—tit(a) =0.31a+0.01 (4)

Rsar(a) =0.27a+0.01 (5)

Since snow falls and accumulates over a subset of hours in a year,
snowy albedos are treated separately in the SRI method, leading to

two additional equations unique for evaluation of snowy hours:
Reixedtiltsnow(a) = 0.19a+0.01 (6)

RSAT,snow (a) =0.240+0.01 (7)

To demonstrate indoor measurements with albedo, we measure
bifacial SHJ mini-modules assuming a planned SAT mounting architec-
ture. Thus, we calculate appropriate measurement conditions, or
R values, using SAT equations (Equations 5 and 7). A depiction of the
SRI measurement method is provided in Figure 1B, with summarized
Rsat values provided for the scenarios where a = ay, or a=a, in Equa-
tions (5) and (7).

2.3 | System model

We modeled the performance of fixed-tilt and SAT PV systems in
31 locations across Mexico, the United States, and Canada under the
10 spectral and broadband albedos provided in Figure 1A. Locations
were selected to span a wide range of environmental conditions, with
latitudes between 17 and 75°N, longitudes between 57 and 140°W,
and diffuse fractions between 0.23 and 0.55. Selected locations are
indicated by white circles in Figure 1C, and a summary of location
parameters can be found in Table S2. Map color in Figure 1C is given
by the year-averaged daily solar insolation received at each location.
We retrieved hourly Typical Meteorological Year (TMY) environmen-
tal data from the National Solar Radiation Database (NSRDB)?® for all
locations excluding those above 60°N, which were retrieved from the
Canada Weather Energy Calculation (CWEC) database.?” NSRDB
datasets contain surface albedo measurement data, which updates at
an hourly resolution, whereas CWEC datasets only indicate which
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FIGURE 2

(A) The simulated PV array, as viewed from the rear-side, for fixed-tilt and SAT arrays. (B) Supportive structure dimensions around

the central module which is analyzed in this work. Purlins, which are supporting module structures installed perpendicular to the torque tube, are
modeled around only the central module to reduce computation time. The ground is assumed to be a flat Lambertian reflector with a minimum
distance between the ground and module of 50 cm. (C) Module layout with 72-cells and internal wiring indicated by red lines. The bypass diode

configuration is shown above the module.
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hours of the year have snow cover. To test the impact of spectral
albedo versus broadband albedo assumptions on model performance
predictions, while capturing to the first order the effects of seasonal-
ity, all NSRDB hourly input timesteps are flagged as either ‘snow’ or
‘non-snow’ hours as well. This categorization is completed by assign-
ing all timesteps with default TMY albedo >0.7 as ‘snow hours’, with
all other values considered ‘non-snow’. Thus, for this albedo analysis,
a non-snow albedo such as dry grass is analyzed over a year in each
location and array configuration over flagged non-snow hours. Snow
albedo is exclusively analyzed for flagged snow hours. In some cases,
we additionally present system results using the default, measured
hourly albedo values given in NSRDB TMY files. In this case, CWEC
albedo snow hours are set to 0.87 and non-snow hours are set to
0.185, corresponding to the broadband albedo of tundra as measured
by Boggild et al.2*

We modeled the performance of a central module in fixed-tilt
and SAT PV arrays using our 3D PV performance prediction soft-
ware, DUET.2® Figure 2 depicts a schematic of the PV array layout
and module electrical wiring. PV modules are modeled in a 1-in-
portrait configuration and centered in a 5-row array, with each row
containing 31 modules. Edge effects are negligible on this scale,
resulting in module performance that is representative of central
modules of utility-scale systems.?’ The spacing between rows is
updated according to the location latitude and tracking type using
the equations provided in Tonita et al.*° for 5% inter-row energy
yield shading loss. Figure 2B depicts key dimensions assumed in this
work for supportive structures, with a 10 cm diameter torque tube to
align with dimensions previously modeled in literature.*®>2° Purlins
extend to half the length of the module with a width of 3 cm and
support the modules perpendicular to the torque tube. The array
schematic depicted applies to both fixed-tilt and SAT arrays, though
fixed-tilt arrays are oriented to be south-facing, while SAT arrays
track east to west. For both system configurations, a minimum
ground clearance of 50 cm is maintained between the bottom of the
module and the ground. All fixed-tilt arrays are placed at latitude-tilt
minus 10°,%° while SAT arrays have tracking bounds of +60°. SAT
arrays are additionally implemented using a conventional backtrack-
ing algorithm to eliminate inter-row shading in morning and evening
hours.3? On the electrical side, each module contains 72-cells con-
nected in series and parallel with three bypass diodes, as provided in
Figure 2C. Input module electrical parameters are as measured from
fabricated silicon heterojunction mini-modules, and summarized in
Tables S1 and S3.

Given environmental parameters, array geometry, and module
electrical parameters, DUET calculates hourly front and rear irradiance
profiles and module I-V curves. Optical modeling is completed per
timestep (hour) using a 3D finite-element approach modified to
include scene shading using a deterministic ray inter-
section algorithm.?® Direct beam radiation, anisotropic diffuse sky
radiation, and ground-reflected radiation sources contribute to front
and rear module 2D irradiance profiles. The ground is assumed to be a
flat, Lambertian reflector with incident irradiance modified by the
albedo assigned to the ground. Albedo is assigned in this model as a

single-value to reduce computation time—as either a; or ay,. Irradi-
ance profiles are converted into per timestep module I-V curves using
a single-diode model, incorporating effects of cell heating using the
Sandia glass-cell-glass model.>? DUET has been validated against
fixed-tilt and tracked bifacial PV systems to within 14-18 mW/Wp
mean absolute error for hourly timesteps.283% A summary of all input
parameters in DUET is provided in Table S3.

3 | RESULTS

3.1 | Module measurements

The scaled rear irradiance method enables measurements in-lab of the
performance of bifacial PV devices under varied albedo conditions by
suitably adjusting the rear-side irradiance.?2 Figure 3 displays
measurements of a fabricated SHJ mini-module under varying albedo-
driven illumination conditions using the scaled equivalent rear irradi-
ance method.?? These illumination conditions are summarized in
Figure 1B. External quantum efficiency (EQE) was measured
(Figure 3A) using an Oriel 300 W Xenon Lamp with an Oriel Corner-
stone 130 1/8 m Monochromator, while |-V curve characteristics
were measured (Figure 3B-E) using a Newport 94123A Solar Simula-
tor with a 1600 W Xenon Arc Lamp. EQE measurements were con-
ducted at an ambient room temperature of 22.5 + 0.5°C. I-V curves
were measured under ambient room temperatures of 23 + 0.5°C with
~5 s measurement acquisition times and 5-minute cool-down periods.
The module is estimated to be at a temperature between 25-28°C
during I-V measurements. All measurements were conducted with an
absorptive black material placed underneath the module to eliminate
rear reflection enhancements.

Figure 3B and C show the measured short-circuit current (Js.) and
efficiency (n), respectively, under varied ground conditions. Standard
test conditions of front 1000 W/m? illumination is provided for com-
parison. Colored bars are used to emphasize the discrepancy between
spectral albedo and broadband albedo assumptions.

Efficiency is calculated in the broadband albedo case as Py,
divided by the total incident applied irradiance, Pi... In the spectral
albedo case, the rear-side incident irradiance, Pi,,, is scaled to com-
pensate for spectral shape through the albedo ratio of abb/cu.22
Front-side incident irradiance, Pi,cf, remains the 1000 W/m? of
AM1.5G:

g=fme_ Pm Prp (®)
P. P +P app
inc inc,f incr 1000 + {(p x Rsri(a7) x ﬂ_;,]

Spectral shape can serve to either enhance the efficiency of pho-
ton conversion by proportionally shifting irradiance to wavelengths
where EQE is high, or diminish the conversion efficiency by shifting
irradiance away from these regions of high EQE. For instance, the
spectral shapes of snow and white sand increase the conversion effi-
ciency of our fabricated module by 0.27% and 0.26% abs., respec-
tively, while red brick decreases the efficiency by 0.16% abs.
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FIGURE 3 (A)Measured external quantum efficiency of a bifacial SHJ mini-module (pictured) with the AM1.5G solar spectrum as a shaded

background. Current-voltage performance metrics are provided under varied albedo illumination conditions dictated by the scaled rear irradiance
method for (B) Js. and (C) efficiency. Black lines indicate the measured values assuming a broadband albedo approximation. The difference
between broadband and spectrally-weighted albedo measurements are given by the colored areas extending from broadband measurement
values. Spectral albedo efficiency is calculated using Equation (8), leading to discrepancies as high as 0.3% abs. Spectral albedo effects can serve

to increase or decrease measured cell performance metrics.

As J increases linearly with albedo, the impact of spectral albedo
on J is similarly most notable for snow, white sand, green grass, and
red brick, causing measurement discrepancies between 0.8% and
1.8%. Soil, roof shingle, and dry grass demonstrate small (<0.4%) dif-
ferences between broadband and spectrally-weighted albedo mea-
surements, while tundra, concrete, and light sand ground conditions
cause a negligible change in J,.. Overall, the inclusion of spectral
effects can result in up to a 3% impact on measured cell metrics. Fur-
ther discussion on the effect of other technologies on these results is

provided in Section 3.4.

3.2 | Ground-reflected irradiance

To understand the impact of spectral albedo on system-level model-
ing, we first quantify the proportion of annual incident irradiance that
comes from ground-reflections for fixed-tilt and SAT arrays as a func-
tion of latitude. Figure 4 shows the ground-reflected irradiance as a
percentage of the total incident irradiance on the front-side
(Figure 4A,B), rear-side (Figure 4C,D), and both sides (Figure 4E,F) of a
bifacial PV module in a fixed-tilt (4A,C,E) or SAT (4B,D,F) array.
Results are displayed as a function of latitude for varying ground albe-
dos between 0.1 and 1. Displayed lines show a second-order polyno-
mial fit to the 31-location dataset, with an average deviation from the
fit of £0.6% abs. Black circles on the plot contextualize these results
by indicating the annual proportion of irradiance resulting from
ground-reflections when default, hourly updating albedo values given
in location TMY files are used instead of a yearly constant value.

The proportion of incident irradiance, which comes from ground-
reflections is strongly related to the albedo of the ground, as
expected, with an ideal ground-reflector (albedo = 1) contributing
20%-32% (25%-26%) of total irradiance on a bifacial fixed-tilt (SAT)

module between 15 and 80°N (see Figure 4E,F). In the low-albedo
scenario of 0.1, ground-reflected irradiance contributes 2%-5%
(3.2%-3.4%) of total irradiance for bifacial fixed-tilt (SAT) modules.
The proportion of total irradiance that comes from the ground
increases as a function of latitude particularly for fixed-tilt modules,
driven by front-side irradiance. As latitude increases, so does the tilt
of fixed-tilt modules (latitude-tilt minus 10°) and the average tilt of
SAT modules, resulting in an increasing proportion of the module
front-side acceptance angle encompassing the ground. Consequently,
the module rear acceptance angle that encompasses the ground
decreases, resulting in less ground-reflected light on the rear of the
modules for high-latitude locations. For a fixed-tilt array at a latitude
of 15°N, 95%-100% of all rear light is ground-reflected. By 80°N,
ground-reflected irradiance is reduced and accounts for 0%-65% of
all rear-side irradiance, depending on the albedo of the ground. This is
in part driven by an increasing diffuse light irradiance component on
the rear, with location latitude correlated to diffuse fraction; low-
latitude locations often experience less cloud cover and lower humid-
ity compared to high-latitude locations.>* For high-latitude locations,
the sun is also observed over a wider range of azimuth angles, leading
to increased direct irradiance on the rear-side of south-facing fixed-tilt
modules.

SAT arrays are instead oriented to track the sky from east-to-
west, and the proportion of irradiance that comes from ground-
reflected light remains similar as a function of latitude; the increasing
ground-reflected irradiance component on the front-side of modules
is balanced by the associated decrease in rear-side ground reflected
light. However, this is the case assuming a constant albedo across all
latitudes. When measured surface albedo data given in TMY files is
used in place of an annual constant albedo, the proportion of irradi-
ance which comes from ground-reflections increases with latitude.
Albedo naturally tends to increase with latitude, driven by an
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FIGURE 4 The annual proportion of incident irradiance on fixed-
tilt (A, C, E) and SAT (B, D, F) photovoltaic modules that originates
from ground-reflections as a function of deployment latitude and
albedo. The proportion of incident irradiance that comes from the
ground is provided for the front-side (A, B), rear-side (C, D), and both
sides (E, F) of bifacial modules. Annual hourly TMY albedo results are
provided as black dots to contextualize what naturally occurs in the
field, while blue lines demonstrate lines of constant albedo across all
latitudes.

increasing number of hours with snowy ground conditions. Thus, for
both bifacial fixed-tilt and SAT arrays, ground-reflected light is
both strongly related to albedo and the deployment latitude, and
tends to increase in importance as latitude increases.

Figure 5 shows the annual incident effective plane-of-array irradi-
ance gain when the ground albedo is changed from an albedo of O to
1 as a function of latitude for bifacial arrays. These values represent
the sensitivity of model predicted incident irradiance to the input
albedo. As incident irradiance has a linear dependence with albedo,®
the plotted values represent the slope of this relationship and can be

Latitude (°N)

FIGURE 5 The total annual incident plane-of-array irradiance gain
for bifacial fixed-tilt and SAT systems when albedo increases from

0 to 1. These values represent the sensitivity of model predicted
incident irradiance to the input albedo. Trendlines are depicted as a
guide for the eye using best-fit polynomials of order 2 (fixed-tilt) and
1 (SAT), with equations provided in-text (Equations 9 and 10).

used to predict performance variation for any arbitrary change in
ground albedo. The total annual plane-of-array irradiance change,
AGpop, as albedo changes by Aa for a location at latitude, g, is
described by the following two equations for fixed-tilt and SAT
systems:

AGponFixed [%] = Aa (0.00144% — 0.235+21) 9)

AGpoasar 0] = Aa (33.48) (10)

These equations provide an estimate of model uncertainty for
any change in albedo for any northern latitude. For example, if albedo
increases from 0.1 to 0.2 at 40°N for a fixed-tilt system, the annual
incident plane-of-array irradiance increases by 3.2%.

SAT systems are more sensitive to changes in model-input
albedo <45°N, while fixed-tilt systems are more sensitive >45°N.
Albedo-related benefits increase with latitude for fixed-tilt systems
and remain roughly latitude-independent for SAT systems. Thus,
high-latitude fixed-tilt PV deployments have greater potential gains
from enhanced albedo compared to low-latitude deployments and
may also experience greater albedo-related model prediction

uncertainty.

3.3 | Albedo-driven spectral mismatch

Following these general albedo trends with latitude, we characterize
spectral mismatch factors (SMMs) resulting from use of spectral ver-
sus broadband albedo assumptions in our PV system model. SMMs
quantify the deviation in incident irradiance received on a PV module
under a spectrum of light relative to a reference spectrum. In many
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FIGURE 6 Spectral mismatch factors resulting from spectral albedo on fixed-tilt (A,C,E) and SAT (B,D,F) bifacial photovoltaic modules as a
function of deployment latitude for 10 ground conditions. SMM is calculated as an irradiance ratio, given by Equation (11), for front-side (A, B),
rear-side (C, D), and total (E, F) incident irradiance. SMM > 0% corresponds to spectral shape irradiance enhancements, while <0% corresponds to
reductions. The importance of spectral shape depends on the module configuration and latitude, but is most substantially effected by the ground
condition considered, with snow, white sand, green grass, and red brick leading to the greatest absolute SMMs.

cases, SMMs are used in PV models to adjust for deviations in front-
incident irradiance from the reference solar spectrum of AM1.5G. A
SMM > 1 indicates a spectrally-induced short-circuit gain and
a SMM < 1 indicates short-circuit loss. In this work, we analyze spec-
tral albedo-driven SMMs, with the reference spectrum being AM1.5G
uniformly de-rated by a broadband albedo. As the effect of device
spectral responsivity is captured in the definition of a;, SMM is calcu-
lated by the ratio of incident irradiance when a spectrally-weighted
albedo is assumed in system modeling, Gg,, to incident irradiance
when broadband assumptions are used, G,,,. We present our results
in terms of percent, leading to the following equation:

Gg,

Apb

SMM (%] = < 71> x 100 (11)

Figure 6 depicts front-side SMM (Figure 6A,B), rear-side SMM
(Figure 6C,D), and total SMM (Figure 6E,F) as a function of location
latitude for fixed-tilt (Figure 6A,C,E) and SAT (Figure 6B,D,F) array
configurations under 10 albedo scenarios. Total SMM corresponds to
the sum of front and rear incident irradiance, with rear irradiance
modified by the module bifaciality. A black horizontal line is drawn at
SMM = 0 to differentiate between spectral enhancements and reduc-
tions. Second-order polynomial fitting lines are drawn between
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WILEY
TABLE 1 Spectrally-weighted albedo a
for other technologies. ‘
app SHJ IBC TOPCon CIGS CdTe GaAs PK
Snow 0.85 0.94 0.94 0.94 0.94 0.97 0.97 0.98
White sand 0.67 0.75 0.74 0.74 0.74 0.73 0.73 0.71
Dry grass 0.44 0.45 0.45 0.45 0.45 0.39 0.39 0.35
Light sand 0.33 0.33 0.33 0.33 0.33 0.29 0.30 0.27
Concrete 0.29 0.29 0.28 0.28 0.29 0.27 0.27 0.26
Roof shingle 0.26 0.27 0.27 0.27 0.27 0.27 0.27 0.27
Green grass 0.24 0.27 0.28 0.28 0.28 0.19 0.20 0.13
Red brick 0.23 0.20 0.20 0.20 0.21 0.16 0.16 0.14
Soil 0.19 0.18 0.18 0.18 0.18 0.15 0.15 0.13
Tundra 0.18 0.18 0.18 0.18 0.18 0.16 0.16 0.15
Eg (eV) 11 11 11 11 14 14 1.7
Note: Data in blue indicate spectral albedo enhancement. Data in orange indicate spectral albedo
reduction.
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FIGURE 7 (A) Digitized external quantum efficiencies of various common solar cell technologies, for comparison with the measured SHJ EQE

in this work. (B) The difference between spectrally-weighted and broadband albedo for each ground condition and technology. (C) The difference
between spectrally-weighted and broadband albedo relative to the SHJ technology examined in this work, demonstrating greater discrepancies
for higher bandgap technologies and therefore increased sensitivity to spectral effects.

individual location markers as a guide for the eye. Note that the y-axis
limits are different for each subplot row to best show the data.

The spectral effects of ground albedo have a significant influence
on rear-side irradiance, demonstrated by rear SMMs varying between
—13.5% and +13.2% from 17 to 75°N. Despite the lower importance
of ground-reflected light on front-side irradiance, front SMMs can
reach up to 1.5% at high latitudes. Total SMM varies between —1.5%
and +2.9% for all latitudes and albedos.

Similar trends can be seen for the impact of spectral effects on
module energy vyield. For example, in the case of our high-bifaciality
(96%) fabricated SHJ modules, the spectral shape of albedo has an
impact on energy yield compared to irradiance of between —1.2% and
+2.5%. Further information on the impact of spectral albedo on
energy yield is presented in Figure S2.

Trends of SMM with latitude are related to the proportion of total
incident irradiance which is ground-reflected, as given in Figure 4. In
the monofacial case (Figure 6A,B), SMM diverges away from zero as
latitude increases, most notably for fixed-tilt modules. For rear-side

irradiance (Figure 6C,D), SMM converges toward zero for higher lati-
tudes due to the rear-side of modules facing more toward the diffuse
sky than the ground. Combining these effects, total bifacial module
SMM (Figure 6E,F) tends to diverge away from zero as a function of
latitude for fixed-tilt configurations. As the proportion of rear-side
incident irradiance originating from the ground is relatively flat with
latitude in the bifacial SAT case, the same trends are present for the
SMM in Figure 6F.

The SMM of fixed-tilt and SAT modules is similar between 40 and
50°N, with spectral effects most important for SAT modules at low
latitudes and fixed-tilt modules at high latitudes. Below 40°N, SAT
modules have higher absolute SMM values by up to 0.4% abs. Greater
than 50°N, fixed-tilt modules have higher absolute SMM by up to
0.7% abs.

The importance of spectral versus broadband albedo assumptions
depends on the module configuration and latitude but is most sub-
stantially effected by the ground condition considered. When the dif-
ference between a, and ay,, is <0.01, the effect of array configuration
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and latitude is negligible as, in all cases, SMMs are <1%. For instance,
albedos of light sand, concrete, tundra, and soil all have discrepancies
between a; and ay,, by <0.01 absolute and thus SMMs near zero. For
monofacial (Figure 6A,B) and bifacial (Figure 6E,F) illumination scenar-
ios, SMMs are ordered by the absolute discrepancy between a, and
app, leading to the greatest spectral effects occurring for white sand,
snow, green grass, and red brick.

3.4 | Other module technologies

The results presented thus far have been specific to silicon hetero-
junction solar cell technologies, with the spectrally-weighted albedo
given by the external quantum efficiency of fabricated SHJ
mini-modules. Table 1 compares a; calculated using published EQE
data for six other example technologies: interdigitated back-contact
(IBC),® tunnel oxide passivated contact (TOPCon),3¢ copper indium
gallium selenide (CIGS),®” cadmium telluride (CdTe),*® gallium arsenide
(GaAs),*? and perovskite (PK).*° TOPCon, CdTe, and GaAs EQE data
are retrieved from solar cell efficiency table entries for Jinko Solar,3¢
First Solar,*® and Alta Device®* technologies, respectively. Table 1
entries are color-coded according to whether the spectrally-weighted
albedo is higher (light blue), the same (medium gray), or lower
(dark orange) compared to their broadband values.

Figure 7A shows the EQE for the seven solar cell technologies
considered. EQEs have all been normalized to peak at 1.0 for this
comparison and all EQE data, apart from the measured SHJ EQE, are
for unencapsulated cells. Since encapsulant materials tend to be UV-
absorptive,*! the EQE of c-Si based technologies of IBC and TOPCon
would become more similar to the measured SHJ mini-module EQE
when encapsulated into modules.

Figure 7B shows the difference between spectrally-weighted
albedos and broadband albedo for each technology, with the technol-
ogies listed in order of increasing bandgap energy. The discrepancy
between a; and a,, for each ground condition is similar for silicon-
based technologies of SHJ, IBC, and TOPCon and for CIGS. Despite
differing UV behavior, the effect of similar band-edges (~1.1eV) dom-
inates. As the bandgap increases for CdTe (1.4eV), GaAs (1.4 eV), and
PK (1.7 eV), so does the discrepancy between a, and ap, for most
albedos. For the SHJ technology studied in detail in this work,
spectrally-weighted albedos deviate from broadband albedo by up to
9%. For wide bandgap technologies that absorb over a narrower
bandwidth, spectral effects can change the broadband albedo value
by up to 13%. Generally, narrower wavelength bandwidths will lead to
greater variation in spectral albedo performance compared to broad-
band performance, as seen by the discrepancy between a; and ay
diverging away from zero for higher bandgap technologies in
Figure 7B. For instance, the spectral effects of snow on perovskite
module irradiance are anticipated be around 1.4 x higher than that
given by SHJ modules, as Aa increases from 0.09 to 0.13. Similarly,
Figure 7C shows how the spectrally-weighted albedo varies between
technologies compared to the spectrally-weighted SHJ value. High
bandgap technology spectrally-weighted albedos tend to diverge

away from SHJ values. This aligns with previous related findings in lit-
erature, where silicon technologies were found to have the least vari-
ation in performance under varied spectra compared to other solar
cell technologies.®*

The technology material also dictates whether spectral effects
enhance or diminish the performance of the module. For instance, in
the case of green grass, SHJ, IBC, TOPCon, and CIGS technologies all
experience gains when the spectral effects are considered. As a con-
trast, CdTe, GaAs, or PK cells will experience spectral losses in perfor-
mance. This is because the spectral albedo of green grass is low
<700 nm.

The relative differences between SHJ Aa and other technology
Aa is related to the relative differences that would be found in spec-
tral mismatch factors for these other technologies, since irradiance lin-
early scales with ground albedo. Though energy vyield is linearly
related to albedo as well, the slope will vary with technology due to
differences such as bifaciality, temperature response, and resistance.
SHJs have the highest bifaciality among the considered technologies,
and therefore the strongest relationship between albedo and energy
yield. Thus, the reduced collection efficiency of the rear-side of mod-
ules for other technologies will partially offset increases in spectral
mismatch factor. Regardless, for most albedos, spectral effects are
expected to be even more significant than what is demonstrated in
this work for PV technologies with bandgap energies higher than
silicon.

4 | DISCUSSION

In this work, we demonstrated that omitting the effects of spectral
albedo can cause variations in silicon cell measurements up to 2% and
system modeled total irradiance up to 3%. A complementary and
associated uncertainty arises from albedo monitoring meteorological
equipment. In-field measurements of irradiance and albedo may be
acquired from silicon pyranometers, thermopile pyranometers, and
reference cells. The selection of one irradiance sensor over another
can cause discrepancies in predicted bifacial gain of a similar order as
the effect of spectral albedo.>*? Thus, the suitability and uncertainty
of the albedo measurement method must itself be scrutinized when
examining the spectral effects of albedo on bifacial PV system perfor-
mance. The irradiance sensor used for measuring albedo may be
selected to appropriately account for spectral effects, for example by
selecting a reference cell with a similar spectral responsivity to the
modeled deployment. Measurements of albedo must be appropriately
documented so users can assess the uncertainty associated with their
use in system-level models.

A few simplifying assumptions were made for this analysis. We
assumed that ground-reflected irradiance was Lambertian in angular
distribution, and that the spectral content of this reflection was the ref-
erence spectrum of AM1.5G modified by the ground's spectral albedo.
In reality, both the solar spectrum and albedo vary in time, depending
on the sun position, moisture content, and atmospheric conditions.>**
Ground surfaces tend to behave as Lambertian reflectors when
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illuminated diffusely, but experience anisotropy in other illumination
conditions commonly experienced in outdoor PV environments.*?"44
Surface reflections, notably those of water and ice, can be highly direc-
tional in nature, causing additional uncertainty to the analysis of albedo.
Furthermore, we assumed that the albedo of fresh snow is present for
all snow hours, in line with standard TMY datasets where snow hours
are set to a singular default value of 0.87.*° The albedo of snow is of
particular interest for bifacial PV applications due to its potential for
enhancing bifacial gain, but varies quite significantly depending on
ambient temperature, grain size, wetness, and impurity content.1?434¢
Understanding and modeling the varied albedo of snow is an active
area of research to reduce overzealous estimations of snow perfor-
mance. For example, Dumitrascu et al. have also proposed a model for
two types of snow—melting and accumulating.

While a thorough understanding of spectral albedo effects is a
complex and nuanced problem, it is possible to reduce PV system
modeling computational time and complexity by down-sampling spec-
tral albedo to a few selected wavelength bands. For instance, Lindsay
et al. found that 12 spectral bands provided enough resolution to cap-
ture the effects of spectral albedo compared to a broadband value,*”
though other work has suggested that for certain applications as low
as 4-6 bands is sufficient.?*® Thus, further studies that incorporate
more nuanced albedo effects such as anisotropy or snow-aging
models, may benefit from reduced computation time via spectral
down-sampling.

5 | CONCLUSION

We have demonstrated that omitting the effects of spectral albedo
can cause variations in bifacial PV module short-circuit current mea-
surements of up to 2% using the scaled rear irradiance method. Mod-
eled bifacial PV system irradiance varies up to +13% on the rear-side
and up to 3% in total, resulting in energy yield modeling discrepancies
of up to 2.5% for high bifaciality technologies. Spectral mismatch fac-
tors resulting from including or omitting spectral albedo vary as a
function of deployment latitude and system tracking type. SAT array
SMMs show a low correlation with latitude, while fixed-tilt
array SMM increases with latitude, driven by an increasing proportion
of ground-reflected light on the front-side of modules. Spectral albedo
driven SMMs can reach as high as 1.5% for monofacial fixed-tilt sys-
tems at high latitude.

The proportion of total incident irradiance coming from ground-
reflections increases with latitude for both SAT and south-facing
fixed-tilt arrays and depends significantly on the ground albedo.
Ground-reflected irradiance can constitute >10% of total irradiance
received on the front-side of a fixed-tilt array at high-latitudes. Total-
ing both front and rear-side irradiance, ground-reflected irradiance
contributions vary between 2% up to 32%, depending on the array
tracking type, latitude, and albedo of the ground.

Effects of spectral albedo are most significant if the albedo varies
over the technology's absorption range. For example, for c-Si technol-
ogies, snow, white sand, green grass, and red brick result in the

PH
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highest absolute SMMs among the ground conditions considered in
this work. Other single-junction technologies with wider bandgaps
than c-Si will exhibit greater irradiance spectral sensitivity, and this
spectral sensitivity is expected to be higher still for two-terminal tan-
dem devices and multijunction cells due to their sub-cell current-
matching requirements. Overall, we demonstrated that omission of
spectral albedo effects can result in PV measurement and system
model uncertainties on the order of several percent, with the greatest
spectral effects occurring for fixed-tilt deployments at high latitudes,
wide bandgap technologies, and high albedo ground conditions.
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Chapter 6

6.3 Vertical bifacial photovoltaic system model validation

Five bifacial modelling platforms
Are validated using measured irradiance.
Vertical data is not that norm
And is compared in two places simultaneous.

Modelling error is found to be high
For low irradiance hours,
When clouds float across the sky,
And snow covers any flowers.

H ok sk

Scope and impact

Bifacial PV irradiance models have been historically validated against field data in traditional
south-facing fixed-tilt and single-axis tracking configurations. PV models have yet to be thor-
oughly validated for emerging east-west vertical systems where direct-beam irradiance swaps
sides at solar noon. Vertical PV systems have been deployed in recent years in northern lati-
tudes, and have been used in combination with agricultural practices (agri-PV) and in building-
integrated applications [14,32,173]. These systems are gaining in popularity for a variety of
reasons, including their ability to minimize soiling, eliminate snow accumulation, and improve
building self-consumption [143, 146, 147, 147-149]. In our article, we validate five bifacial PV
irradiance models for the first time with vertical system PV field data: bifacial_radiance (ray
tracing), PVSyst (2D view factor), bifacialVF (2D view factor), SAM (2D view factor), and
DUET (finite-element). These models are described in Section 3.4.4 of this thesis.

This article has the following novelties:

1. PV model validation is completed using vertical PV test-site plane-of-array irradiance
data for five PV modelling platforms.

2. Model validation is completed for test-site data in two locations: over 6-months in Golden,
Colorado (40°N), and over 1-year in Fairbanks, Alaska (65°N). This work represents the
highest latitude site model validation to-date in literature, to the authors’ knowledge.

3. We find that the four sub-hourly PV irradiance models predict daily and seasonal variations
in vertical PV system measured plane-of-array irradiance, with root-mean-square error
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(RMSE) varying between 4-28% depending on the system location, orientation, and data
filtering conditions. PVSyst, limited by hourly resolution, demonstrates RMSE varying
from 12-45%.

4. In all models, RMSE is higher for low irradiance timestamps, on cloudy days, and in the
presence of snow.

5. Snow accumulation on south-facing tilted modules in Fairbanks is found to increase model
RMSE, by causing model over-estimation in winter months.

6. Regular test-site maintenance is found to decrease model RMSE by up to 3% abs. in
Alaska.

7. Trends with latitude show a divergence between model software predictions at higher
latitudes. Vertical PV systems are found to result in 2-3x higher model discrepancies
than equator-tilted PV systems.

This article demonstrates that bifacial PV models can be used for vertical systems and high
latitudes with a higher margin of uncertainty. We recommend practices for test-site data col-
lection in high latitude locations, and outline potential pathways for improving model accuracy
for vertical and high latitude PV applications.
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Abstract —Accurate modelling of photovoltaic (PV) systems is
critical for the design, financial analysis, and monitoring of solar
PV plants. For bifacial PV applications, models must additionally
offer robust rear-side irradiance algorithms. However, bifacial PV
irradiance models have yet to be sufficiently validated for
east-west vertically oriented systems, where direct beam solar
irradiation swaps at solar noon. Here, we validate five bifacial
irradiance models with field data collected in Golden, Colorado
(40°N) and Fairbanks, Alaska (65°N) for east-west vertical, north-
south vertical, and south-tilted arrays. There is no clear best
performer amongst sub-hourly models; Bifacial _radiance,
bifacialVF, the System Advisor Model, and DUET comparably
predict seasonal and daily changes in PV production, with root
mean square error (RMSE) falling in the range of 11-28%
depending on the location and system orientation. PVSyst (v7.4.8),
limited by hourly resolution, demonstrates RMSE in the range of
33-45%. The primary causes of high RMSE are similar for all
models; using an irradiance cut-off of >100 W/m?, clear-sky
filtering, and removing timestamps with snow, lowers model
RMSE to 4-13% for sub-hourly models and 12-25% for PVSyst.
Regular meteorological station servicing is found to further
decrease model RMSE by up to 3% abs. in Alaska. Finally, we
model bifacial PV systems in over 250 locations between 15-85°N,
finding that deviations between model-predicted annual insolation
tends to be 2-3x higher for vertical PV systems than south-facing
fixed-tilt systems. We discuss potential methods for improving
vertical PV modelling, and provide recommendations for high
quality field data collection in northern environments.

Keywords: bifacial photovoltaics, model validation, ray tracing, view
factor, finite element, vertical, bifacial_radiance, bifacialVF, System
Advisor Model, DUET, PVSyst, Alaska, high latitude.

[. INTRODUCTION

With rising annual bifacial photovoltaic (PV) deployments
each year, there is growing interest in harnessing bifaciality for
unique system configurations. One configuration deployed
recently in smaller-scale custom arrays (< 1 MW) is vertically-
mounted, east-west (E-W) facing bifacial arrays. Vertical E-W
bifacial systems offer potential advantages compared to
traditional equator-facing fixed-tilt modules including
afternoon and morning production which can better match
electricity load and improve self-consumption [1][2][3][4],
break-even annual energy yield at high-latitudes [1][2][5][6],
low soiling loss [7][3], and better shade uniformity for agri-PV
applications [8][9][10].

While bifacial PV models are critical for optimizing,
predicting, and assessing the performance of various system
configurations, limited research exists that compares and
validates bifacial PV irradiance models for vertical systems or
at high latitudes. A recent IEA Task 13 report [11] identified
significant hourly discrepancies in predicted irradiance by PV
irradiance models for a single row of simulated vertical E-W
modules in three locations (23°S, 24°N, and 53°N). However,
to the authors knowledge there are no model validations
specifically for vertical PV systems with field data to date.
Several studies have been published in recent years that
quantify bifacial irradiance model accuracy with measured field
data but do not include vertically oriented panels or high
latitudes [12][13][14][15]. For example, Ayala Pelaez et al.
compared the performance of 5 bifacial irradiance models to 3
months of field data for a 10° south-facing fixed-tilt testbed
located in Golden, Colorado, finding front irradiance root mean
square error (RMSE) <1% and rear irradiance RMSE <2.3% on
a clear-sky day [12]. Asgharzadeh et al. compared four bifacial
irradiance models to measurements of a south-facing fixed-tilt
site in Albuquerque, New Mexico (35°N) and a single-axis
tracking site in Davis, California (39°N), finding a median
percent difference between measurements and model of 17% in
Albuquerque [13]. Capelle et al. compared front and back
irradiance residuals for PVFactors, bifacialVF, PVSyst,
bifacial radiance, and the INES 3D VF model for a bifacial
fixed-tilt test-site in France (46°N), finding marginally better
performance for ray tracing and 3D VF models [14].

For model validation at high latitudes, there have been some
studies published using an open-source dataset of a fixed-tilt
and single-axis tracking PV site located in northern Europe in
Roskilde, Denmark (55.6°N) [16][17][18]. For example,
Riedel-Lyngskaer et al. compared eight bifacial irradiance
models to 12 months of field data collected in Roskilde for a
utility-scale 25° south-facing fixed-tilt system and a utility-
scale single-axis tracking system [16]. The authors found that
2D view factor models could predict monthly bifacial gain to
within 1% in the fixed-tilt case and 2% for the tracked case.
Despite this study occurring at a northern latitude, only six
snowfall events happened, with authors noting that snow did
not accumulate or remain on the ground for more than a day
[16]. This snowfall is not representative of many locations
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Figure 1. A map of modelled locations with images of the PV sites where models are compared against field data. Reference cells measuring plane-of-array irradiance
are labelled in each photo by dashed circles. The Colorado testbed is rotatable between E-W and N-S orientation, with the timeline of the experiments outlined in
the inset table. Green circles on the map represent locations where utility-scale bifacial E-W vertical, N-S vertical, and equator-facing fixed-tilt arrays are modelled

using TMY data.

around and above 55°N, where snowfall remains on the ground
for several months of the year.

Here, we expand upon previous bifacial irradiance model
validation studies to additionally quantify model accuracy for
bifacial vertical PV systems and at a high latitude location near
the Arctic Circle. We compare model-predicted irradiance to
measured field data for vertical and south-tilted test-sites in
Golden, Colorado (40°N) and Fairbanks, Alaska (65°N). We
validate five PV irradiance models: PVSyst [19],
bifacial radiance [20], bifacial VF [21], the System Advisor
Model (SAM) [22], and DUET [18]. The vertical test-site in
Golden is constructed for this study and is rotated between east-
west and north-south (N-S) orientations for model validation.
A full year of data is analyzed in Alaska, while in Colorado 124
days are analyzed in E-W orientation and 70 days in N-S
orientation. All datasets are analyzed at a 15-minute resolution,
apart from PVSyst which is limited to hourly resolution as of
v7.4.8. We additionally compare model-predicted irradiance
for utility-scale E-W vertical and equator-facing fixed-tilt
bifacial PV arrays across 250+ locations, emphasizing locations
above 60°N/S. Modelled test-sites and locations are depicted in
Figure 1.

II. METHODOLOGY

A. Bifacial Photovoltaic Irradiance Models

The five models examined in this work use one of three
techniques to predict irradiance: ray tracing, view factor
transposition, and finite element analysis. Table 1 outlines the
key differences between each model used in this study.

Ray tracing algorithms track individual light ray reflection,
transmission, and absorption properties throughout a scene
given a defined 3D environment. Custom scenes can be built,
considering detailed array descriptions, such as irregular array
spacing, custom racking, and the surrounding environment,
such as nearby buildings and trees. Material properties are
assigned to each object in the scene, allowing for transparency
and specular reflection. Bifacial radiance is an open-source ray
tracing model developed by the National Renewable Energy
Laboratory (NREL). In bifacial radiance, the ‘Radiance’ ray
tracing tool suite is adapted and packaged for modelling bifacial
PV arrays. Reverse ray tracing is performed on a user-defined
object in the 3D scene to determine incident irradiance for each
timestamp of interest. Though computationally expensive,
bifacial radiance can analyze custom array geometries, and can
thus examine edge effects, rack shading, and the effects of
obstructions close to the PV array [20]. Bifacial radiance can
also account for spectral albedo and specular reflections, as
shown in Table 1. In this work, broadband albedo values are
measured and used, and Lambertian reflection is assumed due
to a lack of specular data.
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Table 1: Comparison of bifacial PV model functionality

bifacial_ bifacialVF SAM DUET PVSyst
radiance
Main algorithm Ray tracing 2D VF 2D VF 3D finite element 2D VF
Spectral albedo v x x x x
Specular reflections v x x x x
Rear-irradiance non-uniformity v/ x x v x
Rack shading v x v v v
Edge effects v x x v x
Data resolution Sub-hourly Sub-hourly Sub-hourly Sub-hourly Hourly
Albedo resolution Sub-hourly Sub-hourly Sub-hourly Sub-hourly Monthly
Speed” (runtime/ timestamp) 6s 3s <ls 6s <ls
Version used v0.4.2 v0.1.8.1 v4.2.0 v0-research v7.4.8

"Speed test is completed using the Golden E-W vertical test-site on a Windows 10.0 Dell OptiPlex 7020 computer with an Intel Core i5-4690 processor

(4 cores) and 16GB of RAM.

fRack shading is not calculated by the program but can be implemented by including a user-defined structure shading factor.

View factor (VF) models, on the other hand, rely on simpler,
repeating geometries for fast computation of array incident
irradiance. In VF models, the fraction of radiant energy emitted
or reflected from one surface to another is calculated using a
transposition model. Two-dimensional (2D) VF approaches are
commonly used in PV modelling tools, including PVSyst [19],
bifacial VF [21], and the System Advisor Model (SAM) [22] for
fast computation of plane-of-array (PoA) irradiance. Rows of
modules are assumed to be of infinite extent, allowing for 2D
assumptions.

DUET, developed internally by the University of Ottawa,
calculates irradiance transfer between finite elements in a 3D
scene by segmenting the sky, ground, and PV array into
patches. Shading within the 3D scene is determined using a ray-
intersection algorithm. This calculation method is intended to
provide an alternative to ray tracing and can thus also capture
the effect of finite-array size at the cost of higher computation
time [18].

All five models considered in this work use the Perez sky
model to calculate the angular distribution of sky irradiance
[23]. Bifacial radiance and DUET model the finite geometries
of the PV test-site arrays and PV module frames, while VF
models of SAM, bifacial VF, and PVSyst compute irradiance
assuming infinite array geometries and flat, frameless modules.

B. Bifacial Test-Sites

(i) Colorado Bifacial Vertical Test-Site

To validate the performance of bifacial PV irradiance models
for vertically-oriented PV arrays, we constructed a 2/3™ scale
vertical bifacial PV test-site at NREL’s South Table Mountain
campus (39.7°N, 105.2°W). The test-site consists of three rows,
six central reference cells (three east and three west IMT Si-V-
1.5TC), black plywood, and aluminium 80/20 frame (see
Figure 1). The modular design of this test-site allows for
varying the row-spacing of the array and the light-weight
plywood enables easier rotation of the array between E-W and
N-S orientation. For this analysis, the array has a 0.61 m ground
clearance and 3.0 m pitch, corresponding to a scaled-down

version of a 1x2m module landscape system with 1 m ground
clearance, 5 m pitch, and five modules per row. Data has been
collected for 124 days from Nov. 2023 through Jan. 2024 and
Apr. 2024 through May 2024 in the E-W orientation, and for 70
days from Jan. 2024 through April 2024 in the N-S orientation.
A visualization of the experimental timeline can be found in
Figure 1. Data is logged on a Campbell Scientific CR1000
Datalogger at 1-minute intervals and averaged to 1-hour
intervals for PVSyst and 15-minute intervals for all other
models.

A reflective tarp is placed underneath the array to simulate
high albedo conditions in northern, high altitude, and Antarctic
latitudes during the winter months of November through April.
The reflectivity of the tarp was measured in 10 locations using
a Konika Minolta CM-700d handheld reflectometer three times
throughout the data acquisition period under varying soiling
conditions. When initially placed under the array, the average
tarp reflectivity was measured to be 0.66 over the silicon
absorption range. The average soiled reflectivity of the tarp
throughout the experiment was measured to be 0.62, with the
lowest occurring single measurement being 0.40 for a
particularly muddy location. Since the albedo of the tarp around
the array was not continuously monitored throughout the
experiment, we assume a value of 0.60 as the albedo input into
all simulations. We estimate the albedo varied between 0.40-
0.66 depending on the soiling conditions. This results in a
modelled irradiance uncertainty of £3-10% when the tarp is
present. Measurements of albedo and diffuse, direct, and global
sky irradiance components are obtained from the NREL
Measurement and Instrumentation Data Center (MIDC) located
half a kilometer away from the site and averaged to 15-minute
resolution [24]. In the case of snowfall, snow covers the tarp,
and the measured albedo from MIDC exceeds 0.60. Thus, these
measured values replace the tarp reflectivity for snowy
timestamps. Outside of the winter months, the tarp is removed
and natural albedo is instead used, as measured by MIDC.

(ii) Alaska Bifacial E-W Vertical & South-Tilted Test-Site
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We additionally analyze a full year of reference cell
irradiance data for the vertical bifacial test-site in Fairbanks,
Alaska (64.8°N, 147.7°W) and maintained by the University of
Alaska Fairbanks [2]. This test-site consists of two sub-arrays:
a two-module, two reference cell E-W vertical array and a four-
module, two reference cell 60° south-facing tilted array, as
depicted in Figure 1. Reference cells are oriented to measure
the irradiance incident on both sides of both sub-arrays. Global,
diffuse, and direct irradiance components, wind speed, ambient
temperature, and albedo are measured continuously on-site at
I-minute averaged intervals and averaged again to 1-hour
intervals for PVSyst and 15-minute intervals for input into
bifacial radiance, bifacialVF, SAM, and DUET. Pyranometers
are heated to reduce the effects of snow accumulation. Albedo
is calculated by dividing a downward-facing RHI pyranometer
by the measured GHI, with a maximum allowed value of 0.85.
The site undergoes regular maintenance and cleaning on a
roughly weekly schedule. For the period of this study, Sept.
2019 through Sept. 2020, the site was serviced 23 times
between March and October and was not serviced outside of
these months. Since this time period, maintenance procedures
have been adapted and solidified to a regular weekly schedule
including the winter months.

Further details on this test-site, including a comparison of
module energy yield, can be found in Ref. [2].

III. RESULTS

A. Model Validation

For model validation, each sub-hourly bifacial irradiance
model is tested under four scenarios at 15-minute resolution:
(1) E-W vertical orientation in Golden, CO (124 days, ~6000
sun-up timestamps); (2) N-S vertical orientation in Golden, CO
(70 days, ~3000 timestamps); (3) E-W vertical orientation in
Fairbanks, AK (1 year, ~17,700 timestamps); and (4) South-
facing 60°-tilt orientation in Fairbanks, AK (1 year, ~17,700
timestamps). In PVSyst, hourly values are used instead,
resulting in 1600-5000 non-zero irradiance timestamps

depending on the test-site and orientation.

= %

N S Vertlcal CO

E " Verttcal CO

X

E-W Vertical, AK

The following results compare modelled to measured PoA
irradiance using root mean square error (RMSE) and mean bias
error (MBE):

JO/ )N (vi-x)?
RMSE = —(T/N)zﬁilxi (1)

MBE = (1/3) 2, (3 — x)) )
where N is the total number of timestamps, y is modelled PoA
irradiance, and x is measured PoA irradiance.

For model validation in Colorado, sensors facing the same
direction are averaged together and compared to average line-
scan irradiance data output by the models. In Alaska, exact
sensor positions were modelled due to only having one sensor
per direction.

An example clear-sky day for each system configuration is
provided in Figure 2. Black solid lines give measured PoA
irradiance while modelled results are given by coloured broken
lines or open circles. Irradiance is shown for both east and west
(A, C), south and north (B), or front and rear (D) sensors. The
example clear-sky days in Colorado are relatively close to the
winter solstice, while the clear-sky day provided in Alaska is
approaching the summer solstice, leading to more than 18 hours
of sunlight. Models show larger variation in Colorado near the
winter solstice, with RMSE between 4-28% in Colorado
compared to 4-13% in Alaska. A few trends are notable from
these example clear-sky days. All five bifacial irradiance
models over-predict south irradiance for the N-S vertical
configuration in Colorado (Figure 2B). South irradiance MBE
for the day varies from +27 W/m?> (DUET) to +43 W/m?
(PVSyst). All models also over-predict south irradiance for the
south-tilted test-site in Alaska (Figure 2D) and under-estimate
diffuse light irradiance for both orientations in Alaska (Figure
2C/D). For example, rear irradiance MBE varies from -12
W/m? (bifacial radiance) to -31 W/m? (PVSyst) in the south-
tilted configuration.

These same under-estimating and over-estimating trends can
be observed when all timestamps are considered. Figure 3
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Figure 2. Performance of five bifacial irradiance models during example clear-sky days for (A) the E-W vertical test-site located in Colorado, (B) the N-S vertical
test-site in Colorado, (C) the E-W vertical test-site located in Alaska, and (D) the south-tilted test-site located in Alaska. Measured PoA irradiance for each day is
given by the solid black lines. Data is provided for both directions and labelled in each subplot.
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system configuration is labelled by the photo and text above each column. Error metrics are calculated separately for each side of the panel, and as a total sum.
Bifacial_radiance is abbreviated as BR, bifacial \VF is abbreviated as BVF, and PVSyst is abbreviated as PVSy.

summarizes modelling error metrics of (A-D) MBE and (E-H)
RMSE for the five bifacial irradiance models and four test-sites
over all timestamps. Error metrics are provided for the PoA
irradiance for each side of the panel and as a total sum of front
PoA irradiance plus rear PoA irradiance. Similar to the clear-
sky day example, all models over-estimate south irradiance for
the N-S vertical testbed in Colorado and front irradiance for the
south-tilted test-site in Alaska. MBE is the highest in the former
case, with MBE >25 W/m? for all models. Irradiance tends to
be under-predicted for the E-W vertical testbed in Alaska and
for rear-side irradiance in the south-tilted testbed in Alaska.

RMSE is higher for the test-sites in Alaska compared to
Colorado for all models aside from PVSyst. Total RMSE varies
from 11-15% for the E-W vertical site in Colorado, 12-17% for
the N-S vertical site in Colorado, 16-24% for the E-W vertical
site in Alaska, and 24-28% for the south-tilted site in Alaska.
PVSyst, on the other hand, experiences similar RMSE in
Colorado and Alaska. RMSE for PV Syst falls between 32-44%
depending on the location and orientation. This is, in part, due
to a lower statistical significance for PVSyst; PV Syst results are
computed using a quarter the number of data points as the rest
of the models due to hourly time step constraints in v7.4.8. The
distribution of residuals has consistently higher standard
deviation for PVSyst compared to other models, indicating that
the distribution is not as well defined. Further information can
be found in the Supplemental Information.

To better understand the effects of environmental conditions
on modelling error, we additionally filter timestamps by various

conditions. The results of filtering are presented in Figure 4 for
(A) the E-W vertical test-site in Colorado, (B) the N-S vertical
test-site in Colorado, (C) the E-W vertical test-site in Alaska,
and (D) the south-tilted test-site in Alaska. The first column of
data in each subplot reproduces the total irradiance RMSE
values given by all timestamps, provided in Figure 3. Table 2
describes the percent of total insolation (annual insolation in the
case of Alaskan data) included in each filter.

(i) Irradiance Filter

Measured high irradiance (>100 W/m?) timestamps are
filtered from low irradiance (<100 W/m?) timestamps. The
highest calculated RMSE values occur for low irradiance
conditions, with RMSE >90% in Alaska and >30% in Colorado.
In all cases, considering only timestamps of high irradiance
increases model accuracy. These results are not surprising
given low irradiance conditions are often associated with low
solar elevation or heavy cloud cover, resulting in high angles of
incidence, spectral changes, inhomogeneous sky conditions,
and in some cases shading from distant objects or the landscape.
Despite high RMSE, timestamps with measured irradiance
<100 W/m? account for <5% of total measured insolation (see
Table 2).

(ii) Clear-Sky Filter

Timestamps are also filtered by whether the sky is classified
as clear. Filtering is accomplished using RdTools coupled with
the pvlib detect clearsky function [25][26]. Measured PoA
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Figure 4. Root mean square error for bifacial_radiance, bifacialVF, SAM, and
DUET under varying filtering conditions for the (A) E-W vertical test-site in
Colorado, (B) N-S vertical test-site in Colorado, (C) E-W vertical test-site in
Alaska, and (D) south-tilted test-site in Alaska. The Alaska test-site and
meteorological station was serviced during a subset of the year, outside of the
winter season. This period of the dataset is represented by the column labelled
‘serviced period’. The N-S vertical system in Colorado was deployed only
during winter months, resulting in all data occurring during ‘snowy’
conditions.

irradiance is compared with the irradiance predicted by a clear-
sky model to detect clear-sky timestamps. Timestamps are
considered to be ‘clear’ if the ratio of measured irradiance to
modelled clear-sky irradiance is within 10% of unity. In all
bifacial irradiance models, clear-sky conditions increase model
accuracy. Compared to clear-sky conditions, cloudy RMSE is
2-3x larger in all scenarios.

For the data collection period in Colorado (November
through May), clear-sky conditions account for 33% of total
insolation. The 28% of total insolation came from clear-sky
conditions in Alaska for the full year of data. Generally, cloudy
and thus higher error conditions tend to be more prevalent in
high-latitude locations on an annual basis.

(iii) Snow Filter

Data is also filtered by the ground condition, with any
timestamp with an albedo >0.6 considered a snowy timestamp.
Due to the addition of the reflective tarp at the Colorado test-
site for the winter months, all timestamps for the N-S
orientation occur under artificial or real snow conditions. For

Table 2: Dataset insolation represented by filtering conditions

Insolation represented by filter (%)
<100 W/m? Clear-sky Albedo > 0.6
Colorado, EW| 2 31 42
Colorado, NS | 1 35 100
Alaska 5 28 17

the E-W vertical configuration in Colorado, roughly half of the
experiment takes place under high albedo conditions, leading to
42% of insolation coming from high albedo timestamps. RMSE
is 1.4x on average higher in the presence of snow in Colorado
for the E-W vertical orientation. In Alaska, where natural
ground cover is instead used for a full year of timestamps, the
presence of snow causes a significant increase in model error.
Model RMSE increases by 3x on average for the E-W vertical
array and 5x on average for the south-tilted array. The causes
for this increase in error are further explored in Figure 5.

(iv) Site Maintenance Filter

Finally, model error is additionally filtered in Alaska based
on the maintenance logs of the test-site. For the period of this
study, from Sept. 2019-Sept. 2020, the test-site was serviced
roughly weekly between March and October. The column
labelled ‘serviced period’ indicates these months. To examine
the effects of sensor cleaning on model error, this servicing
period is compared to the day immediately following a service
visit. The effect of servicing the meteorological station clearly
impacts model accuracy. Model error drops by 14% rel. for the
vertical array and 27% rel. for the south-tilted array on average.
PVSyst results are not included in this filter due to a low
number of data points.

Overall, model error is highest during low irradiance
timestamps, cloudy conditions, in the presence of snow, and as
more time elapses following meteorological station servicing.
These conditions are more common during winter and at high
latitudes. Figure 5 demonstrates how MBE in (A) the E-W
vertical site and (B) the south-tilted site in Alaska varies for
each month of the year. Strong seasonal effects can be seen for
vertical and south-tilted systems, with high error from
November to March. Increased error over the winter season has
also been observed in a relatively southern location of
Albuquerque, New Mexico (35°N) [13]. PVSyst significantly
over-estimates E-W vertical irradiance between January and
April in Alaska, possibly due to high uncertainty caused by
assuming monthly average albedos. For all other models,
modelled irradiance tends to be underpredicted across most
months of the year for the E-W vertical site, which may be
related to the Perez sky model under-estimating diffuse
irradiance, an effect observed by M. de Simén-Martin et al.
[27]. On the other hand, modelled irradiance for the south-tilted
site tends to overestimate compared to measured irradiance,
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Figure 5. Seasonal mean bias error for (A) the E-W vertical site in Alaska and
(B) the south-tilted site in Alaska. Images of snow accumulation for (C) vertical
reference cells, (D) south-tilted front-facing reference cell, and (E) a heated
pyranometer.

which can be attributed to snow accumulation on south-tilted
reference cells.

Images of snow accumulation on sensors are provided in
Figure 5 (C-E). Model error in the presence of snow is expected
to be higher due to snow accumulation on panels and reference
cells, which is not typically accounted for in bifacial irradiance
models. Snow accumulation may be modelled by adding a
seasonal soiling de-rate factor, or modelled separately with, for
example, the Marion snow model [28][29]. As shown in Figure
S5E, snow may also accumulate around even heated
pyranometers. Therefore, it is interesting that despite possible
snow accumulation from the top-down for vertical reference
cells (Figure 5C), most of the bifacial irradiance models still
under-predict vertical irradiance during winter months,
particularly the 2D view factor models.

Figure 6 shows the RMSE of each model in each test-site
under ‘best case scenario’ filtering parameters of irradiance
>100 W/m?, clear-sky conditions, and albedo<0.6 (no snow or
reflective tarp present). Overall, the RMSE values are much
lower than those in the unfiltered dataset given in Figure 3E-H.
Total RMSE in this filtered (unfiltered) dataset varies from 4-
12% (11-34%) for the E-W vertical site in Colorado, 8-25%
(12-44%) for the N-S vertical site in Colorado, 8-18% (16-32%)
for the E-W vertical site in Alaska, and 8-14% (24-34%) for the
south-tilted site in Alaska. Thus, when filtering for ideal
modelling conditions, model error is comparable between the
E-W vertical and south-tilted arrays in Alaska.

B. Model Variation Trends

To expand upon the model validation presented above, we
have additionally modelled the annual insolation of a utility-
scale (7-row, 21 modules per row) (A) 1-in-landscape vertical
E-W array and (B) 1-in-portrait equator-facing fixed-tilt array
(latitude-tilt minus 10°) using TMY data in 250 locations using
bifacial radiance, bifacial VF, SAM, and DUET. The locations
considered in this study are primarily above 60°N/S (with 6
locations in Antarctica) and are denoted by green circles in
Figure 1. Row spacing for each location is determined by the
latitude and system type, as developed in Ref. [30]. Total
insolation is the sum of east/west or front/rear insolation.

The coefficient of variation A,,. quantifies the spread
between model-predicted insolation:

b= |{Eialy - 3)° MY/ 3
where M is the number of models, in this case 4, y is the annual
predicted insolation of model j, and ¥ is the average predicted
insolation of the models. In simple terms, the coefficient of
variation is the standard deviation across the bifacial irradiance
models, divided by the average.

Figure 7 displays calculated coefficients of variation as a
function of location latitude for the (A) E-W vertical array, and
(B) equator-facing tilted array. Model discrepancies are higher
for vertical arrays than equator-facing tilted arrays. Between
15-50°N/S, the coefficient of variation falls within 3-4% (E-W
vertical) and 1.0-1.6% (equator-facing tilted). Above 50°N/S,
where more locations are studied, we find a greater spread
between model predictions in all three system types, with
variation as high as 9%.

These results demonstrate that higher variation amongst
model choices should be expected for vertical systems and at
high latitudes.

IV. DISCUSSION

Given the modelling error observed in this work for vertical
systems and in high latitudes, a few avenues can be
recommended for improving model accuracy, outlined below.

(A) Sub-hourly timescale modelling

Generally, sub-hourly timescale resolution provides a more
nuanced description of PV performance and can capture more
accurately rapid variations in solar resource, which are
particularly important for bifacial PV systems [31]. This can
also be useful for sufficiently sampling E-W vertical arrays
which peak twice over the course of a day. For high latitudes in
particular, the ability to model hourly and sub-hourly albedo is
critical, as snowy conditions can change significantly from day
to day due to melting and accumulating conditions. Monthly-
averaged albedo values, as used in PVSyst v7.4.8, will
introduce additional uncertainty to PV system modelling in
snowy environments [32][33].

(B) Sky model assumptions
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The 1993 Perez sky luminance distribution model accounts
for cloudy conditions by adjusting five general empirical
coefficients describing the sky luminance distribution for
different sky clearness indexes [23]. These coefficients were
determined from a dataset of measured sky scans in Berkeley,
California. Bifacial radiance, bifacialVF, SAM, DUET, and
PVSyst use the Perez model. In SAM and PVSyst, users may
also use the Hay-Davies-Klucher-Reindl (HDKR) model [34].
For this work, the Perez model is used due to marginally better
modelling accuracy compared to the HDKR model.

M. de Simon-Martin et al. evaluated 30 solar diffuse
transposition models with data measured by pyranometers
mounted vertically in the four cardinal directions at the
University of Burgos (42°N, 3°W) over eight months [27]. The
Perez model was the best-performing parametric model with
locally optimized coefficients. Locally optimizing the
coefficients rather than using the general coefficients
determined in Berkeley, California, significantly improved
model accuracy [27]. This indicates that there may be a need
for coefficients based on climate -classification. Bifacial
irradiance modelling error may be improved for vertical
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Figure 7. Variation between model predicted insolation for bifacial_radiance,
bifacialVF, SAM, and DUET in 250 locations for (A) E-W vertical and (B)
equator-facing fixed-tilt bifacial utility scale arrays. The coefficient of
variation is calculated using Equation 3. The Arctic Circle is drawn as a vertical
line on each plot.

systems in Alaska by using empirical coefficients optimized for
a high-latitude environment.

M. de Simén-Martin et al. also noted that sky models and,
indeed, the modelling of ground-reflected irradiance in bifacial
PV models assume isotropic ground reflectance. A natural
surface is never perfectly isotropic, and this is particularly true
for systems oriented away from the equator and for low solar
elevation, leading again to potentially increased error at high
latitudes [27]. This effect could be explored further in ray
tracing models where specularity can be specified in the
simulation. In this work, specularity was set to zero in
bifacial radiance simulations.

(C) Snow monitoring

This study would benefit from continuous monitoring of
snow accumulation on reference cells to filter modelling error
for conditions when snow is on the ground and reference cells
are completely clear, partially, or fully obscured by snow.
Modelling error in the presence of snow could then be
separately reported for high albedo conditions and for high
albedo conditions with sensor obfuscation. This is important to
characterize for snow loss studies, where the modelling of PV
panels is assumed to be the baseline performance of PV panels,
and any deviation from this baseline is attributed to an effect of
snow accumulation [28].

(D) Meteorological station servicing

Periodic maintenance of PV systems, rather than responsive
maintenance, has been shown to reduce PV module degradation
rates [35], and regular cleaning of modules can be economically
viable for reducing soiling losses [36]. Maintenance and
cleaning of weather station sensors are also required for high-
quality monitoring of utility-scale PV plants and experimental
PV testbeds. NREL’s Best Practices Handbook for the
Collection and Use of Solar Resource Data [37], recommends
cleaning procedures on the scale of daily to weekly. In this
work, we have demonstrated the effect of regular maintenance
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and cleaning to have a notable impact on bifacial irradiance
model accuracy, decreasing modelling error (RMSE) by up to
30% rel. or 3% abs.

V. CONCLUSION

In this study, we validated five bifacial irradiance PV models,
PVSyst, bifacial radiance, bifacialVF, the System Advisor
Model, and DUET, using test-site data for four PV system
configurations in Alaska and Colorado. All models were found
to have higher error under the same conditions: low irradiance
conditions, clouds, and snow. These conditions are much more
prevalent at high latitudes, resulting in increased modelling
error in Alaska compared to Colorado. All models were found
to overestimate steeply-tilted (>60° tilt) south PoA irradiance
in both Alaska and Colorado. In the Alaska, PoA irradiance was
further over-predicted during the winter due to snow
accumulation on reference cells. Periods with snow ground
cover are critical in Alaska, with 17% of annual insolation
occurring during snowy periods. Regular servicing and
cleaning of meteorological station sensors and reference cells
can decrease model RMSE by up to 30% rel. or 3% abs. We
recommend continual snow monitoring, the use of sufficiently
high-powered heated pyranometers, and regular meteorological
station servicing for high-quality data acquisition in high
latitudes. However, site visits during winter can be challenging.

A balance between speed and complexity is necessary when
choosing a PV irradiance model. View factor models offer a
good compromise between simplicity, speed, and model
accuracy. In contrast, a ray tracing model like bifacial radiance
or a finite element model like DUET are preferable for complex
situations involving edge effects or nearby obstructions. For E-
W vertical PV systems, modelling on a sub-hourly timescale is
recommended to sufficiently sample the daily production
curve.

We demonstrate that larger error and model variation can be
expected for vertical PV systems and at high Ilatitudes.
Assumptions about modelling error in one location and system
orientation may not be the best representation of performance
in other locations or even the same location but with a different
design. Larger margins of uncertainty should be used when
designing and making financial plans for new northern
deployments. This work additionally motivates the need for
revisiting model assumptions for vertical and high latitude
conditions.
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Chapter 6

6.4 Long-term photovoltaic system performance in cold,
snowy climates

In cold, snowy locations

PV systems are deployed.
The systems show slow degradation
And long lifetimes can be enjoyed.

This study suggests
That low temperatures are beneficial.
However, further northern tests
Are required for conclusions to be official.

H ok sk

Scope and impact

As PV costs continue to decline, there is increasing interest in deploying PV plants to help
decarbonize northern communities. However, a barrier towards large-scale adoption in northern
regions such as Alaska, Canada, and the Nordics, is long-term performance uncertainty under
cold climate environmental conditions, including snowfall, freeze-thaw cycles, and low temper-
atures. This is, in part, driven by limited existing studies on the performance of PV systems in
high latitude and alpine regions. In this article, we provide a comprehensive review of published
silicon PV degradation and performance loss rates (PLRs) in cold climates of humid continental,
subarctic, and tundra Koppen-Geiger climate code classification. As a contrast to previous liter-
ature surveys which discuss degradation of PV arrays in northern climates, this survey includes
studies from colder Koppen-Geiger climate codes (Dfc & ET) and Photovoltaic Climate Zone
(PVCZ) temperature zones (T1-T3), and includes PV sites across the USA, Canada, Poland,
Norway, Sweden, Finland, and the Alps mountain range. We additionally present new analysis
of three northern PV sites, previously not presented in the literature.

This article has the following novelties:

1. Year-on-year system degradation rates are calculated for four PV systems located >60°N,
each with between 5-15 years of field data:

e A 100 kW fixed-tilt PV array located in Fort Simpson, Canada.

e Four double-axis tracking PV arrays located in Fairbanks, Alaska.

147



Chapter 6

e Two south-facing fixed-tilt PERC modules located in Fairbanks, Alaska.
o Four E-W vertical SHJ modules located in Fairbanks, Alaska.

2. The sites located at 65°N in Fairbanks, Alaska represent the highest latitude analyzed PV
degradation rates to date.

3. Performance metrics of data availability, tracking availability, monthly performance ratio,
and specific yield are provided for each of the analyzed PV sites.

4. A compendium of cold climate PV degradation is presented, covering 27 unique PV
systems located in cold climates. The distribution of cold climate degradation peaks at
-0.1 to -0.2%/year but has a large tail with systems degrading faster than -0.5% /year.
The median degradation rates for cold climate PV is -0.33%/year.

5. Statistics are provided, categorizing cold climate PV systems by Koppen-Geiger climate
code, PVCZ temperature zone, degradation analysis methodology, system configuration,
PV capacity, field exposure, and deployment year.

6. High latitude data limitations are discussed, and degradation mechanisms reported in the
literature are discussed.

These results suggest that PV systems in cold climates tend to degrade slower than in warm
climates where median degradation rates typically fall between -0.5% to -0.9%/year. As more
PV is deployed in northern latitudes, it is important to understand the long-term reliability of
PV systems under cold climatic conditions. These results can help identify potential reliability
concerns for any location with significant snowfall.

Author contributions

Erin M Tonita As the lead author of this work, | led the literature review and collection and
analysis of test-site data in RdTools. | compiled North American test-site data from multiple
sources, ran quality assurance tests, cleaned, and merged data files. | analyzed site data and
synthesized results from literature. | developed a new routine for analyzing double-axis tracking
PV sites in RdTools. | wrote the original manuscript and generated all figures and tables.

Dirk C. Jordan provided training, example scripts, and guidance on the running of year-
on-year analyses with RdTools. He also provided literature references and analysis from prior
work involving cold climate PV locations for roughly half of the locations presented in the

148



Chapter 6

compendium. He provided supervision and research direction throughout the research project.
He reviewed and edited the manuscript.

Silvana Ovaitt led the conceptualization of this research project, alongside Dirk Jordan.
She supervised the development of the manuscript, and provided connections to ACEP and the
Cold Climate Housing Research Center, now known as NREL's Alaska campus. She reviewed
and edited the manuscript.

Henry Toal provided PV site data for the ACEP deployment in Fairbanks, including module-
level data streams and weather files. He provided regular feedback on the development of the
manuscript.

Karin Hinzer supervised the research efforts at the University of Ottawa and provided
funding. She reviewed and edited the manuscript.

Christopher Pike supervised the data collection and maintenance of the ACEP vertical
and south-tilted PV site in Fairbanks. He helped conceptualize and develop Section 4.1 of the
paper on site data and tracking availability. He reviewed and edited the manuscript.

Chris Deline supervised this research project at NREL and provided project funding. He
reviewed and edited the manuscript.

Copyright

This is the revised, submitted manuscript version of an article.

E. M. Tonita, D. C. Jordan, S. Ovaitt, H. Toal, K. Hinzer, C. Pike, and C. Deline, “Long-
term photovoltaic system performance in cold, snowy climates,” Submitted for publication
August 22, 2024. Revision submitted January 13, 2025.

149



TONITA ETAL.

Long-term photovoltaic system performance in cold, snowy climates

Erin M. Tonita®*, Dirk C. Jordan?, Silvana Ovaitt?, Henry Toal®, Karin Hinzer!, Christopher Pike?,
and Chris Deline?

1 SUNLAB, University of Ottawa, Ottawa, ON, Canada
2 National Renewable Energy Laboratory, Golden, CO, USA
% The Alaska Center for Energy and Power, University of Alaska Fairbanks, Fairbanks, AK, USA

Abstract

As countries around the world transition towards renewable energy, there is increasing interest in using
photovoltaic (PV) technologies to help decarbonize northern and alpine communities due to their scalability and
affordability. However, a barrier to large-scale adoption of PV in cold climates is long-term performance
uncertainty under snowfall, freeze-thaw cycles, low temperatures, and high winds. In this work, we provide a
comprehensive review of published silicon degradation rates in cold Kdppen-Geiger climate classifications of Dfb
(humid continental), Dfc (subarctic), and ET (tundra). We first analyze the system degradation rates of three
ground-mounted photovoltaic sites >60°N in North America using the RdTools year-on-year method: an Al-BSF
double-axis tracking site in Fairbanks, Alaska (65°N); a PERC and silicon heterojunction bifacial vertical and south-
tilted site in Fairbanks, Alaska; and a PERC south-facing fixed-tilt site in Fort Simpson, Northwest Territories
(62°N). Degradation rates of these newly analyzed sites vary between -0.4%/year to —1.5%/year. Combining this
data with previously reported cold climate degradation rates, we show that the distribution of cold climate
degradation peaks at —0.1 to —0.2%/year but has a large tail with rates above -0.5%/year. The average reported
cold climate degradation rate is -0.45%/year, while the median value is —-0.33%/year. These results suggest that
despite exposure to high snow loads and frequent freeze-thaw cycles, PV systems in cold climates tend to
degrade slower than PV systems in warmer climates due to the benefits of operating at cooler temperatures.
The limited sample size of reported degradation rates in cold climates (27) motivates the need for further data
acquisition and monitoring efforts as new technologies are deployed.
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High latitude; photovoltaics; degradation; performance loss; performance ratio; specific yield; polar; continental.
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Cold climates are known for their

low ambient

1 | INTRODUCTION

Photovoltaic (PV) systems have been deployed in high latitude
and mountainous regions as early as the 1980s to provide
clean, distributed, and scalable energy for buildings and
equipmenty?. However, it is only in recent years that the cold
climate PV market has begun to see regular PV deployments
>100kWp in these climatic regions with total regional installed
PV capacities in the few to hundreds of MWp range3%. PV
systems are being deployed in diverse configurations in high
latitudes and altitudes, including in rooftop residential
applications®, building-integrated applications®!, hybrid
microgrids'>!3, and centralized grids**. Integration of PV into
cold climate infrastructure can reduce electricity bills!>*>,
offset diesel consumption and associated greenhouse gas
emissions'>1®1718 peak shavel’, offer dual-land purpose!'?,
and prepare existing grids for growing electricity demand?®.

temperatures, moderate to high seasonal snowfall, frequent
freeze-thaw cycles, and, in the case of high-latitude cold
climates, strong seasonal variations in solar resource. All of
these effects may impact the long-term performance of PV
systems in cold climates.

Cold climate operating conditions primarily exert
mechanical stresses on PV modules. For example, snow and ice
accumulation on PV arrays exerts a load that is typically non-
uniform, irregular in frequency, can last for up to months at a
time?¥%2, and is difficult to measure??>%3. Snow load can lead to
cell cracking, while moisture ingress from melt can lead to
delamination and corrosion?'. Additionally, snow removal
practices can cause damage to module surfaces, leading to
potential module breakage?*. Snow also acts as a soiling
mechanism for PV modules, leading to potentially higher
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Fort Simpson, NWT, 62°N, 121°W

Fairbanks, AK, 65°N, 148°W
2018-2024 Monofacial PERC

2019-2024

Monofacial PERC

O Reported in literature
ﬁ Added in this work

FIGURE 1. Locations of PV sites discussed in this work. Newly analyzed PV systems are pictured and denoted by stars. Silicon PV systems
located in cold climates (Képpen Geiger climate codes of Dfb, Dfc, and ET) which have published degradation rates for >3 years of field exposure
are given by the circles on the map. Previous studies primarily analyze PV in the Nordic countries and in the European Alps.

reported performance loss rates (PLRs) in regions with regular
seasonal snowfall.

Temperature also plays a role in panel durability. Schneller
et al. have shown that a single exposure to -40°C can
permanently reduce the fracture strength of crystalline silicon
(c-Si) cells?>. Other components of the PV system may also
experience failures outside of their rated temperature zones.
For example, PV materials such as encapsulants and
backsheets may experience a glass transition in cold
climates?®. Kempe et al. measured a glass transition
temperature of ethylene-vinyl acetate (EVA) at -15°C ¥/, while
Blieske et al. quoted a glass transition temperature for EVA of
-35°C %6, Variations between EVA polymers and additives can
cause discrepancies in glass transition temperatures. Cell
connectors have also been found to be susceptible to failure
during cold temperature thermal cycling down to —-40°C 2,

Despite mechanical weakening under exposure to cold
temperatures, cold operating temperatures generally benefit
PV system performance and reliability. For example, maximum
power temperature coefficients of c-Si modules today typically
lie in the range of -0.25%/°C to -0.40%/°C, causing
photovoltaic energy conversion efficiency to increase for
colder temperatures?®. For example, a silicon solar panel that
operates at 20% efficiency at 25°C with a -0.3%/°C
temperature coefficient will have an efficiency of 22.1% at
-10°C. Moreover, cold environments will suppress major
thermally-activated  degradation processes, such as
mechanisms related to chemical reactions and diffusion®.

Cooler, high-latitude climates are also associated with
lower solar elevation angles, resulting in increased
atmospheric absorption of ultraviolet light (UV). UV-induced
degradation mechanisms, such as encapsulant discoloration,

will be less common at high latitudes3!, but could still occur in
alpine climates®2.

Previous reviews of PV performance around the globe
have examined the effects of climate type on module
degradation rates and/or system performance loss rates.
Climate-dependent conditions including temperature, solar
radiation, humidity, precipitation, and wind can all influence
PV module degradation3?3334 Several studies have been
published which analyze PV module degradation in hot and
humid, hot and dry, and warm and temperate climates®?, with
degradation rates ranging around —-0.75 to -1.2%/year3>3637,38,
However, existing literature on PV degradation and PLR in cold
climates is relatively limited, especially for subarctic and arctic
tundra climates.

In 2020, Jordan et al. analyzed 100,000 PV systems in the
continental USA, with just under 9% of these sites experiencing
significant winter snowfall®. In 2022, Jordan et al. analyzed
PLR for sites deployed in the continental USA and separated
results by temperature zone, finding slower PLR for the coolest
USA temperature zone that had significant PV system data®.
The coolest temperature zone PV arrays degraded with a
median rate of —-0.48%/year, compared to two other hotter
climate zones (-0.78%/year and -0.88%/year). The coolest
temperature zone roughly corresponded to the northern third
of the continental USA, excluding continental Alaska,
mountainous regions, and many regions close to the Northern
border with Canada®.

Bogdanski et al. analyzed degradation rates of PV modules
in 4 sites with different climates: a warm, moderate climate,
arid climate, tropical climate, and a cold, high-mountain
climate, finding the fastest maximum power degradation rate
for the cold mountain climate of -2.0%/year*!. Dhimish et al.
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calculated the degradation rates of seven PV sites in the United
Kingdom, finding degradation rates between -0.4%/year to
-1.0%/year and reporting issues related to hoarfrost,
hotspots, microcracks, and glass damage®?. Ascencio-Vasquez
et al. calculated degradation rates worldwide according to
Képpen-Geiger climate classification zones*® considering three
degradation mechanisms: hydrolysis degradation, photo-
degradation, and thermo-mechanical degradation®. All three
degradation mechanisms were found to be reduced in cold
climates, resulting in the lowest predicted degradation rates
occurring in cold and polar climates with average predicted
degradation rates of -0.2%/year. However, the authors
warned that these calculations do not include external effects
like snow and wind, which may cause increased degradation
rates and PLRs in practice®. Finally, Jordan et al. reported a
median degradation rate of -0.35%/year (-0.62%/year
average) for 39 PV systems and sub-strings in snowy climates
with x-Si technology (a-Si, c-Si, etc.).

In this work, we analyze the degradation rates of four
diverse PV systems located at three sites above 60°N in Alaska
and Northern Canada, each with >5 years of hourly or sub-
hourly data. We analyze the degradation rates of the PV
systems using a robust year-on-year degradation
methodology, which can handle the strong seasonal variation
present at high latitudes?®*>. Finally, we include these
degradation rates in a compendium of published PV
degradation rates in cold climates with either Dfb, Dfc, or ET
Koppen-Geiger climate codes. We limit our study to only multi-
crystalline silicon (mc-Si) and c-Si technologies with >3 years of
outdoor field exposure.

2 | PHOTOVOLTAIC SITES

Figure 1 shows a map of the three PV sites studied in this work
alongside locations of existing degradation rate studies in cold
climates detailed in the compendium (Section 5). Each PV
system is described in detail in the following sections.
Together, these PV systems represent the three highest
latitude PV sites analyzed for degradation to-date and the first
two instances of PV degradation analysis in Alaska. In addition,
we present the first long-term performance analysis of a
double-axis tracking PV system located in a subarctic Dfc
climate. Environmental conditions at these three sites are
summarized in Table S1 of the Supplemental Information.

2.1 | Fort Simpson, Canada

The analyzed array in Fort Simpson, Canada (61.9°N, 121°W)
consists of a 100 kW ground-mounted fixed-tilt array at a tilt
of 35° and an azimuth of 190°. The array, maintained by the
Northwest Territories Power Corportation?®, was installed in
two phases starting in 2012 and completed in February of 2013
and consists of 258 Conergy ON 235P-235 modules and 178
Conergy ON 245P-245 modules. AC Power data is retrieved at

the inverter level for the whole array (inverter model Enphase
M215 208 V).

Meteorological data collection of module temperature,
plane-of-array (PoA) irradiance, and global horizontal
irradiance (GHI) began in 2017. Wind speed and ambient
temperature are collected at a nearby airport weather station
(Fort Simpson A, Climate ID 2202103). Measured power,
energy, and meteorological data is at a resolution of 15
minutes and covers six years, from 2017-2023. Thermopile,
PoA, and GHI pyranometers are calibrated yearly at the site.
Snow is removed periodically in March from the array.

2.2 | Fairbanks, USA — Fixed-tilt

The ground-mounted south-facing and east-west vertical
fixed-tilt site in Fairbanks, Alaska (64.8°N, 147.7°W) consists of
6 modules, each connected to an Enphase 1Q6 microinverter.
PV production is measured on the AC side. The east-west
vertical modules and two of four south-facing 60° tilted
modules are silicon heterojunction (SHJ) modules, Sunpreme
Maxima GxB-310 with 94% bifaciality. The remaining two
south-facing tilted modules are monofacial passivated emitter
rear-contact (PERC) modules, Suniva OPT270-60-4-1B0. All
modules were flash-tested before outdoor exposure, with the
average maximum power under standard test conditions of
the bifacial and monofacial modules being 288 W and 251 W,
respectively. The Alaska Center for Energy and Power of the
University of Alaska, Fairbanks, maintains the array. Further
details on the site, including a performance comparison of
east-west vertical to south-tilted modules, can be found in Ref.
47.
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FIGURE 2. An example year of meteorological station data for the
fixed-tilt Alaskan array of 6 modules. (A) Measured GHI, (B) ambient
temperature, (C) wind speed, and (D) albedo. Data has been shifted to
accommodate a full year without data gaps; August-December months
come from 2019 and January-July from 2020. To better show the wind
speed and albedo values, daily averages are plotted.
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FIGURE 3. Schematic outlining the main four steps in the year-on-year degradation methodology: (A) normalization, (B) data filtering, (C) data
aggregation, and (D) the calculation of degradation rate distribution. YOY=year-on-year.

Meteorological and PV production data has been collected
at 1-minute resolution for five years from 2019-2024. Ambient
temperature, wind speed, albedo, GHI, and PoA irradiance are
measured on-site. An example year of meteorological data for
this site is provided in Figure 2, demonstrating strong seasonal
effects for GHI (Fig. 2A), ambient temperature (Fig. 2B), and
albedo (Fig. 2D). The site and meteorological station are
serviced on a roughly weekly schedule.

2.3 | Fairbanks, USA — Double-axis tracking

A second ground-mounted site in Fairbanks, Alaska, is
analyzed in this work. This site consists of four double-axis
trackers commissioned in 2007 by the Cold Climate Housing
Research Center (CCHRC), now known as the National
Renewable Energy Laboratory (NREL) Alaska Campus. The
arrays have been continuously monitored at an hourly
resolution since their commissioning, resulting in 16 years of
data from 2008-2024. Data for this site is publicly available
and can be found at Ref. 48. For this analysis, we only analyze
3 of the 4 arrays, neglecting the array which has an
experimental design combining mc-Si cells with concentrating
optics.

Each of the three studied trackers consist of 16 modules
and are referred to as Array 1 through 3 in this work. Array 1
and Array 2 consist of SolarWorld 165 mc-Si modules with a
rated power of 2640 W each. Array 3 uses Sharp 170 mc-Si
modules with a rated power of 2720 W. These arrays were
originally constructed to demonstrate the difference in energy
payback periods for double-axis trackers compared to south-
facing fixed-tilt trackers. A direct comparison between Array 1

and Array 2 was done for this purpose®, with Array 1
performing double-axis tracking and Array 2 purposefully fixed
to a south-facing tilt for the first two years of operation. After
this experiment, all arrays were set to perform double-axis
tracking, except for winter months, where the arrays are
south-facing at a fixed-tilt (roughly October through March
each year).

PV production data is collected from 3 SMA Sunny Boy
inverters. Module temperature and PoA irradiance are
collected on site, while wind speed and ambient temperature
are measured at a nearby rooftop meteorological station. Due
to long-term data quality issues with the available AC power
data, the following degradation analysis is completed using
measured AC current. This should introduce only modest
uncertainty, to the extent that grid voltage remains stable over
the measurement period.

3 | YEAR-ON-YEAR METHODOLOGY

To analyze the degradation rates of the three PV sites, the
open-source python-based package RdTools is used®°. This tool
uses a year-on-year methodology to calculate PV array
degradation and statistics. This method calculates a system
degradation rate that excludes certain performance factors,
but includes others. To achieve a relatively stable performance
estimate, system production is corrected for solar resource
and module temperature. Exogenous factors such as grid and
maintenance outages are removed. Module degradation
driven by changes in chemical composition, cell cracking, and
permanent soiling are retained. System degradation losses
such as other DC health degradation (string or module failures)
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and tracker errors are also typically retained. RdTools attemps
to remove snow loss effects described further in this section.
Thus, as RdTools output includes some performance loss
factors and excludes others such as outages, clipping, and
seasonal shade or soiling losses, it has been suggested that it
doesn’t match other definitions of system PLR>'. We therefore
provide some specifics of the analysis process here.

The RdTools year-on-year methodology relies on four
main steps: data normalization, data filtering, data
aggregation, and, finally, calculation of year-on-year
degradation. Figure 3 shows a schematic representation of
each of these steps using data for a bifacial SHJ south-facing
tilted module in Fairbanks, Alaska.

First, data is normalized against a PV energy yield model,
PVWatts®?, to account for changes in temperature and solar
insolation from year to year using inputs of measured PoA
irradiance, module temperature, the module temperature
coefficient, the nameplate DC power, the array longitude and
latitude, location time zone, and PV array orientation and tilt.
Year-to-year variation from changes in solar spectral content
and albedo is not captured by this model. An example of the
measured versus PVWatts modelled module power is
displayed in Figure 3A for a few days in September of 2019.

Data is then filtered to only include clear-sky timestamps
using a built-in function detect clearsky in pvlib>>4,
Effectively, measured PoA is compared to a clear-sky model
with moving windows where a point is judged clear-sky if
agreement is reached within specific tolerances®. Next, any
clipping events are filtered from the data by removing data
points where output power is within 99% of the maximum
measured power. Low irradiance timestamps <50 W/m? are
then removed. A range of low irradiance cut-offs have been
recommended in the literature?®*>%, Karttunen et al.
observed that an irradiance cut-off of 200 W/m? would
exclude >50% of their measured datapoints in Turku, Finland,
limiting seasonal analysis and potentially decreasing PLR
accuracy. Thus, for this work where PV arrays are located
above 60°N, we select an irradiance cut-off of 50 W/m?. Finally,
data where PV system energy yield is <60% of the model-
predicted energy yield is removed from the analysis. This filters
out significant snow accumulation events, shading from
nearby objects, and PV system outages.

Data is then aggregated to daily irradiance and
temperature-weighted averages to reduce high error data
from morning and evening timestamps. This step is visualized

TABLE 1. Summary of site power and meteorological data availability.

in Figure 3C. Data aggregation has been shown to reduce
degradation rate calculation uncertainty®.

Finally, the year-on-year degradation rate is calculated by
comparing daily aggregated values from year-to-year,
resulting in the distribution of degradation rates as shown in
Figure 3D. We report the average of this distribution as the
long-term degradation of the system.

As it has been shown that diffuse fraction increases with
latitude in the United States and Canada®’. Thus, clear-sky
filtering in RdTools in high latitude regions results in fewer
daily aggregated points and higher degradation rate
uncertainties.  Calculating the system’s year-on-year
degradation rate after more years of field exposure will
compensate for this data loss. Overall, the year-on-year
method is robust to seasonal changes and data outliers and
has the benefit that it does not rely on the need to flash test
modules in potentially remote areas where access to
specialized testing equipment may be limited. Thus, this
algorithm is an appropriate choice for assessing PV system
degradation rates in cold climates when sufficient field data is
present.

4 | RESULTS

Here, we report on site data availability, tracking availability,
specific yield, and year-on-year degradation for each new high
latitude PV site introduced in Section 2 and visualized in Figure
1. We have additionally calculated average monthly
performance ratios for these PV systems, which is presented
in the Supplemental Information.

4.1 | Site Availability and Tracking Availability

Table 1 outlines the availability of site power data and site
meteorological station data for the duration of the data
acquisition periods. Availability is calculated as the number of
timestamps with data divided by the number of timestamps
within the data acquisition period. Meteorological station
availability is determined by the lowest value between
essential temperature and irradiance variable availability.
Since power and weather data from Fort Simpson for the
south-tilted array were provided together, the availability of
data is the same for both site data and meteorological data at
91%. For the east-west vertical and south-facing fixed-tilt site
in Fairbanks, site data availability is 95%, while meteorological

. Years in Data . T . o
Site Operation Resolution Site Data Availability (%) Met. Station Availability (%)
Fort Simpson, Canada ) _ -
South fixed-tilt array 6 15-minute 2001 days/ 2191 days =91 2001 days/ 2191 days=91
Fairbanks, USA ) _ _
Fixed-tilt modules 5 1-minute 1572 days / 1656 days = 95 1391 days / 1656 days = 84
Fairbanks, USA 16 1-hour 5326 days / 5582 days = 95 3653 days / 5582 days = 65

Double-axis tracker heads
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TABLE 2. Summary of annual Alaskan double-axis tracking site
tracker availability. Tracking is disabled in the winter, leading to a
maximum annual availability of 61%.

Double-Axis Tracking Availability (%)

Annual Non-Winter Months
Array 1 o1 86
Array 2 43 63
Array 3 37 48

station availability is 84%. Since 2008, the double-axis tracking
site in Fairbanks has had a data availability of 95%, and a
meteorological station availability of 65%. Data gaps primarily
occur from 2014-2018 for the PoA sensors. There was an
additional loss in data around 2015-2017 in wind speed and
ambient temperature. This data loss may be due to issues with
long-term maintenance of the site database.

We additionally report on the availability of the tracking
system for the double-axis tracking site in Fairbanks over the
past 16 years in Table 2. The azimuth and elevation of each
tracker were monitored throughout the study with the same
data availability as the meteorological station. When the
arrays are not tracking, each tracker is fixed to an azimuth of
between ~150-180° and a tilt of ~60-74°. Array tracking is
disabled each year from roughly October through March to
reduce reliability concerns with moving parts during the winter
months. Given this constraint, the best annual tracking
availability possible is 61% of the year. When tracking is
enabled, the double-axis tracking arrays successfully tracked
the sun between 48-86% of the time, depending on the array.
Array 3 experienced a tracking failure in 2019 and has not been
tracking since, resulting in an annual tracking availability of
48%.

4.2 | Specific Yield

Figure 4 shows the calculated annual specific yield from each
site in each configuration. Specific yield is calculated as the
yearly average energy produced by the PV array divided by the
rated power. For the east-west vertical and south-tilted site in
Fairbanks (Figure 4A), bifacial east-west vertical panels and
bifacial south-tilted panels have comparable performance
with a specific yield of ~1200 kWh/kWp. These two bifacial
configurations have a gain in energy yield of between 27-34%
annually compared to the monofacial modules.

The annual specific yield for the dual-axis tracking site in
Fairbanks is given in Figure 4B for fixed-tilt and dual-axis
tracking configurations. These values are calculated using the
annual energy yield for the first two years between Array 1 and
Array 2, as reported in Ref. 49. Double-axis tracking leads to a
41% increase in annual energy yield, which is interestingly the
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FIGURE 4. Specific yield for the various configurations at each site. (A)
Average specific yield for pairs of modules in bifacial east-west vertical,
bifacial south-tilted, and monofacial south-tilted configurations in
Fairbanks, Alaska. (B) Specific yield of Alaskan double-axis trackers
Array 1 and Array 2 from 2007-2009 when in south-facing fixed-tilt and
dual-axis tracking modes. (C) Specific yield of the monofacial south-
tilted site in Fort Simpson, Canada.

same value reported by Burnham et al. for a double-axis
tracking site located at 44°N in Vermont®®,

The specific yield of the monofacial south-tilted site in Fort
Simpson is 1067 kWh/kWp, visualized in Figure 4C.

4.3 | Year-on-Year Degradation Rates

Finally, degradation rates are calculated for each site using the
methodology outlined in Section 3. A degradation rate is
calculated per module in the east-west vertical and south-
tilted Fairbanks PV site, per tracker in the double-axis tracking
Fairbanks PV site, and for the overall fixed-tilt PV array in Fort
Simpson.

Figure 5 shows the degradation rate calculated for (A) the
fixed-tilt site in Fairbanks, (B) the double-axis tracking site in
Fairbanks, and (C) the fixed-tilt site in Fort Simpson. A dashed
line is provided at a rate of zero. Each data point is provided
with error bars given by a 68.2% confidence interval.
Degradation rates are averaged and provided at the bottom of
Figure 5.

For the fixed-tilt site in Fairbanks (Figure 5A), we average
degradation rates for the bifacial SH) modules and the
monofacial PERC modules separately. With this small sample
size (4), there is no clear difference between modules of the
same type oriented either vertically (P1, P2) or south-tilted
(P3, P4). As a contrast, the bifacial SH) modules do appear to
be degrading faster than the monofacial PERC modules in
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FIGURE 5. Year-on-year degradation rates for (A) east-west vertical (P1, P2) and south-tilted (P3-P6) modules in Fairbanks, Alaska; (B) double-
axis tracking arrays in Fairbanks, Alaska; and (C) the fixed-tilt array in Fort Simpson, Northwest Territories. Error bars are given by a confidence

interval of 68.2% for each data point.

Fairbanks. The PERC modules are degrading on average by
-0.58%/ year compared to -1.25%/year for the SHJ modules.
Monofacial PERC degradation rates are reported to typically
fall between -0.5 to -0.9%/year3>%'. Thus, the degradation
observed in Fairbanks is in the lower range of typical
observations. For SHJ cell technologies, a literature survey on
SHJ module reliability reported a median degradation rate of
-0.8%/year, with most data falling between -0.5 to
-1.0%/year®®. While the Fairbanks SHJ modules (Sunpreme
GxB 310) are degrading faster than this range at -1.25%/year,
the degradation rates of similar modules (Sunpreme HxB 400)
in a warmer climate have been degrading quicker at a rate of
-1.9%/year®?. Further studies on new bifacial SHJ modules are
recommended in other climate zones to determine the impact
of climate on observed degradation.

The double-axis tracking arrays in Fairbanks are degrading
on average at a rate of -0.4%/year in AC current (Figure 5B).
There have been some noted observations of glass damage to
the modules caused by the impact of gravel from the nearby
gravel road. In remote locations where gravel roads are
common, it is recommended to provide greater distance
between PV arrays and roads.

In Fort Simpson (Figure 5C), the array degradation is found
to be -1.5%/year. Since data is collected and analyzed on the
AC side of the inverter, this degradation rate may include
degradation from inverter electronics.

The degradation rates determined in this section
demonstrate a diversity in PV system configuration in cold
climate locations, system age, technology, and ultimately a
diversity in degradation, with PV systems degrading between
-0.4to -1.5%/year.

5 | COMPENDIUM OF COLD CLIMATE
DEGRADATION RATES

Here, we review existing literature on the degradation of mc-Si
and c-Si PV systems located in Kbppen-Geiger Dfb, Dfc, and ET
climate codes with >3 years of field exposure®®. A literature
survey has been conducted for this purpose to the best of the
authors’ ability, finding 19 publications covering 23 PV systems
in cold climates®>2046377  Any arrays with sub-string
degradation rates are reported here as a median value for the
PV system to highlight differences between systems and
reduce data bias towards PV arrays with multiple strings of
data. Including the four unique PV systems studied in this
work, the total number of analyzed PV systems is 27.

The reported studies in this compendium include both
degradation rates, for example for studies conducted using
measured |-V parameters before and after field exposure,
PLRs, and analysis methodologies which fall in-between these
two, such as RdTools described in Section 3. Studies primarily
aim to analyze degradation rate methodologies via module I-V
flash-testing or sophisticated year-on-year approaches,
however, a mix of other approaches for filtering data and
removing seasonal effects are present in the literature. This is
further discussed in Section 5.1.2 below. For simplicity, in this
article, we refer to all these results together as degradation
rates.

Details on each PV system included in this compendium is
summarized in Table 3 in order of latitude. Table 3 includes
information on array location, Képpen-Geiger climate code,
years of analysis, degradation analysis method, installed
system capacity, system orientation and mounting, and
observed issues mentioned in the publication relating to
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FIGURE 6. The distribution of cold climate PV systems and boxplots
by various categories: (A,B) Koppen-Geiger climate classification,
(C,D) PVCZ temperature zone classification, (E,F) degradation
analysis methods, (G,H) system configurations, (I,J) PV system
capacity, (K,L) field exposure, and (M,N) deployment decade.
Horizontal red lines in the boxplots denote the median value for
each category. In subplots (E,F) degradation analysis methods are
abbreviated, with ‘Calc.” referring to the number of PV systems
where degradation rates were calculated by the authors of this
work from data provided in publications. ‘I-V’ refers to the
measurement of current-voltage parameters before and after field
exposure.

system performance. In Table 3, the column labelled “data”
describes which variable the degradation analysis was
conducted on, for example, AC or DC power.

5.1 | Characteristics of Cold Climate Studies

5.1.1 | Site Locations and Climates

Studied PV systems span latitudes from 44°N to 65°N (this
work) and include systems in the USA®, Canada®”’, Poland®,
Norway®%707473  Sweden?’17%75, Finland?%’¢, and the Alps
mountain range in Switzerland®%%5, Germany*%’, and Italy®3.
Figure 6A summarizes the distribution of Kodppen-Geiger
climate codes for the PV system locations, and Figure 6B shows
a boxplot of degradation rates per climate code. Over fifty
percent of the studied systems are of Dfb climate (mild
summer humid continental). Other cold climates present in
the literature are Dfc (cool summer subarctic) and ET (tundra).
Due to a small number of systems per climate code category,
it is difficult to ascertain if there are distinct degradation trends
between climate codes. However, in all cases, the median
degradation rates relatively slow, at -0.32%/year (Dfb),
-0.50%/year (Dfc), and -0.19%/year (ET).

A separate climate classification for PV systems has been
proposed by Karin et al. to replace Koppen-Geiger climate
codes called the Photovoltaic Climate Zones (PVCZ)*. The
PVCZ open-rack temperature zones are provided for
comparison in Figure 6C/D using the PVCZ python package.
Temperature zones were calculated by Karin et al. by
modelling the Arrhenius-weighted module temperature for a
module in a horizontal open-rack configuration with a polymer
backsheet using grided land data for ambient temperature,
irradiance, and wind speed. Temperature zones for the
locations in this work are limited by the resolution of the grid
(0.25°), particularly in alpine locations where a small spatial
distance can result in a significantly different climate due to
altitude. Temperature zones correspond to average modelled
module temperatures of <14°C (T1), 14-19°C (T2), 19-24°C
(T3) and 24-29°C (T4). Half of the locations identified as T4 are
in alpine regions which the limited spatial resolution of the
dataset may have misidentified.

5.1.2 | Analysis Methodology

Figure 6E/F summarizes the analysis methodology used for
calculating the degradation rate of each cold climate PV
system. In seven studies, a degradation rate was not
specifically reported; however, it was possible to digitize the
published data to calculate the performance loss. In these
cases, the analysis method is described as “calculated from
paper,” abbreviated as “Calc.” in Figure 6C. Often, these
calculations were done by analyzing several years of published
monthly performance ratio data, thus these values represent
a PLR rather than an irreversible degradation rate as this
analysis does not filter out effects such as soiling, snow
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FIGURE 7. (A) The location of reported degradation rates for all 27 mc-Si and c-Si PV systems with >3 years of field exposure in Dfb, Dfc, or
ET climates. (B) The distribution of reported degradation rates in cold climates in this work covering Dfb, Dfc, and ET Képpen-Geiger climates.

The sample size, average, and median are inset.

accumulation, or shading. The true degradation rate of these
reported systems likely is lower than what has been calculated,
due to inclusion of these performance-decreasing effects.

The most common method for degradation analysis in the
literature for cold climates is using a year-on-year approach,
closely followed by comparing |-V measurements before and
after field exposure. These two methodologies aim to report
the underlying degradation rate of the PV system, with year-
on-year methodologies requiring a sophisticated approach to
filter out common reversible PV system effects (see Section 3).

Several other analysis methods were found in the studies,
offering a mix of PLR calculations and more sophisticated
approaches for data filtering. Mutungi used an autoregressive
integrated moving average (ARIMA) method to calculate the
degradation rates for two sites in Finland’®. This methodology
removes outages and includes some seasonality. Rinio et al.
analyzed 6 clear sky days per year for a 10 year-old site in
Sweden to calculate site performance loss’?. France et al.
reported the degradation rate for two cold climate sites by
taking an average of several analysis methods and data filters,
including using a year-on-year approach and seasonal and
trend decomposition with Loess®. The diverse methodologies
highlight the variability in degradation analysis approaches,
underscoring the need for standardized methods to improve
comparability and accuracy across studies.

5.1.3 | PV System Configuration & Capacity

Cold climate degradation studies have primarily been
conducted to-date on small rooftop deployments. Figure 6G
categorizes the number of studies conducted on rooftop,
ground-mounted, and facade PV systems, while Figure 6H
summarizes the degradation rates reported for each
configuration. The mounting environment of a PV system will
impact the thermal environment of the modules, and thus can

influence module degradation rates®4787°, As rooftop PV
systems tend to operate at higher temperatures, degradation
rates for roof-mounted PV can be higher3%787°, |n this dataset
of Dfb, Dfc, and ET climate code PV systems, we find that
rooftop PV systems have a median degradation rate of
-0.35%/year compared to ground-mounted PV systems at
-0.50%/year. More data is required to draw stronger
conclusions on the effect of mounting configuration in cold
climates.

The distribution of PV capacities studied is given in Figure
6l/J. In several cases, no data was provided on the system size.
This is denoted as “no info”. Around 20% of all studies were
conducted for small and experimental systems <1 kWp and
40% of the studies were conducted on PV arrays with
capacities between 1-10 kWp. The largest studied PV system
in a Dfb, Dfc, or ET climate zone is a 120 kWp rooftop array in
Vestby, Norway’3.

5.1.4 | Field Exposure & Deployment Decade

Figure 6K shows the number of years of field exposure of the
PV systems studied, and Figure 6L shows the degradation rates
for each exposure bin. Since we have excluded any studies with
less than three years of data, field exposure time is categorized
unevenly from 3-5, 5-10, 10-15, and 20+ years. Only five
systems have been studied in Dfb, Dfc, or ET climates after 215
years of field exposure: a rooftop array in Varennes, Canada®,
a rooftop and fagade array in Stockholm, Sweden?, a facade
array in Huvudsta, Sweden’?, a rooftop array in Borlinge,
Sweden”, and the double-axis tracking site presented in this
work in Fairbanks, Alaska. Most studies in the compendium are
for PV systems with field exposure between 5-10 years in
length.
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The decade of PV system deployment is provided in Figure
6M/N, with PV systems deployment dates ranging from 1981
to 2019 in this compendium. Figure 6N demonstrates a rise in
PV degradation rates in time, with median (average)
degradation rates increasing from -0.17%/year (-0.25%/year)
in the 1980s to -0.32%/year (-0.54%/year) in the 2010s. The
number of PV systems studied is also increasing in recent
decades (Figure 6M), which is an indication of the rise in
interest in PV system deployments in cold climates in time.

The observed increase in PV system degradation in time
may be due to historic trends in module architecture towards
larger formats, thinner silicon wafers, and thinner glass sheets.
Together, these effects can reduce the mechanical durability
of modules and result in more cell-cracking, glass-cracking, and
module contortion in time3%%°, Continued reliability testing
and development of appropriate standards for cold climate
conditions is required to ensure module durability for
emerging designs.

5.1.5 | Degradation Rates

Finally, the location and distribution of all reported
degradation rates for mc-Si and c-Si PV arrays in cold climate
zones of Dfb, Dfc, and ET with >3 years of field exposure is
provided in Figure 7. The locations of cold climate degradation
studies are shown in Figure 7A, and a histogram of reported
rates is provided in Figure 7B.

Most studies report a degradation rate of between -0.1 to
-0.2%/year; however, there is a long tail in the distribution
with faster observed degradation rates. The median
degradation rate of cold climate sites is found to be
-0.33%/year, while the mean is —0.45%/year, reflecting the
influence of this long tail.

5.1.6 | Observed Degradation Mechanisms

Issues related to moisture ingress were identified in several of
the cold-climate PV sites>*54%> Bogdanski et al. reported on a
module frame that was destroyed by snow and ice freeze-thaw
in Zugspitze, Germany*!. Cell and glass damage has also been
reported in a couple of instances*, including damage noted by
the authors of this work for the double-axis tracking PV site
located in Fairbanks, Alaska, near a gravel road.

5.2 | Global Context
The number of PV system degradation studies in cold climates
is relatively limited compared to other, warmer climates.
Figure 8 summarizes the reported median degradation rates
for three other published reviews which include cold climate
data in Kdppen-Geiger continental or polar climate codes.
Lindig et al. reported the average PLR of Dfb Képpen-
Geiger climate code PV systems in Europe from the PV PEARL
database (purple circle in Figure 8)®l. The median PLR was

® Silicon + thin film, =1 year exposure
% Silicon, =3 years exposure
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FIGURE 8. Reported median degradation rates for cold climate
locations in the literature. The Koppen-Geiger climate zones
associated with each study are listed next to each reference point. Dfa
and BSk represent warmer climate zones in the continental USA.
Circles denote analysis which includes thin film technologies and PV
systems with field exposure <3 years, while stars denote analysis of
only silicon PV systems with >3 years of field exposure.

found to be -0.17%/year for 19 mc-Si, c-Si, and thin film
systems with an average field exposure of 2.8 years. The
authors also examined warmer temperate climate zones of
Cfa, Cfb, and Csa, reporting PLRs between -0.63%/year to
-1.55%/year for these climate zones using a year-on-year
analysis’®81,

In 2022, Jordan et al. analyzed 1700 utility-scale PV
systems in the continental USA3. A subset of the sites was
analyzed for PLRs by PVCZ temperature zone, finding lower
PLRs for the northern third of the USA (44 sites, blue circle in
Figure 8)®°. PV arrays located in this region degraded with a
median PLR of -0.48%/year, compared to the middle
(-0.78%/year) and southern (-0.88%/year) third of the
continental USA. The northern third of the USA primarily
consists of Dfa, Dfb, and BSk K6ppen-Geiger climate zones, as
noted in Figure 8, though other climates may also be included
in this analysis.

In 2016, Jordan et al. published a summary of reported
degradation rates around the globe, finding around 200
studies and 11,000 degradation rates, but with only 39 data
points attributed to snowy regions (Dfa, Dfb, Dfc, and ET
climates)3®. The 39 snowy data points reported by Jordan et al.
consisted of thin-film, mc-Si, and c-Si studies with multiple
strings of data with a median degradation rate of -0.35%/year
(-0.62%/year average)®®. These 39 data points represent 26
unique PV systems, as plotted in Figure 8. Moderate, hot and
humid, and desert climate types were also reported with
degradation rates of -0.42%/year, -0.60%/year, and
-0.71%/year, respectively.

A secondary point is plotted for this study in Figure 8 to
represent the same selection criteria used in this work.
Removing thin-film technologies, systems with field exposure
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<3 years, and systems in Dfa climate zones, instead results in
13 PV systems with a median degradation rate of -0.19%/year.

In this work, we examined PV system degradation across
continental and polar climate zones of Dfb, Dfc, and ET. We
limited our literature review of cold climate degradation rates
to only sites with 23 years of data and mc-Si or c-Si
technologies to improve data quality and comparability. The
median degradation rate was found to be -0.33%/year
(-0.45%/year on average). This represents the most thorough
report of cold climate degradation analysis to date which
includes tundra and subarctic climates.

5.3 | Data Limitations

A thorough understanding of long-term PV performance in
cold climates is limited by the slower uptake of the PV industry
at high latitudes and altitudes, compounded by a lack of
collocated instrumentation near existing PV sites, sparse
ground irradiance stations, and lower satellite data quality at
high latitudes®?83#, |n the presented compendium, the
degradation rates of 27 unique silicon PV systems in Dfb, Dfc,
and ET climate zones are analyzed.

There are notable data gaps in the compendium relating
to PV system configuration and location. PV systems with
reported degradation rates in cold climates are typically small
rooftop deployments with <10 years of field exposure.
Furthermore, no reports on PV site degradation were found
for Dfb, Dfc, or ET climates in Russia, Greenland, and several
other countries, which may be due to limited PV deployments
in these regions to-date®>%¢,

Additionally, we observed a trend towards higher
degradation rates for PV systems deployed in recent decades
compared to systems deployed in the 1980s and 1990s. More
data is required to corroborate this finding.

A few studies were found for PV systems in Eastern Europe
and the USA that did not specify latitude and longitude
coordinates, resulting in their exclusion from this analysis.
However, these systems may be located in Dfb, Dfc, or ET
Képpen-Geiger climate zones. J. Larrivee reported the
degradation rates of several PV systems in Germany?. Belik et
al. reported degradation rates between -0.7% to -1.3%/year
for unnamed c-Si PV plants in the Czech Republic and
Ukraine®8. Murgescu et al. reported the PLR of several PV
plants in Romania without geographical coordinates®. Finally,
Raupp et al. reported an average degradation rate of
-0.7%/year for two rooftop systems in New York State, which
may belong to either continental or temperate climate
zones®.

Nonetheless, the results presented in this review
represent the most thorough compilation of degradation
studies in Dfb, Dfc, and ET climates to-date. Lessons learned
from PV systems deployed in arctic and tundra climates can
inform the performance of PV systems in warmer climates,
which are experiencing more frequent extreme weather
events including heavy snowfall, ice storms, and high wind
events34,

6 | CONCLUSION

In this work, we collected a compendium of PV system
degradation rates in cold continental and polar Képpen-Geiger
climate zones (Dfb, Dfc and ET) with c-Si or mc-Si technology
and 23 years of field exposure. The 27 PV sites presented have
a median degradation rate of -0.33%/year and an average
degradation rate of -0.45%/year. Snow load, high winds, and
freeze-thaw cycles with temperatures as low as -40°C can
cause cell and frame strain and embrittlement in these
climates. However, the benefits of lower PV system operating
temperatures and reduced UV-light exposure are suspected to
outweigh these mechanical stresses, leading to the overall
lower observed degradation rates. Compared to previous
reviews of PV system degradation in warmer climates, PV
systems in Dfb, Dfc, and ET climate zones tend to degrade
slower, providing lasting power to high latitude and alpine
communities.

Included in this review is the examination of three new
ground-mounted PV sites located >60°N in Alaska and Canada,
representing the three highest-latitude PV sites in the
compendium and the first PV systems analyzed in Alaska for
degradation.

We show that the specific yield of these high-latitude,
North American sites varied between 911 kWh/kWp and
1329 kWh/kWp, depending largely on the system
configuration and cell technology. Site PV power data
availability was >90% in all cases, while meteorological data
experienced more outages, with availabilities of 65%, 84%, and
95% over the systems’ lifetimes.

One of the newly analyzed sites is a 16-year old double-
axis tracking system located in Fairbanks, Alaska (65°N), where
tracking is enabled each year outside of the winter months
(October through March). While tracking was enabled, the
double-axis arrays demonstrated tracking availabilities of 48-
86%. The tracking of one of three arrays failed after 12 years
of operation.

Overall, the newly analyzed North American PV sites
showcase a wide range of degradation rates from -0.4%/year
to -1.5%/year due to their widely varying system
configurations, module technologies, and deployment age.
These results are included in the compendium and were
calculated using a robust year-on-year method with RdTools,
which captures seasonal effects and attempts to remove
effects commonly included in PLR calculations such as outages,
clipping, and effects of snow accumulation.

A diverse range of methodologies for calculating
degradation rates are present in the compendium, highlighting
the variability of degradation analyses, and underscoring the
need for standardized calculation methods to improve
comparability and accuracy across future studies. Year-on-year
approaches are recommended in particular for high latitude
locations which experience strong seasonality and remote
locations which may be more prone to data outages.
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New PV systems and test-sites deployed in cold climates
should seek to collect and store information over the long term
to facilitate reliability studies and regular degradation
monitoring. This is particularly important in remote locations,
where access to |-V flash testing equipment may be limited.
However, long-term data collection in cold climates for year-
on-year degradation analyses can be challenging in cold
climates due to small regional PV workforces, outdoor
operation and maintenance challenges in winter months, and
higher data-outage potential. In the case where |-V tracing
equipment is available, flash-testing modules before and after
field exposure are recommended as a supplement to year-on-
year methodologies, or when continuous data collection is not
possible.

Further studies on new bifacial technologies, such as SHJ
and TOPCon modules, are required across different climate
zones to determine their degradation rates and mechanisms
under varied outdoor stressors, including freeze-thaw cycles
and snow loading. A trend towards higher degradation rates
for PV systems deployed in recent decades is observed in the
compendium, which may be due to larger and thinner module
architectures in recent years. Continued development of
reliability standards and testing are critical to maintaining
module durability under cold climate stressors of snow load,
wind load, and freeze-thaw cycles.

Overall, we have presented a compendium of degradation
rates for PV systems located in Dfb (mild summer humid
continental), Dfc (cool summer subarctic), and ET (tundra)
Koppen-Geiger climate zones, representing the most thorough
compilation of PV systems in these climate zones to-date and
supporting existing trends that PV systems degrade slower in
colder climates.

ACKNOWLEDGEMENTS

The authors would like to extend their thanks to Qwerty
Mackey and Robbin Garber-Slaght from the NREL’s Alaska
Campus for assistance with data curation for the double-axis
tracking site in Fairbanks, Alaska. Thank you to the Northwest
Territories Power Corporation and Christopher Baldus-Jeursen
from CanmetENERGY for providing data for the PV site in Fort
Simpson, Northwest Territories. Thank you to Kirsten Perry
and Robert White from NREL for porting data and assisting
with data cleaning routines.

This work was authored in part by the University of
Ottawa with the support of the Canadian Foundation for
Innovation, Ontario Research Fund, and the Natural Sciences
and Engineering Research Council of Canada [NSERC CREATE
497981, NSERC STPGP 521894, NSERC CGS-D]. The University
of Ottawa is located on the unceded territory of the
Anishinaabe Algonquin Nation.

This work was authored in part by the Alaska Center for
Energy and Power, University of Alaska Fairbanks with funding
additionally provided by the Department of Navy award
N00014-19-1-2235 issued by the Office of Naval Research.

This work was also authored in part by the National
Renewable Energy Laboratory (NREL), operated by Alliance for
Sustainable Energy, LLC, for the U.S. Department of Energy
(DOE) under Contract No. DE-AC36-08G028308. Partial
funding is provided by the U.S. Department of Energy (DOE)'s
Office of Energy Efficiency and Renewable Energy (EERE) from
the Solar Energy Technologies Office (SETO), under CPS
Agreement 385258, and as part of the Durable Module
Materials Consortium 2 (DuraMAT 2) funded by the U.S. DOE,
Office of EERE, SETO, agreement number 38259. The views
expressed in the article do not necessarily represent the views
of the DOE or the U.S. Government. The U.S. Government
retains and the publisher, by accepting the article for
publication, acknowledges that the U.S. Government retains a
nonexclusive, paid-up, irrevocable, worldwide license to
publish or reproduce the published form of this work, or allow
others to do so, for U.S. Government purposes. The funders
had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

DATA AVAILABILITY STATEMENT

The data supporting the findings of this study are available
publicly online and by request. Power data for Fort Simpson
can be found publicly online by the Northwest Territories
Power Corporation portal*®, while associated meteorological
station can be requested from CanmetENERGY. All data for the
double-axis tracking site in Fairbanks maintained by NREL-
Alaska (formerly the Cold Climate Housing Research Center) is
publicly available*®. Data is available upon request for the east-
west vertical and south-tilted PV site in Fairbanks by reaching
out to the Alaska Center for Energy and Power at the
University of Alaska Fairbanks. RdTools is available as an open-
source Python package for the calculation of year-on-year
degradation rates and associated statistics®.

INCLUSION AND DIVERSITY

One or more of the authors of this paper self-identifies as an
underrepresented ethnic minority in science.

AUTHOR CONTRIBUTIONS

Erin M. Tonita: Conceptualization, Software, Investigation,
Formal Analysis, Investigation, Data Curation, Writing —
Original Draft, Visualization. Dirk Jordan: Conceptualization,
Methodology, Software, Formal Analysis, Investigation, Data
Curation, Writing — Review & Editing, Supervision. Silvana
Ovaitt: Conceptualization, Writing — Review & Editing,
Supervision. Henry Toal: Conceptualization, Resources, Data
Curation. Karin Hinzer: Writing — Review & Editing,
Supervision, Funding Acquisition. Christopher Pike:
Conceptualization, Resources, Data Curation, Writing — Review
& Editing, Supervision. Chris Deline: Writing — Review &
Editing, Supervision, Funding Acquisition.

REFERENCES
Page 12 of 18

161



TONITA ET AL.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

U.Jahn and W. Nasse, “Analysis of long-term performance and reliability
of photovoltaic systems,” |IEA Task 2 Draft Report (2003).

J. Hedstrom and L. Palmblad, “Performance of old PV modules:
measurement of 25 year old crystalline silicon modules,” Technical
Report ELFORSK-01-71 (2006).

M. Lindh, “Country report: Sweden,” in 2024 High Latitude Photovoltaics
Workshop, Pitea, Sweden, 1-11 (2024).
https://www.sandia.gov/app/uploads/sites/243/dlm uploads/2024/03
/3.1-LindhMattias_Sweden 20240314.pdf

E. S. Marstein, “Country report: Norway,” in 2024 High Latitude
Photovoltaics Workshop, Pitea, Sweden, 1-17 (2024).
https://www.sandia.gov/app/uploads/sites/243/dlm uploads/2024/03
/3.2-Marstein-Norway-20240314-1.pdf

S. Ranta, “PV Progress in Finland,” in 2024 High Latitude Photovoltaics
Workshop, Pitea, Sweden, 1-15 (2024).
https://www.sandia.gov/app/uploads/sites/243/dIm uploads/2024/03
/3.3-RantaSamuli-Finland-20240314.pdf

E. Larsen, “Country Report: Denmark & Greenland,” in 2024 High
Latitude Photovoltaics Workshop, Pitea, Sweden, 1-19 (2024).
https://www.sandia.gov/app/uploads/sites/243/dlm uploads/2024/03
/3.4-LarsenEsben-Denmark-Greenland-20240314.pdf

C. Pike, “High latitude solar workshop country report: United States,” in
2024 High Latitude Photovoltaics Workshop, Pitea, Sweden, 1-11 (2024).
https://www.sandia.gov/app/uploads/sites/243/dlm uploads/2024/03
/3.5-PikeChris-UnitedStates-20240314.pdf

E. M. Tonita, “Status of PV in Canada,” in 2024 High Latitude
Photovoltaics Workshop, Pited, Sweden, 1-18 (2024).
https://www.sandia.gov/app/uploads/sites/243/dlm uploads/2024/03
/3.6-TonitaErin _Canada 20240314.pdf

M. Dhimish, “Performance ratio and degradation rate analysis of 10-year
field exposed residential photovoltaic installations in the UK and
Ireland,” Clean Technologies, 2, 170-183 (2020).
https://doi.org/10.3390/cleantechnol2020012

H. Haeberlin, “Grid connected PV plant Jungfraujoch (3454m) in the
Swiss Alps: 10 years of trouble-free operation with record energy yields,”
19th European Photovoltaic Solar Energy Conference, Paris, France, June
2004.

H. Gholami, H. N. Rgstvik, N. M. Kumar, and S. S. Chopra, “Lifecycle cost
analysis (LCCA) of tailor-made building integrated photovoltaics (BIPV)
fagade: Solsmaragden case study in Norway,” Solar Energy, 211, 488-502
(2020). https://doi.org/10.1016/j.solener.2020.09.087

A. Boute, “Off-grid renewable energy in remote Arctic areas: An analysis
of the Russian Far East,” Reviews, 59, 1029-1037 (2016).
https://doi.org/10.1016/j.rser.2016.01.034

E. Usher, G. Jean, and G. Howell, “The use of photovoltaics in a northern
climate,” Solar Energy Materials and Solar Cells, 34, 73-81 (1994).
https://doi.org/10.1016/0927-0248(94)90026-4

S. Ronnberg, M. Bollen, and A. Larsson, “Grid impact from PV-
installations in Northern Scandinavia,” 22" International Conference and
Exhibition on Electricity Distribution (CIRED 2013), Stockholm, 1-4 (2013).
https://doi.org/10.1049/cp.2013.1046

I. Das and C. A. Canizares, “Renewable energy integration in diesel-based
microgrids at the Canadian Arctic,” Proceedings of the IEEE, 107(9), 1838-
1856 (2019). https://doi.org/10.1109/JPROC.2019.2932743

A. Wills, C. Banister, M. Pellissier, and J. Berquist, “A multi-year analysis
of Canadian Arctic historical weather data in support of solar and wind
renewable energy deployment,” E3S Web of Conferences, 246, 03006
(2021). https://doi.org/10.1051/e3sconf/202124603006

D. Dumas and L. Gosselin, “Optimizing photovoltaic systems to
decarbonize residential arctic buildings considering real consumption
data and temporal mismatch,” Solar Energy, 275, 112560 (2024).
https://doi.org/10.1016/j.solener.2024.112560

S. V. Obydenkova and J. M Pearce, “Technical viability of mobile solar
photovoltaic systems for indigenous nomadic communities in northern
latitudes,” Renewable Energy, 89, 253-267 (2016).
https://doi.org/10.1016/j.renene.2015.12.036

P. E. Campana, B. Stridh, T. Horndahl, S. Svensson, S. Zainali, S. M. Lu, T.
E. K. Zidane, P. De Luca, S. Amaducci, and M. Colauzzi, “Experimental

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

162

results, integrated model validation, and economic aspects of
agrivoltaics systems at northern latitudes,” Journal of Cleaner
Production, 437, 140235 (2024).
https://doi.org/10.1016/].iclepro.2023.140235

L. Karttunen, S. Jouttijarvi, A. Poskela, H. Palonen, H. Huerta, M.
Todorovi¢, S. Ranta, and K. Miettunen, “Comparing methods for long-
term performance assessment of bifacial photovoltaic modules in Nordic
conditions,” Renewable Energy, 219, 119473 (2023).
https://doi.org/10.1016/j.renene.2023.119473

E. Andenzs, B. P. Jelle, K. Ramlo, T. Kolas, J. Selj, and S. E. Foss, “The
influence of snow and ice coverage on the energy generation from
photovoltaic solar cells,” Solar Energy, 159, 318-328 (2018).
https://doi.org/10.1016/j.solener.2017.10.078

D. Riley, L. Burnham, W. Snyder, B. King, and P. Dice, “Measurement of
snow loading on a tilted PV module in Northern Michigan,” IEEE 49t
Photovoltaic Specialists Conference (PVSC), Philadelphia, USA, 1343-
1345 (2022). https://doi.org/10.1109/PVSC48317.2022.9938704

L. Burnham, D. Riley, B. H. King, J. Braid, P. Dice, A. Dyreson, W. Snyder,
and C. Pike, “Dedicated cold-climate field laboratory for photovoltaic
system and component studies: the Michigan Regional Test Center as a
case study,” IEEE 49" Photovoltaic Specialists Conference (PVSC),
Philadelphia, USA, 333-335 (2022).

https://doi.org/10.1109/PVSC48317.2022.9938861

J. D. Brearly, “Designing PV systems for environmental extremes,”
SolarPro Magazine, 8(5) (2015).

E. J. Schneller, H. Seigneur, J. Lincoln, and A. M. Gabor, “The impact of
cold temperature exposure in mechanical durability testing of PV
modules,” IEEE 46 Photovoltaic Specialists Conference (PVSC), Chicago,
USA, 1521-1524 (2019).
https://doi.org/10.1109/PVSC40753.2019.8980533

U. Blieske and G. Stollwerck, “Chapter Four — Glass and other
encapsulation materials,” Semiconductors and Semimetals, 89, 199-258
(2013). https://doi.org/10.1016/B978-0-12-381343-5.00004-5

M. D. Kempe, G. J. Jorgensen, K. M. Terwilliger, T. J. McMahon, C. E.
Kennedy, and T. T. Borek, “Acetic acid production and glass transition
concerns with ethylene-vinyl acetate used in photovoltaic devices,” Solar
Energy Materials and Solar Cells, 91(4), 315-329 (2007).
https://doi.org/10.1016/j.solmat.2006.10.009

W. Hermann and N. Bogdanski, “Outdoor weathering of PV modules —
effects of various climates and comparison with accelerated laboratory
testing,” IEEE 37t Photovoltaic Specialists Conference (PVSC), Seattle,
USA, 2305-2311 (2011). https://doi.org/10.1109/PVSC.2011.6186415

J. Lopez-Garcia, D. Pavanello, and T. Sample, “Analysis of temperature
coefficients of bifacial crystalline silicon PV modules,” IEEE Journal of
Photovoltaics, 8(4), 960-968 (2018).
https://doi.org/10.1109/JPHOTOV.2018.2834625

M. Aghaei, A. Fairbrother, A. Gok, S. Ahmad, S. Kazim, K. Lobato, G.
Oreski, A. Reinders, J. Schmitz, M. Theelen, P. Yilmaz, and J. Kettle,
“Review of degradation and failure phenomena in photovoltaic
modules,” Renewable and Sustainable Energy Reviews, 159, 112160
(2022). https://doi.org/10.1016/j.rser.2022.112160

A. Sinha, H. Gopalakrishna, A. B. Subramaniyan, D. Jain, J. Oh, D. Jordan
and G. Tamizh Mani, “Prediction of climate-specific degradation rate for
photovoltaic encapsulant discoloration,” IEEE J. of Photovolt., 10(4),
1093 (2020). https://doi.org/10.1109/JPHOTOV.2020.2989182

A. Omazic, G. Oreski, M. Halwachs, G. C. Eder, C. Hirschl, L. Neumaier, G.
Pinter, and M. Erceg, “Relation between degradation of polymeric
components in crystalline silicon PV module and climatic conditions: A
literature review,” Solar Energy Materials and Solar Cells, 192, 123-133
(2019). https://doi.org/10.1016/j.solmat.2018.12.027

T. Rahman, A. A. Mansur, M. S. H. Lipu, M. S. Rahman, R. H. Ashique, M.
A. Houran, R. M. Elavarasan, and E. Houssain, “Investigation of
degradation of solar photovoltaics: A review of aging factors, impacts,
and future directions toward sustainable energy management,”
Energies, 16(9), 3706 (2023). https://doi.org/10.3390/en16093706

M. Bosnjakovi¢, M. Stojkov, M. Katini¢, and I. Lackovi¢, “Effects of
extreme weather conditions on PV systems,” Sustainability, 15(22),
16044 (2023). https://doi.org/10.3390/su152216044

Page 13 of 18



TONITA ET AL.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44.

45,

46.

47.

48.

49.

50.

51.

52.

53.

D. C.Jordan, K. Anderson, K. Perry, M. Muller, M. Deceglie, R. White, and 54. M. J. Reno and C. W. Hansen, “Identification of periods of clear sky
C. Deline, “PV fleets degradation insights,” Progress in Photovoltaics: irradiance in time series of GHI measurements,” Renewable Energy, 90,
Research and  Applications, 30(10), 1166-1175 (2022). 520-531 (2016). https://doi.org/10.1016/j.renene.2015.12.031
https://doi.org/10.1002/pip.3566 55. D. C. Jordan and C. Hansen, “Clear-sky detection for PV degradation
D. C. Jordan, S. R. Kurtz, K. VanSant, and J. Newmiller, “Compendium of analysis using multiple regression,” Renewable Energy, 209, 393-400
photovoltaic degradation rates,” Progress in Photovoltaics: Research and (2023). https://doi.org/10.1016/j.renene.2023.04.035

Applications, 24(7), 978-989 (2016). https://doi.org/10.1002/pip.2744 56. A. Phinikarides, N. Kindyni, G. Makrides, and G. E. Georghiou, “Review of
P. Ingenhoven, G. Belluardo, G. Makrides, G. E. Georghiou, P. Rodden, L. photovoltaic degradation rate methodologies,” Renewable and
Frearson, B. Herteleer, D. Bertani, and D. Moser, “Analysis of Sustainable Energy Reviews, 40, 143-152 (2014).
photovoltaic performance loss rates of six module types in five https://doi.org/10.1016/j.rser.2014.07.155

geographical locations,” IEEE Journal of Photovoltaics, 9(4), 1091-1096 57. E.Tonita, A. Russell, C. Valdivia, and K. Hinzer, “Optimal ground coverage
(2019). https://doi.org/10.1109/JPHOTOV.2019.2913342 ratios for tracked, fixed-tilt, and vertical photovoltaic systems for
K. Kunaifi, A. Reinders, S. Lindig, M. Jaeger, and D. Moser, “Operational latitudes up to 75°N,” Solar Energy, 258, 8-15 (2023).
performance and degradation of PV systems consisting of six https://doi.org/10.1016/j.solener.2023.04.038

technologies in three climates,” Applied Sciences, 10(16), 5412 (2020). 58. L. Burnham, D. Riley, B. Walker, and J. M. Pearce, “Performance of
https://doi.org/10.3390/app10165412 bifacial photovoltaic modules on a dual-axis tracker in a high-latitude,
D. C. Jordan, B. Marion, C. Deline, T. Barnes, and M. Bolinger, “PV field high-albedo environment,” in [EEE 46th Photovoltaic Specialists
reliability status — analysis of 100 000 solar systems,” Progress in Conference  (PVSC), Chicago, IL, USA, 1320-1327 (2019).
Photovoltaics: Research and Applications, 28, 739-754 (2020). https://doi.org/10.1109/PVSC40753.2019.8980964

T. Karin, C. B. Jones, and A. Jain, “Photovoltaic degradation climate 59. T. Dierauf, A. Growitz, S. Kurtz, J. L B. Cruz, E. Riley, and C. Hansen,
zones,” IEEE 49th Photovoltaic Specialists Conference (PVSC), Chicago, “Weather-corrected performance ratio,” NREL/TP-5200-57991, National
USA, 687-694 (2019). Renewable Energy Lab, Golden, co, USA (2013).
https://doi.org/10.1109/PVSC40753.2019.8980831 https://doi.org/10.2172/1078057

N. Bogdanski, W. Herrmann, F. Reil, M. K&hl, K. A. Weiss, and M. Heck, 60. O. Arriaga Arruti, A. Virtuani, and C. Ballif, “Long-term performance and
“Results of 3 years’ PV module weathering in various open-air climates,” reliability of silicon heterojunction solar modules,” Prog. in Photovolt.:
Proc. SPIE 7773, Reliability of Photovoltaic Cells, Modules, Components, Res. Appl., 31(7), 664-677 (2023). https://doi.org/10.1002/pip.3688

and Systems Ill, 77730L (2010). https://doi.org/10.1117/12.859807 61. D. Jordan, D. B. Sulas-Kern, S. Johnston, H. R. Moutinho, C. Xiao, C. S.
M. Dhimish and A. Alrashidi, “Photovoltaic degradation rate affected by Jiang, M. Young, A. G. Norman, C. Deline, I. Repins, R. Bhoopathy, O.
different weather conditions: A case study based on PV systems in the Kunz, Z. Hameiri, and C. Sainsbury, “High efficiency module degradation
UK and Australia,” Electronics, 9, 650 (2020). — from atoms to systems,” 37" European Photovoltaic Solar Energy
https://doi.org/10.3390/electronics9040650 Conference, 828-833 (2020).

R. Geiger, Uberarbeitete Neuausgabe von Geiger, R.: Képpen-Geiger / 62. C.Deline, D.Jordan, B. Sekulic, J. Parker, B. McDanold, and A. Anderberg,
Klima der Erde. (Wandkarte 1:16 Mill.) — Klett-Perthes, Gotha (1961). “PV lifetime project — 2024 NREL annual report,” Golden, CO: National
J. Ascencio-Vasquez, |. Kaaya, K. Brecl, K-A. Weiss, and M. Topic, “Global Renewable Energy Laboratory, = NREL/TP-5K00-90651  (2024).
climate data processing and mapping of degradation mechanisms and https://www.nrel.gov/docs/fy240sti/90651.pdf

degradation rates of PV modules,” Energies, 12, 4749 (2019). 63. R. H. French et al., “Assessment of performance loss rate of PV power
https://doi.org/10.3390/en12244749 systems,” IEA PVPS Task 13, Report IEA-PVPS T13-22:2021 (2021).
D. C. Jordan, C. Deline, S. R. Kurtz, G. M. Kimball, and M. Anderson, https://iea-pvps.org/key-topics/assessment-of-performance-loss-rate-
“Robust PV degradation methodology and application,” IEEE Journal of of-pv-power-systems/

Photovoltaics, 8(2), 525-531 (2018). 64. Christopher Baldus-Jeursen, Alexandre COté, Tanya Deer, and Yves
https://doi.org/10.1109/JPHOTOV.2017.2779779 Poissant, “Analysis of photovoltaic module performance and life cycle
Northwest Territories Power Corporation, “Fort Simpson Solar Energy degradation for 23 year-old array in Quebec, Canada,” Renewable
Project,” website accessed June 28, 2024 (2024). Energy, 174, 547-556 (2021).
https://www.ntpc.com/energy-alternatives/current-alternative-energy- https://doi.org/10.1016/j.renene.2021.04.013
projects/fort-simpson-solar-energy-project 65. H. Haeberlin, “Grid connected PV plant Jungfraujoch (3454m) in the
C. Pike, E. Whitney, M. Wilber, and J. S. Stein, “Field performance of Swiss Alps: 10 years of trouble-free operation with record energy yields,”
south-facing and east-west facing bifacial modules in the Arctic,” in 19th European Photovoltaic Solar Energy Conference, Paris, France
Energies, 14(4), 1210 (2021). https://doi.org/10.3390/en14041210 (2004).

Cold Climate Housing Research Center, “RTF Solar PV,” website accessed 66. H.Haeberlin and P. Schaerf, “Newtech — 3 different thin film PV plants of
June 28, 2024 (2024). http://cchrc.rcs.alaska.edu 1kWp under direct long-term comparison (2002-2009),” in 25th
R. Colgan, N. Wiltse, M. Lilly, B. LaRue, and G. Egan, “Performance of European Photovoltaic Solar Energy Conference, Valencia, Spain (2010).
photovoltaic arrays — Cold Climate Housing Research Center (CCHRC),” 67. H.Wilk, A. Szeless, A. Beck, H. Meier, M. Heikkild, and C. Nyman, “Eureka
CCHRC Snapshot RS 2010-10 (2010). Project EU 333 Alpsolar: field testing and optimization of photovoltaic
https://cchrc.org/media/Solar Photovoltaics.pdf solar power plant equipment, progress report 1994,” 12th European
M. Deceglie, A. Nag, A. Shinn, G. Kimball, D. Ruth, D. Jordan, J. Yan, K. Photovoltaic Solar Energy Conference (EUPVSEC), Amsterdam (1994).
Anderson, K. Perry, M. Mikofski, M. Muller, W. Vining, and C. Deline, 68. A. Zdyb and S. Gulkowski, “Performance assessment of four different
RdTools, Version 2.1.7, Computer Software, photovoltaic technologies in Poland,” Energies, 13, 196 (2020).
https://github.com/NREL/rdtools. https://doi.org/10.3390/en13010196

M. G. Deceglie, K. Anderson, D. Fregosi, W. B. Hobbs, M. A. Mikofski, M. 69. D. Verma, M. Tayyib, T. O. Saetre, and O. Midtgard, “Outdoor
Theristis, and B. E. Meyers, “Perspective: performance loss rate in performance of 10 year old a-Si and poly-Si modules in southern Norway
photovoltaic  systems,”  SolarRRL,  7(15), 2300196  (2023). conditions,” in IEEE 38th Photovoltaic Specialists Conference, Austin, TX,
https://doi.org/10.1002/s0lr.202300196 USA, 2368-2371 (2012). https://doi.org/10.1109/PVSC.2012.6318074

A. P. Dobos, “PVWatts Version 5 Manual,” NREL/TP-6A20-62641, 70. B. R. Paudyal and A. G. Imenes, “Performance assessment of field
National Renewable Energy Lab (2014). deployed multi-crystalline PV modules in Nordic conditions,” in 46th IEEE
https://doi.org/10.2172/1158421 Photovoltaic Specialists Conference (PVSC), Chicago, IL, USA, 1377-1383
K. Anderson, C. Hansen, W. Holmgreen, A. Jensen, M. Mikofski, and A. (2019). https://doi.org/10.1109/PVSC40753.2019.8980629

Driesse, “pvlib python; 2023 project update,” Journal of Open Source 71. L. Palmblad, C. Martinsson, J. Hedstrom, and M. Andersson, “Long-term

Software, 8(92), 5994 (2023). https://doi.org/10.21105/joss.05994

163

performance of PV modules — results from Swedish case studies,” 22"
European Photovoltaic Solar Energy Conference (EUPVSEC), Milan, Italy
(2007).

Page 14 of 18



TONITA ET AL.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

M. Rinio, U. Enarsson, and C. Hansen, “A fast software check for PV
systems,” 8th World Conference on Photovoltaic Energy Conversion,
Milano, Italy, 1085-1088 (2022). https://doi.org/10.4229/WCPEC-82022-
4D0.2.4

E.B.Sveen, M. B. @gaard, J. H. Selj, and G. Otnes, “PV system degradation
rates in the Nordics,” 37th European Photovoltaic Solar Energy
Conference (EUPVSEC), 1563-1566 (2020).

C. Seiffert, “PV module degradation rates in Norway,” in High Latitude PV
Workshop, Pitea, Sweden (2024).

E. Psimopoulos, J. Plautz, F. Fiedler, and A. Augusto, “Performance of PV
system operating for 30-years in Scandinavia,” in 515t IEEE Photovoltaic
Specialists ~ Conference  (PVSC), Seattle, IL, USA (2024).
https://doi.org/10.1109/PVSC57443.2024.10748925

Dereck Musyimi Mutungi, “Degradation of photovoltaics in central
Finland: A comparative study of polycrystalline and heterojunction with
intrinsic thin layer technologies,” Masters Thesis, University of Jyvaskyla
(2013).

Y. Poissant, D. Thevenard and D. Turcotte, “Performance monitoring of
the Nunavut arctic college PV system: nine years of reliable electricity
generation,” CanmetENERGY (2004).

D. C. Jordan, C. Deline, M. Deceglie, T. J. Silverman, and W. Luo, “PV
degradation — mounting & temperature,” in 46t IEEE Photovoltaic
Specialists  Conference (PVSC), Chicago, IL, 673-679 (2019).
https://doi.org/10.1109/PVSC40753.2019.8980767

N. Bansal, S. P. Jaiswal, and G. Singh, “Comparative investigation of
performance evaluation, degradation causes, impact and corrective
measures for ground mount and rooftop solar PV plants — A review,”
Sustainable Energy Technologies and Assessments, 47, 101526 (2021).
https://doi.org/10.1016/j.seta.2021.101526

J. Zuboy, M. Springer, E. C. Palmiotti, J. Karas, B. L. Smith, and M.
Woodhouse, “Getting ahead of the curve: Assessment of new
photovoltaic module reliability risks associated with projected
technological changes,” IEEE Journal of Photovoltaics, 14(1), 4-22 (2024).
https://doi.org/10.1109/JPHOTOV.2023.3334477

S. Lindig, D. Moser, A. J. Curran, and R. H. French, “Performance loss rates
of PV systems of Task 13 database,” in 46" IEEE Photovoltaic Specialists
Conference (PVSC), Chicago, IL, 1363-1367 (2019).
https://doi.org/10.1109/PVSC40753.2019.8980638

N. Matsui, C. N. Long, J. Augustine, D. Halliwell, T. Uttal, D. Longenecker,
O. Niebergall, J. Wendell, and R. Albee, “Evaluation of Arctic broadband
surface radiation ~measurements,” Atmospheric Measurement
Techniques, 5(2), 429-438 (2012). https://doi.org/10.5194/amt-5-429-
2012

B. Babar, L. T. Luppino, T. Bostrom, S. N. Anfinsen, “Random forest
regression for improved mapping of solar irradiance at high latitudes,”
Solar Energy, 198, 81-92 (2020).
https://doi.org/10.1016/j.solener.2020.01.034

H. N. Riise, M. M. Nygard, B. Aarseth, A. Dobler, and E. Berge,
“Benchmark of modelled solar irradiance data at high latitude locations,”
SSRN Preprint (2024). http://dx.doi.org/10.2139/ssrn.4804004

M. Ross and J. Royer, “PV-hybrid power systems for radio links in
Greenland,” in Photovoltaics in Cold Climates, 1%t Edition, Routledge, pp.
126-127 (1998).

A. Pantaleo, M. R. Albert, H. T. Snyder, S. Doig, T. Oshima, N. E.
Nagelqvist, “Modeling a sustainable energy transition in northern
Greenland: Qaanaaq case study,” Sustainable Energy Technologies and
Assessments, 54, 102774 (2022).
https://doi.org/10.1016/j.seta.2022.102774

J. Larrivee, “An analysis of degradation rates of PV power plants at the
system level,” Masters Thesis, Utrecht University (2013).

M. Belik, J. Timr, and O. Rubanenko, “Prediction of the degradation
process of mono-Si photovoltaic panels in Ukrainian and Czech
conditions,” 23 International Scientific Conference on Electric Power
Engineering  (EPE), Brno, Czech  Republic, 1-6 (2023).
https://doi.org/10.1109/EPE58302.2023.10149312

I. Murgescu, L. A. El-Leathey, and R. A. Chihaia, “Guaranteed versus real
service life of PV panels in Romania,” Journal of Engineering Sciences and
Innovation, 3(4), 375-392 (2018).
https://doi.org/10.56958/jesi.2018.3.4.375

90. C. Raupp, C. Libby, S. Tatapudi, D. Srinivasan, J. Kuitche, B. Bicer, and G.

164

TamizhMani, “Degradation rate evaluation of multiple PV technologies
in 59,000 modules representing 252,000 modules in four climatic regions
of the United States,” IEEE 43" Photovoltaic Specialists Conference
(PVSC), Portland OR, USA, 255-260 (2016).
https://doi.org/10.1109/PVSC.2016.7749590

Page 15 of 18



TONITA ET AL.

2J4Nn1e4311| 3Y3 Ul SaIpN3s uollepelSap alewl|d pjod Sunisixy '€ 319vVL

. yinwize .06 1eloejiq Asinuiw T1¢0¢-L10¢C (32T ‘NoS"09)
a)qissod paroadsn . . A-Uo- ‘1- ° °
did 914 P S 9,06 ‘doyooy ‘1S-0 dM GZ€ qemod g ToNHOERA ‘sieak y ot ad puejul4 ‘nIng [oz]
‘paniodal aewiep 1ensiA ou aSIMIBYI0 yinwize 012 Ue  $Z0Z-766T (39T ‘No9"09)
; ' . . IS-owd : S n
Lm SumolieA ANpoL BT N 09 ‘doyooy 1S O IMWITE sielowesed A B 2I0JRQ Al ‘sieak og 50 e m%wwﬁ o
043d (MoTZT ‘No6°T9)
‘e1ep uonelado Jo sieak gisii) Suissiy ﬁ%ymwzu_wmmww% Jeloejouow o1 ._mMMM:_E Qeok wmﬁ“wwm vmnwmh.mw\mm S'1T- a1a epeue) HHOM
oe ‘18-0 dAWi 00T oV A o ‘wosdwngyog ik
'S10119 yinwize ,081 i ) A@inuiw €102-6002 ; (3692 ‘No2'29)
Ja1uaAUl woJ) suondnusiulews ‘1l .0 ‘douooy IS-ow dm 92 ‘lamod Dy VWIdY ‘sieak g ro- %4d puejuiq ‘eyisenis
A v [o/]
. 0GC ‘Nol'C9
slolid [HS Aainuiw €10¢-500¢ . 3
JaudAUl wol) suondnialul ews doyooy ‘15-0dM £2°9 ‘Jamod Oy VWIaY ‘sieal £ €€°0 %d ; _“Mm_c_u_
InelleeS
Uinwize lenuue laded woly  $002-S66T (MoB9 ‘No8°€9)
IS-0d : . o o
o0ET ‘opede IS0 dwiee ‘A318us QY paienoen ‘sieak g Lr'o 13 epeue) ‘1nmeb| [22]
‘sieah 7 1a1e pajle) Aelle sjeishiD 10321 SIXE £ .
X[ ‘Peol Aqieau woiy edw joreis 0y . v_. cwo.h ceow o_u_wm_-_< . 1noy . >ﬂoo%m vmom-w\mom v 0Fb°0- 210 A>>ow¢.ﬁ No8'%9)
NP S3NPOLU 10 SZELUEP ENSIA BWOS enpy p 9 IS M 0T usuInd Jy leaf-uo-leap slesA 9T vSn ‘syueqlied
J43ad1eldelq
yinwize ,08T Aainuiw $1001pY ¥20¢-610¢C o ‘No8"
‘N1 609 ‘punol _ocm. 1elogsouou ‘lamod Qv ‘1eah-uo-iesp ‘sieak g co=9°0- >d A@wﬂﬁﬁwxummhﬂw““ Hom
1S-0 dM 205 ’ siyL
yinwize
00£2/06 ‘N1 006 (HS1e198)Ig ALnuiw S|001pY  ¥20Z-610C P aAa (Mo87T ‘No8°79)
pue yihwize ,08T ‘1S-0dMI ST’ T ‘lamod Oy ‘Jeak-uo-lea\ ‘sieah g * VSN ‘sjueqlieq
‘N1 09 ‘punols
sonss| pavioday uoneinsiyuo) uonewJoju| ere poyan paiano) (1eah /%) M_uou
waisAs 3|npoN 1ed sishjeuy SIe9A ylid _“M n_nw%vﬂ ated 494

Page 16 of 18

165



TONITA ET AL.

uinwize ,08T . lenuue Jaded woly  8102-ST0C ) (32°€C ‘No6'15)
NN o€ ‘punolg IS-ow AV €712 ‘P1aik oy1oads paienoled ‘sieak Lo @a puejod (8]
(308 ‘No€'89)
yinwize 08T loye
IS-ow d : sJaloweled sieal I- Aemio
N0..85 ‘doyooy IS M 0T ) Al 1 210190 Al 0T 0T aia .usmszw_ [69]
(308 ‘No€'89)
Jualing ] ) 810¢-¥10¢ n
\noJI-1I0Us wol Ansow uonepesdaq M 6E doyooy IS-OW MOy slelaweled Al OLS leau Al ‘s 1eok § LT°0 aa u%ﬁmw lo/]
ainyiej1o0dsioy
. (36T ‘No€'69)
UM 8)NpOoW SUO0 ‘uolleulwe)ap |sye  900¢-186T e
JOUIW JO 9SBJ 9UO {SpIIg 10R1L0D apedey/doyooy IS-ow dm 099 sigaweled Al ETVE Y| ‘sleak gz Lr'o aa “w Mmuw%w [el
papo.lod ‘dunqgqng ueinsdesus awos 10112018
(38T ‘No£'69)
*S109J9p 1BNSIA ON apede4 IS-OWdMN T2 SJelsweled A loe Bom 5861 0 aiq uapams  [1/]
Q91049 Al sleal1g “e1SpNANH
leak Jad uonepeisap 2202-2102 (FoET ‘No9'65)
‘e1ep uonesado Jo sieah £ 1s.1) SUISSIN 0juUl ON 0Jul ON ) Jamod f 220 aia ° ° 2]
sfep 9 ‘1amod sead fors Jeal sieak 0T usapamsg ‘enelo
uinwize .1t anuiw 6T02-GT0T . (TT ‘No9'69)
NN 0T ‘d0100Y IS-ow dW 02T 6 “Jomod 1Q 1eak-uo-1eap ‘s1eak g 10 aia KemuoN ‘Aqison [e/]
‘ i S1001pY  £202-ST0C . (TT ‘No8°'69)
nn o0t ‘doyooy  IS-Ow dm 0L€ Imod v, o o-ies A ‘sipok g ST'0 aid KeMION ‘0150
74
‘ i S1001pd  €£20Z-L10C . (3oTT ‘No0°09)
o0t ‘doyooy  IS-ow dm 02L Jamod Qv (|eOf-UD-IRIA ‘sieak g 1o aid KeMION ‘0150
uoneinsyuo) uonew.ojul POYIdIN paJano) (1eah/%) 3p0J
sanss| payoday : - ' ejeq °7 19819n- uonelol  jay
wdisAs a|npoN sisAjeuy SIedA y1d uaddoy

2Jn1eJall| 3y} ul salpnis uoiepesgap alewi|d pjod Suilsix3 :'3uo) € 319vVL

Page 17 of 18

166



TONITA ET AL.

spoylaw
yinwize ,08T 8102-ST0T (MoT €L ‘Not't17)
IS-owd : Jamod snoueA °0-
NN.LGE PUNOID IS MWIT'E ov o mme.mé ‘sieof g €0°0 aia VS ‘UOISTIM [ea]
(Mo€L ‘Nol'St)
*U0IS04109 Jegsnq . : . laye  GT0cZ-¢66T ‘n
‘s5013U1 INISIOW 0] P3] MEU)-870314 11 .SY ‘doyjooy 1IS-0dMWWI £'9T  sleleweled A 2 910150 A ‘s1coA £7 90 aia .wwcucmmc_mw/ [v9]
elep yinwize ,08T spotau 6102-TT0C (€' TT ‘NoG'9V)
Jeuonesado Jo sywow 9IS BUISSIW I o0g ‘punosg 'S oW IMIZY somod oy o m.mmshwmo ‘sieak g a0 WA " fey ouezog (€9
*SSaJ3ul 81n1SIOW WOoJ) uoneulwe)ap (308 ‘No9'9V)
40 s@2UBISUI BWIOS ‘ZW/MO0LT< Syead ESE_.Nm oL0C 1IS-0dMWIST'T aINUIW-G ‘Yd Jaded oy Eom €61 61°0- 13 puepezimg  [g9]
. pue .z6T ‘apedey pajeinoen sieak 0T .
aouelpell {y/w0Ggg 40 SWI0ISPUIA yoolnesduny
. Ayiuow laded wol}  0102-2002 . (308 ‘No9'9Y)
i .06 Qotoom IS Socm_u_tm od paleindied ‘sieak 3 61°0 13 pueysziims ,w‘__m_ 58
‘uonelsado Sulinp us01Ss saNpow INWIZE LGST (306 ‘Nog'9¥)
2T pue pagewep sajnpow T ‘sieak e Auiuow Jaded wol}  Z00Z-686T . ° °
TT J8)Je ainjle} 191BAUI {SUOIIPUOD uc.m °08T N oGy 1S-OU AV 70T ‘p1aIA A318u3 paieinoe) ‘sieah g1 850 aa Ucm_wmﬂ_\sm [tl
laueq punos 1ewoq
19M J3pUN punoj 1ualind agexeaT
(308 ‘NoT'LV)
. . Auyuow Jaded woly  0T0Z-200Z .
N1 ,.0¢ ‘doyooy  I1S-0dWI 8T'E “Kaua1a 5Q palEINEs ‘sigak g 60T aia Ucw:mu_;w [g9]
Jopging
"PUIM pue ejmous Jone (FoTT ‘Nov'LV)
ysiy ‘891 pue mous Aq pakonsap 11 S ‘doljooy sanpow /£ sislaweled | % 910150 Al sieah g 1€°0- 13 Auewlsos [1v]
awiel} 1e19W 3uO ‘aeyeald 199 sawos ‘aznds8nz
(32T ‘NoL'LY)
IS-0 pue Jaded woyy  ¥6EET-T166T
11,09 ‘punoio ) Auuow ‘yd . 0 13 fuewssg  [z9]
IS-oW d\W G°TE paieinoed sleak g ‘UIISIOPUOM
uonesnsyuo) uonew.oju| pPoYyIdN paJano) (1eah /%) p0J
sanss| pajioday : h : eyeq °7 198199- uonelo] 9y
walsAs 3INpoIN sisAjeuy SIEdA yld uadday

2JNn1eJ31l| 3Y3 U] S3IPNIS UoliepelSap alewl|d pjod Susix3 o) € 319VL

Page 18 of 18

167



Chapter 7

Summary & outlook

The path forward in the next few years
Will bring to light more technological advances.
Solar energy will reach new frontiers
To mitigate COy damages.

g

Due to their scalability and affordability, PV technologies are poised to help decarbonize high
latitude and alpine regions. The results presented as a part of this thesis support on-going efforts
to characterize, predict, and optimize PV cell and system level performance under high latitude
operating conditions found throughout northern regions, such as in the presence of snow, cool
temperatures, low solar elevation angles, high air mass, and strong seasonal fluctuations in solar
resource.

This thesis consists of six research articles, published or submitted for publication in sci-
entific peer-reviewed journals. In Section 5.1, the impact of high air mass illumination was
characterized for high efficiency and high bifaciality SHJ solar cells. Research efforts, such as
this, demonstrate that location-specific device optimization is possible as a contrast to opti-
mizations that are typically performed under the standard solar spectrum of AM1.5G. In the
case of SHJ devices, passivating layers could be made thicker at higher latitudes due to less
UV light content. This would add the benefit of further passivation to front and rear surfaces
with a smaller trade-off to parasitic absorption in these layers. Further studies in the field on
SHJ modules would need to be conducted to confirm cell optimization routines. These results
suggest that design changes could be made on the solar cell level to better tailor for perfor-
mance in high latitudes. However, given the importance of energy security and reliability in
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high latitude locations, in practice the design parameters which may be best to optimize are on
the system-level.

In Section 5.2, an extension to current drafted |[EC bifacial measurement standards was
speculated. To incorporate the method | proposed in this article, adaptations would need to be
made to align with standard-creation protocols. For instance, rather than calibrating the method
using a year of hourly data, the calibration would need to be instead done with a single normal-
incidence illumination of AM1.5G on the front surface of a “standard” module. An appropriate
selection would need to be made regarding standard module parameters (module size, frame,
ground clearance, and tilt) and reviewed by the international community. The resulting rear
plane-of-array irradiance could be calculated for different ground albedos and incorporated into
an official standard. Nonetheless, indoor measurement standards are designed for technology
inter-comparisons and predicting accurately the performance of the technologies in the field
requires detailed PV energy yield models.

In Section 6.1, an analysis of the effect of row spacing, tilt, and inter-row shading losses
was examined as a function of latitude, up to 75°N. This research has helped develop an
understanding of system sensitivity to row spacing in mid-to-high latitudes. With emerging
E-W vertical PV systems, this work has also provided further guidelines on how these systems
must be spaced in comparison with conventional equator-facing fixed-tilt systems and SAT
systems. This research could be developed further such that the empirical equations provided
are a function of target shading loss and latitude. This would allow users additional flexibility
in determining appropriate row spacing for their needs in mid-and-high latitudes.

In Section 6.2, the irradiance modelling uncertainty associated with broadband and spectral
albedo assumptions was characterized as a function of latitude. Particularly for bifacial PV sys-
tems with high bifaciality >80%, an understanding of the sensitivity of performance predictions
to rear-side environmental inputs is critical. In this work, | demonstrated that ground reflections
compose a significant portion of total irradiance received on bifacial and monofacial modules in
high latitude locations. This emphasizes the importance of high quality albedo inputs in cold
and snowy locations. Operational characteristics like inhomogeneous ground cover, uneven
ground, and specular reflections will cause further uncertainty in practice. Understanding the
spectral nature of rear-side irradiance is anticipated to be even more important for emerging
bifacial tandem structures.

In Section 6.3, a model validation was performed using vertical PV field data collected in
two locations for five PV system-level models - bifacial_radiance, bifacialVF, SAM, PVSyst,
and DUET. Models, such as these, are being used to simulate emerging vertical PV systems
for design, planning, and monitoring purposes. However, these models have been developed
and validated for equator-facing fixed-tilt systems and/or SAT systems at low-to-mid latitudes.
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In this work, | demonstrated model validation at 65°N and showed that the PV models all
experience higher RMSE during cloudy conditions, in the presence of snow, and at low irradiance
light levels - conditions more common at high latitudes and especially during winter months.
Vertical PV systems tend to result in higher modelling uncertainty due to a higher dependence
on ground-reflected and diffuse light, as well as high angles-of-incidence during high irradiance
hours of the day. To improve test-site and weather station data quality, continuous snow
monitoring and regular maintenance and cleaning was suggested. This work supports research
into location-specific optimization of sky models for high latitude locations.

In Section 6.4, an analysis and review of PV degration rates in cold, snowy climates was
presented. This manuscript highlights the gap in northern PV field data to-date in high latitude,
cold climate regions. High quality weather station and PV site monitoring is challenging in these
environments and long-term data is scarce due to the relatively young age of most deployed
PV systems. When longer-term data exists, it may be hard to know if it is relevant for modern
modules, which now have significantly larger areas, half-cut and bifacial cells, thinner glass,
and higher efficiencies. Continuous research efforts are required in this field to monitor recent
and up-coming deployments over the next few decades. This review supports the finding that
PV systems tend to degrade slower in colder environments, benefiting primarily from cooler
operating temperatures. Effects such as snow load, freeze-thaw stress, and moisture ingress are
failure modes to be cautious of in cold climates.

& sk ok
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LE POEM DU SOLEIL
Artization, M.K.'; writing — original draft, E.M.T.

i — TWO-FACED

Plants have cells

and solar panels have cells
Coincidence?

The cells on the grass
give their leftover light to
the solar cells

Is it kindness?

Or simple rear irradiance?

ii — BIFACIAL

The two-faced sun, which illuminates the same hand that it burns you with,
which regularly gives too much,

then too little,

as seen by dry grass and

snow hours. . .

The sun's spectral faces are really

A DUET

Poem by Monika Kitor
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Glossary

acceptor A dopant atom that when substituted into a semiconductor lattice forms a p-type
region, such as boron and aluminium in a silicon lattice. 16, 17

albedo The broadband bi-hemispherical reflectance of a surface, with a value between 0 (com-
pletely absorptive) and 1 (completely reflective). 37, 67

AMO Standard extraterrestrial solar spectrum. 36

AM1.5G Standard global terrestrial solar spectrum. 36

bandgap Forbidden energy gap between valence and conduction bands in a semiconductor or
insulating material. 11

bifacial gain Gain in energy, power, or insolation of a bifacial compared to a monofacial
photovoltaic device. 44

bifacial photovoltaics Photovoltaic devices which absorb light from both sides of the semi-
conductor p-n junction. 5, 43

bifaciality The ratio of rear efficiency to front efficiency under the same standard illumination
conditions. This variable can also be reported for other I-V curve parameters. 44

blackbody radiator Absorbs all incident electromagnetic radiation, regardless of frequency or
angle of incidence, and emits radiation according to Plank's Law. 35

Boltzmann approximation When the Fermi level is sufficiently far from the band edges, this
approximation simplifies the Fermi-Dirac distribution function. 16

bypass diode A diode connected in parallel to a series of solar cells which provides an alternate
path for current flow during shading scenarios where reverse biasing cells could cause
reverse bias breakdown. 47
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conduction band The electronic band which represents the lowest available vacant states at
absolute zero. 11

conductivity A material property quantifying the ability of the material to conduct electric
current. 18

conductor Materials with free electrons in the conduction band without external excitation.
11

continuity equations The equations that ensure electron and hole numbers are conserved.
24

covalent bond An atomic bond arising from the sharing of electrons, resulting in a lower
energy state than the atoms separated. 12

Czochralski process A method for growing bulk semiconducting crystals using a seed crystal
in a crucible. 12

dangling bonds An unsatisfied valence band state in an immobile atom, often occurring at
the surface of semiconducting materials and causing higher local recombination rates. 23

depletion approximation The interface of a p-n junction is assumed to be fully depleted of
charge carriers. 26

detailed balance limit The maximum theoretical photoconversion efficiency of a 1-junction
solar cell under AM1.5G illumination where the only loss mechanism is radiative recom-
bination. 33

diffusion current The movement of charge carriers due to diffusion from a concentration
gradient. 19

direct bandgap A bandgap where the momentum between the valence and conduction band
is the same. 13

donor A dopant atom that when substituted into a semiconductor lattice forms an n-type
region, such as phosphorus and arsenic in a silicon lattice. 16

dopants The deliberate addition of an impurity to a semiconductor. 16

drift current The movement of charge carriers due to the presence of an external electric field.
19
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effective mass A simplifying picture wherein electrons or holes move with different mass than
their vacuum state mass, as influenced by their existence within an energy band structure.
14

electron affinity The amount of energy required to remove an electron entirely from a semi-
conducting material. 14

Fermi level The energy level of an electron where at thermodynamic equilibrium electrons
have a 50% chance of occupation. 11

first Brillouin zone The primitive repeating cell of a crystalline structure in reciprocal space.
13

generation An electronic excitation event that increases the number of free charge carriers
available to move within a semiconducting lattice. 20

indirect bandgap A bandgap where a momentum difference exists between the valence and
conduction band. 13

insulator Materials with large zones of forbidden energy states (bandgap >3 eV) that result
in a negligible density of charge carriers in the conduction band. 11

intrinsic semiconductor A perfect semiconducting material crystal without any impurities or
dopants. 16

Lambertian surface A surface which reflects light equally over all hemisphere angles. 33

maximum power point The maximum power output by a solar cell as a function of voltage.
30

mobility A material property quantifying how quickly an electron can move in a material in
the presence of an electric field. Units are often cm?/(Vs). 19

momentum space The Fourier Transform of position space, describing momentum vectors in
a physical system. 12

monofacial Photovoltaic devices which absorb light from only one side of the semiconductor
p-n junction. 5, 45

n-type semiconductor A semiconductor which has been doped to have higher relative con-
centration of electrons compared to holes. 17
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open-circuit voltage The voltage where light and dark current cancel. 30

p-n junction Asymmetry provided by the interface of two differently doped semiconducting
materials. 25

p-type semiconductor A semiconductor which has been doped to have higher relative con-
centration of holes compared to electrons. 17

parabolic band approximation Near the conduction or valence band edges, valleys can be
approximated as parabolic, simplifying the mathematics involved with calculating quan-
tities such as density of states, carrier concentrations, and carrier effective mass. 14

phonon Quantized lattice vibration. 13

photogeneration The process where the absorption of a photon results in the excitation of
an electron from a lower energy state to a higher energy state. 20

photovoltaic effect The effect where a voltage or current is generated in a material under
exposure to light. 10

quasi thermal equilibrium A quasi-equilibrium state that occurs from the thermodynamic
balance of photoexcitation and relaxation. 17

recombination An event which results in the loss of electron excitation through the decay of
an excited electron to a lower energy state. 20

semiconductor A class of materials exhibiting tunable electronic properties between that of
conductors and insulators. 11

short-circuit current The current generated in a photovoltaic device at a voltage of zero. 28
snow loss Energy yield loss due to snow accumulation on PV modules. 72

spectral albedo The wavelength-dependent bidirectional hemispherical reflectance of a sur-
face. 38

surface recombination velocity Describes the surface recombination of charge carriers per
unit area per unit time, and relies on the movement of carriers from the bulk towards the
surface. 23
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thermalization The process where energy transferred from a photon to an excited electron is
lost to lattice interactions, resulting in the electron energy relaxing to the band edge. 20

valence band The electronic band which represents the highest occupied states at absolute
zero. 11
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