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Abstract

The deployment of photovoltaic (PV) energy is expected to rise exponentially in the next
few decades, driven by decarbonization, electrification, and record-low system costs. Fur-
thermore, bifacial PV modules, which generate electricity from both front and rear surfaces,
are projected to make up 70% of the PV market share within the next ten years due to
their increased generation capacity, more efficient land use, and reduced levelized costs.
However, irradiance incident on the module rear is more variable than front-incident irra-
diance, resulting in higher uncertainty in bifacial energy yield models than in monofacial
models.

PV energy yield models inform a wide range of stakeholders, including policy makers,
lenders, grid operators, system owners, and system designers. Energy yield predictions are
subject to uncertainty caused by weather fluctuations, input uncertainty, and necessary
approximations. Reductions in these uncertainties and approximations promote PV adop-
tion, reduce financing costs, increase design efficiency, facilitate maintenance, and improve
grid integration.

This thesis aims to improve bifacial PV models by quantifying the impact of system
design and environmental conditions on energy yield. The work is focused on three factors:
(1) structural shading and reflection, (2) artificial ground reflectors, and (3) solar spectral
irradiance. I combine field measurements with model results to identify the conditions
where these effects are most impactful and when they are negligible.

Firstly, I present a method for quantifying the effect of racking shading and reflection
on the rear irradiance, energy yield, mismatch losses, and bifacial gain of a bifacial PV
system. I demonstrate that: (1) racking reflection is a significant structural effect on PV
performance, and (2) structural effects vary seasonally, by time of day, and with albedo. In
an example case with two-in-portrait single-axis-tracked modules in Livermore, California,
incorporating racking reflection reduces the average structural rear shading by up to 9.1%
per year compared with absorptive racking structures.

Secondly, I quantify the impact of artificial reflectors with 70% reflectivity on a bifacial
one-in-portrait single-axis-tracked PV system in Golden, Colorado. Relative to natural
albedo, I found a reflector power gain of up to 6.2% before inverter clipping from field
experiments and up to 4.5% after inverter clipping in energy yield models. I demonstrate
that: (1) the ideal placement of the artificial reflector is directly under the torque tube,
(2) clipping effects must be considered when optimizing artificial reflector systems, and
(3) artificial reflectors are most viable in locations with low energy yield and high system
costs.
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Finally, I demonstrate the importance of spectrally-varying solar irradiance in bifacial
PV energy yield. The solar spectrum is constantly changing, causing errors in PV models
due to deviations from the reference spectrum. I quantify the spectral error in bifacial PV
model predictions for a range of North American locations (39.7-69.1°N). I demonstrate:
(1) annual spectral irradiance impacts on energy yield from +0.7% to +2.7% and (2) spec-
tral effects are most important for diffuse irradiance and ground-reflected irradiance. I then
compare five parameterized spectral correction methods and two measured spectral irradi-
ance correction methods in Roskilde, Denmark. These demonstrate that long-wavelength
irradiance cannot be neglected in PV spectral correction.

This work supports bifacial PV model improvement by quantifying the effects of various
environmental and system factors with the goal of reducing bifacial PV model uncertainty
and increasing PV adoption worldwide.
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Chapter 1

Introduction

1.1 Motivation

Today, electricity and heat generation are the largest sources of greenhouse gases, account-
ing for approximately 44% of global carbon dioxide (CO,) emissions in 2021 [1]. As we
decarbonize electricity grids while simultaneously electrifying sectors which have histori-
cally relied on fossil fuels, the deployment of photovoltaic (PV) energy is expected to rise
exponentially [2, 3, 4]. Furthermore, thanks to recent cost reductions in PV modules and
systems [3], PV has become the cheapest electricity source in the world in some contexts,
and costs are expected to continue to decline [4].

PV energy yield prediction models take design specifications and meteorological data
as inputs to calculate expected PV energy yield. These models are applied in many con-
texts: by policy makers to inform clean energy investments and energy roadmaps, by grid
operators for PV integration and grid planning, by PV maintainers to troubleshoot un-
derperforming systems, and by PV system designers to maximize power output and to
facilitate cost-benefit analyses. Furthermore, these models are used to assess the viability
of new systems before they are installed, which is necessary to secure funding. However,
PV models are subject to uncertainty due to weather fluctuations, model input uncertainty,
and necessary model approximations. Reducing the uncertainty in PV energy yield models
promotes PV adoption by improving the bankability of the system: a reduction in financial
risk translates to a reduction in financing costs [5].

Bifacial PV modules absorb light on both sides, resulting in increased energy yield
from the module’s rear-incident irradiance. This increase in energy yield reduces system



levelized costs [6], improves land use efficiency, and opens up new design possibilities such
as vertical PV. Bifacial PV modules are becoming the most commonly-installed module
type, and are projected to make up 70% of the PV market share within the next ten years
[7]. However, rear-incident irradiance is more variable than front-incident irradiance due to
the effects of structural shading, albedo, and other factors. This causes higher uncertainty
in energy yield predictions for bifacial systems.

This thesis focuses on improving bifacial PV energy yield models by quantifying the
impact of environmental and system design factors, including structural shading, high-
albedo ground cover, and spectral variation in the solar resource, on bifacial PV energy
yield. I evaluate the impact of these factors through field measurements and bifacial PV
models. This work will enable PV model designers to evaluate and improve bifacial PV
models.

1.2 Supporting Literature

The first solar cell was processed in Bell Labs in 1954 [8], and the first bifacial solar
cell was patented in Japan in 1961 [9]. Researchers in Spain later demonstrated the first
experimental bifacial solar cell with approximately 7% efficiency in 1977 [10]. In 1982,
early bifacial PV experiments by Cuevas et. al. with high-albedo material found potential
bifacial gains of over 50% [11].

Despite its long history, mass adoption of bifacial PV has only begun in the last decade,
after high-efficiency passivated emitter rear contact (PERC) technology began displacing
aluminium back-surface field (Al-BSF) in the silicon solar cell market (see section 2.2.3.3)
[12]. Adapting PERC production lines to manufacture bifacial cells requires only a modi-
fication of the screen printing process step [12], so the barrier to bifacial PV adoption was
reduced. The subsequent transition to bifacial technology has been fast: bifacial cells have
grown from approximately 5% of market share in 2018 [13] to 90% in 2024 [14]. Today,
even in monofacial modules, bifacial cells are often installed with an opaque backsheet [14].

Early bifacial PV models based on a view factor concept (see section 2.3.2.2) were re-
ported in Spain in the 1980s [15]. View factor models continue to be a common bifacial
PV optical modelling method today [16, 17, 18], although the popularity of ray-tracing
methods [19, 20] (see section 2.3.2.1) has grown due to increased computational power.
Many bifacial PV energy yield models are currently available, including MoBiDiG [21],
PlantPredict [22], PVsyst [16], the System Advisor Model (SAM)[23], SolarFarmer [24],
bifacialvf [17], bifacial radiance [19], pvfactors [25], SunSolve [20], and DUET [26]. These



models offer a range of modelling detail and require different levels of computation. As-
sumptions that limit the computational expense of energy yield models, such as hourly
resolution and the use of “typical” weather-years (known as Typical Meteorological Year
(TMY) files), continue to be broadly employed today.

Recent studies have quantified the impact of various environmental and system effects
on PV performance, including non-Lambertian ground reflection [27], soiling [28], snow [28],
module degradation [29], cell-to-module irradiance mismatch [30], and sub-hourly clipping
loss [31]. This thesis builds upon and complements this exisiting literature through its
focus on the impact of structural supports and racking, artificial ground reflectors, and
spectral irradiance on bifacial PV system performance.

The impact of structural supports on PV performance is typically represented by a
constant rear structure shading factor [32, 16, 22], which does not account for changing
racking shading over time or racking reflection. Previous studies have quantified the impact
of racking on bifacial PV system performance, finding a decrease in rear irradiance [33],
increase in irradiance mismatch losses [34], and a decrease in predicted bifacial gain[27, 35].
Furthermore, Ayala Pelaez et. al. found that torque tube reflections can reduce structural
shading from 12% to 1% [36]. The work in Chapter 3 of this thesis builds upon this
precedent by modelling a bifacial PV system with reflective racking in a detailed ray-trace
model to quantify the impact of racking reflection over an entire year.

A broad range of artificial reflector materials have been proposed, including polymers
and tarps [37, 38, 39], fabrics [40, 41|, aggregate [42, 43|, and paint [44]. Despite many
studies of artificial reflectors in research-scale bifacial PV systems [45, 46, 37, 47|, com-
mercial adoption has been slow. The profitability of artificial reflectors in bifacial systems
is still uncertain: while Lim et. al. found that pairing bifacial systems with mirrors can
reduce the levelized cost of energy (LCOE) [48], Riedel-Lyngskeer et. al. found a negligible
LCOE improvement for white tarps [37]. In Chapter 4, I present a detailed analysis of
optimal artificial reflector designs and the economic viability of artificial reflectors for a
full year in three locations.

Although variation in the solar spectrum is typically neglected in PV models, its effects
can be significant: spectral irradiance can cause weekly efficiency variations of -6% to +13%
[49]. The effect of spectral irradiance on PV has been quantified through parameterized
models [50, 51, 52, 53, 54|, satellite models [55, 56], and spectral irradiance measurements
[57, 58, 59, 60]. Bifacial systems are particularly impacted by spectral irradiance effects
due to spectral albedo, which can cause instantaneous rear spectral effects from -11% to
+20% [61, 62, 63, 64, 65]. However, the accuracy of these spectral correction methods,
and the environmental conditions that most require spectral irradiance correction, remain



unclear. In Chapter 5, I demonstrate the conditions where spectral irradiance correction
is necessary, identify shortcomings in existing spectral irradiance methods, and compare
five parameterized spectral correction methods.

1.3 Thesis Outline

This thesis is comprised of six chapters, and includes four manuscripts. Before each
manuscript, its scope and research impact, related background information and method-
ology, and co-author contributions are provided, followed by the manuscript and the pub-
lished supplemental information.

The methodologies applied in this research are described in detail in each manuscript,
with supporting details provided in the prefaces. An overview of bifacial PV modelling
methodologies is provided in section 2.3 and an overview of spectral irradiance acquisition
methods is provided in section 2.1.4.

Chapter 2 describes the background knowledge necessary to understand this work,
including the properties of sunlight and the atmosphere, photovoltaic theory and operation,
and bifacial photovoltaic modelling methods.

Chapter 3 contains a journal article, “Quantifying Structural Shading & Reflection
Effects on Single Axis Tracked Bifacial Photovoltaic System Performance”, published in
Advanced Energy and Sustainability Research in 2024. This work analyzes the impact of
structural racking shading and reflection on bifacial photovoltaic system performance.

Chapter 4 presents another article, “Artificial Ground Reflector Size & Position Effects
on Energy Yield & Economics of Single Axis Tracked Bifacial Photovoltaics”, published
in Progress in Photovoltaics in 2024. This work studies the impact of highly-reflective
artificial reflector material on a bifacial single-axis-tracked photovoltaic system.

Chapter 5 presents two manuscripts related to spectral irradiance effects on photo-
voltaic performance. The first, “Spectral Irradiance Correction of Photovoltaic Energy
Yield Predictions”, was published in Solar Energy in 2025. This work analyzes the impact
of changing spectral irradiance on the performance of bifacial silicon modules in North
America. The second, “Comparison of Spectral Correction Methods: Spectral Irradiance
Measurements and Parameterized Spectral Models”, is presented here in draft form. This
work compares long-term spectral irradiance measurements in Denmark to various param-
eterized spectral correction models.

Chapter 6 summarizes the thesis and presents avenues for future research in the field
of bifacial photovoltaic modelling.



Chapter 2

Background

To provide context for the research topics in this thesis, described in section 1.3, this
chapter provides an overview of the theory of solar irradiance, the atmosphere, PV devices,
bifacial PV systems, and bifacial PV modelling. This background information will support
a detailed understanding of the methodology, results, and analysis presented in chapters
3, 4, and 5 concerning bifacial PV performance.

2.1 Properties of Sunlight and the Atmosphere

The sun emits radiation with a spectral distribution similar to that of a 5780 K blackbody
(Figure 2.1) [66]. The solar irradiance incident on the upper limit of the atmosphere is the
extraterrestrial irradiance (ETR). Although the ETR varies slightly with respect to the
sun’s sunspot cycle and the earth-sun distance, it can be approximated by the American
Society for Testing and Materials (ASTM) E-490 AMO standard spectrum [67] shown in
Figure 2.1. The AMO solar spectrum has a peak at 500 nm, with about half of total
irradiance in the visible range, and a total integrated irradiance of 1366.1 W/m? [68],
although recent advancements show that the total solar irradiance is approximately 1361
W/m? [69, 70].

The atmosphere acts as a spectrally-selective filter on the incoming sunlight, such that
the irradiance at ground level is highly variable. As sunlight passes through the atmosphere,
it is scattered and absorbed by atmospheric constituents, as will be described in more detail
in sections 2.1.2 and 2.1.3. This causes a reduction in total solar irradiance at the Earth’s
surface, with some wavelengths of sunlight being more strongly attenuated than others. In
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Figure 2.1: Spectral irradiance with respect to wavelength of a 5780 K blackbody (black),
the AMO spectrum (red), and the AM1.5G spectrum (blue).

the absence of clouds, up to 70-80% of all extraterrestrial irradiance passes through the
atmosphere to the ground [71].

PV cell and module efficiency measurements and standard PV energy yield models
assume that ground-level solar irradiance follows the ASTM G-173-03 standard spectrum
[67], with a total irradiance of 1000 W/m?, an air mass (AM) of 1.5, and a 37° tilted
receiving plane. These conditions were selected because they are most representative of
locations in the southwestern United States where there is high solar irradiance, which is
ideal for PV generation [72]. Chapter 5 explores the impact of solar irradiance deviating
from the reference solar spectrum for bifacial PV systems.

2.1.1 Solar Irradiance

For a fixed observer on Earth, the sun moves in a predictable pattern over the course of
the day and seasons. The sun’s position in the sky can be defined by two angles: the zenith
angle, 0, and the azimuth angle, ¢. These are illustrated in Figure 2.2. The zenith angle
is taken between a line perpendicular to the ground and the sun. The complement of this
angle, between the ground and the sun, is called the elevation angle. The azimuth angle is



the angle between due North (or in some conventions due South) and the sun. The solar
position can be calculated from the observer’s location (latitude and longitude), the date,
and the time of day. Calculating solar position is an essential step in PV performance
modelling.

North

)
Azimuth
angle ¢

Figure 2.2: Diagram of solar position angles.
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2.1.1.1 Air Mass

Air mass, AM, is the ratio of sunlight’s path length through the atmosphere, L, to the
thickness of the atmosphere, Lg:

L

AM = =
Lo

(2.1)

If we approximate the atmosphere and the surface of the Earth as flat planes (Figure
2.3a), AM is defined by the cosine relationship:

1
AM = s (2.2)

where 6 is the solar zenith angle as defined in the previous section.




This approximation is appropriate for most air masses. However, when the sun is low
in the sky, the gradual change in the refractive index of the atmosphere with respect to
altitude becomes significant. Sunlight’s path bends through the atmosphere, resulting in
two possible solar zenith angles: the true solar zenith angle, 6;.,., which is defined by the
sun’s real position, and the apparent solar zenith angle, 0,pparent, Which is defined by the
apparent sun position (see Figure 2.3b) [73]. The bend in the sunlight’s path causes the
sun to appear higher in the sky than it is in reality.

(a) | (b)

6 Apparent

i 1Oapparent -
Sun : i sun position
H true Q

Atmosphere Loj
True
sun position

Earth

| Earth Atmosphere

Figure 2.3: Air mass illustration for (a) flat Earth and atmosphere, and (b) gradual re-
fractive index of the atmosphere.

There are many formulas to calculate the AM accounting for sunlight’s refraction in
the atmosphere. Many of these are implemented in the open-source Python library, pvlib
[74]. One common example is the Gueymard equation for relative AM from [75]:

0.48353 . #0-0958467 1
(96.741 — §)1.754

where 6 in this case refers to the apparent solar zenith angle, Oapparent-

AM = |[cos (0) +

(2.3)

In Chapter 5, I apply the AM function from [76] to assess spectral irradiance impact
with respect to air mass.

Equations 2.1 and 2.3 assume that the observer is at sea level. If the observer is above
sea level, for example in a high-altitude mountain location, the AM must be corrected to
account for the reduced path length the sunlight has taken. This can be done by applying
a pressure correction to the AM:
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AMabsolute - P—AM (24)

air,0

where P,;, is the air pressure and P, is the reference air pressure of 101.325 kPa [75].

2.1.1.2 Solar Irradiance Components

Solar irradiance is typically defined by three measurements (Figure 2.4): global horizontal
irradiance (GHI), diffuse horizontal irradiance (DHI), and direct normal irradiance (DNI).
GHI is the irradiance incident on a horizontal plane, both directly from the sun and scat-
tered in the atmosphere. DHI is the diffuse irradiance incident on a horizontal plane, not
including direct irradiance from the sun. DNI is the direct irradiance from the sun incident
on a plane normal to the sun’s position. These three components of solar irradiance are
taken as inputs to the PV performance models described in this thesis. For PV systems,
we may also consider the global reflected irradiance (GRI), the upwelling solar radiation
on a horizontal plane, and the global tilted irradiance (GTI), the irradiance incident on
the module’s tilted plane.

GHI, DHI, and DNI are related by the following equation [77]:

GHI = DHI + DNI cos(6) (2.5)

where @ is the zenith angle of the sun. Therefore, if two irradiance components are available,
the third can be calculated from the solar zenith angle. For a PV module, the GTI is most
important, since it determines the power output of the PV system. GTI is a combination of
direct, diffuse, and ground-reflected irradiance. GTI can be measured by a plane-of-array
pyranometer or can be calculated through optical models as will be discussed in section
2.3.2. GTI is also called the plane-of-array (POA) irradiance.

For bifacial systems, the GRI can be used to calculate albedo as described in section
2.3.1.2, which is essential for bifacial energy yield calculations.

2.1.1.3 Solar Irradiance Measurements

Broadband solar irradiance is measured by a pyranometer or pyrheliometer. Pyranome-
ters measure the total radiation incident on a plane from any direction in a 27 hemisphere.
When mounted horizontally, pyranometers measure GHI. When mounted horizontally with
a shadow ball or band tracking the sun to block direct irradiance, pyranometers measure
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Figure 2.4: Diagram of irradiance components, including: (a) Direct Normal Irradiance
(DNI), (b) Diffuse Horizontal Irradiance (DHI), (¢) Global Horizontal Irradiance (GHI),
(d) Ground Reflected Irradiance (GRI), and (e) Global Tilted Irradiance (GTTI).

DHI. Pyrheliometers measure DNI by tracking the sun on a dual-axis tracker with a col-
limating tube that blocks diffuse irradiance [77]. The collimating tubes accept light from
a narrow region of the sky normal to the receiving plane, typically in a 5° field of view.
While these methods measure broadband irradiance, spectrally-resolved solar irradiance
measurement approaches are described in section 2.1.4.
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Figure 2.5: Spectral responsivity of example pyranometer types, including thermopile pyra-
nometer and silicon pyranometer, with reference solar spectrum. Spectral response curves
taken from [78] and [79].

Most high-quality pyranometers and nearly all pyrheliometers are thermopile radiome-
ters [80], which are nearly spectrally flat from 300-3000 nm (Figure 2.5) [79, 81]. These use
the thermoelectric effect, where voltage is generated at the junction of two metals at differ-
ent temperatures. They contain a “hot” junction exposed to the sun, and a “cold” junction
connected to a heat sink [77]. The temperature difference between these junctions is pro-
portional to the received irradiance. Alternatively, silicon photodiode radiometers measure
solar irradiance via the photovoltaic effect, similarly to a PV module; however, they are
sensitive to the incident spectrum, ambient temperature, and the angle of incident irradi-
ance. In general, thermopile pyranometers are more accurate than silicon pyranometers.

2.1.1.4 Cloudiness Metrics

There are many measures of the cloudiness level and haze in the atmosphere, including
diffuse fraction, clearness index, and clear-sky index. The diffuse fraction is the fraction of
GHI that comes from the diffuse component:

DHI
GHI

Diffuse fraction =

(2.6)
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The diffuse fraction is always between 0 and 1 (or 0% and 100%). I apply this metric
in section 5.2 to separate meteorological conditions into cloudiness bins.

Another common metric is the clearness index, k;, the ratio of the ground-level irradi-
ance to the extraterrestrial irradiance [82]:

B GHI

~ ETRcos(f)
where ETR is the extraterrestrial irradiance, 6 is the solar zenith angle, and GHI is the
global horizontal irradiance. The cosine translates the ETR to a horizontal plane. The

clearness index is a dimensionless number between 0 and 1. When the clearness index is
high, it is sunny, and when the clearness index is low, it is cloudy.

ki (2.7)

Lastly, the clear sky index, k., is similar to k;, but relies on clear-sky GHI rather than
extraterrestrial irradiance [83]:

_ GHI
- GHIclearsky

where GHI jearsky 1s the clear-sky GHI, or the GHI that would pass through the atmosphere
to the observer if the sky were completely clear [84]. Like the clearness index, the clear-sky
index is a dimensionless number, typically between 0 and 1, where 1 is completely clear
and 0 is completely overcast. Clear sky indices above 1 indicate “cloud lensing”, where
clouds enhance the solar irradiance at ground level above the clear-sky limit [85] .

k. (2.8)

The DHI fraction is the simplest of these metrics to calculate, since only the GHI and
DHI are required; however, due to DNI geometric cosine losses at low solar elevation angles,
the DHI fraction will have a solar position dependence. Clearness index and clear-sky
index remove this solar position dependence. The clearness index requires extraterrestrial
irradiance, which is simple to calculate, but neglects the AM, which is significant for
atmospheric attenuation of irradiance [83]. The clear sky index is most difficult to obtain
because it requires atmospheric parameters such as water vapour, aerosol optical depth,
and ozone to calculate the clear-sky GHI [83].

2.1.2 Atmosphere-Sunlight Interactions
To understand the effect that the atmosphere has on solar irradiance, it is important to

review the interactions between sunlight and the atmosphere. Atmospheric conditions
strongly impact the spectrally-resolved solar irradiance as explored in chapter 5. It is also
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important for the quantity of solar irradiance and degree of cloudiness, which impacts the
results in chapters 3 and 4.

Absorption As light passes through a medium, such as the atmosphere, it is attenuated
by absorption. Absorption is the reduction of propagating photons, usually through their
conversion to heat or chemical energy. Absorption of light as it passes through a medium
can be assumed to follow the Beer-Lambert law:

I(z,\) = I(0,\)e oW (2.9)

where z is the direction of propagation, I(0,\) is the intensity at z = 0, and « is the
absorption coefficient [86]. This equation can also apply to scattering losses, in which
case « is replaced by the scattering coefficient, o [87]. This equation can represent both
absorption and scattering effects by taking their sum to find the extinction coefficient, x
[87].

When modelling light passing through the atmosphere to ground level, x can be replaced
by the optical AM. In this case, x is an effective value across the total path through the
atmosphere, and is dependent on atmospheric conditions [72].

Scattering Scattering is the redirection of an incident photon by a particle [88]. The
degree and direction of scattering is dependent on: 1. the size of the particle compared
to the wavelength of the radiation, 2. the refractive index of the particle material, and 3.
the shape of the particle [89, 88]. Particle shape is typically ignored in scattering models
(88, 90].

There are three primary models of scattering: Rayleigh scattering, Mie scattering, and
nonselective scattering [91]. Rayleigh scattering is caused by small particles less than 1/10
the radiation wavelength [86] such as gas molecules. It is strongly wavelength-dependent,
with the highest scattering for the shortest wavelength light. This is why the sky is blue:
blue (short-wavelength) light is more strongly scattered than green to red (long-wavelength)
light. Mie scattering is caused by particles between 1/10 and 10x the radiation wavelength
[86] such as water vapour. It scatters forwards more strongly than other directions and
is less wavelength dependent than Rayleigh scattering [91]. Lastly, nonselective scattering
is caused by particles over 10x the radiation wavelength [86] such as water droplets in
clouds. Nonselective scattering is equal across the visible wavelengths; this is why clouds
appear white to the naked eye.
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2.1.3 Atmospheric Parameters

The atmosphere contains various scattering and absorbing constituents, including water
vapour and other gases, aerosols, and clouds. These constituents scatter and absorb light
in a wavelength-dependent way, modifying the solar spectral irradiance that reaches the
ground. Some examples are illustrated in Figure 2.6a, with the total atmospheric absorp-
tion shown in Figure 2.6b.
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Figure 2.6: Atmospheric scattering and absorption with respect to wavelength for example
AM1.5 conditions, calculated in PVLighthouse [92]. Generated for 2027-02-27, 12:00PM,
39.74° latitude, -105.6° longitude, 37° tilted plane, 1013.25 mb, 0.084 turbidity, 1.42 c¢m
precipitable water vapour, 0.34 atm-cm ozone, 0.1 ground albedo.
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2.1.3.1 Gases

Gases, such as water vapour, ozone, carbon dioxide, and oxygen, absorb sunlight as it
passes through the atmosphere. The most important absorbing gases in the atmosphere
are water vapour and ozone [93]. This absorption is wavelength-selective: for example,
ozone absorbs strongly in short wavelengths below 350 nm [93] and is responsible for low
ultraviolet (UV) irradiance at ground level, while carbon dioxide absorption is focused in
the long wavelengths [94] (Figure 2.6).

Water Vapour
Water vapour is the atmospheric gas that causes the most attenuation of incoming solar
radiation [95], with many absorption bands as illustrated in Figure 2.6a.

The amount of water vapour in the atmosphere can be quantified by the precipitable
water vapour. The precipitable water vapour is the depth of water that would appear on
the ground if all the water vapour in a vertical column of the atmosphere precipitated as
rain [96]. This is an important input to solar spectral irradiance models, because higher
precipitable water results in higher attenuation of sunlight in the water absorption bands
(see Figure 2.7).

The precipitable water vapour is taken as an input to the parameterized PV spectral
correction models explored in section 5.3. Precipitable water vapour can be calculated
from temperature and relative humidity [97], satellite measurements [98], or from solar
spectral irradiance measurements [99].

2.1.3.2 Aerosols

Atmospheric aerosols are solid or liquid particles suspended in the atmosphere [100].
Aerosols both scatter and absorb radiation. They scatter light in a wavelength-dependent
way, with stronger scattering at short wavelengths. They are generated from both nat-
ural sources, such as volcanic eruptions, and anthropogenic sources, such as fossil fuel
combustion.

The aerosol optical depth is a way to quantify the impact of aerosols on the solar spec-
trum. It represents the length after which incident light has been reduced to approximately
one third (1/e) of its original intensity due to aerosol absorption and scattering. Aerosol
optical depth is defined by the Beer-Lambert attenuation of sunlight in the atmosphere
due to aerosols [95]:
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Figure 2.7: Global solar spectral irradiance for a range of precipitable water values from
0.5 to 10 cm, calculated in PVLighthouse [92]. Generated for 2027-02-27, 12:00PM, 39.74°
latitude, -105.6° longitude, 37° tilted plane, 1013.25 mb, 0.084 turbidity, 0.34 atm-cm
ozone, 0.1 albedo.

G(\) = ETR - e 7TAM (2.10)

where G is the irradiance at ground level, ETR is the extraterrestrial irradiance, 7 is the
aerosol optical depth, AM is the air mass and A is the wavelength.

While the aerosol optical depth varies with respect to wavelength, it is often quantified
by a single value measured at 500 or 550 nm. For example, the MODIS Aerosol Product
provides aerosol optical depth at 550 nm [101] and NASA’s AERONET database provides
aerosol optical depth at eight wavelengths, including 500 nm [102].

2.1.3.3 Clouds

Clouds have a significant effect on PV energy yield, primarily because they reduce total
incident irradiance by reflecting, scattering, and absorbing incoming sunlight. Clouds are
challenging to model because their composition, size, speed, and altitude can all vary on
short timescales.
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Clouds also have a spectrally-selective effect on incoming solar radiation, although
this is complex to capture and is typically neglected in PV spectral irradiance models
[103]. Below 900 nm, clouds scatter light evenly with respect to wavelength in the visible
range, which is why they appear grey or white. However, long-wavelength irradiance is
strongly scattered and absorbed by clouds, leaving more short-wavelength irradiance in the
solar spectrum [104, 105], as shown in Figure 2.8. Although clouds decrease broadband
irradiance, this spectral effect is well-known to increase PV efficiency for many single-
junction technologies [106], as discussed in detail in chapter 5.
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Figure 2.8: Cloud transmittance for a range of cloud optical depths normalized at 500 nm
modelled in libRadtran. Adapted from [105], figure 2.6.

2.1.4 Spectral Irradiance Acquisition

Solar spectral irradiance can be acquired through spectral irradiance models or ground
measurements. Spectral irradiance models are limited by the quality of the model inputs
and the necessary assumptions required for modelling. Direct measurements are more
expensive and challenging to acquire, but provide an accurate picture of the highly variable
nature of local atmospheric conditions.

2.1.4.1 Spectral Irradiance Models

Most spectral solar irradiance models are radiative transfer models, which solve the radia-
tive transfer equation of the Earth’s atmosphere [88]. These models take the extraterrestrial
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solar irradiance and atmospheric parameters to calculate ground-level solar irradiance. Al-
though detailed solar spectral irradiance models are not directly applied in this work, they
provide important context for understanding the atmosphere and its effect on the solar
spectrum.

The radiative transfer equation includes four processes for an incident beam passing
through the atmosphere: 1. absorption loss, 2. scattering loss, 3. scattering source, or
radiation scattered into the beam path, and 4. emission source, or radiation emitted by
the atmosphere in the beam path [90]. For photovoltaic applications, radiation emitted by
the atmosphere (point 4) is negligible because the atmosphere is much cooler than the sun
[88]. Some models may also neglect light that is scattered into the beam path (point 3)
but this results in an underestimation of ground-level radiance [89]. Some models assume
a plane-parallel atmosphere, which is a good assumption for low zenith angles [88], but
causes errors at high zenith angles above 70 degrees [72].

One important example of an atmospheric radiative transfer model is MODerate res-
olution TRANsmission (MODTRAN), which solves the radiative transfer equation for 0.2
to 100 pm [107]. This model treats the atmosphere as spherical layers that are horizontally
homogeneous [89]. It applies vertical profiles of atmospheric constituents to find absorp-
tion, emission, and scattering of photons in the atmosphere. It can model water and ice
clouds, rain attenuation, and light refraction in the atmosphere, and includes six built-in
atmospheres for example conditions [89].

Other solar spectral irradiance models include LibRadtran [108], SBDART [109], and
SPCTRAL2 [110).

Simple Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS)
Simple Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS) is the most
commonly-used spectral irradiance model for photovoltaics, and is used to define the ASTM

standard spectral irradiance spectra [67]. SMARTS can calculate solar irradiance from 280
- 4000 nm.

SMARTS is a spectral radiative transfer model that is intended to act as a fast, simple
substitute of the more complex atmospheric models such as MODTRAN or Libradtran [72].
The model computes clear-sky spectral irradiances, including DNI, DHI, and GHI [103].
One unique ability of SMARTS is the calculation of spectral GTT, taken as a combination of
in-plane direct, diffuse, and ground-reflected irradiance, which are calculated individually.

This model includes 22 scattering and absorption processes, including Rayleigh and
Mie scattering, and absorption of water vapour, ozone, carbon dioxide, and other gases
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[72]. It calculates the transmission function with respect to wavelength for each of these
processes and applies it to the extraterrestrial irradiance to find the irradiance at ground
level. As inputs, the model requires solar position, precipitable water, aerosol optical
depth, atmospheric ozone content, pollution levels, and spectral albedo [72].

2.1.4.2 Fast All-sky Radiation Model for Solar applications with Narrowband
Irradiances on Tilted surfaces (FARMS-NIT)

The Fast All-sky Radiation Model for Solar Applications with Narrowband Irradiances
on Tilted Surfaces (FARMS-NIT) model [111, 112] is currently implemented in the Na-
tional Solar Radiation Database (NSRDB) [113] Spectral On-Demand service. Under clear-
sky conditions, FARMS-NIT applies the SMARTS model [111] with inputs derived from
Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2),
a global meteorological dataset from satellite measurements [114]. For cloudy conditions,
it applies a lookup table based on libRadtran results to apply cloud reflection, absorption,
and scattering [112].

2.1.4.3 Spectral Irradiance Measurements

A spectroradiometer measures spectrally-resolved radiation, and can measure GHI, DNI, or
DHI, depending on the mounting and shading elements installed. They typically separate
light by wavelength through a diffraction grating or prism, then measure the irradiance
with a detector [95]. In some devices, the grating is rotated to measure irradiance sequen-
tially by wavelength [95], while in others, an array of spatially-separated detectors measure
irradiance at many wavelengths simultaneously [115]. These detectors have limited wave-
length ranges, and one significant challenge when using spectral irradiance measurements
is stitching between instruments. For example, section 5.3.2.1 describes the process of
stitching together measurements from an EKO MS-700 and EKO MS-701. Section 5.2
explores the impact of reduced solar spectral irradiance range in more detail.

SolarSIM Devices The SolarSIM devices are a series of solar spectral irradiance meters
from Spectrafy [116, 117]. They apply filtered photodiodes to measure the solar spectrum in
narrow wavelength bands. The wavelength bands target specific atmospheric parameters
such as the aerosol optical depth, water vapour, ozone, and cloud cover. From these
atmospheric parameters, a model calculates the solar spectral irradiance.
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Chapter 5 contains an analysis of spectral irradiance data from seven sites across North
America, including six Canadian locations in the CanSIM network [118]. At each station,
two SolarSIM devices, the SolarSIM-G and SolarSIM-D2 (Figure 2.9), measure minutely
data. The SolarSIM-D2 is mounted on a dual axis tracker to reconstruct the DNI spectrum
and the SolarSIM-G is mounted horizontally to reconstruct the GHI spectrum. Both
devices provide solar spectral irradiance from 280 - 4000 nm with 1 nm resolution.

(a) SolarSIM-D2 (b) SolarSIM-G

Figure 2.9: Photos of SolarSIM devices from [119]

2.2 Photovoltaic Theory and Operation

This section provides an overview of the fundamentals of photovoltaic solar cell operation.
Understanding the theory of light absorption and power generation in solar cells is essential
for accurate bifacial PV modelling.

2.2.1 Basic Operation of Semiconductors

Electrons in an isolated atom occupy discrete energy levels, with a maximum of two elec-
trons per energy level. When many atoms are connected in a crystal lattice, the energy
levels become bands due to the interaction between valence electrons of atoms in close
proximity, resulting in a large number of energy states [120, 121].
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The low energy states are filled by electrons first, with higher energy states left empty.
The uppermost nearly-filled band is called the valence band, while the lowest nearly-empty
band is called the conduction band [121]. Electrons in the conduction band are free to move
between atoms, allowing current conduction. Gaps in the valence band, where there are
missing electrons, are called holes; electrons from adjoining atoms are free to fill this hole.
In this way, the hole can move through the material like an electron does, carrying current
in the reverse direction.

In semiconductors, there is a region with no available energy states between the va-
lence and conduction band called the band gap. Materials with a bandgap below 3 eV
are considered semiconductors [121]. In a semiconductor at room temperature, thermal
energy excites a small number of electrons from the valence band to the conduction band.
Materials with band gaps above 3 eV are insulators, which prevent current flow, while
materials with no band gap are metals, allowing current to flow freely [121].

2.2.1.1 Light Absorption in Semiconductors

Sunlight is absorbed in a semiconductor when photons excite electrons from the valence
band to the conduction band, generating an electron and hole that are free to travel within
the semiconductor [121]. Electrons in the conduction band and holes in the valence band
are called carriers. To excite an electron-hole pair, photons must have an energy higher
than the bandgap.

Photons with energy below the bandgap do not excite an electron-hole pair, and ei-
ther generate heat or pass through the semiconductor (Figure 2.10). Photons with energy
above the bandgap may be absorbed, but excess energy is lost to thermalization as the
carriers relax to the band edge (Figure 2.10). These two loss mechanisms are fundamen-
tal to the efficiency limit of solar cells: increasing the semiconductor bandgap increases
below-bandgap loss and decreases thermalization loss, while decreasing the semiconductor
bandgap increases thermalization losses and decreases below-bandgap losses. Thermaliza-
tion and below-bandgap losses are explored in more depth for realistic solar spectra in
section 5.2.

Solar cells can include either direct or indirect bandgap materials as their absorber.
Direct bandgap semiconductors have the top of the valence band and the bottom of the
conduction band at the same value of crystal momentum. Indirect bandgap semiconductors
have the top of the valence band and the bottom of the conduction band at different values
of momentum. In indirect bandgap semiconductors, a phonon, a unit of lattice vibration,
is required in addition to the photon to produce an electron-hole pair. Absorption near
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the bandgap is lower in indirect bandgap materials because the requirement of a second
particle decreases the likelihood of the absorption process. This thesis is focused on silicon,
an indirect bandgap material, for motivations described in section 2.2.3.2.

Thermalization
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Figure 2.10: Electron-hole pair generation for photons with different energy levels.

2.2.1.2 Recombination

After an electron-hole pair is created, it quickly separates into an electron and a hole. These
carriers can then be lost through recombination, where an electron returns to the valence
band, filling a hole. There are three important recombination mechanisms in solar cells:

radiative recombination, Auger recombination, and trap-assisted (or Shockley-Reed-Hall)
recombination (Figure 2.11).
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Figure 2.11: Types of recombination in semiconductors.

Radiative recombination is the reverse process to photon absorption, where an electron
falls from the conduction band to the valence band, destroying a hole and generating a
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photon with the energy of the bandgap of the material. Radiative recombination is higher
in direct-bandgap semiconductors because no phonons are required for the process; it is low
in silicon, an indirect bandgap material that requires a phonon for radiative recombination.
Radiative recombination increases with illumination level because it is proportional to the
number of carriers [122].

Auger recombination is the process of an electron falling from the conduction band to
the valence band, passing its energy to another carrier (either an electron or hole). The
excited carrier then thermalizes to the band-edge and its additional energy is lost. Auger
recombination is most significant in highly-doped materials due to the high number of
carriers, since it is a three-particle process.

Trap-assisted recombination is a multi-step process where a carrier passes into an energy
level within the bandgap, then recombines. Intermediate energy levels are introduced by
defects in the material. Trap-assisted recombination is high in low-quality materials, and
is why material quality is so important to PV solar cell efficiency. Surface recombination
is a sub-type of defect-assisted recombination. At the surface of a semiconductor, the
crystal lattice ends, leaving many states within the bandgap and therefore many paths for
trap-assisted recombination [122]. Surface recombination can be mitigated with surface
passivation techniques, as will be discussed in section 2.2.3.2.

The recombination rate in a semiconductor can be quantified by the carrier lifetime,
the average time between generation and recombination for a carrier in the material. It
can also be quantified by the carrier diffusion length, the average length a carrier can travel
before recombination. In general, higher quality semiconductor material will have longer
carrier lifetimes and carrier diffusion lengths.

2.2.1.3 Silicon Lattice and Doping

Most photovoltaic modules deployed worldwide are based on silicon [7]. Silicon is a group
IV material with four valence electrons. In a crystal lattice, silicon atoms form covalent
bonds with four neighbouring silicon atoms (see Figure 2.12a).

Silicon can be doped by introducing atoms with one more or one less valence electron.
If a dopant with 5 valence electrons is introduced, the material becomes n-type, with
additional conduction band electrons. If a dopant with 3 valence electrons is introduced,
the material becomes p-type. In silicon, gallium and boron are common p-type dopants
while phosphorous is a common n-type dopant [7].

In p-type material, there are more holes in the valence band than electrons in the
conduction band, so holes are the majority carrier and electrons are the minority carrier.
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Figure 2.12: Diagram of silicon lattice for intrinsic, n-doped, and p-doped material.

In n-type material, the reverse is true, where electrons are the majority carrier and holes
are the minority carrier.

2.2.1.4 The PN Junction

When a piece of p-type and n-type material are sandwiched together, this forms a PN
junction (Figure 2.13). Due to the difference in carrier concentration, carriers diffuse
across the junction: electrons diffuse from the n-type material into the p-type material
while holes diffuse from the p-type material into the n-type material. Current caused
by carrier diffusion is called the diffusion current. Carriers recombine at the junction,
leaving ionized doping atoms behind in a depletion region mostly devoid of carriers. The
remaining net charge creates an electric field at the junction that opposes carrier diffusion.
The current caused by the electric field is the drift current. When the drift and diffusion
currents balance each other, the PN junction is in equilibrium [123].

Under forward bias (Figure 2.13b), a voltage is applied across the PN junction with the
positive lead connected to the p-type side and the negative lead connected to the n-type
side. The barrier and therefore the electric field in the PN junction is reduced and current
flows freely due to increased diffusion current [124]. Under forward bias, the width of the
depletion region is reduced.

Under reverse bias (Figure 2.13c), where positive voltage is applied to the n-type side
and negative voltage is applied to the p-type side, the bias voltage increases the barrier
and electric field in the junction by adding to the built-in voltage and the width of the
depletion region is increased [124]. Reverse bias allows electrons to flow from the p side to
the n side and the holes to flow from the n side to the p side, but there are a small number
of minority carriers in either side of the junction, limiting current flow [124]. This small
current is the reverse saturation current, Iy. If the applied reverse bias is large enough,
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Figure 2.13: Diagram of the PN junction under no bias, forward bias, and reverse bias.
Green = n-type material, orange = p-type material, white circles = holes, dark circles =
electrons.

the PN junction breaks down and reverse current flows freely due to tunnelling and impact
ionization at large electric field strengths.

The current-voltage (IV) characteristics of a PN junction in the dark can be described
by the diode equation as follows [124]:

(oo (1) ) -

where [ is the reverse diode saturation current, ¢ is the charge of an electron, V' is the
applied voltage, k is Boltzmann’s constant, and 7" is the temperature of the diode [124].

2.2.2 Solar Cell Operation

Fundamentally, a solar cell is a PN junction that generates power via the photovoltaic effect
when under illumination and connected to an external circuit. When light is applied to
the PN junction, carriers are generated as described in section 2.2.1.1. Minority carriers
generated within the depletion region and within a diffusion length of the depletion region
are swept across the depletion region by the electric field, thereby creating photo-generated
current, Iy,.
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2.2.2.1 IV Curve

The superposition principle states that the diode current and the photo-generated current
in a solar cell are independent and can be added in parallel [121]:

et o (22 1] 012

where [, is the photo-generated current and n is the diode ideality factor, which describes
how closely the diode follows ideal diode behaviour. As the incident irradiance increases,
I1, increases linearly.

Therefore, an ideal solar cell can be represented as a current source in parallel with a
diode (Figure 2.14). This model is focused on the one-diode model, but a second parallel
diode may also be used to represent junction recombination in the cell.

A 4

+ o

Id"

Figure 2.14: Equivalent circuit of photovoltaic device. I,,: photogenerated current, I4:
diode current, V: voltage.

This gives the typical photovoltaic IV curve (Figure 2.15). Two significant points on the
IV curve include the short-circuit current and the open-circuit voltage. The device current
when the voltage across the PV device is 0 is the short-circuit current, I,.. Typically we
can assume [y, = I, so the short-circuit current is proportional to incident irradiance. The
device voltage when the current of PV device is 0 is the open-circuit voltage, V,.. This is
the maximum device voltage.

Furthermore, we can define another point on the IV curve where V' = V,,, and I =
Inp. These are the voltage and current at the operating point that generates maximum
power, Pp,. In standard operation, we assume that solar cells are at their maximum power
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Figure 2.15: Current (black) and power (orange) with respect to voltage for a typical
module. Data adapted from [125], figure 7.6.

point thanks to maximum power point trackers. The maximum power point, short-circuit
current, and open-circuit voltage define the device’s fill factor, F'F' [68]:

VipIn
FF =20 (2.13)

The FF can also be defined as the ratio of two rectangles, one formed by V.. and I
and one formed by Vi, and I,,. The fill factor is a measure of PN junction quality and

device resistances. The maximum power output of the device, P, can be calculated from
either Vi, and Iy, or Voo, Is, and F'F [68]:

Prp = Viuplinp = VicIee F'F (2.14)

The efficiency, 7, of the cell or module can then be calculated from the maximum power
point and the power of the incident irradiance, Pi,:

Pup _ VoeluoFF
P. PR

n= (2.15)

2.2.2.2 Resistances

While an ideal PV device has no resistance, in reality there are PV losses characterized
by its series resistance and shunt resistance. The series resistance acts as a voltage loss,
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and is caused by, for example, the bulk resistance of the semiconductor material and
contact resistance. Shunt resistance acts as a current loss, and is caused by, for example,
defect-assisted recombination [126]. Ideally, shunt resistance would be infinite; finite shunt
resistance provides an alternate current pathway. Parasitic resistances are added to the
one-diode model as shown in Figure 2.16.

Figure 2.16: Equivalent circuit of photovoltaic device with parasitic resistances. I,,: photo-
generated current, Iy: diode current, I,: shunt current, V: voltage, Ry,: shunt resistance,
R, series resistance.

With series resistance included, the voltage that falls across Rg, and the diode, Vg, is
the output voltage plus the voltage drop across the resistor: Vg = V + I Rs. Therefore, the
IV curve of a solar cell with resistances included becomes [121]:

I = [L - [sh - [d = IL - Rsh - [0 [exp ( kT -1 (216)

With increasing R or decreasing Rgp,, F'F' decreases, and efficiency suffers (Figure 2.17).

Series resistance losses, equal to I - R, are higher at high device current (Figure 2.17a).
Shunt resistance losses, equal to Iy, = I;/—dl = V;—[}‘RS, are higher at low device current because

the current through the shunt resistancé]represénts a larger fraction of total device current.
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Figure 2.17: Effect of parasitic resistances on module IV characteristics. Adapted from
[127], figures 4.8 and 4.10.

2.2.2.3 Quantum Efficiency and Spectral Response

Solar cells and modules can be characterized by their external quantum efficiency (EQE),
internal quantum efficiency (IQE) and spectral responsivity (SR) (Figure 2.18).

The EQE is a measure of the efficiency of the conversion of photons to electrons, or
from light to current:

ne(A)
Nph (M)
where A is the wavelength of the incident irradiance, n, is the number of electrons generated
in the device that generate external current, and npy, is the number of photons incident on

the cell. An EQE of 1 means that all incident photons are converted into electrons that
are then conducted into an external circuit.

EQE()) =

(2.17)
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Figure 2.18: External quantum efficiency (EQE) and spectral responsivity (SR) of an ideal
module (black) and a typical silicon module (red).

The IQE is the number of absorbed photons that are converted to current:

ne(A) _ EQE())
Nphabs(A) L —7(A) — £(A)
where 7,1 abs 1s the number of electrons absorbed in the solar cell, 7 is the reflection from
the device and t is the transmission through the device.

IQE()) =

(2.18)

The SR is a measure of generated current per unit of power of incident light:

SR()) = Pli (?A)) - th ;< Zp}(ji) - %EQE(A) (2.19)

where [ is the short-circuit current and P, is the incident light power.

In Chapter 5, measured and ideal module SRs help to quantify the importance of solar
spectral irradiance on bifacial PV performance.
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2.2.3 Bifacial Silicon Cells and Modules

50% of the world market is currently comprised of bifacial modules, and this is expected to
grow above 70% by 2034 [128]. In the past few years, once-standard aluminum back-surface
field silicon cells have been phased out and are being replaced by the high-efficiency next-
generation technologies described in section 2.2.3.3 [7]. These new cell types are simpler to
convert to bifacial cells, which has reduced the costs of bifacial PV module manufacturing
adoption. Therefore, in recent years, bifacial PV systems have shown lower electricity costs
than monofacial PV systems thanks to increased energy yield with marginal cost increases
[129]. An overview of silicon solar cell and module design choices is provided below.

2.2.3.1 Bifaciality Factor

Bifacial cells and modules are partly defined by their bifaciality rating, the fraction of
module short-circuit current (or maximum power) from front-side illumination that rear-
side illumination produces under reference conditions [130]. The bifaciality of a cell or
module is affected by many factors, including its surface texture, antireflection coatings,
metallization, surface passivation, and carrier lifetime [130]. The short-circuit current
bifaciality factor is:

ISC rear
SDISC - - (220)

]sc,front

where g is the short-circuit current bifaciality factor, Iy rear is the short-circuit current
produced under reference illumination on the rear face, and and I front is the short-circuit
current produced under reference illumination on the front face. The maximum power
point bifaciality factor is:

Pm rear
Py = 5 (2.21)

mp,front

where ¢p,  is the maximum power point bifaciality factor, Ppp rear i the maximum power
point under reference illumination on the rear face, and Py front is the maximum power
point under reference illumination on the front face. In the model results described in
this work, the bifaciality factor is applied to rear-side irradiance before adding to the front
irradiance, effectively acting as a current bifaciality factor.
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2.2.3.2 Silicon Solar Cells

Silicon is the second most abundant material on Earth [131], and is the most common
semiconductor material in PV systems worldwide, with 97% of global PV module market
share [132]. Silicon PV is a mature semiconductor technology that balances high efficiency,
low cost, and long module lifetime.

Advanced silicon PV cell designs aim to reduce fabrication costs and increase power
conversion efficiency. Design elements that are important for cell efficiency include high
material quality, surface passivation, anti-reflection coatings, and surface texturing. High
material quality reduces trap-assisted recombination in the device as described in section
2.2.1.2.

Passivation reduces surface recombination, thereby increasing carrier lifetime, by pre-
venting minority carriers from recombining at the cell surface where there are many dan-
gling bonds that act as recombination centers. The two main passivation methods are
field-effect and chemical passivation. Field-effect passivation creates a layer of fixed charges
at the surface, repelling minority carriers [133]. Chemical passivation reduces defects by
saturating the surface dangling bonds, usually with hydrogen atoms, to remove trap states
[133]. Most passivation methods, such as SiN,:H deposition, employ a combination of
field-effect and chemical passivation to increase carrier lifetimes [133].

Anti-reflection coatings reduce reflection at the surface of the PV device through thin-
film destructive interference. Solar cell anti-reflection coatings should be one quarter-
wavelength thick at the wavelength where reflection should be minimized and have a re-
fractive index between that of silicon and air [68, 134] . Often, a single material will act as
both an anti-reflection coating and passivation layer for a silicon cell. For many technolo-
gies, amorphous hydrogenated silicon nitride (SiNx) is standard because it can meet both
requirements [135].

Most crystalline silicon (c¢-Si) solar cells include random surface pyramidal texturing,
which reduces surface reflection by increasing the likelihood of reflected light hitting another
portion of the device surface, increasing the chance that light penetrates inside the cell
[134]. In a bifacial cell, the rear side may be planar or textured: a planar rear side favours
front-side efficiency while a textured rear side improves rear efficiency and bifaciality [136].

2.2.3.3 Crystalline Silicon Solar Cell Types

This section provides an overview of the three most common high-efficiency silicon solar
cell designs: PERC, tunnel oxide passivated contact (TOPCon), and silicon heterojunction
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(SHJ). In the supplemental material presented in section 5.2, solar spectral irradiance
effects are quantified for an ideal module, then compared to these solar cell types.

Passivated Emitter Rear Contact (PERC) PERC solar cells currently dominate the
world’s PV market, with 64% market share in 2023 [7]. They have an average bifaciality
factor of 70% [7].
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Figure 2.19: Diagram of cross-section of passivated emitter rear contact (PERC) solar cell.
SiN,, - silicon nitride, AlO, - aluminum oxide, SiO,, - silicon oxide, ¢-Si - crystalline silicon,
Ag - silver, Al - aluminum.

PERC cells are nearly always based on a p-type substrate, with an n-type c-Si emitter
at the front of the cell. At the rear of the cell, an AlO, or SiO, layer provides surface
passivation. For both faces, silicon nitride (SiN,) layers act as both surface passivation
and anti-reflection coating. During manufacturing, laser contact openings are formed in
the rear layers, then rear contacts are screen-printed on top. The Al contacts alloy with
the c-Si wafer to form a local p++ back-surface field during furnace firing, which repels
holes from the rear contacts, preventing them from recombining [130].

Tunnel Oxide Passivated Contact (TOPCon) TOPCon cells are a newer design that
is growing in market share: they currently comprise 29% of the market and are projected to
grow to 53% within 10 years [7]. This growth is attributed to TOPCon’s higher efficiency
limit [137], higher bifaciality (80% on average [7]), and lower temperature coefficient [138]
compared to PERC, resulting in increased energy yields. TOPCon cells do have higher
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silver consumption than PERC cells due to their rear silver contacts, which raise concerns
about critical material limitations [139].
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Figure 2.20: Diagram of cross-section of tunnel oxide passivated contact (TOPCon) solar
cell.

SiN,, - silicon nitride, AlO,, - aluminum oxide, SiOs - silicon dioxide, poly-Si - polycrystalline
silicon, c-Si - crystalline silicon, Ag - silver.

TOPCon cells are based on an n-type silicon substrate with a p+ emitter and aluminum
oxide (AlO,) passivation layer at the front, and an SiN, passivation and antireflection layer
on both faces [135]. The unique characteristic of TOPCon cells is the tunneling oxide SiO,,
layer at the rear face, stacked with a poly-Si carrier, which together passivate the rear face
of the cell very effectively. The poly-Si layer has high parasitic absorption in the short
wavelengths, limiting the bifaciality of TOPCon cells. TOPCon cells can also be based on
a p-type c-Si wafer [140], but these are much less common [7].

Silicon Heterojunction (SHJ) SHJ solar cells currently comprise 5% of market, but
are projected to grow to 19% within 10 years [7]. These cells are highly bifacial due to
their symmetrical design, with an average bifaciality factor of 85% [7]. They also have a
low temperature coefficient below -0.3%/°C [130].
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Figure 2.21: Diagram of cross-section of silicon heterojunction solar cell (SHJ).
ITO - Indium tin oxide, a-Si:H - hydrogenated amorphous silicon, ¢-Si - crystalline silicon,
Ag - silver.

SHJ cells are based on an n-type absorber with layers of hydrogenated amorphous
silicon (a-Si:H), intrinsic stacked with p+ or n+ a-Si:H, and transparent conductive oxide
(TCO) on top and bottom. The a-Si:H passivates the ¢-Si by occupying dangling Si bonds
with H atoms and generating an electric field to repel minority carriers [141]. However,
the a-Si:H layers do cause high parasitic absorption, resulting in optical losses [141]. The
TCO layers conduct carriers laterally to the contacts while doubling as an anti-reflection
coating [141].

2.2.3.4 Modules

Solar cells are assembled in modules to provide protection from the environment, electri-
cal insulation, and structural strength [125]. To form modules, the cells are electrically
connected in strings, then sandwiched between encapsulant and glass or backsheet layers
(Figure 2.22). Bifacial modules may be glass-glass or glass-backsheet with a transparent
backsheet. Glass-glass is more suitable to harsh environments and less affected by high
temperature, high UV, high humidity, and high altitude [142]; however, they are typically
heavier, increasing costs due to increased structural support requirements.

Wiring cells in series adds their voltages while wiring them in parallel adds their current.
Since standard silicon solar cells may have open-circuit voltages of 0.5 to 0.7 V, which is
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Figure 2.22: Diagram of cross-section of encapsulated silicon module.

low for most applications, they are connected in series to provide 30-40 V [125]. Typical
modules will contain 60 (6x10) or 72 (6x12) full-size cells or 144 (6x24) or 156 (6x26)
half-cut cells. The use of half-cut cells is a modern innovation which reduces cell current,
thereby reducing current losses in module ribbons and wires [142].

2.2.3.5 Mismatch Loss

Solar cells that are connected in series are limited by the lowest-current cell in the string.
If there is a difference in short-circuit current between cells, this will cause cell-to-module
mismatch losses, M. These losses can be quantified as [143]:

P, module
Z Pcell

where Ppodule is the power output of the module at its maximum power point and Y Peey
is the sum of the maximum power points of all of the cells in the module.

M=1-

(2.22)

Mismatch losses are caused by efficiency differences between cells or by non-uniform
irradiance. Solar cells within a module will have some variation and are not perfectly
matched, causing some mismatch losses even under perfect operating conditions. Partial
shading of the module, and the resulting irradiance non-uniformity, cause higher mismatch
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losses as will be discussed in Chapter 3. Typically, a module’s rear-incident irradiance is
more non-uniform than its front irradiance, and therefore bifacial panels may have higher
mismatch losses than monofacial ones do. Deline et. al. reported up to 1.5% mismatch
losses for close-mounted rooftop systems, but as low as 0.5% for high ground clearance
systems [144]; Tao et. al. reported mismatch losses below 1% for a 20% albedo system and
up to 2.5% for a 60% albedo system, with even higher losses for low solar elevation angles
[145].

2.2.3.6 Bypass Diodes

Bypass diodes serve two functions: preventing hotspot damage to solar modules and reduc-
ing system shading losses by allowing current to circumvent shaded strings [125]. These
diodes are connected in parallel with module cells in reverse polarity [125] such that in
normal operation, they are reverse-biased and have no effect on the module.

In the absence of a bypass diode, when a cell is shaded, power generated by other
series-connected cells is dissipated in the shaded cell, causing local heating (a hotspot)
and potentially damaging the module. Furthermore, the current output of the module is
reduced because the current of a string is limited by its lowest current cell.

To prevent this, when a cell is shaded, its bypass diode becomes forward-biased and
conducts current around the shaded portion of the module. Ideally, modules would have
a bypass diode on each individual cell, but for cost and logistical reasons, the diodes are
connected over groups of cells in series (cell strings). The power dissipated in the shaded
cell is limited to the power generated by the other cells in its string [125].

Full-cell modules will usually contain three substrings with bypass diodes while half-cut
modules typically contain six substrings with three bypass diodes (Figure 2.23).

2.2.3.7 Angle of Incidence

In the field, sunlight is not perfectly normal to the plane of the module array, but has an
angle of incidence (AOI), defined as the angle between the light beam and a line normal
to the module face. This results in two effects: cosine losses and AOI losses.

Cosine losses are caused by a reduction in the power density of solar irradiance in a
PV module plane due to its non-normal angle with the solar beam. When the module is
turned away from the sun, the area it presents to the solar beam (its intercept area) is
reduced. This reduces the irradiance on the module, thereby reducing module power.
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Figure 2.23: Diagram of typical photovoltaic cell and bypass diode configuration for a
module based on regular cells or half-cut cells.

Furthermore, when a PV module is not perfectly normal to the incident sunlight, its
efficiency is reduced due to AOI losses. Most AOI losses are caused by increased reflections
at the glass-air interface, but other factors such as cell efficiency reductions with increasing
AOLI also contribute [146]. Efficiency is highest for normal incident irradiance and decreases
with increasing AOI, dropping off sharply above 55°. To account for this, models apply an
incidence angle modifier (IAM), a multiplier between 0 and 1 that represents the module’s
reduced efficiency at high AOL.

Incidence angle effects are typically more challenging to model on the rear of the module
due to the contributions from diffuse and ground-reflected irradiance, which come from
many different directions.

2.2.3.8 Module Degradation

PV module degradation is the reduction of module efficiency over time in the field. Mod-
ern silicon solar cells are degraded by high irradiance, high temperature, moisture, and
mechanical stress [147]. Silicon modules may see nearly 4% of power output degradation
in the first 5 hours of operation due to sun exposure [148]. Silicon modules see a large
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efficiency reduction in the first year of operation, typically 1 to 3% [149], followed by an
annual degradation rate of approximately 0.5% per year [125]. There is some evidence
that bifacial modules are subject to higher degradation rates than monofacial modules due
to their second face [150]. The detection, attribution, and prevention of silicon module
degradation is an ongoing, active area of research [151, 152].

2.2.4 Photovoltaic Systems

This thesis is focused on large, ground-mount systems, often referred to as “utility-scale”
PV systems. In a utility-scale PV site, modules are connected in series, adding their
voltages together to form strings. These strings are then connected in parallel, adding
their currents together and forming arrays.

In utility-scale systems, PV modules are mounted in rows with a standard spacing,
called the row-to-row pitch. The ground cover ratio (GCR) is the ratio of the PV row
collector width to the row pitch:

idth
GCR = —~ T2 (2.23)
row pitch

In other words, it is the fraction of the ground area that would be covered in the inter-
row dimension if the modules were laid flat. If the GCR is high, the modules are tightly
packed, and if the GCR is low, the modules are more spaced apart.

Modules can be arranged in portrait, with the short edge parallel to the ground, or in
landscape, with the long edge parallel to the ground. They may also be mounted as a single
module or multiple modules high. These configurations are typically shortened as “P” for
portrait, “L” for landscape, preceded by the number of modules high. For example, a
two-module-high system with its modules aligned in portrait is a two-in-portrait, or “2P”,
system. Some examples are shown in Figure 2.24.
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Figure 2.24: Diagram of example photovoltaic systems, including fixed-tilt (fixed) and
single-axis-tracked (SAT).

For silicon bifacial systems, two configurations are common: fixed-tilt or single-axis-
tracked. Chapters 3 and 4 focus on single-axis-tracked systems while chapter 5 focuses on
fixed-tilt systems. The levelized cost of energy (see section 2.2.4.7) and expected energy
yield, which are site- and location-dependent, are two key factors in selecting which system
configuration to install.

2.2.4.1 Fixed-tilt

In fized-tilt systems, the modules sit fixed at a single position throughout the day and
year without moving. Fixed-tilt systems are defined by two angles: the array tilt angle
and its azimuth angle (Figure 2.25). The tilt angle, 3, is the angle between the module
and a horizontal plane, with 0 degree tilt being totally horizontal (Figure 2.25a). The
azimuth angle, ¢, is the angle between due North and the projection of a normal vector
from the module surface onto a horizontal plane (Figure 2.25b). South-facing modules
have an azimuth angle of 180°. Some models define module azimuth with respect to the
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equator, with equator-facing at 0°, East at -90° and West at +90°, so it is important to
always understand the frame of reference applied in the model. Fixed-tilt systems are
typically installed tilted towards the equator, with increasing tilt angle at higher latitudes
[153, 154].
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Figure 2.25: Diagram of fixed-tilt photovoltaic system from side view and top-down view,
with (a) tilt angle, 5, and (b) azimuth angle, ¢, indicated.

2.2.4.2 Single-axis-tracking

Single-azis-tracked systems are mounted on a torque tube, a tube that runs the length of
every row. Single-axis trackers are usually aligned North-South. The torque tube rotates
the modules to track the sun from East to West throughout the day, reducing the AOI
between the sun and the modules.

Tracking reduces cosine losses by presenting a larger surface area directly to the incident
sun and also reduces angle-of-incidence losses due to reduced reflection from the front of the
module face. Although it increases energy yield, particularly in the morning and evening,
tracking systems are more expensive to build and maintain due to increased mounting
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requirements and moving parts. The increase in energy yield for a tracked system compared
to a fixed-tilt system is called the tracking gain.

Backtracking In the early morning and late afternoon, tracking to face the sun would
create inter-row shading since the sun is low in the sky (Figure 2.26b). This creates shading
and mismatch losses as discussed in section 2.2.3.5. To prevent inter-row shading, single-
axis-tracking systems will backtrack during these hours of the day. The modules will reduce
their tilt angle such that the direct beam irradiance is not shaded from one row to the next
(Figure 2.26c¢).

(a) Regular Tracking (b) Inter-row Shading (c) Backtracking

Figure 2.26: Diagram of backtracking in single-axis-tracked PV system.

2.2.4.3 Dual-axis-tracking

PV systems can also be dual-axis-tracking, where the modules are aligned normal to the
sun by tracking on two axes, increasing module irradiance even further. Technologies
that rely on concentrators, such as most ground-mounted III-V triple-junction modules,
must be mounted on dual-axis trackers because only collimated light that is normal to the
concentrator is effectively absorbed. Silicon modules on dual-axis trackers are uncommon,
however: in the United States in 2023, 75% of all silicon systems surveyed by the U.S.
Energy Information Administration were single-axis-tracked, 23% were fixed-tilt, and only
2% were dual-axis-tracked [155].

2.2.4.4 Structural Shading

One important source of loss for bifacial PV systems is structural shading. This an ir-
radiance loss due to mounting and racking elements such as posts, torque tubes, module
supports, and module frames that block some light from hitting the rear of the module. In
some models such as PVSyst, rear irradiance is de-rated by a “shading factor” to represent
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structural shading. In Chapter 3, we model structural elements as three-dimensional (3D)
elements in bifacial radiance to quantify structural shading losses.

2.2.4.5 Soiling

Soiling losses occur when dust or snow accumulate on the surface of a PV module, blocking
incident light and reducing module power output. Soiling rates are affected by local humid-
ity, wind speed and direction, precipitation, and soil type, and are regionally-dependent
[156].

Sand in arid environments is of particular concern [157], since precipitation that may
partially remove accumulated soiling is infrequent. For example, in Spain, production
losses due to dust accumulation were approximately 4.4%, but after long, dry periods losses
exceeded 20% [158]. Many PV soiling loss models have been proposed in the literature
[159, 160, 161, 162, 156], but they typically study a single location at a time, and their
broader applicability remains unclear.

In some regions, snow accumulation on modules is a concern: annual energy losses of
up to 34% have been reported, although the estimated global average is less than 10%
[28]. There is some evidence that bifacial modules see lower snow soiling losses due to
module heating by rear-irradiance power generation [163|, an additional potential benefit
for bifacial installations in snowy climates. As deployments grow in snowy regions, snow
soiling is of growing concern; snow-loss models have been proposed [164, 165], but snow
models are not yet commonly incorporated in energy models.

2.2.4.6 Inverters

Photovoltaic modules generate DC power, but the electrical grid is an AC system. Unless
the module is being connected directly into a DC load, PV systems require an inverter to
convert the DC power into AC. Inverter effects are modelled for a system with artificial
reflectors in Chapter 4.

With decreasing module prices, the cost of the inverter has become a larger fraction
of the system costs [166]. Furthermore, due to system configuration and weather effects,
a PV system is rarely generating its full rated capacity. Therefore, if an inverter is sized
to convert the full capacity of the PV system, it will be underutilized the majority of the
time. PV system designers will reduce the size of the inverter, accepting that some power
will not be converted when the PV system is generating its full capacity in exchange for
a reduction in up-front system costs [166]. The ratio of PV module DC capacity to its
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inverter capacity is the DC-to-AC ratio. For example, a PV system rated at 12 kW DC with
a 10-kW inverter would have a DC-to-AC ratio of 1.2. The amount of power that cannot
be converted by the inverter due to its reduced size is the clipping loss. Low-irradiance
locations and monofacial systems generally benefit from higher DC-to-AC ratios, while
high-irradiance locations and bifacial systems benefit from lower DC-to-AC ratios. Hourly
PV modelling will underestimate clipping losses and can therefore recommend higher DC-
to-AC ratios than is actually optimal [167, 31].

2.2.4.7 PV System Costs

As an emerging technology, the costs of PV systems are changing rapidly: from 2010 to
2020, the cost of PV electricity dropped 80% [168]. Emerging technologies often follow
a learning curve, a consistent decrease in system costs as global manufacturing capacity
increases [168]. Over the past 40 years, PV module costs decreased by 24.4% each time
global module production doubled [132]. Over this time, PV modules have advanced
quickly with higher efficiency and lower material consumption, facilitating lower costs
[168]. Therefore, modules have become a smaller fraction of total PV system costs: in
2010, module costs alone were 44% of energy cost, while in 2023 they were 31% [169]. By
comparison, labour costs were 11% in 2010 compared to 20% in 2023 [169]. Increasing
efficiency can decrease module costs per watt while further reducing soft project costs such
as labour due to higher energy density. The estimated up-front costs of a utility-scale
single-axis-tracked PV system in the United States from 2010 to 2023 are shown in Figure
2.27.

Due to efficiencies of scale and installation costs, utility-scale PV systems have lower
costs per installed capacity than residential systems. In 2023, the average US residential
system cost $2.68US/Wdc, while utility-scale systems cost $1.17US/Wdc [170]. Main-
tenance is also less expensive for utility-scale systems, at $16.58US/kWdc/yr compared
to $30.36US/kWdc/yr for residential [170]. In Canada, the average cost in 2022 was
$2.91CAD/W for residential PV and $1.31CAD/W for utility-scale PV [171]. Future av-
enues for PV system cost reduction or revenue increase include: efficiency improvements,
including a move to tandem perovskite-on-silicon PV [172]; thinner silicon PV wafers [173];
and replacing silver contacts with copper [174].

PV Levelized Cost of Energy (LCOE) The LCOE is the price per unit electricity
of a production source that would cover its costs, including loan interest, operations and
maintenance, and fuel costs. It can also be defined as the minimum sale price of electricity
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Figure 2.27: Solar installed system costs, in US dollars per watt DC installed capacity, of
utility ground-mount single-axis-tracked PV systems. Adapted from [169].

(in $/kWh) for the power plant to break even. The lower the LCOE, the less expensive
the power is to produce. The LCOE is a common method to compare the costs of different
energy sources which may have differing lifespan, costs, and efficiency. Although it is a
useful comparison tool, the LCOE is very sensitive to financial assumptions and location.

LCOE can be represented as the total lifetime costs divided by the total lifetime energy
produced, when converted to their present-day value [168]:

Present Value of Lifetime Costs
LCOE = 2.24
Present Value of Lifetime Energy Generation ( )

The discount rate, d, is a way to represent the time value of money, that is, that
some fixed amount of money today is worth more than that same amount in the future.
This encompasses inflation, opportunity cost, investment risk, and expected profits [168].
This rate can change based on the economic conditions in the country where the system
is installed. For example, in chapter 4, we assume a discount rate of 3% for the United
States as described in National Renewable Energy Laborator (NREL)’s 2021 U.S. Solar
Photovoltaic System and Energy Storage Cost Benchmarks [175].

The discount rate can be applied to determine the present value, valueyoqay, of future
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money in year y, value, [168]. :

value
value i 2.25
today (1 + d)y ( )
In this way, the money in a future year is discounted to represent its value in the
present. Accounting for the present value of expenditures as defined in equation 2.25, and

incorporating capital investment and maintenance costs, the LCOE calculation becomes
[168]:

ZN 1y+M,

=1 (1+d)v
LCOE = =%~ (2.26)

y=1 (1+d)v

where y is the year, [, is the investment cost in year y, M, is the maintenance cost in year
y, By is the electricity generated in year y, d is the discount rate, and N is the lifetime of
the PV system in years.

Bifacial PV has been shown to reduce LCOE below monofacial system LCOE by in-
creasing energy yield with marginal cost increases [129]. The LCOE has commonly been
applied to analyze the costs of bifacial PV-generated power in the literature and to com-
pare bifacial technologies [176, 177]. The detailed LCOE calculation methodology applied
in Chapter 4 is provided in section 4.2.4.

2.3 Bifacial Photovoltaic Performance Modelling Meth-
ods

Several bifacial PV models are applied in this thesis, including bifacial radiance (chapters
3 and 4) and bifacial_vf (chapter 5). Bifacial PV energy yield modelling typically requires:
(1) site information (meteorological and system data), (2) an optical model, and (3) an
electrical model. From system parameters and meteorological data, the optical model
calculates the irradiance incident on the front and rear surface of the PV module(s). The
electrical model then calculates module DC power output from the irradiance. An overview
of the energy yield methodology applied in this thesis is shown in Figure 2.28.

Some models include further electrical calculations, such as line losses, transformer
losses, and inverter behaviour, but these are often ignored. Another often-neglected effect
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Figure 2.28: Bifacial energy yield methodology applied in this thesis, with contributions
highlighted in orange.

is module degradation, where the modules become less efficient over time, typically at a
rate of approximately -0.5% per year [125] (see section 2.2.3.8).

The important parameters for modelling a bifacial PV system were discussed in the
previous section. An overview of meteorological data, optical modelling methods, and
electrical modelling methods are provided in the following sections.

2.3.1 Meteorological Data

Meteorological data is an essential input to bifacial PV performance models. Most models
require solar irradiance (GHI, DHI, and DNI), ambient temperature, albedo, and wind
speed, at minimum. As discussed in section 2.1.1.2, if two irradiance components are
known, the third can be calculated from the solar zenith angle.

Historical weather data can be obtained in a few ways: direct measurements, satellite-
derived data, or interpolated data. Measured data is the direct acquisition of meteorological
data from a weather station. These measurements may include irradiance, wind speed and
direction, temperature, humidity, precipitation, and air pressure. Some examples of public
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meteorological datasets from ground measurements include the BSRN [178] and CWEEDS
for Canada [179].

Satellite-derived data applies models to satellite imagery to estimate irradiance. They
may apply radiative transfer or an empirical approach [180]. Sources of satellite data
include the NSRDB [113], the Photovoltaic Geographical Information System (PVGIS)
[181], and NASA’s Prediction Of Worldwide Energy Resources (POWER) [182].

Interpolated data involves the interpolation of measured data from several sources to
estimate the historical weather data of a site where meteorological measurements are un-
available. Many techniques will combine various data sources, such as ground and satellite
measurements, to improve accuracy of interpolated datasets [183].

2.3.1.1 Typical Meteorological Year Data

TMY files are often applied in photovoltaic energy yield modelling to calculate expected
average system performance [184]. TMY files are hourly datasets that include air temper-
ature, irradiance (GHI, DHI, DNI), wind speed, wind direction, air pressure, and other
meteorological parameters for a given location.

Taking an inter-annual average of meteorological data would reduce its variability,
so TMY datasets are composed of individual months of historical data from different
years that are selected as “typical” representative months for that location based on their
weighted average irradiance, temperature, and wind speed [180]. Some TMY datasets
include smoothing between months to prevent discontinuous values.

Applying TMY data for energy yield predictions is more computationally efficient than
modelling a long time span. However, this method neglects the effects of changing weather
over time, such as long-term warming.

2.3.1.2 Albedo

Albedo is an important input for bifacial PV performance models: it has a significant
impact on bifacial PV energy yield and bifacial gain [185, 186], with bifacial gain increasing
proportionally to ground albedo [187, 35]. The albedo, p, is the ratio of GRI to GHI (see
figure 2.4) [188]:

GRI

P
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Albedo can range between 0 and 1, and is typically measured by a pair of identical
horizontally-mounted pyranometers, one facing the sky measuring GHI and one facing the
ground measuring GRI. Ideally these pyranometers should be the same make/model and
should have good performance at high AOI [188].

Albedo varies with respect to ground cover, solar position, and sky conditions. The
ground cover has the most significant effect, with highly-reflective snow having average
albedos above 0.9 and deep ocean having a low albedo of 0.04. Predicting albedo is chal-
lenging because it depends on many environmental factors. For example, snow albedo
varies by snow type, with freshly-fallen snow showing the highest reflectivity and melting
snow the lowest, and soil albedo varies with respect to its composition and water content

[188].

Spectral Albedo Broadband albedo is often applied in bifacial modelling. In reality,
most surface albedos have a strong wavelength dependence (Figure 2.29). For example,
vegetation absorbs irradiance necessary for photosynthesis while reflecting long-wavelength
irradiance that would cause heating. Dead vegetation demonstrates a much smoother spec-
tral albedo than live vegetation. Snow is highly reflective at short wavelengths, droppping
off significantly in the near-infrared (IR). Chapter 5 contains an analysis of the impact of
spectral albedo on bifacial energy yield.
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Figure 2.29: Spectral albedo of select ground cover materials. Data from [103].
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2.3.2 Optical Modelling Methods

There are two primary approaches to irradiance modelling for a PV system: ray-trace
modelling and view-factor modelling (Figure 2.30).
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Figure 2.30: Diagram of common bifacial PV irradiance model types.
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2.3.2.1 Ray-trace Modelling

Ray trace modelling is a technique for modelling radiation’s propagation in an environment.
A ray-tracing model uses hundreds or thousands of individual rays to trace the path that
light takes through a complex 3D scene. Narrow beams, or rays, of radiation travel in a
straight line before interacting with objects in the environment. The ray will be reflected,
absorbed, or transmitted through these objects. Models can be forward ray-tracing (orig-
inating from the light source) or reverse ray-tracing (originating from a surface where we
are evaluating the irradiance). Bifacial radiance is a reverse ray-tracing model, with rays
originating from the module surface.

Ray tracing models allow for a higher level of detail in the physical environment, such
as racking elements or other complex shading objects, but require higher computational
resources than view-factor models. Examples of ray-trace models for photovoltaics include
bifacial radiance [189, 19], SunSolve [190], Tracer [191], and MoBiDiG (which only applies
ray trace modelling for the rear of a bifacial module) [21, 192].

2.3.2.2 View-Factor Modelling

View factor models are radiative transfer models that rely on geometric view factors, or the
fraction of radiation emitted from one surface that hits another surface [193]. In practice,
these models often divide relevant surfaces, such as the module faces, the ground, and the
sky, into smaller units of area, then calculate the view factors between these units. From
there, the irradiance on each surface, including the module faces, can be obtained.

Although view factor models are fast and computationally inexpensive, they are limited
to basic geometry. For example, they may overestimate rear irradiance compared to ray-
tracing methods because they cannot include all rear structural shading losses [194]. These
models also assume that all radiation is isotropically emitted and scattered from reflecting
surfaces.

PV view-factor models can be two-dimensional (2D), which simplifies system geometry
to be invariable in the third dimension, assuming infinite rows of modules with no edge
effects. PVSyst [16] and bifacialvf [195] are two examples of 2D view-factor models. These
models are most appropriate for inner modules in large arrays where irradiance varies little
along the row.

Some view-factor models are 3D, which is more computationally expensive than 2D
view-factor models but incorporates details such as edge effects. DUET [26] is one example
of a 3D view-factor model with additional ray-intersect shading functions.
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2.3.2.3 Diffuse Sky Models

To calculate the diffuse irradiance incident on a module plane, a diffuse sky model must be
applied. The simplest diffuse sky model is isotropic, assuming that irradiance comes from
all portions of the sky dome equally.

However, in reality, there is significant non-uniformity in the distribution of diffuse
irradiance in the sky dome. The anisotropic sky dome is often broken down into three
components: isotropic, circumsolar brightening, and horizon brightening (Figure 2.31).
Circumsolar brightening is an area of increased irradiance around the sun disk that is
brighter due to the scattering of direct irradiance in the atmosphere. It is most intense
near the sun disk and drops off in intensity away from the sun. Horizon brightening is
a brighter area near the horizon due to light scattering in the atmosphere that is most
intense nearest the horizon and drops away with increased elevation angle.

An important component of many bifacial PV models is the 1993 Perez model [196].
This model calculates the relative luminance of any given point in the sky dome from its
zenith angle and its angle to the sun. The model applies empirical coefficients for the
size of the horizon and circumsolar brightening regions and the relative intensity of these
regions from the sky clearness index and the solar irradiance (GHI, DNI, DHI).
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Figure 2.31: Diagram of components of anisotropic sky dome models, including the
isotropic sky dome (blue), horizon brightening (green), and circumsolar brightening (red).

Standard diffuse sky models calculate plane-of-array diffuse irradiance, rather than
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relative luminance. The most widely used anisotropic sky model for irradiance on a tilted
plane is the 1990 Perez model [197]. The model applies empirical coefficients for distinct sky
clearness bins, based on measured data across 13 sites, to calculate circumsolar and horizon
brightening factors. These factors determine the fraction of diffuse irradiance received from
each portion of the sky dome: isotropic, circumsolar, or horizon. This model was recently
updated to reduce discontinuities in the model output [198]. Other anisotropic models
include the Hay and Davies model [199], which includes a circumsolar component but no
horizon brightening, and the Reindl model [200], which extends the Hay and Davies model
to include horizon brightening.

2.3.3 Electrical Modelling Methods

PV electrical models calculate PV module electrical output from the incident irradiance,
cell temperature, and module parameters. Electrical models can be described as either IV
curve models, point value models, or efficiency models [201]. IV curve models calculate
the entire IV curve of the module. Point value models find a few points on the IV curve,
typically at the short-circuit current, maximum power point, and open-circuit voltage.
Efficiency models predict module power at the maximum power point only [201].

Most bifacial PV models include a full IV curve model, such as the De Soto [202]
or the California Energy Commission (CEC) model [203]. These IV curve models apply
the one-diode equivalent circuit of a PV module (see Figure 2.16). A two-diode model
also exists but is much less commonly applied. These models calculate the IV curve of
the module from irradiance, temperature, and module characteristics such as temperature
coefficients, material bandgap, and parasitic resistances. The necessary parameters for
a specific module type may not always be available, but NREL’s System Advisor Model
(SAM) provides the CEC parameters for a variety of PV modules in its database [23].

2.3.3.1 Effect of Irradiance Level

Module photo-generated current scales linearly with respect to incident irradiance (Figure
2.32), but the effect of irradiance on module power output is not strictly linear. Most silicon
cells and modules are optimized for a standard irradiance level of 1000 W/m?; at lower
irradiance, module efficiency is reduced [204]. For low values of photogenerated current,
shunt resistance losses become more significant [205]. Furthermore, for a module with no
parasitic resistances, as module-incident irradiance decreases, its photogenerated current,
Iy, decreases linearly while its open-circuit voltage, V,., decreases logarithmically (Figure
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2.32). Therefore, at lower irradiance, the module fill factor (F'F') and efficiency decrease
logarithmically because the “elbow” in the IV curve becomes a more significant portion of
the IV curve [127]. Conversely, at high incident irradiance, module efficiency is limited by
increased series resistance losses [127].
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Figure 2.32: Effect of irradiance level on module IV curve. Adapted from [125], figure 7.6.

2.3.3.2 Effect of Temperature

In sunlight, a PV module will generate heat due to losses in the PV device, so PV cells oper-
ate at a higher temperature than ambient air. The temperature of a PV cell is dependent
on module type, ambient air temperature, incident irradiance, wind velocity, and other
factors. PV efficiency is highly dependent on temperature: as temperature increases, mod-

ule short-circuit current increases, open-circuit voltage decreases, and efficiency decreases
(Figure 2.33).

The short-circuit current, Iy, increases with temperature because the semiconductor
bandgap decreases at higher temperatures, thereby allowing lower-energy photons to be
absorbed. This is a comparatively small effect. The open-circuit voltage, V,., decreases at
higher temperatures due to an increase in the intrinsic carrier concentration (the number of
thermally-excited carriers in the material), which increases the dark saturation current, Iy
[126]. At high temperatures, the voltage losses outweigh the current gains, and so efficiency
decreases.

The IV curve of a module can be corrected for temperature by applying the temperature
coefficients provided by the manufacturer. Temperature coefficients are generally provided
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Figure 2.33: Effect of temperature on module IV curve. Adapted from [125], figure 7.6.

for I, Voo, and Ppp,. For example, to find the output power of a module at a given cell
temperature Tiop:

Pmp(T) = Pmp,ref X [1 - V(Tstc - Tcell)] (2.28)

where Ty is the cell temperature at standard test conditions (25°C) and 7 is the tempera-
ture coefficient. Typical temperature coefficients are approximately +0.04%/°C for I. and
-0.3%/°C for Vo [125], and -0.3%/°C to -0.5%/°C for efficiency [121].

Temperature Models To correct the IV curve for cell temperature effects, first Teen
must be estimated. Cell temperature is difficult to model accurately. It can also be chal-
lenging to measure because cell temperature is higher than external module temperature.
Typical temperature models for solar PV modules include the NOCT model [206], the
Sandia SAPM model [51], the Faiman model [207], and the PVSyst model [16].

The nominal operating cell temperature (NOCT) model assumes that cell temperature
is linearly dependent on incident irradiance, GG, and ambient temperature, Tompient- Lhe
NOCT temperature, Txoct, is the expected cell temperature with an incident irradiance
of 800 W/m?, an ambient temperature of 20°C, and a wind speed of 1 m/s:

(2.29)

T; —20
Tcell = Tambient +d (%)

800

This model does not account for variable wind speed.
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The Sandia Array Performance Model (SAPM) uses three empirical parameters, a, b,
and AT , which vary based on the module type and mounting type of the system. First
the module temperature, Ty oqule, 18 determined from two of the empirical coefficients, the
irradiance, and the wind speed, WS

Tmodule = Tambient + G(ea—i—bWS) (230)

Then the cell temperature is determined from the module temperature and the ratio
of incident irradiance to the reference solar irradiance, Gg. (1000 W/m?):

G
Teen = Tnodule + AT < ) (2.31)
Gstc

2.3.4 Uncertainty in Bifacial Energy Yield Models

Bifacial PV model improvement is an ongoing research endeavour, and model assumptions
are continuously being questioned. PV model uncertainty is attributable to many fac-
tors that can be broadly categorized as input uncertainty, model uncertainty, or weather
variability.

Input uncertainty incorporates the uncertainty attributable to all model inputs, includ-
ing irradiance, PV electrical performance, albedo, and temperature. Pyranometer mea-
surement uncertainty includes uncertainty related to calibration, zenith response, spectral
response, nonlinearity, temperature response, and degradation [208], among other sources.
These effects vary with respect to solar position, temperature, and other factors. Satellite-
derived irradiance data is generally less precise than ground-based measurements due to
the modelling steps required: a 2011 comparison of satellite-derived irradiance found an
average standard deviation of 16% for GHI and 35% for DNI [209]. Irradiance decompo-
sition, where DNI and DHI are determined from GHI also introduces uncertainty; when
combined with irradiance transposition, where GTT is calculated from irradiance compo-
nents, it introduces approximately 5% root mean square error [208, 210, 211, 212].

PV module performance is typically measured indoors under a solar simulator. How-
ever, module efficiency is not constant over time. Uncertainty in a module’s light-IV
characteristics originate from (1) measurement uncertainty and (2) module instability.
Measurement uncertainty of 1.5% to 5% have been reported by module test laboratories
for standard test conditions [212]. Those same laboratories reported higher uncertainties
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under non-standard test conditions, such as low irradiance or elevated temperature. Long-

term module degradation depends on module type and operating conditions (see section
2.2.3.8).

Model uncertainty can be introduced at every model step, including irradiance trans-
position, horizon and inter-row shading, and module efficiency translation from standard
test conditions (STC) power to operating conditions [212]. There are also uncertainties
related to various loss mechanisms, including non-Lambertian ground reflection [27], soil-
ing [28], snow [28], module degradation [29], cell-to-module irradiance mismatch [30], and
sub-hourly clipping loss [31]. Angle-of-incidence effects introduce approximately 1% error
[212]. Spectral irradiance effects are shown in Chapter 5 to cause models to underestimate
silicon PV performance by 0.7% to 2.7% annually. Work is ongoing to characterize and
quantify all sources of uncertainty in energy yield models.

Lastly, when predicting long-term PV system performance, inter-annual weather vari-
ation is an inherent source of error [208]. This includes long-term changes in the solar
resource and weather.

2.3.5 Open-source PV modelling Libraries

This work applies a variety of open-source Python PV modelling libraries.

pvlib [213, 74, 214] is an open-source library of functions and classes for PV perfor-
mance simulation. It includes a wide range of PV simulation functions for: solar position,
clear sky irradiance, AM, atmospheric parameters, transposition and decomposition, per-
formance losses, tracking angle, input/output tools, and bifacial modelling. This work
applies pvlib functions for AM, solar position, and others throughout. pvlib’s iotools func-
tion is applied in Chapter 5 to obtain atmospheric parameter inputs to the parameterized
PV spectral impact models.

bifacialvf [195] is an open-source view factor irradiance model that models a 5-row,
“infinite shed” 2D bifacial PV system. It can model fixed-tilt or single-axis-tracked systems.
In this thesis, bifacialvf results are presented in Chapter 5 to quantify the effects of spectral
irradiance on bifacial PV energy yield.

bifacial radiance [19] is an open-source Python wrapper of the RADIANCE ray-
tracing software [215] for bifacial PV irradiance modelling. It can incorporate complex
3-dimensional scene elements, any number of rows and modules, and multiple scene reflec-
tions. Chapter 3 includes bifacial radiance modelling results that quantify the effects of
shading and reflection of structural PV elements on PV system performance. Chapter 4
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includes bifacial_radiance modelling results that quantify the bifacial energy yield gain due
to artificial reflectors.

pvanalytics [216] is an open-source python library for quality control and filtering
of measured PV field data. Chapter 5 includes field data from Technical University of
Denmark that was filtered using pvanalytics.
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Chapter 3

Quantifying Structural Shading &
Reflection Effects on Single Axis

Tracked Bifacial Photovoltaic System
Performance

This chapter focuses on the importance of mounting structures in bifacial photovoltaic
energy yield modelling. I model a two-in-portrait single-axis-tracked bifacial PV system in
an open-source ray-trace energy yield modelling software, bifacial radiance [19]. T combine
model results with no racking, with absorptive racking, and with reflective racking to
quantify the effect of racking on rear irradiance, module energy yield, cell-to-cell current
mismatch losses, and bifacial gain. I demonstrate an increase of +9.1% in average rear
irradiance on an annual basis, increasing the shading factor from -17.6% with absorptive
racking to -8.5% with reflective racking.

3.1 Scope and Impact

The effect of structural shading and reflection on system performance is not well-quantified
due to the lack of clear computational techniques. At present, in bifacial energy yield
modelling, racking reflection is neglected and racking shading is represented as a flat derate
factor on the rear irradiance, which does not account for the time- and albedo-dependence
of these losses. To date, there is not a well-established method for quantifying the impact
of both racking shading and reflection on bifacial photovoltaic performance.
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This work includes:

1. An exact, easy-to-apply method to quantify the effect of racking on bifacial photo-
voltaic system irradiance, energy yield, mismatch losses, and bifacial gain.

2. An example case and analysis for a single-axis-tracked bifacial photovoltaic system,
demonstrating the significance of racking effects for bifacial systems over time of day,
month, and year.

3. The quantified effect of racking reflection on the annual shading factor.

This manuscript provides research groups with a clear, programmable set of equations
to quantify racking effects. This will influence new optimal racking designs for electricity
generation and dual-use systems, such as in agrivoltaics. It will also act as a guide to
present photovoltaic system designers, advising them in their energy yield modelling and
allowing them to obtain the most accurate prediction of system performance.

Furthermore, this work informed the development of the bifacial_radiance model. Through-
out the research project, we shared our findings with the developers of bifacial radiance.
Today, the code base has been updated to allow for 2D irradiance sampling on the front
and rear of the module and to add multiple module types within one scene.

3.2 Background Information

3.2.1 Cell Irradiances
To calculate the mismatch loss and energy yield of the systems modelled in this work,

the average irradiance per cell is taken by grouping the sample points into groups of eight
points as shown in Figure 3.1.

3.2.2 Irradiance Mismatch Losses

This work applies the mean absolute difference method, as defined in [143], to find cell-
to-module irradiance mismatch losses. The mean absolute difference, A, is the sum of the
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Figure 3.1: Total irradiance maps of individual sample points and cell-level average values.
Example timestamp is for noon on a winter day,

irradiance difference between each pair of cells in the module, divided by the number of
cells squared and the average irradiance:

1 MNpts Mpts

Al = ——=—> ) |Gi — G| x 100% (3.1)

NosGave 4

where np is the number of points in the array, G,y is the average total irradiance on the
module, and G; and Gj are the average irradiance on the ith and jth cells, respectively. This
work applies the following mismatch loss fit from [143], equation 12 to find the mismatch
loss, M:

M[%] = 0.054A + 0.068A% (3.2)

where the mean absolute difference, A, is in percentage.
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3.2.3 Seasonal Torque Tube Shading

In this work, we found a seasonal effect of torque tube shading that occurred in winter but
not in summer. In the winter, the Northern edge of the module would see higher torque
tube reflection than the Southern edge of the module. In the winter, the module supports
shade the torque tube from direct irradiance passing through the gap between modules,
as illustrated in Figure 3.2. In the summer, the sun is higher in the sky and this effect
is reduced. At higher latitudes with low solar elevation angles in the winter, this effect is
more significant.

Module ‘
Supms‘[h h | Tube
Tube
Shaded Unshaded

South  portion portion of
of TT TT

Figure 3.2: Diagram of direct irradiance shading on torque tube due to module supports
in the winter.

This results in higher irradiance non-uniformity in winter than in summer, as shown in
Figure 3.3. This effect is discussed in the manuscript below.
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Figure 3.3: Rear irradiance difference maps, where the difference in irradiance is the change
in incident irradiance due to racking, for a winter and a summer day at noon.
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3.4 Manuscript

The manuscript is included on the next page. This manuscript was published in Advanced
Energy and Sustainability Research in 2024. This work is published open-access and is
covered under an open CC BY 4.0 license.
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Quantifying Structural Shading and Reflection Effects on
Single Axis Tracked Bifacial Photovoltaic System

Performance

Mandy R. Lewis,* Trevor J. Coathup, Annie C. J. Russell, Javier Guerrero-Perez,

Christopher E. Valdivia, and Karin Hinzer*

Structural elements of bifacial photovoltaic (PV) systems, such as module frames,
module supports, and torque tubes, affect module rear irradiance profiles
through both shading and reflection. Standard bifacial energy yield models
represent racking effects as a flat rear irradiance de-rate factor; however, this
neglects 1) the impact of racking reflection, and 2) the variation of racking effects
over time. In this work, a differential irradiance approach is presented to quantify
the effect of racking shading and reflection on bifacial rear irradiance. Using this
method, racking effects on system energy yield, irradiance mismatch losses, and
bifacial gain are calculated. This is applied to a single-axis-tracked 2-in-portrait
bifacial PV system in Livermore, California with 74.5% reflective racking using
bifacial_radiance ray tracing software. Racking reflection counteracts the irra-
diance reduction and mismatch losses caused by racking shading. Racking
reflection reduces average rear irradiance shading by up to 19.2% per timestamp
and 9.1% per year compared to absorptive racking. Racking effects vary diurnally,
seasonally, and with respect to albedo. In a single day, the impact of racking on
rear irradiance varies up to 14.6%. Applying this method will improve energy yield

1. Introduction

Bifacial ~photovoltaics (PV) generate
additional energy yield by absorbing light
incident on the module’s rear face in addi-
tion to the front. Bifacial PV is predicted to
make up 90% of the silicon PV market
share within the next 10 years,!"! having
demonstrated increased energy yield*?
and potential for reduced levelized cost of
energy (LCOE)!** compared to monofacial
modules. Single-axis-tracking can further
boost PV energy yield above that of fixed-tilt
systems, with bifacial single-axis-tracked
systems demonstrating the lowest LCOE
in 93.1% of the world’s land area compared
to fixed-tilt or monofacial modules.

A recent study across 500 PV systems
with a total of 11 GW of capacity showed

modeling accuracy of bifacial PV systems.
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that fielded PV systems were underper-
forming by 7-13%,”) which may be
partly due to modeling uncertainty.
While front PV irradiance modeling is
well-understood,®'? rear PV irradiance modeling is more
complex due to the wide range of factors that affect rear-incident
irradiance, including diffuse irradiance fraction, ground albedo,
and system geometry.>

Bifacial energy yield models are typically categorized as either
view-factor!*'® or ray—tracing!"**" models, although hybrid
approaches have also been demonstrated.*?) While view-factor
models are less computationally expensive, they include simplified
system geometry and do not capture all effects that result in high
rear irradiance variability. By contrast, ray-trace models can model
detailed 3D geometries at higher computational cost to capture
more environmental parameters that affect rear irradiance.

One of the challenges of standard view-factor-based bifacial PV
single-axis-tracked performance modeling is accurately accounting
for the effects of structural elements, such as the frame, module
supports, and torque tube, on the rear irradiance.'***** Racking
can reduce module irradiance and induce non-uniform illumina-
tion profiles, leading to reduced energy yield and increased elec-
trical mismatch.” Bifacial PV performance models typically
represent racking by a constant rear structure shading factor.**>%)
However, this method does not account for time-dependent light-
ing conditions nor reflections, and rear structural shading losses
that vary diurnally and seasonally.l*

© 2024 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH
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Racking shading has been shown to reduce rear-incident irra-
diance and increase cell-to-cell irradiance mismatch. Zhu et al.
described a method to estimate the energy losses in bifacial sys-
tems due to shading objects and found optical losses of up to 49%
for a 40 mm square beam located flush with the module.*" For
fixed-tilt systems, Tsuchida et al. found that bifacial gain is
reduced by mounting structures, particularly at high albedos,
but that increasing the distance between a shading beam and
the module reduces these effects,*” while Wang et al. demon-
strated that crossbeam shading increased irradiance mismatch
losses by 0.5-3.3%.8%1 Zhao et al. developed a ray-trace model
to quantify the shading factor and irradiance mismatch losses
of bifacial PV systems, with 2-in-portrait annual shading losses
of 4.9-7.6%.* Ernst et al. applied ray-tracing simulations to
rooftop fixed-tilt bifacial PV systems over high-reflectivity mate-
rial and demonstrated a decrease in bifacial gain of 1-2% due to
mounting components.”**)

While the effect of racking shading has been studied in more
detail, racking reflection has not. Racking-reflected light can
increase rear irradiance, and consequently energy yield, by par-
tially offsetting racking shading.[**! Ayala Pelaez et al. have dem-
onstrated that torque-tube-reflected irradiance reduces the
structural shading factor at one timestamp from 12% to
0.01%.12*) McIntosh et al. included the effect of a reflective torque
tube to analyze mismatch losses due to non-uniform illumina-
tion in single-axis-tracking systems, and demonstrated the differ-
ence in racking losses between the east and west module pair in a
2-in-portrait system.?*%

This work expands upon these precedents by 1) incorporating
both reflective frames and module supports in addition to the
torque tube, capturing the effects of these racking elements,
2) calculating both front and rear 2D irradiance maps, capturing
non-uniform illumination in both dimensions, and by 3) includ-
ing two full model-years with two albedo values, quantifying the
seasonal and annual impact of racking elements. Furthermore,
we explicitly define a methodology to isolate the impact of rack-
ing shading and reflection on bifacial module rear irradiance,
energy yield, mismatch losses, and bifacial gain.

Previous work in our group has isolated the effect of torque
tube reflection on 1-in-portrait and 2-in-portrait single-axis-
tracked bifacial systems.*®! Here we expand on our previous
work, providing a method that can be adapted to various model-
ing approaches to quantify the effects of structural shading and
reflection. Although here we focus purely on the impact of the
racking, this approach may be used for system design elements
more generally, for example, adjacent structures in building-
integrated PV.

In this work, we present a method to quantify the effects of
structural shading and reflection on bifacial PV module
irradiance and energy yield. We present a detailed example of
this analysis for the two central modules of a 2-in-portrait single-
axis-tracked bifacial system. In this study, we quantify the impact
of racking shading and reflection of several racking elements,
including the frame, module supports, and torque tube. By com-
paring results with no racking, absorptive racking, and reflective
racking, we quantify the impact of racking reflection and shading
on the irradiance profile, energy yield, irradiance non-uniformity
losses, and bifacial gain on a range of timescales.
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2. Model Description

We modeled the PV system in bifacial_radiance, an open-source
Python-based tool developed by the NRELP” that leverages
RADIANCEP® for stochastic reverse ray tracing. The model gen-
erates front and rear module irradiance in complex 3D scenes,
then applies a single-diode energy calculation based on the open-
source pvlib®? library.

Unlike more standard view-factor performance models, bifa-
cial_radiance can model arbitrary 3D shapes and several reflec-
tions from various surfaces in the surrounding environment.
This facilitated the modeling of complex racking structures to
analyze the effects of racking across the 2D module surface in
this work.

We modified the bifacial_radiance software to reduce uncer-
tainty, add racking elements, and facilitate 2D irradiance sam-
pling. First, we reduced inherent stochastic irradiance
uncertainty, particularly at module edges, by reducing the ambi-
ent accuracy (aa) rtrace setting from 0.1 to 0.05 and modifying the
irradiance scan to progress from the module edges (where irra-
diance variability is highest) to the module centers (where irra-
diance variability is lowest). Second, we added frames and
supports to the modules under test by defining them as a com-
bination of primitive box shapes in the makeModule() function
and adding them to the module object. We then replaced all other
modules by primitive box shapes that rotate with the module
under test, thereby including the racking on the central modules
only. Lastly, we facilitated arbitrary 2D irradiance sampling
across both faces of the modules under test by importing an array
of arbitrary coordinates representing the (x,y) sample positions
across the surface of the module, translating these to (x,y,z) sam-
ple positions in 3D space for each timestamp, and passing these
modified values to the rtrace command for front and rear irradi-
ance sampling. In this study, we calculated the front and rear
irradiances in 2D arrays of 52 x 24 points per module (2496 total,
8 points per cell), each representing an equal active area of the
module. We took the average of 10 ray trace calculations for each
irradiance value to reduce uncertainty.

The model calculated front and rear irradiances for the center
modules of a horizontal single-axis-tracked system from hourly
typical meteorological year (TMY) data for the Bifacial Test
Evaluation Center (BiTEC) site in Livermore, California
(37.70° N, 121.82° W).[*) The albedo was set to 20% and 60%
for one model-year each. The modeled system consists of three
rows of 23 sets of 2-in-portrait modules, with the torque tube ori-
ented north-south, parallel to the ground.

Model parameters emulate a Soltec 2-in-portrait tracker, but
with a round 10 cm diameter torque tube cross-section to sim-
plify tracker modeling. Figure 1a shows detailed frame and mod-
ule support dimensions; supports are 2.8 m long. We modeled
the torque tube exclusively on the center row, and the frame
and supports exclusively on the modules under test, rather than
on all modules and all rows (Figure 1b); these simplifications
reduced computation time with a negligible impact on rear irra-
diance. Modules emulate Jinko Solar Tiger Bifacial modules,
including 1.032 m wide and 2.205m long dimensions.”*"! The
module gaps are 0.03 m (N-S) and 0.15 m (E-W). The row pitch
is 10 m, and the maximum tracking angle is £60° with simple
backtracking emulated. The reflectivity of the frames, supports,

© 2024 The Authors. Advanced Energy and Sustainability Research
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Figure 1. Model components in bifacial_radiance: a) cross-sectional schematic of frame and module support dimensions, facing East along module
support, b) rear view of modules, including racking, facing North-East. Frame dimensions are identical along all four module edges, and c) top-down view

of the modeled system, with modules under test highlighted in yellow.

Table 1. Modeled bifacial photovoltaic system parameters.

Parameter Value
Number of Rows 3
Modules per Row 23
Row-to-Row Pitch 10m
Hub Height 2.35m
Tracking Limit 60°
East-West Module Gap 0.15m
North-South Module Gap 0.03m
Module Length 2.205m
Module Width 1.032m
Module Support Length 28m
Module Support Height 8cm
Torque Tube Diameter 10cm
Racking Reflectivity 74.5%/0%
Racking Specularity 90%
Racking Roughness 20%
Module Reflectivity 0%
Ground Albedo 20%/60%

and torque tube is 74.5% (reflective) or 0% (absorptive). The
reflective material has 90% specularity (90% of reflected irradi-
ance reflected specularly) and 20% roughness (the root-mean-
square slope of surface facets). Material specularity should be
carefully evaluated in future racking reflection effect studies,
as it can have a significant effect on model results.*” System
parameters are summarized in Table 1.

3. Results and Discussion
To quantify the effect of racking on irradiance, we modeled the

2D front and rear irradiance profiles of the two central modules,
one east and one west of the torque tube, for a typical
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meteorological year in three cases: 1) with no racking, 2) with
absorptive racking, and 3) with reflective racking. By taking
the difference of rear irradiance map pairs, we calculated three
racking effects: 1) shading, 2) reflection, and 3) combined shad-
ing and reflection:

1)
2)
G)

AG = Gabsorptive - Gnoracking
AG; = Greflective — Gabsorptive

AGs+r = Greﬂective - Gnoracking
where AG; is the racking-shaded rear irradiance, AG, is the
racking-reflected rear irradiance (i.e., the irradiance due only
to reflection from the racking), and AGg,, is the net effect of
racking on the rear irradiance; Gporacking iS the rear irradiance
with no racking, Gpsportive iS the rear irradiance with absorptive
racking, and Gyefiective iS the rear irradiance with reflective
racking, maintaining the symbology as is customary in the
field.263%4344 This approach will slightly overestimate direct
shading losses, since the case with no racking will allow addi-
tional irradiance that would have been blocked by the torque tube
to pass between the modules onto the ground, increasing
Ghoracking and, consequently, AG,. However, if rear irradiance
is modeled without any racking elements, this error is expected,
and this approach will correctly reduce rear irradiance to match
expected rear irradiance.

In this work, we study a single sunny winter timestamp to
observe the spatially-resolved effects of racking on the rear irra-
diance of the module, then a long summer day to observe time-
dependent effects of racking over the course of the day. Lastly, we
study the net monthly and annual effects of racking.

3.1. Effects of Racking on Localized Rear Irradiance

Single-timestamp 2D rear irradiance map examples for each
metric on December 22 at noon with 20% albedo are presented
in Figure 2. This shows a sunny winter day, where the sun at
solar noon has a low elevation angle of 29°. For this timestamp,
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rear irradiance without racking is 7.5% of the total irradiance,
and the tilt angle is +16.9° (before solar noon).

The 2D irradiance maps in Figure 2 demonstrate that racking
shading and reflections on the rear module faces are localized
near the racking objects. Frame shading is on all four edges
of the modules; module support shading and reflection extend
partway up the module on the northern and southern edges
of the modules; and torque tube shading and reflection is con-
centrated near the east-west tier gap between the modules.

Figure 2f shows a “bright spot” where racking reflection
increases the rear irradiance. This localized irradiance increase
is focused near the torque tube at the northern module edge.
This high-irradiance spot is caused by sunlight passing through
the torque tube gap, reflecting from the torque tube, and striking
the module rear. This effect has been reported in previous
3D ray-tracing model results: NREL have shown similar edge-
brightening effects for a single timestamp with a 1D irradiance
scan through the center of a pair of 2 P modules, although other
racking elements were neglected, such that the impact of the
module frame blocking torque-tube-reflected irradiance was
not captured in the rear irradiance profile.”*

This reflected irradiance is focused on the northern edge of
the module due to module support shading of the torque tube
at the module’s southern edge. Since this effect is caused by
the sun’s position in the southern half of the sky, it is most pro-
nounced in the winter when there are lower solar elevation
angles around solar noon. Light also reflects from the northern
module support onto both the northern portion of the module
and the torque tube beneath it, further increasing racking reflec-
tion at the northern edge. In the summer, this effect is no longer
present due to higher solar elevation angles.

The averages of these irradiance maps along the modules’
width and length for the same timestamp, December 22 at noon
with 20% albedo, are presented in Figure 3. With no racking, the
irradiance is highest at the outer eastern and western edges of the
modules, with a similar gradient to either side of the torque tube
(green solid lines). For this timestamp, the eastern module has a
higher irradiance peak than the western module; throughout
both days, the module nearer to the ground has higher rear irra-
diance and irradiance non-uniformity than the one nearer to the
sky. Cells that are nearer to the ground receive more ground-
reflected light, while those nearer to the sky receive more diffuse
light;** therefore, this effect varies due to site conditions, array
configuration, albedo, direct beam irradiance, and other factors.
For example, Ayala Pelaez et al. demonstrated that this rear irra-
diance non-uniformity is more significant for low module clear-
ance heights through modeling and field measurements.!**!

When racking shading is introduced (black solid lines), rear
irradiance decreases by up to 37.8 W m™? in some locations, par-
ticularly near the torque tube. Introducing reflective racking (gold
solid lines) increases rear irradiance by up to 36.5 W m™* in some
locations, with these effects focused near the racking elements.

Racking shading (blue dashed lines) is localized near the rack-
ing elements, including the module edges near the frames, the
northern and southern module edges along the span of the mod-
ule supports, and the module edges near the torque tube. In this
timestamp, there is more torque tube shading on the eastern
module, with an irradiance reduction of 20.4% at the edge of
the eastern module and a reduction of 14.9% at the edge of
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Figure 2. 2D rear irradiance maps of the 2-in-portrait modules for
December 22 at noon, with a) no racking, b) absorptive racking, and
c) reflective racking. The effect of racking on the rear irradiance of the mod-
ules is shown in 2D maps, including d) shading, e) reflection, and f) both
shading and reflection. Racking includes the module frame, module sup-
ports, and the torque tube.

the western module. As will be discussed in Section 3.2.1, the
module with higher torque tube shading varies with the time
of day, time of year, cloudiness, and albedo.
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Figure 3. Cross-sectional average rear irradiance on the center modules in a 2-in-portrait configuration on December 22 at 12PM with 20% albedo,
including no racking (green), absorptive racking (black), and reflective racking (gold). Cross-sectional average of effects of racking on module irradiance,
including reflection (dash red), shading (dash blue), and both reflection and shading (dash purple). Averages taken along a) the modules’ width and
b) the modules’ length. Racking element locations indicated by grey fill. Cross-sectional diagram (not to scale) of modules and racking elements above,
with modules in blue, frames and torque tube in grey, and module supports in yellow.

Racking reflection (red dashed lines) is also localized near the
racking elements. In Figure 3a, the end of the module supports
can be identified at £1.4 m by the increase in racking-reflected
irradiance, and in Figure 3b, module support reflection increases
the irradiance at the southern and northern module edges.
Torque tube reflection is focused near the adjacent module edges,
except a small strip where this reflection is blocked by the frame.
As seen in Figure 2e and 3b, torque tube reflection is higher at the
northern module edge than at the southern edge due to the sun’s
position in the southern half of the sky. As previously discussed,
this is due to the module supports — in the case with no racking,
the rear irradiance is uniform in the North-South dimension.

Considering both racking reflection and shading combined
(purple dashed line), racking reflection partially offsets racking
shading, resulting in more uniform irradiance. However, rear
irradiance is still typically reduced by the presence of racking,
as shown by the reflective racking case in Figure 3 (gold solid
line) compared to the case without racking (green solid line).

For this timestamp, the torque tube causes a positive net irra-
diance effect at the eastern edge of the western module. This
bright spot, where racking results in a positive net change in rear
irradiance, moves from the western module to the eastern mod-
ule based on the tilt angle, with the brighter spot located on the
module higher in the sky, in both the 20% and 60% albedo case.
This is due to higher shading near the torque tube on the module
closer to the ground (east before solar noon and west after),
resulting in less irradiance on that module. The torque tube
reflection, by contrast, is nearly equally distributed between
the east and west modules when not backtracking. During back-
tracking, there is much higher torque tube reflection on the west-
ern module in the morning and the eastern module in the
evening. This is likely caused by the module nearer to the ground
shading a portion of the torque tube from direct incident light
that would pass through the torque tube gap and reflect onto
the module that is nearer to the ground.
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3.2. Effects of Racking with Respect to Time of Day

3.2.1. Shading and Reflection Factor

The impact of racking on average rear irradiance can be quanti-
fied by a shading or reflection factor, taken as the racking effect
(shading, reflection, or both) averaged over the modules
and divided by the average rear irradiance with no racking.
The shading factor (SF) is a unitless value, defined as the percent-
age of rear irradiance that is lost due to the presence of absorptive
racking:

il 1 1
AGg PRA TR Z:l:l Ai(Gabsorptive,i -

SF = =t A
-~ - 1 1 n
Gnoracking n X A_T X Zi:l Ai(Gnoracking,i)

Gnoracking,i )

()

The reflection factor (RF) is the percentage of rear irradiance that
is gained by racking reflection:

1 1 n

Re) Ar X Zi:l Ai(Greﬂective,i - Gabsorpﬁve,i)
1 1 n
PRe Ar X Zi:l Ai(Gnoracking,i)

AG
RF=——"" =
Gnoracking

®)

The shading and reflection factor (SRF) is the percentage
change in rear irradiance caused by racking shading and reflec-
tion combined:

Ai
SRF E— GS+1’ —

noracking

1 1 n
n X Ar X Zi:1 Ai(Greﬂecﬁve,i - Gnoracking,i)

% X ALT X Z?:l Ai(Gnoracking,i)

(©)

where Gnoracking,b Gabsorptive,i: and Greﬂective,i: are the rear irradi-
ance with no racking, absorptive racking, and reflective racking,
respectively, at the ith position on the module, A; is the module
active area represented by the ith sample point, n is the number
of sample points across the surface of the module, Ay is the total
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active area of the module, Cnmckmg is the spatially-averaged rear

irradiance without racking, and AG,, AG,, and AG,_, are the net
rear irradiance impact due to racking shading, reflection, and
shading and reflection combined, respectively. A negative factor
indicates reduced irradiance, while a positive factor indicates
increased irradiance. Although our point density is sufficiently
high for model convergence, we have chosen to represent these
factors with summations rather than integrations to reflect our
implementation.

These values vary over time. For the 20% ground albedo case,
SF varied from -20.8% to —10.5%, RF varied from +4.5%
to 4+19.2%, and SRF varied from -12.7% to +2.4% on a
per-timestamp basis. For the 60% albedo case, these ranges were
—18.6% to —10.4%, +4.5% to +13.1%, and —12.0% to —5.4% for
the SF, RF, and SRF, respectively.

The rear insolation change due to racking shading (SF), reflec-
tion (RF), and racking and reflection combined (SRF) over the
course of a sunny summer day are illustrated in Figure 4a,b
for 20% albedo (left column) and 60% albedo (right column).
This provides a more typical ground reflectivity case for California
(lower albedo) and a potential look at racking effects in a high-
albedo case, such as in locations with snow cover or high-albedo
ground treatments. In this figure, the solid lines represent the east
module and the dashed lines represent the west module.

As shown in Figure 4a, for the 20% albedo case, the shading
factor is similar between the east and west modules, with little
variation throughout the day. By comparison, for the 60% albedo
case, as shown in Figure 4b, racking shading is highest on the
western module in the morning and the eastern module in
the afternoon. That is to say, the module that is further from
the ground has the higher shading factor. On cloudy days
(Figure S3, Supporting Information), the opposite is true, with
a larger shading factor on the module closer to the ground.
This is due to torque tube shading: the torque tube shades more
ground-reflected irradiance for the module that sits further from
the ground, and shades more diffuse irradiance for the module
that is closer to the ground. Therefore, when there is a high frac-
tion of ground-reflected rear-incident irradiance, as in the sunny
summer day with 60% albedo, the module that is further from
the ground receives more racking shading. On cloudy days, when
there is a high proportion of diffuse irradiance, the module
that is closer to the ground receives more racking shading.
Furthermore, on sunny days, there is more rear irradiance on
the module closer to the ground due to ground-reflected irradi-
ance, and on cloudy days, there is more rear irradiance on the
module further from the ground due to diffuse irradiance.
This further exaggerates the trend.

RF (red lines) is smaller at mid-day for sunny days and is typi-
cally constant on cloudy days. A large fraction of racking-reflected
rear irradiance is due to direct sunlight that passes through the
torque tube gap, strikes the torque tube, and reflects onto the rear
of the module. This irradiance increases with front-incident irra-
diance, which is high from mid-morning to mid-afternoon. Total
rear irradiance peaks more sharply at midday, resulting in a
smaller proportion of total rear irradiance that is torque-tube-
reflected and a smaller RF at midday. On sunny days, racking
reflection is higher on the eastern module in the morning
and the western module in the afternoon, with a larger difference
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Figure 4. Daily effect of racking reflectivity on 2-in-portrait module for
June 18, a sunny summer day, with 20% albedo (left column), and 60%
albedo (right column): a,b) rear insolation change, c,d) energy change,
e,f) mismatch energy loss, and g,h) bifacial gain. Vertical grey dashed lines
indicate the end and start of backtracking hours. Horizontal grey dashed
lines indicate zero.

away from solar noon. On cloudy days, the opposite is true, with
more racking reflection on the western module in the morning
and on the eastern module in the afternoon. Again, this is due to
more ground-reflected irradiance striking the torque tube and
reflecting onto the module that is nearer to the ground in sunny
conditions, and more diffuse-sky irradiance striking the torque
tube and reflecting onto the module nearer to the sky in cloudy
conditions.

SRF (purple lines) is typically negative, with only a few excep-
tions near sunset in summertime when the total irradiance is
low. Therefore, racking reduces average rear irradiance even
when its reflection is considered. However, SRF is always larger
than SF, demonstrating that racking reflection offsets racking
shading. For example, on December 22 at noon, the shading fac-
tor is —18.4%, the reflection factor is +7.6%, and the combined
shading + reflection factor is ~10.8%. SRF varies over the course
of the day due to the changes in SF and RF. For the 20% albedo
case, while shading is relatively constant, reflection varies.
Therefore, racking reflection can introduce more variability in
racking losses over time.
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3.2.2. Energy Shading and Reflection Factor

Racking effects can be considered in the context of the module
energy yield, as shown in Figure 4c,d. The impact of racking
shading and reflection on module energy yield can be quantified
by taking the percentage change in module energy yield due to
racking effects. For example, the effect of shading on module
energy yield, as a fraction of energy yield without racking, can
be defined by the energy shading factor, ESF:

EYabsotptive - EYnoracking

ESF = (7)

EYnoracking

We can also define the energy reflection factor (ERF), which
defines the change in energy yield due to racking reflection as
a fraction of energy yield without racking:

ERF — EYreﬂective - EYabsorptive

®)

EYnoracking

Lastly, we define the energy shading and reflection factor (ESRF),
which quantifies the combined impact of racking shading and
reflection, as a fraction of energy yield without racking:

EYreﬂective - EYnoracking

ESRF =

O

EYnoracking

where EYnoracking: EYabsorptiver and EYreﬂective are the module
energy yield in the case with no racking, with absorptive racking,
and with reflective racking, respectively.

Since the front irradiance is nearly always larger than the rear
irradiance, the total impact of racking as a fraction of total energy
yield is less than the shading factor. As Figure 4 shows, the daily
peak for all three quantities is at midday, when bifacial gain
(Figure 4g,h) is high, and therefore the rear-irradiance racking
effects contribute more to the total irradiance and module energy
yield. In this work, bifacial gain (BG) is defined as the additional
energy yield generated by the module due to the rear irradiance
contribution, as a fraction of monofacial energy yield:

BG = EYbifacial — EYmonofacial (1 0)

EYmonofacial

where EYpifciat and EYponofuciai are the bifacial monofacial
energy yields of the module, respectively.

In the 60% albedo case, the difference in ESF between the east
and west modules (blue lines, Figure 4d) is less pronounced than
the difference in SF between these modules (blue lines,
Figure 4b). This is due to the difference in total irradiance, both
front and rear, between the east and west modules. The module
further from the ground has higher front-incident irradiance due
to row-to-row diffuse shading, a phenomenon that is well-
understood.*®! Under sunny conditions, the module nearer to
the ground has higher rear irradiance due to more ground-
reflected light, and under cloudy conditions, the module nearer
to the sky has higher rear irradiance due to more diffuse light.
Therefore, in the 60% albedo case on the sunny summer day,
despite the higher SF on the module nearer to the sky, that mod-
ule has higher front irradiance and lower rear irradiance than the
module nearer to the ground. This means that the shading losses
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are less significant to the module nearer to the sky’s total irradi-
ance and energy yield compared to the module nearer to the
ground. This results in a reduction in the difference in ESF
between the modules. For the same reasons, the difference in
ERF is larger compared to the difference in RF between the east
and west modules. As a result, for this 60% albedo sunny summer
day, while the ESRF losses are still greater on the module nearer
to the sky, the difference is smaller than the difference in SRF.

3.2.3. Mismatch Losses

Racking also affects the rear irradiance non-uniformity and cell-
to-module electrical mismatch losses. Mismatch power losses
(M) are caused by the difference in generated current between
cells in the same module string, and can be defined as:

P
M=1 module (11)

> Pea

where Pp,oqule is the total power output of the module, and P is
the individual power output of each of the module’s cells.”*”!

We quantified mismatch losses for each timestamp’s 2D irra-
diance maps for both modules in all three racking cases using the
mean absolute difference method as defined in ref. [25] and fur-
ther validated in ref. [47]. Mismatch losses are calculated by tak-
ing the cell-level average irradiance for each cell in the module,
then determining the mean absolute difference across the mod-
ule, before applying the fit equation defined in ref. [25]. We cal-
culated the mismatch losses at each timestamp, with the losses
for three racking cases and two albedos on a summer sunny day
shown in Figure 4e,f.

Irradiance mismatch losses are higher for the high-albedo
case, as expected: Riedel-Lyngsker et al. previously demonstrated
an increase in maximum electrical mismatch losses from
0.25% to 3% for a single sunny day when ground albedo was
increased from 22% to 60%.1*”) Irradiance mismatch losses
are lowest for the case with no racking (0-2.6% loss) and highest
for the case with absorptive racking (0.1-5.7% loss). Racking
reflection partially counteracts non-uniform illumination profiles
induced by racking shading, resulting in lower irradiance mis-
match losses for the case with reflective racking (0.1-3.6%).
This is primarily due to racking reflection near the torque tube,
which offsets torque tube shading, resulting in a more uniform
illumination profile on the rear of the module. The addition of
absorptive racking increases mismatch losses by 0-3.0%,
while the addition of racking reflection decreases mismatch
losses by 0.1-2.0%.

In the 60% albedo case on sunny days, for all three racking
cases (no racking, absorptive racking, and reflective racking),
there is a peak in irradiance mismatch losses in the morning
on the eastern module and in the afternoon on the western mod-
ule (Figure 4f). Higher irradiance non-uniformity losses in
the module closer to the ground were also reported in both***”)
for a 2-in-portrait single-axis-tracked system on a sunny day.
MclIntosh et al. reported up to 0.25% irradiance mismatch losses,
with a peak at 11AM for the eastern module and at 1PM for the
western module, with 5-45% spectral-dependent albedo.l”
These values are consistent with our 20% albedo case with reflec-
tive racking. Riedel-Lyngskaer et al. reported measured irradiance
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mismatch losses of up to 2% over a 60%-reflective artificial
albedo cover, also with a peak on the eastern module before solar
noon and the western module after solar noon. However, their
ray-trace modeled results did not agree with this trend, with a
single peak of up to 3% irradiance mismatch losses at solar noon
for both modules.*”!

This trend in rear irradiance mismatch loss over the course of
the day is due to the combination of front and rear irradiance
profiles. Front irradiance non-uniformity is highest at high tilt
angles because the module edge nearer to the sky receives more
incident irradiance than the module edge nearer to the ground,
with a near-linear irradiance gradient across the module’s front
length due to inter-row shading of diffuse light — this effect is
most pronounced at high tilt angles. Rear irradiance non-
uniformity is also highest at high tilt angles, in the morning
for the eastern module and in the afternoon for the western
module; the edge closest to the ground receives more ground-
reflected irradiance, causing a bright edge near the ground
and increased non-uniformity. These front and rear incident
irradiance gradients counteract each other, resulting in a more
uniform total irradiance at high tilt angles. Therefore, irradiance
mismatch losses peak at mid-morning for the eastern module
and mid-afternoon for the western module under sunny,
high-albedo conditions.

For some high-tilt-angle timestamps, mismatch losses are
smaller for the reflective racking case compared to the no racking
case. With reflective racking, light reflects from the torque tube
and generates a bright spot along the nearby inner module edges;
this bright spot decreases the irradiance difference between the
inner module edges and the outer module edges at high tilt
angles. The outer module edges have high irradiance at high tilt
angles due to ground-reflected irradiance for the module nearer
the ground and diffuse irradiance for the module nearer the sky.
In addition, module support and frame shading reduce the irra-
diance at these bright outer edges, further reducing the irradi-
ance non-uniformity. On cloudy days with 20% albedo,
mismatch losses are always lower with reflective racking than
without racking. This is in part due to torque tube reflection,
as just described, and due to torque tube shading of the module
nearer to the ground that offsets its high front irradiance near the
torque tube gap.

3.2.4. Seasonal Effect of Racking

To find the shading factor, reflection factor, and combined shad-
ing and reflection factor for a time period, we take the sum of the
rear-incident irradiance change, divided by the sum of the rear
irradiance with no racking:

G
SFy = =75 (12)
Z}; Gnoracking

where T is the total number of timestamps, and ts is the time-
stamp index. The RF and SRF are summed in the same way to
find their value over a day, month, or year:

el
RF; = TZ% (13)
Zts Gnotacking
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T=
Zts Gs+r (14)

SRF; — —2t5
Z;l; Gnoracking

Similarly, the ESF, ERF, and ESRF over a period of time can be
defined as:

T T
Zts EYabsorptive - Zts EYnoracking

ESFp = (15)
Z;l; EYnoracking
ERF+ — Z;l; EYreﬂective - Z;l; EYabsorptive 16
T = ZT EY . ( )
ts noracking
ESRE. — Z;l; EYreﬂective - Z;l; EYnoracking (17)
T =
Z:cl; EYnoracking

[t is important to note that this is not the mean over time of these
metrics, which would provide equal weight to each timestamp. In
this definition, high-irradiance and high-energy timestamps pro-
vide a greater contribution to the final value.

Figure 5 shows the seasonal effects of racking over the course
of the year, with the monthly rear insolation change, energy
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Figure 5. Monthly a,b) rear insolation change and c,d) energy change for
the effect of racking shading (blue bars), racking reflection (red bars), and
combined racking shading & reflection (purple lines). Monthly f,g) energy
mismatch loss, and g,h) energy gain for a pair of modules without racking
(green bars), with absorbing racking (black bars), and with reflective rack-
ing (gold bars). Calculated for a 20% albedo case (left column) and a 60%
albedo case (right column).
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change, mismatch losses, and bifacial gain shown for both a 20%
albedo case and a 60% albedo case.

For the 20% albedo case, SF and RF are largest in the summer
and lowest in the winter, varying from —18.0% to-17.1 and +7.8
to +9.8%, respectively. The combined SRF is larger in the winter
due to the smaller RF, varying from —9.4% to —8.2%. The 60%
albedo case also has larger SF and RF in the summer, with a
—17.4% to —15.7% and +6.0 to +6.7% range, respectively. In
the 60% albedo case, the SRF is larger in the summer due to the
larger SF, with a —10.6% to —9.7% range. While SF and RF have
greater magnitudes in the 20% albedo case, showing that racking
shading and reflection have a larger irradiance impact individu-
ally when the albedo is lower, the SRF has a greater magnitude in
the 60% albedo case, and so the net racking effect is larger with a
larger albedo.

For both albedos, the ESF follows the opposite trend, with
larger values in the winter due to higher winter bifacial gain,
while the ERF is nearly constant, within a 0.1% range year-round.
ERF is less dependent on bifacial gain due to the large fraction of
racking-reflected irradiance introduced by direct irradiance that
is reflected from the torque tube, as previously discussed.
The ESRF therefore has the largest magnitude in the winter
for both albedos. The magnitude of the ESRF is greater for the
60% albedo case, again due to higher bifacial gain: the greater
the rear irradiance contribution to total energy yield, the greater
the impact of structural shading and reflections on the rear of the
module.

As seen in the previous section, absorptive racking results in
the highest mismatch losses, from 0.5-0.6% and 0.1-0.2% for
the 60% and 20% albedo cases, respectively. In the 60% albedo
case, racking reflection reduces mismatch losses to 0.3-0.4%, but
does not reduce mismatch losses below the case with no racking.
Comparatively, in the 20% albedo case racking reflection reduces
mismatch losses below those with no racking for all months.
This is due to the bright spot introduced by torque tube reflection
counteracting the bright outer edges of the modules caused by
diffuse inter-row shading and ground reflection, as previously
discussed. Seasonally, mismatch losses are lower in the summer
for the 20% albedo case due to the lower summer bifacial gains.
In the 60% albedo case, mismatch losses are typically higher in
the summer, despite lower summer bifacial gains.

Bifacial gain is higher in the winter due to increased diffuse
irradiance. The diffuse irradiance fraction, taken as the diffuse
horizontal irradiance divided by the global horizontal irradiance,
peaks at 47% in February and is at its lowest at 24% in August.
Cloudy days have been demonstrated to cause higher bifacial
gains than sunny days in the literature.[**->%

3.2.5. Annual Effect of Racking

A summary of the annual effects of structural shading and reflec-
tion is presented in Figure 6. In the 20% albedo case, racking
shading changes rear irradiance by —17.6% and racking reflec-
tion increases rear irradiance by +9.1% annually, resulting in a
total annual racking effect of —8.5%. In the 60% albedo case,
these effects are —16.8%, +6.5%, and —10.3% annually for rack-
ing shading, racking reflection, and racking shading and reflec-
tion combined. Therefore, if racking shading is considered
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Figure 6. Annual impact of racking effects on module performance with
20% and 60% albedo: a) rear insolation change, b) energy change,
c) mismatch loss, and d) bifacial gain.

without racking reflection, rear shading would be overestimated
by 6.5-9.1%, and this overestimation is larger for lower albedos.
The annual energy impact of racking is larger for the higher
albedo case, with —0.7% shading, 0.4% reflection, and —0.4%
total racking impact in the 20% albedo case and —1.6% shading,
+0.6% reflection, and —1.0% total racking impact in the 60%
albedo case. These values are higher in the high-albedo case
due to larger bifacial gain at higher albedo. This result implies
that racking structural shading and reflection factors should be
more carefully considered in cases with high bifacial gain, such
as locations with high albedo or a high proportion of diffuse light.
Annual mismatch losses are also affected by racking shading
and reflection: for the 60% albedo case, the addition of racking
shading increases annual mismatch losses from 0.3% to 0.6%,
but considering racking reflection reduces mismatch losses back
to 0.4%. For the 20% albedo case, mismatch losses are 0.1%,
0.2%, and 0.1% for the case with no racking, with absorptive rack-
ing, and with reflective racking, respectively. In this case, racking
reflection reduces total irradiance mismatch by offsetting the bright
outer edges of the module, as discussed in the previous section, but
it is a small difference on an annual scale. These results are con-
sistent with the annual mismatch losses reported by McIntosh et al.
for a 2 P bifacial system of 0.09% over loamy sand (5-45% spectral-
dependent albedo) and 0.51% over frost (over 80% albedo).>”
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Bifacial gain is highest in the high-albedo case with no rack-
ing, at 11.0% bifacial gain annually. With absorptive racking,
annual bifacial gain falls to 9.2% due to reduced rear irradiance
caused by racking shading. Considering racking reflection
increases bifacial gain to 9.9%. In the 20% albedo case, bifacial
gain is 4.4% without racking, 3.6% with absorptive racking, and
4.0% with reflective racking. As mentioned previously, it is
expected that bifacial gain would be higher in the case with
higher albedo. It is also expected that racking shading would
reduce bifacial gain, since it reduces rear irradiance, and racking
reflection increases bifacial gain, since it increases rear
irradiance.

3.2.6. Influence of Albedo on Racking Effects

Figure 7 shows racking effects, combined as described in
Equation (12)—(17), calculated over a single sunny summer
day and a single sunny winter day for six albedos: 0%, 5%,
10%, 20%, 60%, and 90%.

As Figure 7a shows, low albedo results in a high RF, exceeding
SF in the 0% albedo case and resulting in a positive SRF for that
albedo. As albedo increases, RF decreases, from +36.7% at 0%
albedo to +6.2% at 90% albedo. This is because a large propor-
tion of RF is caused by light that passes through the torque tube
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Figure 7. Effect of ground albedo on module performance for a sunny
summer day and a sunny winter day combined for a) rear irradiance,
b) energy, c) mismatch power loss, and d) bifacial gain.
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gap and is directly incident on the torque tube, which does not
scale with albedo, but the total rear irradiance does increase with
increasing albedo.

As expected, bifacial gain increases linearly with albedo,!
resulting in greater magnitude ERF, ESF, and ESRF at high albe-
dos, despite lower SF and RF values, due to increased rear irra-
diance contribution to total irradiance.

Irradiance mismatch losses also increase with increasing
albedo. For high-albedo cases, this is partly caused by an increase
in the magnitude of the “bright edge” on the module edge near-
est the ground.

32,51]

3.2.7. Influence of Racking Reflectivity on Racking Effects

In this experiment, results were shown for a racking reflectivity
of 74.5%, but racking reflectivity will vary in fielded systems.
Figure 8 shows the effect of racking shading and reflection on
module performance for two sunny days, one in winter and
one in summer, for a 20% ground albedo, combined as described
in Equation (12)—(17).

As racking reflectivity increases, SF remains constant but RF
increases — this is to be expected, as a higher racking reflectivity
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Figure 8. Effect of racking reflectivity on module performance for a sunny
summer day and a sunny winter day combined: a) rear insolation change
(%), b) energy change (%), c) mismatch power loss (%), and d) bifacial
gain (%) for a range of racking reflectivity values.
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naturally results in higher racking-reflected irradiance. In this
case, RF and ERF increase linearly with racking reflectivity,
increasing approximately 13% and 0.5% respectively per 10%
increase in reflectivity. This implies that the results of this study
can be approximately scaled to the reflectivity of a given material
to estimate racking reflection effects on sunny days.

Mismatch losses decrease with increasing racking reflectivity,
showing that higher racking reflection can decrease module non-
uniformity and decrease mismatch losses below the case without
racking, as seen in previous sections. Bifacial gains increase with
increasing racking reflectivity, but do not exceed bifacial gain
without racking; even with very high racking reflectivity, SRF
remains negative, so racking still reduces rear irradiance.

4. Conclusion

While racking losses are typically modeled as a single de-rate fac-
tor, applied equally to all timestamps, racking losses in a bifacial
photovoltaic system are not constant: they depend on time of day,
time of year, cloudiness, albedo, and other factors. In addition,
racking reflection is typically neglected when estimating racking
losses for bifacial systems. In general, racking effects are most
significant when bifacial gain is high, such as in cloudy or
high-albedo conditions.

For the 2-in-portrait single-axis-tracked bifacial PV system
modeled in this work, racking reflection is focused in the same
areas of the module as racking shading, thereby counteracting
the effects of shading. If racking reflection is neglected, the rack-
ing losses will be overestimated: for a two-in-portrait system in
Livermore California over a 20% albedo ground cover, racking
reflection reduces the annual shading factor from —17.6% to
—8.5%, annual energy shading losses from —0.7% to —0.4%,
and the annual irradiance mismatch losses from 0.2% to
0.1%. Racking reflections should therefore be considered when-
ever possible for accurate energy yield modeling.

Simplifying racking losses to a single shading de-rate factor
results in further error in racking loss estimations: this neglects
spatial variation in rear irradiance, which causes electrical mis-
match between cells and reduces power output. In this case
study, mismatch losses for a system with reflective racking varied
from 0 to 6.7% on a per-timestamp basis, with an annual mis-
match loss of 0.4% in the high-albedo case.

Lastly, the effects of racking, including both shading and
reflection, vary significantly by time of day and year: with 20%
albedo, the rear irradiance shading and reflection factor varied
from —12.7% to +2.4% on a per-timestamp basis, and from
—9.4% to —8.2% monthly, while the energy shading and reflec-
tion factor varied from —1.9% to 0.0% on a per-timestamp basis
and from —0.5% to —0.3% monthly.

This work consisted of a case study for a single system design
in one location. Future work can broaden the parameter space of
this study, including a wider range of locations and system geom-
etries, to determine general trends in racking effects.
Furthermore, these studies may optimize racking designs to
maximize annual system energy yield by capturing racking-
reflected irradiance and minimizing rear shading and irradiance
mismatch losses.
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Accounting for these variations will improve energy yield pre-
diction accuracy for bifacial photovoltaic systems.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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The following figures show the daily effects of racking on rear irradiance, module energy
yield, mismatch losses, and bifacial gain for three more days: a cloudy summer day, a sunny
winter day, and a cloudy winter day. Note that the cloudy summer day was only partly cloudy,

with a sunny period around midday.

20% Albedo 60% Albedo

Rear Insolation
Change (%)

—
=&
55
e< Lt
w E — Shading
O —3 [ —/Reflection
4t Shading & Reflection 1
6fe)
c 5 Ng ra(lt:ing y
U o — Absorbing racking
o~ L
‘(-U‘ = 4 Reflective racking
w0 L
TE
= 0 2 | —— East
=- -e- West 4
0 == 100
35Ha) =X
.30 b p
osR 25, : IS
:_,-55 20 ‘%‘,_ IS o
ST 15 3 3 =
O 10} SN —
sP” e N 5
0

8:00 12}00 16:00  8:00 12.200 16:00

Time Time
Figure S1. Daily effect of racking reflectivity on 2-in-portrait module for a cloudy summer
day, with 20% albedo (left column), and 60% albedo (right column): (a)-(b) rear insolation
change, (c)-(d) energy change, (e)-(f) mismatch energy loss, and (g)-(h) bifacial gain. Vertical
grey dashed lines indicate the end and start of backtracking hours. Horizontal grey dashed

lines indicate zero.

7



20% Albedo 60% Albedo
T T . Ol . .

5
-_g ae 10 [
©° [
2% 0
£c )
M — 3
= 2 10
o
o =20
1k
)
2
=< 0}
g
3 c —1F
w E — Shading
O _2 | — Reflection 1
— Shading & Reflection
6 F— No racking (e) $(F)
c 5 Absorb-mg rack-ing
% * at Reflective racking
£ n 3+ East
Rl "8 -e- West
s a2
1F
0 p= 100
20

=
w

=
o

Bifacial
Gain (%)

DHI Fraction (%)

0 9:00 12:00 15:00 9:00 12:00 15:00
Time Time

Figure S2. Daily effect of racking reflectivity on 2-in-portrait module for a sunny winter day,
with 20% albedo (left column), and 60% albedo (right column): (a)-(b) rear insolation change,
(c)-(d) energy change, (e)-(f) mismatch energy loss, and (g)-(h) bifacial gain. Vertical grey
dashed lines indicate the end and start of backtracking hours. Horizontal grey dashed lines

indicate zero.

78



20% Albedo 60% Albedo

&
-_Eae 10'
Ev
o [
5y o
£ c
M — 5
5 10
o
o 20}
1t
)
3 [
= 0
Do 1
[TR=)l
C%_z.
Lu_c — Shading
O —3[— Reflection

Y Shading & Reflection 1

6 F— No racking (e) ()
c 5 Absorbing racking
3 O\o at Reflective racking
© —
£ v 3}— East +
B8 e West
s J2f / I J\

0 = —¥ 100

DHI Fraction (%)

9:00 12:00 15:00 9:00 12:00 15:00
Time Time

Figure S3. Daily effect of racking reflectivity on 2-in-portrait module for a cloudy winter
day, with 20% albedo (left column), and 60% albedo (right column): (a)-(b) rear insolation
change, (c)-(d) energy change, (e)-(f) mismatch energy loss, and (g)-(h) bifacial gain. Vertical
grey dashed lines indicate the end and start of backtracking hours. Horizontal grey dashed

lines indicate zero.

79



Chapter 4

Artificial Ground Reflector Size &
Position Effects on Energy Yield &
Economics of Single Axis Tracked
Bifacial Photovoltaics

This chapter studies the impact of highly-reflective ground cover on the energy yield and
economics of a bifacial PV system. I combine field measurements from the National Re-
newable Energy Laboratory (NREL) Bifacial Experimental Single-Axis-Tracking (BEST)
site [217] and ray-trace modelling results to demonstrate that the ideal reflector placement
is directly under the torque tube. I perform an economic analysis and find a break-even
cost of $3.50/m? for 70% reflective material.

4.1 Scope and Impact

Bifacial PV modules are rapidly becoming the technology of choice for new photovoltaic
systems, and artificial reflectors are generating significant interest as an enhancement to
further increase bifacial energy yield. Before this work, there had not been a comprehensive
study of reflector parameters and their influence on bifacial photovoltaic performance.

This work describes the impact of artificial ground reflectors on single-axis-tracked
bifacial photovoltaic system irradiance and energy yield for various reflector dimensions,
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placement, and reflectivity. It also quantifies the economic viability of artificial reflectors.
My major findings include:

1. Artificial reflectors should be placed under the torque tube to maximize annual energy
yield.

2. Accounting for clipping losses is essential when designing systems with artificial re-
flectors.

This manuscript will act as a guide to future photovoltaic system designers and in-
stallers, advising them in their decision to incorporate albedo-enhancing materials and
allowing them to obtain the greatest benefit from these materials.

4.2 Background and Methodology

4.2.1 National Renewable Energy Laboratory (NREL) Bifacial
Experimental Test (BEST) Site

The National Renewable Energy Laboratory’s Bifacial Experimental Test (BEST) Site is
a 75 kW, 10-row, 20-module-per-row outdoor single-axis-tracked bifacial PV test site in
Golden, Colorado (39.74°N, 105.17°W) [218]. It includes a mix of monofacial and bifacial
PV strings and various silicon module types. The site is highly instrumented, with front and
rear plane-of-array irradiance sensors, module-level electrical monitoring, albedometers,
temperature, wind speed, and other sensors. It is located 100 m from NREL’s Solar
Radiation Research Laboratory Baseline Measurement System (SRRL BMS) site [219],
which includes a large array of freely available meteorological and solar irradiance data.

Data from the BEST site has been applied to validate bifacial energy yield models [220],
compare PV technologies [220], and quantify irradiance edge effects, racking losses, and
bifacial gain [217]. In this thesis, results from this site supported an analysis of artificial
reflectors and reflector gain.

4.2.1.1 Artificial Reflector Experiment
The artificial reflector experiment performed at NREL’s BEST site included five stages,

illustrated in Figure 4.1. This experiment included various reflector sizes and placements
to quantify the impact of reflectors on bifacial PV energy yield.
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N Stage 2 Stage 3 Stage 4 Stage 5
Baselin I Stage 1 50% reflector ~ 25% reflector  50% reflector ~ 25% reflector
aseline 100% reflector Below TT Below TT Between TT  Between TT

AT nnm

Figure 4.1: Diagram of stages in artificial reflector experiment performed at NREL’s BEST
campus, with baseline (blue) and test (red) modules indicated and reflector configurations
(white) illustrated.

(a) Stage 1 (b) Stage 2

Figure 4.2: Photos of artificial reflector experiment at National Renewable Energy Labora-
tory (NREL) Bifacial Experimental Single-axis-tracking (BEST) site. Photo (b) courtesy
of Silvana Ovaitt.

4.2.2 Bifacial radiance Artificial Reflector Model

The model presented in this work is implemented in bifacial radiance for a 10-row, 20-
module-per-row single-axis-tracked system in Golden, Colorado. The dimensions of the
model are shown in Figure 4.3. The system has a 5.7 m pitch, 1.3 m height, and 1 m x

2 m modules with a round, reflective torque tube. Modelling was run on NREL’s Eagle
HPC.
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(2m)

Tracker

Angle Torque Tube / ®
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Figure 4.3: Diagram of artificial reflector model parameters for bifacial radiance experi-
ment.

4.2.3 Clipping Loss

In this work, we assume that the maximum power output of the system is the rated power
divided by the DC:AC ratio:

Prated
Py =———F—+1—"— 4.1
DC:AC ratio (4.1)

We assume that the power output of the system, P,, is clipped to this P,,, value:

(4.2)

P o P, module it P, module < Pinv
out — .
Pinv if Pmodule > Pinv

where Poque 18 the maximum power output of the module. We can then calculate the
clipping loss, Pip, as the percent difference in system output due to clipping:

E P out
2 Pop

These results are reported in the manuscript below in the section concerning clipping losses.

Pclip =1 (43)

4.2.4 LCOE Calculation

An overview of PV system costs and LCOE calculations is provided in section 2.2.4.7. In
this work, the capital recovery factor (CRF) is applied. The CRF is the ratio of a constant
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annuity to the present value of receiving that annuity for /N years:

Annuity _d+a)N
Present Value of Annuity — [(1 +d)V] — 1

CRF = (4.4)

where d is the discount rate and N is the number of years.

We also apply the capacity factor (CF). The capacity factor of a system is the ratio of
the energy produced by the system to its theoretical energy output if it was generating its
rated power at all times. This can also be taken as the ratio of the system’s average power
output to the rated power of the system. To calculate a PV system’s CF over a year:

EPout
CF=——— 4.5
8760 X Prated (4.5)
where Y P, is sampled hourly or is converted to kWh after the summation.
The LCOE becomes:
Iy - CRF + My,
LCOE = 4.6
8760 x CF (4.6)

where Iy is the capital expenditure cost per watt and My is the maintenance cost per
watt.
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Abstract

Artificial ground reflectors improve bifacial energy yield by increasing both front and
rear-incident irradiance. Studies have demonstrated an increase in energy yield due
to the addition of artificial reflectors; however, they have not addressed the effect of
varying reflector dimensions and placement on system performance and the impact
of these parameters on the reflectors' financial viability. We studied the effect of high
albedo (70% reflective) artificial reflectors on single-axis-tracked bifacial photovoltaic
systems through ray-trace modeling and field measurements. In the field, we tested a
range of reflector configurations by varying reflector size and placement and demon-
strated that reflectors increased daily energy yield up to 6.2% relative to natural
albedo for PERC modules. To confirm the accuracy of our model, we compared mod-
eled and measured power and found a root mean square error (RMSE) of 5.4% on an
hourly basis. We modeled a typical meteorological year in Golden, Colorado, to dem-
onstrate the effects of artificial reflectors under a wide range of operating conditions.
Seventy percent reflective material can increase total incident irradiance by 1.9%-
8.6% and total energy yield by 0.9%-4.5% annually after clipping is considered with a
DC-AC ratio of 1.2. Clipping has a significant effect on reflector impact and must be
included when assessing reflector viability because it reduces reflector energy gain.
We calculated a maximum viable cost for these improvements of up to $2.50-4.60/
m?, including both material and installation, in Golden. We expanded our analysis to
cover a latitude range of 32-48°N and demonstrated that higher-latitude installa-
tions with lower energy yield and higher diffuse irradiance content can support
higher reflector costs. In both modeling and field tests, and for all locations, the ideal
placement of the reflectors was found to be directly underneath the module due to

the optimized rear irradiance increase.
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1 | INTRODUCTION

Bifacial photovoltaic (PV) solar panels, which absorb light on the
rear face in addition to the front, are predicted to make up 70% of
the PV market share within the next 10 years [1], primarily due to
recent cost reductions in bifacial systems. Bifacial systems are
becoming cost-competitive with monofacial systems [2] and have
demonstrated a lower levelized cost of energy (LCOE) than monofa-
cial systems [3-6]. In addition, bifacial systems allow increased
energy density per area, thereby reducing land acquisition costs
[7-9].

Bifacial gain, the increase in PV system energy yield over mono-
facial, highly depends on the site's albedo or ground reflectance.
Higher albedo increases energy yield, particularly for bifacial systems
[9-14]. Our groups have previously demonstrated the relationship
between high-albedo ground cover, such as snow, and silicon bifacial
system performance [7, 15-20] and have extended our analysis to
bifacial system optimization in naturally high-albedo environ-
ments [21]. High-albedo locations demonstrate a boost in perfor-
mance, with bifacial gains reported of over 19% in snowy
months [22]. The bifacial PV industry has demonstrated an interest in
extending this energy gain to non-snowy locations year-round using
artificial reflectors [23, 24].

Albedo can be enhanced by incorporating artificial ground
reflectors with high reflectivity, such as mirrors, white tarps, peb-
bles, or paint [25-30]. The cost-effectiveness of these approaches
is still under consideration: Lim et al. demonstrated that bifacial
solar cells paired with planar mirrors have an improved LCOE over
monofacial solar cells [31], but Riedel-Lyngsker et al. showed a
negligible LCOE improvement due to artificial ground reflectors
using a combination of modeling and field test site data [32], while
Rhazi et al. found that reflectors' effect on LCOE was either posi-
tive or negative, depending on material costs and system
design [33]. However, these were site-specific results for single-
reflector configurations. The present work investigates (1) the
trade-off between costs and additional energy yield and (2) whether
optimizing reflector ground coverage and placement can maximize
their economic benefits.

In this study, we demonstrate the effects of artificial ground
reflector size and position on energy yield and economics for horizon-
tal single-axis-tracked (HSAT) systems. We validate the irradiance and
energy yield model with field test measurements from the National
Renewable Energy Laboratory's (NREL) bifacial experimental single-
axis tracking (BEST) field [19]. We report artificial reflectors' ideal
dimensions and placement and their LCOE impact. We define a new
metric for quantifying the economic viability of artificial reflectors, the
breakeven installed cost, which gives the maximum viable price of
installed reflectors in $/m2. We analyze the effects of inverter clipping
by calculating energy gain and breakeven installed cost for a range of
DC-AC ratios. Finally, we widen our analysis to include a range of lati-
tudes and weather conditions to demonstrate this study's applicability
to a variety of locations.

2 | BIFACIALPV TESTSITE WITH
ARTIFICIAL REFLECTORS

2.1 | Artificial reflector field experiment

Field tests were performed at NREL's 75 kW bifacial single-
axis-tracked test site in Golden, Colorado (39.8°N). Module-level
power data and sensors were as described in Ovaitt and Deline [34],
with the addition of two rear-plane-of-array irradiance sensors over
the artificial reflectors. We studied a single row of PERC+ modules
with a bifaciality factor of 70%.

Module-level power and weather data were measured at 1-min
intervals and right-averaged to obtain 15-min power values. As part
of the data quality assessment, measurements where the front or
global horizontal irradiance varied more than 75 W/m? and where
albedo varied more than 10% between sensors were removed. In
addition, measurements where the measured GHI was less than
25 W/m? were removed. Days with snow cover were also ignored
because front-facing irradiance sensors would be obscured.

The artificial reflector material consisted of high-density polyeth-
ylene (HDPE) geomembrane material with a solar-weighted reflectiv-

ity of approximately 70% (Figure 1), provided by Solmax

Geosynthetics; HDPE geomembranes have demonstrated lifetimes
well in excess of 30 vyears [35, 36]. We used a Lambda 1050
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FIGURE 1 (A) Photo of NREL's bifacial experimental single-axis
tracking (BEST) field with reflecting material installed (100% coverage
case) and (B) measured spectral reflectivity of high-albedo material
with photo of sample (inset).
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UV-Vis-NIR spectrophotometer to measure the initial material spec-
tral reflectivity and a handheld CM700d spectrophotometer to mea-
sure the reflectivity throughout the outdoor experiment. The average
reflectivity loss due to soiling was —0.1%/day, although this fluctu-
ated due to varying environmental conditions, such as rain and snow.
We measured an average material specular reflectivity of 2% using a
410-Solar handheld reflectometer. This material has a service life of
over 30 years and is UV-resistant; to assess the longevity of the mate-
rial, we performed 2000 h of A3 aging according to the IEC TS
62788-7-2 standard, which resulted in no change in the reflectivity of
the material within the error of the measurement.

We installed reflectors in the southern half of the field, between
four rows of the 10-row system, with the natural ground cover (grass
and soil, 19% average albedo) left in the northern half to act as a ref-
erence. Two modules at the north and south edges of the row and six
modules in the center at the material edge were ignored to mitigate
edge effects, leaving six reference and four test modules to evaluate.
We can then define Prefiector, the average of four southern modules,
and Ppaseiine, the average of six northern modules, to compare perfor-
mance. Recent work performed on this test site has demonstrated
that neglecting two modules is sufficient to limit edge effects to less
than 1% [19].

Irradiance sensors were placed to best approximate the average
rear-incident irradiance of the modules: Over the reflectors, two sen-
sors were positioned at approximately 20% of the module length from
the module edge, as described in literature [37, 38], and averaged to
obtain Gyeflectorrear, the average rear irradiance over the reflector. Over
the baseline material, four sensors were positioned across the rear of
the module as described in Ovaitt and Deline [34], and averaged to
obtain Gpaselinerears the average rear irradiance over the natural ground
cover.

We investigated five reflector configurations: (1) 100% ground
coverage, (2) 50% and (3) 25% ground coverage, both centered on the
torque tube, and (4) 50% and (5) 25% ground coverage, both centered
in the middle of the open ground between rows. The experiment took
place from September 7 to December 20, 2022, with each stage last-
ing between 13 and 24 days.

2.2 | Measured impact of artificial reflectors
Table 1 summarizes the field measurements of reflector impact,
obtained as described in the previous section, for a few sunny days

from each test stage.

e WiLE Y-

By comparing rear irradiance measurements between the baseline
area of the test site and the reflector area of the test site, we can
determine the reflector's measured rear irradiance gain, or the increase
in rear-incident irradiance due to the reflector:

T _ T _
E Grefl,rear - E Gbase,rear
(%) =100 x =00 (1)

Z Gbase,rear
t=0

Meas.rear
irr.gain

where Gpaserear is the spatially averaged rear irradiance without the
reflector, also called baseline irradiance, and G:ef”ear is the spatially
averaged rear irradiance with the reflector included, t is the time-
stamp, and T is the number of timestamps observed.

We also calculate the energy gain, or the increase in module
energy output due to the presence of the reflector, by comparing P,..
flector tO Ppaseline- We define the reflector energy gain as

T
Z P reflector

S — @

Z Pbaseline
t=0

Energy gain (%) = 100 x

where Pefiector 1S the average module power with reflectors, Ppaseiine iS
the average module power without reflectors, t is the timestamp, and
T is the number of timestamps observed. Therefore, we can calculate
instantaneous energy gain (T = 1) or energy gain over a longer period.
For our field results, this metric includes the effects of cell-to-cell mis-
match in the module but does not capture clipping effects, which will
be discussed in Section 4.5.

Table 1 shows the measured rear irradiance gain and energy
gain for a select sunny days in each test stage. As expected, rear
irradiance and energy gain are highest for the 100% ground cover-
age case, with 209.9% higher rear irradiance and 7.2% higher
energy output for the modules over the reflectors. Rear irradiance
gain is much larger than energy gain because, while rear irradiance
is nearly doubled in this case due to the reflector, it only repre-
sents a fraction of the total incident irradiance; front-incident irra-
diance is generally much higher than rear-incident irradiance, and
the rear irradiance is further reduced by the module bifaciality fac-
tor (70%).

In cases with reduced reflector coverage, we see a greater irradi-
ance and energy gain for reflectors that are centered under the torque

tube, compared to those that are centered between rows.

TABLE 1 Measured impact of artificial reflectors on field test site for select sunny days.
Test stage # Ground cover (%) Reflector position Rear irradiance gain (%) Energy gain (%)
1 100 N/A 209.9 7.2
2 50 TT-center 112.0 4.3
3 25 TT-center 62.3 25
4 50 Between rows 97.0 33
5 25 Between rows 57.3 1.5
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Note that these results are only for a few sunny days for each
reflector configuration and were obtained during the fall and winter—
we expect higher reflector gains in the summer and lower reflector
gains in the winter. To demonstrate the full potential of artificial
reflectors, we must extend our analysis to cover an entire year, which
we do in Section 4 via modeling.

3 | BIFACIAL PV MODEL WITH ARTIFICIAL
REFLECTORS

3.1 | Bifacial energy yield model with reflectors

We use bifacial_radiance, an NREL open-source irradiance and perfor-
mance software that uses the RADIANCE ray-tracing engine [39], to
model NREL's outdoor 10-row, 20-module-per-row BEST HSAT field
in Golden, Colorado (Figure 1a) [19]. Test site parameters are a 5.7 m
row pitch, 1 m by 2 m modules in 1-up portrait configuration, and a
2 cm gap between modules. Backtracking is considered with a track-
ing angle limit of 50°. Round 44% reflective torque tubes, with 50%
specularity and roughness, are modeled, but purlins, frames, and posts
are not; torque tubes have been demonstrated to be the most signifi-
cant racking element for rear irradiance [40, 41]. Artificial reflector
material is assumed to be Lambertian with 70% reflectivity; for a 2%
specular material, modeled rear irradiance is reduced by less than
1 W/m? on average.

At each timestamp, the Perez diffuse sky [42] is calculated, and
the model performs a 20-point ray-tracing scan on the cross
section of the innermost module in the system (the central module in
the center row), sampling both the front and rear faces (Figure 2). The
model de-rates the rear irradiance by the module's bifaciality factor of
0.7 to determine total incident irradiance and then applies the Sandia
Array Performance Model [43] in pvlib [44] to calculate cell tempera-
ture from incident irradiance, wind speed, and ambient temperature.

To find module power output, the model determines the module CEC

Timestamp + 1

Irradiance Profile

Location
Meteorological data
System design
Scan parameters

Wind Speed 1-Diode
Ambient Temperature %] Electrical
Module parameters Model

Bifacial DC Power
w!rradiance Profile

Mismatch

Clipping Ratio Clipping
yBifacial AC Power
Annual Sum |

Annual Bifacial AC Energy

FIGURE 2 Bifacial energy yield model algorithm.

parameters [45] for that timestamp's irradiance and cell temperature
and then calculates the module's maximum power with the one-diode
model in pvlib [44].

3.2 | Validation of bifacial energy yield model with
reflectors

We applied measurements from the outdoor artificial reflector experi-
ment described in Section 2.1 to validate the bifacial_radiance model
described in Section 3.1. Both measured and modeled power were
normalized to the nameplate module power to anonymize the
module data.

Figure 3a shows the normalized modeled and measured power,
and the reflector energy gain, for a single sunny day with 100% reflec-
tor coverage. This figure demonstrates that the model predictions are
qualitatively similar to the measured results: peak reflector gain occurs
at the same time at mid-day for both the measured and the modeled
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FIGURE 3 Bifacial energy yield model (A) comparison to field

data: measured (solid) and modeled (dashed) normalized power and
reflector gain and (B) normalized modeled power versus normalized
measured power, with diagram of experimental setup (inset).
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results. However, there is a model underestimation for the baseline
and reflector power, as well as reflector gain, on the order of a few
percent.

Figure 3b shows the normalized modeled power as a function of
normalized measured power for each 15-min timestamp in two to
three select sunny days from each stage. For this subset of sunny
dates, the RMSE and MBE of the average baseline power are 4.8%
and —3.6%, while the RMSE and MBE of the average reflector power
are 5.7% and —4.5%. Note that most predicted module power values
fall below the x =y line, showing an underestimation of module
power output.

Some of the discrepancy may be due to an overestimation of
module temperature, and therefore an underestimation of module
power, by the Sandia Array Performance Model [43], particularly on
sunny afternoons—the RMSE is largest for high-irradiance, low-
cloudiness timestamps in the afternoon. This may also be caused by
uncertainty in model input parameters or by the assumption of a Lam-
bertian reflector (0% specularity), since the specularity of the material
is 2%.

Another source of the underestimation is the conservative esti-
mate of rear irradiance provided by many software tools [46]. This
underestimation may be partly due to the exclusion of table gaps in
the model, which increase ground-incident irradiance and, therefore,

rear-incident irradiance.

3.3 | Annual optimization modeling approach

To explore the reflector optimization under a wider range of parame-
ters and for a full year, we used the bifacial_radiance model described
in Section 3.1 to model a 10-row, 20-module-per-row HSAT system
in Golden, Colorado [19]. While, due to space and system limitations,
the outdoor reflector experiment was performed on the southern
edge of the system, we extended the model for utility-scale PV pro-
jects by studying the innermost module of the innermost row. We
used a typical meteorological year (TMY) to calculate hourly irradiance
(front, rear, and total) and energy yield. Annual energy yield could then
be used to calculate the LCOE of each system, as described in
Section 4.4. We calculate mismatch losses with the fit equation
described in Deline et al. [47], apply clipping losses with an assumed
DC-AC ratio of 1.2, and calculate the energy yield by multiplying the
power by the timestamp duration.

We performed this analysis for various reflector configurations
with lengths from 150 cm (26% ground cover) to 550 cm (96% ground
cover) and torque tube offsets from —285 cm (West of torque tube)
to +285cm (East of torque tube). Note, due to the repeating
row/reflector configuration, an offset of +285 cm (halfway between
rows) could also be expressed as —285 cm.

Computation was performed on NREL's High-Performance Com-
puter (HPC). The hourly TMY for Golden, Colorado, consisted of 4380
non-zero-irradiance timestamps, requiring approximately 5.4 min per
timestamp, or 11 h on a 36-core node. We modeled nine reflector
lengths (150-550 cm) and 12 positions for each reflector, plus one

PHOTOVOLTAICS IV I B S

baseline year with no reflector, for a total of 109 simulations, or a
total of 1183 h on 36 cores for the results discussed in Sections 4.1-
4.5,

4 | MODEL RESULTS AND DISCUSSION

4.1 | Irradiance gain versus time of day

To quantify reflector impact on module-incident irradiance, we revise

the definition of irradiance gain:

T _ T _
Z Greflector - Z Gbaseline
Irradiance gain (%) = 100 x =2 - =0 3)

Z Gbaseline,total
t=0

where Gpaseiine is the spatially averaged irradiance without the reflec-
tor, also called baseline irradiance, and Gefiector is the spatially aver-
aged irradiance with the reflector included, for either the rear
irradiance, the front irradiance, or the total irradiance, and Gpaseline total
is the total irradiance in the baseline case with no reflector, t is the
timestamp, and T is the number of timestamps observed. Total irradi-
ance is calculated by adding the front irradiance and rear irradiance,
de-rated by the bifaciality factor.

Measurements and modeling both show the importance of time
of day when evaluating reflector impact on a bifacial single-
axis-tracking system. To demonstrate this, we took the annual average
irradiance gain for each hour of the day for select reflector offsets and
reflector lengths for the full TMY (Figure 4). Also shown is the hourly
irradiance, averaged over the vyear, incident on the rear face
(Figure 4a) and front face (Figure 4b).

As expected, the largest reflector (550 cm) results in the highest
irradiance gain, while the smallest reflector (150 cm) results in the
smallest irradiance gain, regardless of time of day.

The rear irradiance reflector gain (Figure 4a) is highest at mid-day
(12 PM-1 PM) for reflectors that are larger than the module area
(>200 cm) due to the large view factor between the rear of the mod-
ule and the reflector at mid-day when the module is flat. For mid-size
reflectors, the peak reflector irradiance gain is just before solar noon
for reflectors to the east of the torque tube (positive offset) and just
after solar noon for reflectors to the west of the torque tube (negative
offset). For reflectors smaller than the module area, if the reflector is
centered under the torque tube, this results in two peaks in rear
reflector irradiance gain: one at mid-morning and one at mid-
afternoon. For all reflector lengths, irradiance gain is high in the early
morning and late evening when the modules are backtracking, result-
ing in low module tilt angles.

The front irradiance reflector gain (Figure 4b) has two peaks over
the course of the day, one in mid-morning (10 a.m.) and one in mid-
afternoon (4 p.m.), when the tilt angle of the module is high, resulting
in more ground-reflected irradiance incident on the front face. The
front irradiance gain is highest in the morning for reflectors to the east
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FIGURE 4 Reflector impact on (A) rear and (B) front irradiance for
varying time of day, averaged on an annual basis, for various reflector
offsets and reflector lengths. Positive offset = east of torque tube,
negative offset = west of torque tube.

of the torque tube and is highest in the afternoon for reflectors to the
west of the torque tube, because the modules face east in the morn-

ing and west in the afternoon.

4.2 | Annualirradiance

Total annual irradiance gain was calculated as described in Equation (2)
for a TMY year in Golden for reflector lengths from 150 to 550 cm
and for torque tube offsets from —285cm to +285 cm. All three
values (Gpaseiines Greflectors aNd Gpaselinetotall Were summed over the
model-year to find annual irradiance gain for the front (Figure 5a), rear
(Figure 5a), and total irradiance (Figure 5b). As expected, more reflec-
tor material results in more irradiance gain on both the front and rear
faces.

The largest total irradiance gain of 8.6% is obtained with the
550 cm reflector with an offset of +275 cm. This reflector is not very
sensitive to placement: Its minimum irradiance gain is 8.4%. Compare
to the smallest reflector's total irradiance gain, with a maximum of
2.7% (+125 cm) and a minimum of 1.9% (+275 cm).

For reflectors that are larger than the total module area, the rear
irradiance gain is highest for reflectors centered under the module
(Figure 5a) due to the higher view factor between the reflector and
the module rear. For reflectors smaller than the module area
(<200 cm), there are two symmetrical ideal positions to either side of

91

the torque tube under the module. This maximizes rear-incident irradi-
ance while minimizing shading of the reflector by the module. The
larger reflectors show a second ideal reflector placement centered
between the torque tubes (285 cm); there are two strips to the right
and left of the torque tube that contribute significantly to rear irradi-
ance, balancing a view factor of the module rear with self-shading by
the module itself. If the reflector is centered between the rows, it will
cover these two strips on either side of the torque tube, leaving a gap
between reflectors directly under the torque tube.

The placement that maximizes annual front irradiance gain
(Figure 5a) is with the reflector edge placed exactly 1 m from the tor-
que tube—in other words, beginning just under the edge of the mod-
ule when the module is flat. This position creates a high view factor
between the reflector and the module's front face, as described in
Section 4.1.

If the weather in a location is perfectly symmetrical throughout
the day, with equal morning and afternoon irradiances, reflector place-
ment impact would also be symmetrical to the east and west of the
module. However, these results for Golden show some asymmetry
from east to west because of the cloudier conditions (more diffuse
irradiance and less direct irradiance) in the afternoons. This can be
seen from the average front-incident irradiance in Figure 4b (yellow
fill); for example, for the 150 cm reflector, peak total irradiance gain is
2.7% for reflectors to the east of the torque tube and 2.4% for reflec-
tors to the west of the torque tube. Therefore, there is a slight
improvement in annual reflector performance for this particular loca-
tion when reflectors are placed to the east of the torque tube, thereby
maximizing the reflector irradiance contribution in the morning.

The total irradiance gain (Figure 5b) demonstrates the combined
front and rear irradiance contributions. To maximize total irradiance
gain, the largest reflectors (500 cm, 550 cm) should be centered
between the torque tubes, the mid-size reflectors (350-450 cm)
should be centered under the torque tube, and the smallest reflectors
(150-250 cm) have an optimum location in between.

4.3 | Annual energy yield

Figure 5c displays the reflector energy yield gain for various reflector
configurations after accounting for mismatch and clipping losses. Mis-
match losses were calculated using equation (12) in Deline et al. [47]
and were 0.3%-1.1% annually. Mismatch losses were most impactful
for the smallest reflectors, contributing to the shift in optimal reflector
placement to directly under the torque tube.

We define clipping losses as the percent reduction in energy yield
between the system with no clipping and the system with a given
DC-AC ratio. For a DC-AC ratio of 1.2, clipping losses were higher
than the mismatch losses, up to 25.1% on a per-timestamp basis and
3.1%-5.2% annually. Clipping losses reduce annual reflector energy
gain by 0.5%-2.8% and will be discussed in Section 4.5.

Reflector gain due to front-incident irradiance is more heavily
clipped than rear-incident irradiance. This is due to the time of day
when reflector gain on each face is at its maximum—front-incident
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irradiance gain is highest in mid-morning and mid-afternoon when the
module tilt angle is high. This is also the time of day when clipping
losses are highest in the spring and fall. Rear-incident reflector-
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FIGURE 5 Modeled impact of artificial reflectors on system
performance: (A) annual irradiance gain (Equation 3) for rear and front
module-incident irradiance, (B) total irradiance gain (front + rear,
including bifaciality factor de-rating rear irradiance), (C) annual energy
gain (Equation 2), and (D) breakeven installed material costs in $/m2
(Equation 6). Large markers represent the maximum value for each
line. Diagrams show modules (black rectangle), torque tube (gray
circle), and reflectors (white hashed rectangle); above the figure, these
show changing reflector position on reflector center offset axis.
Arrows show smallest to largest reflectors.

reflected irradiance is less heavily clipped, since peak rear-incident
irradiance gain is at mid-day when there is a dip in module power pro-
duction in the spring and fall.

When clipping and mismatch losses are considered, the ideal
placement for the artificial reflectors is centered under the torque
tube. This placement maximizes the reflector energy gain due to
higher rear irradiance gain, lower clipping losses, and lower mismatch
losses.

As expected, the highest energy yields are obtained with the larg-
est reflectors, with a maximum annual energy yield gain of 4.5% for
the 550 cm reflector at +5 cm. Just as for the total irradiance gain,
the largest reflector is not very sensitive to placement, with a mini-
mum energy gain of 4.3% at —245 cm. Again, compare with the smal-
lest reflector, which has a maximum energy gain of 1.6% at +5 cm
and a minimum of 0.9% at +275 cm.

44 | System economics

In this work, we define a breakeven installed cost (in $/m?) as the cost
of the artificial reflectors, including both materials and installation,
resulting in the same LCOE with and without reflectors. In other
words, this is the maximum cost of artificial reflectors where they are
still viable. LCOE assumptions concerning system costs and opera-
tions and maintenance costs were taken from Ramasamy et al. [48].
We calculated the LCOE using the simplified LCOE method described
in literature [49].

To find the breakeven material costs, we begin by calculating the
breakeven annual costs (BAC) for each reflector configuration.
The breakeven annual costs are the system costs per year, in $/W,
that would result in the same LCOE as in the system without the
reflectors. These annual costs will include both operations and main-
tenance costs and up-front costs that have been annualized over the

lifetime of the plant.

BAC = LCOE ¢ x CFieqt x 8760 h)/yr (4)

where BAC is the breakeven annual costs, in $/W, LCOE, is the leve-
lized cost of energy in the reference case in $/Wh, CF is the capac-
ity factor of the system with the reflectors present, and 8760
represents the number of hours in a year. We can take this breakeven
annual cost to calculate the breakeven installed cost, in $/W, as
follows:
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BAC - 0O&M

Blcpower($/w) = CRF

— CAPEX (5)

where BICpower is the breakeven installed cost per unit power in $/W,
O&M is the annual operations and maintenance cost of the system,
assumed here to be 16.06$/kWpc/yr (48], CAPEX is the total up-
front cost of the system, assumed here to be 0.905$/Wpc (0.89
$/Wpc [48] with a 0.015$/Wpc bifaciality premium), and CRF is the
capital recovery factor, defined in literature [49]. These cost assump-
tions apply for 5-100 MW utility-scale projects [48]. The CRF was
calculated with an interest rate of 1.5% and a system lifetime of
30 years.

The area of the reflector, in m?/W, can then be used to calculate
the breakeven material cost in $/m?:

BICarea ($/m?) :%W (6)

where BIC,e, is the breakeven installed cost per unit area in $/m?
and A is the area of the reflector per watt, which varies based on
the reflector length. As these equations show, while BIC,., is
proportional to reflector area, it is not directly proportional to energy
yield.

This analysis assumes that the reflector ends flush with the north
and south edges of the row, and there is no additional material to con-
sider in the cost analysis. Potential reduced maintenance costs due to
reflectors, such as reducing or eliminating mowing requirements, are
not considered here. These eliminated costs could further improve
reflector economic viability. This may be offset by potentially
increased maintenance costs due to reflector cleaning, which are also
neglected here. Reflector cleaning expenses may exceed saved mow-
ing costs as cleaning flexible reflector surfaces could be challenging
on a wide scale. Module surface cleaning would have to be performed
sequentially with reflector cleaning. Note that installation costs, in
$/m?, are likely to be lower for larger reflectors due to some fixed
installation costs.

The breakeven installed costs for various reflector lengths are
shown in Figure 5d. The higher the breakeven cost, the greater the
possible financial benefit to the system: If actual costs are less than
the breakeven costs, there is a net economic benefit.

We found a maximum breakeven installed cost of 4.60$/m?,
with 150-cm reflectors offset +5 cm from the module center. These
reflectors also show the smallest breakeven installed cost of $2.50/
m? at +275 cm. Note that the smaller the reflector, the more sensi-
tive its resulting breakeven cost is to material placement. The larg-
est reflectors, by comparison, have a maximum breakeven installed
cost of $3.60/m? at +5 cm and a minimum of $3.50/m? at
—245 cm.

This implies that the smallest reflectors may be the most econom-
ically beneficial to a bifacial SAT system on an annual basis, depending
on fixed costs; however, care must be taken when installing these
reflectors as their impact on the system is highly dependent on their
location. Conversely, large-area reflectors allow for more flexibility in

placement while obtaining consistent reflector gain. We performed a
sensitivity analysis on the breakeven material costs of the system by
varying the interest rate, the system lifetime, the up-front system
costs, and the operations and maintenance costs; the reflector break-
even installed costs are highly dependent on all of these inputs. See
Figure S3.

4.5 | Clipping losses

Typically, PV systems will be designed with a larger PV array capacity
than inverter capacity, resulting in clipping losses when the array gen-
erates power that exceeds the inverter's rating. Figure 6a shows the
annual clipping losses of systems with varying reflector configurations.
In the baseline case with no reflector present, the annual clipping loss
is 2.7% for a DC-AC ratio of 1.2.

On an annual basis, clipping losses are highest for reflectors with
their edge placed +50 cm from the torque tube, except for the largest
reflector, which has the highest clipping losses with its edge at 0 cm
from the torque tube. The largest reflectors incur the highest clipping
losses, while the smallest reflectors incur the lowest clipping losses,
regardless of reflector placement.

Clipping is dependent on the time of day and time of year. Clip-
ping reduces module energy yield at the highest power times of day
when front-incident irradiance is highest. Clipping does not affect
ideal reflector placement, which is centered under the torque tube for
all reflectors.

The breakeven installed costs of the reflectors decrease with
increasing DC-AC ratio (Figure 6c). This is expected because an
increase in the DC-AC ratio results in decreased annual reflector
energy gain, thereby decreasing the viability of the reflectors. Clipping
does result in a sharper peak in breakeven costs for the smallest
reflectors, reducing the viability of reflectors that are not centered
under the torque tube more heavily. Note that only the financial
drawbacks of reduced energy yield are accounted for in this study,

but not the changes in inverter costs due to changing DC-AC ratio.

4.6 | Material reflectivity

The effect of the reflector is heavily dependent on the reflectivity of
the material, with higher-reflectivity material resulting in a higher irra-
diance gain, energy gain, and breakeven material cost (Figure 7). We
have analyzed the effect of reducing material reflectivity from 70% to
60%. We kept all other parameters identical to those described in pre-
vious sections, including a DC-AC ratio of 1.2.

A reduction of 10% in the material reflectivity results in a 20%
relative reduction in the annual energy gain: For the 550 cm reflector
at +5 cm position, annual energy gain is 4.5% and 3.6% with the 70%
and 60% reflective material, respectively (Figure 7a). For the 150 cm
reflector at the same position, the annual energy gain is reduced from
1.6% to 1.3% when the material reflectivity is reduced from 70% to

60%. The ideal reflector placement and the relative difference in
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FIGURE 6 Effect of clipping ratio on system with artificial

reflectors for a range of reflector offsets and dimensions. (A) Annual
clipping losses for a DC-AC ratio of 1.2, (B) breakeven installed costs
with DC-AC ratios from 1.0 to 1.3, and (C) effect of DC-AC ratio on
breakeven installed reflector costs. Arrows indicate direction from
smallest to largest reflector.

energy gain between different reflector lengths did not change with
reflectivity.

The change in material reflectivity also results in a decrease in the
breakeven installed costs (Figure 7b). For the 550 cm reflector,
the maximum breakeven cost decreases from $3.60/m? for the 70%
reflective material to $2.90/m? for the 60% reflective material. There-
fore, the reflectivity of the specific material being deployed in a bifa-
cial PV system is important to accurately quantify its effect on system
performance and economics.
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4.7 | System location

We repeated the modeling described in Section 3 for two other US-
based locations: Seattle, Washington, and Tucson, Arizona (Figure 8).
This allowed us to observe the effects of reflectors under a wider
range of latitudes and weather conditions. For both locations, we
modeled a typical meteorological year for a range of reflector configu-
rations with a reduced resolution of lengths and offsets. In these cal-
culations, the reflector albedo was set to 60%.

Figure 8a shows the annual irradiance gain as defined in
Equation (2) for a 150-cm and 550-cm reflector for a range of torque
tube offsets from —285 cm to +285 cm for all three locations. For
the 150-cm reflector, the two peaks in irradiance gain to either side of
the torque tube are present for all three locations. Irradiance gain is
highest in Seattle (1.9-8.7%) and lowest in Tucson (1.4-6.3%) for all
reflector configurations studied. This is due to the higher diffuse irra-
diance in Seattle as a fraction of total irradiance, resulting in a higher
bifacial gain and, therefore, a higher reflector contribution to total

94



LEWIS ET AL.

RV o | OTOVOLTAICS

--- Seattle
—— Golden
L e Tucson

-
-

Irradiance Gain (%)

~—
-

9
8
7
6
>r —— 550 cm
4
3
2
1
0

)]
T
—
v9)
~

Energy Gain (%)

-100 0 100 200

—-200
Reflector Center Offset (cm)
6  Length
6 HC) ° (cm)
o e Breakeven Costs I_ 550
ES5F ¢ BaselnelCOE ¢ 1°
& - - 500
~ e
o ar = - 450
22 8 14 %
g8 ° A - 400
e 3 ' ¢ w
23 . o - 350
© 2t ° 8 138 L 300
= . L 250
=11 ‘
12 200
1 1 1 150
Tucson Golden  Seattle
AZ CcO WA
FIGURE 8 Effect of location on (A) reflector energy gain for

varying reflector lengths and positions and (B) breakeven installed
costs of a 60% reflective material, with reference LCOE represented
as a diamond. Each datapoint in (B) represents a reflector length/
offset combination, with reflector length represented by datapoint
color.

irradiance. The relationship between diffuse irradiance and bifacial
gain is well established [7-9]. This demonstrates that artificial reflec-
tors are most beneficial in locations with lower annual energy yield
and higher diffuse irradiance.

Figure 8b shows the annual energy gain as defined in Equation (1)
for the same reflector configurations. As with the irradiance gain,

energy gain was highest in Seattle (1.2%-6.0%) and lowest in Tucson
(0.6%-2.6%) for all reflector configurations studied.

To maximize energy gain, the ideal reflector placement was under
the torque tube for all three locations, except for the smallest reflec-
tor (150 c¢cm) in Tucson, which had an optimum placement to the west
of the torque tube. This difference is due to the difference in clipping
losses between the three locations; for the 150-cm reflector, Tucson
demonstrated high clipping losses for reflector positions east of the
torque tube.

Figure 8b shows the breakeven installed costs of the reflectors in
all three locations, with the reference LCOE of each location. The
breakeven installed costs are highest in Seattle, $3.40-6.00/m?, and
lowest in Tucson, $1.70-2.50/m?.

The breakeven cost depends on reflector energy gain, which is
higher in cloudy locations, and on the baseline system LCOE. A higher
baseline LCOE allows for higher material costs (Equations 3-5). Since
system costs are assumed to be identical between all three locations,
LCOE only varies due to the change in annual energy yield between
locations. Lower energy yield results in a higher reference LCOE, so
the baseline LCOE is highest in Seattle (3.50 ¢/kWh) and lowest in
Tucson (2.20 ¢/kWh).

These results demonstrate that artificial reflectors would be most
economically beneficial in locations with high cloudiness levels and

high energy costs, as well as regions with low natural ground albedo.

5 | CONCLUSION

We have demonstrated that artificial reflectors increase irradiance
and energy yield through modeling and field tests. Based on 4 months
of outdoor test data incorporating five reflector configurations, we
describe and validate a bifacial energy yield model incorporating artifi-
cial reflectors and found an RMSE of 5.4%.

Modeling results show an increase in total annual irradiance of
8.6% and in annual energy vyield of up to 4.5% when 70% reflective
material is added to a single-axis-tracked system. The optimal reflec-
tor placement was centered directly under the torque tube for all
reflector sizes.

In Golden, CO, we calculated artificial reflector breakeven
installed costs of $2.50-4.60 per m2. Higher breakeven material costs
are possible in systems with higher initial LCOE. For example, we
found breakeven installed costs of $3.40-6.00/m? for Seattle,
Washington, with 60% reflective material. The impact of artificial
reflectors depends strongly on location, with locations with higher
LCOE and lower energy vyield benefiting more from the addition of
reflectors than locations with low LCOE and high energy yield.

Inverter clipping significantly impacts systems incorporating artifi-
cial reflectors, reducing the annual energy gain and shifting the ideal
placement for the smallest reflectors in some locations. Therefore,
clipping must be considered when optimizing a system with artificial
reflectors.

These findings demonstrate how artificial reflectors can be opti-
mized for different configurations and various locations and will serve
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as a guide for researchers and solar developers who are interested in

applying this technology.
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Supplemental Information

Specularity Measurement of Reflector Material
The following figure shows that the material specularity is approximately 2%, while the solar-weighted
diffuse reflectivity of the material is approximately 68%.

Material Diffuse/Specular Reflection
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Supplemental Figure 1 Measured total (black squares), diffuse (red circles) and specular (blue triangles)
reflectivity of high-albedo material measured by 410-Solar handheld reflectometer.

Model Validation vs. Hour of Day
The following supplemental figure shows that the underestimation of module power is more significant in
the afternoon than in the morning.
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Supplemental Figure 2 Normalized modeled power vs. normalized measured power for select sunny days,
with time of day indicated by color (red = morning, blue = afternoon).
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Sensitivity of Breakeven Installed Costs to Cost Assumptions

The following supplemental figure shows the sensitivity of the reflector breakeven installed costs to the
levelized cost of energy input assumptions. Note that higher costs, either higher up-front costs or ongoing
operations and maintenance costs, result in a higher installed breakeven cost for the reflectors. A longer
system lifetime also results in a higher installed breakeven cost.
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Supplemental Figure 3 Sensitivity of artificial reflectors’ breakeven installed costs to levelized cost of
energy (LCOE) parameters, including (a) CAPEX System Costs, in $/W, (b) Operations & Management
Costs, in $/kWdclyr, (c) interest rate, in %, and (d) number of years.

Effect of Irradiance Mismatch Losses on Reflector Performance

The following figure shows that mismatch losses are important to consider when analyzing the impact of
artificial reflectors. They are highest for reflectors that are centered between the rows. Ideal reflector
placement is not affected by these losses for the largest reflectors, but the smallest reflectors see a shift in
ideal reflector placement when mismatch losses are considered.
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Supplemental Figure 4 Impact of mismatch losses on reflector (a) irradiance gain, (b) energy gain, and (c)
breakeven installed costs for a range of reflector configurations.



Chapter 5

Spectral Irradiance Effects in
Photovoltaic Systems

This chapter explores the effect of varying solar spectral irradiance on PV systems by ana-
lyzing spectrally-resolved solar irradiance measurements with PV spectral response curves.
Section 5.2 includes an analysis of spectral irradiance measurements from seven sites across
North America. The results quantify the impact of spectral irradiance on bifacial silicon
PV module energy yield and identify the conditions where spectral effects are most impact-
ful. Section 5.3 includes a comparison of five parameterized spectral correction methods
with two methods that apply spectral irradiance measurements. This work identifies the
conditions where these models diverge and why.

5.1 Background and Methodology

5.1.0.1 Spectral Mismatch Factor (SMM) Calculation
Both manuscripts include the concept of a spectral mismatch factor (SMM) as a PV model

correction method. The SMM is a method for correcting module /. with varying incident
spectrum and is simple to apply to existing models.

The I, produced by a PV module under a given solar spectrum is given by:
I, = /SR()\)G()\)d)\ (5.1)
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where SR is the spectral response of the module, GG is the solar irradiance, and A is the
wavelength.

From the SMM, we can define an effective irradiance, Geg, for a given level of solar
irradiance, G:

Ger = SMM x G (5.2)

where the effective irradiance is the irradiance that would produce the same short-circuit
current if it had the spectral distribution of the reference spectrum [50].

To calculate the SMM, we take the short-circuit current under the real incident spec-
trum divided by the short-circuit current under the reference spectrum. This current ratio
is then multiplied by the ratio of the irradiance measured by the broadband detectors:

SMM — Isc,meas x Gref
[sc,ref Gmeas

(5.3)

where I meas 15 the module current under the measured spectrum I ¢ is the module
current under the reference spectrum, G is the total reference irradiance and G eqs is the
total measured irradiance.

From the spectral response of the module and equation , we can find the SMM as

follows: \ \
A ’ SRmodule(A>Gmeas<)\)d>\ A ‘ SRref()\)Gref<)\)d)\

SMM = = X =
f/\lz SRmodule()\)Gref()\)d)\ )\34 SRref()\) Gmeas ()\>d)\

A1 to Ag is the wavelength range where the spectral response of the module is non-zero,
S Riodule 1s the spectral response of the module, A3 to )4 is the wavelength range where the
spectral response of the broadband irradiance measurement device is non-zero, S R, is the
spectral response of the broadband irradiance measurement device, Geas is the measured
solar spectrum and G, is the reference solar spectrum.

If we assume the broadband irradiance measurement has a flat spectral response across
the entire spectrum (in other words, that SR = 1, this simplifies to:

;\12 SRmodule<)\) ' Gmeas()\)d)\ f Gref<)‘)d/\

X
f)\)\f SRmodule(A) . Gref()\) f Gmeas()\)dA

SMM =

(5.5)

This is a reasonable assumption for many thermopile-based pyranometers but is a poor
assumption for silicon-based pyranometers, so care should be taken when applying these
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correction factors. This is how the SMM is calculated in the manuscript below from
SRmodule()\)a Gmeas()\)v and Gref()\)-

The SMM varies with changing solar spectrum. Since the solar spectrum is continuously
varying over time, so is the SMM. Therefore, the term SMM; is applied below, where t
represents time, in equation 3 in the first manuscript.

5.2 Spectral Irradiance Correction of Photovoltaic En-
ergy Yield Predictions

In this section, the impact of changing spectral irradiance on photovoltaic performance is
evaluated. The SMM, as defined in the International Electrotechnical Commission (IEC)
60904-7 standard [221], quantifies the impact of the deviation of the solar spectrum from
the AM1.5G standard [67] on bifacial silicon PV module short-circuit current.

The manuscript includes an analysis of the SMM for seven locations, including one low-
latitude location in the United States (Golden CO), five mid-latitude Canadian locations
(Egbert ON, Ottawa ON, Varennes QC, Charlottetown PEI, and Devon AB), and one high-
latitude Canadian location (Cambridge Bay NU). I find that spectral irradiance correction
of cloudy and ground-reflected irradiance is most important for accurate bifacial PV energy
yield prediction.

The manuscript includes a sensitivity analysis of the SMM with respect to diffuse frac-
tion (or cloudiness), air mass, and irradiance source (direct, diffuse, or ground-reflected).

The supplemental material contains a comparison of the three most common silicon
module types (SHJ, PERC, and TOPCon).

5.2.1 Scope and Impact

PV models and standards, developed for sunny areas such as the southwestern United
States, are becoming less accurate as global deployment expands and technology progresses.
As PV efficiency increases, system costs decrease, and power electronics & controls become
agile, PV systems now operate in a broad range of weather conditions and locations.

Spectral effects are often ignored in PV system design and assessment but are signifi-
cant in cloudy locations. Additionally, bifacial modules, which are rapidly becoming the
technology of choice for new PV systems, have higher spectral irradiance impacts due to
diffuse and ground-reflected light contributions.
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While spectral correction methods are well-studied in literature, there has not been a
comprehensive analysis of the conditions and locations where spectral effects are most
significant for PV yield. This work examines the impact of spectral solar irradiance
on fixed bifacial photovoltaic system performance across seven North American locations
(39.7-69.1°N). This manuscript demonstrates that:

1. Spectral errors can lead to energy yield underestimation of 0.7-2.7% annually, with
larger errors on shorter timescales.

2. Ground-reflected and diffuse light contribute the most to spectral energy yield esti-
mation errors in bifacial systems.

3. Spectral error is most significant in cloudy and high air mass conditions.

4. Spectral correction is recommended for bifacial systems or for locations with a high
diffuse irradiance fraction above 35%.

This manuscript aims to guide future PV policy and planning, system design, installa-
tion, and operation in incorporating spectral irradiance correction into their system eval-
uation and design processes.

5.2.2 Background and Methodology
5.2.2.1 Thermalization and Below-Bandgap Loss Calculations

To quantify the thermalization and below-bandgap losses for the spectra in the work pre-
sented below, some derivations were required, as presented here. These losses are repre-
sented as power losses, but if they are multiplied by the time step of the data, they can be
converted to energy loss.

First we calculate the photon flux density, ®:

G(\) _ GO [W/m’] A [m]
E(\)  h[J-s]c[m/s]
where G is the solar spectrum, E' is the photon energy, A is the wavelength, h is Plank’s
constant and c is the speed of light.

PN /m*] = (5.6)

Then, for below-bandgap loss, Pyelowa, we take following approach from [222]:
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Figure 5.1: Photon flux and solar spectral irradiance with respect to wavelength.

EQ
PrelowsG = c/ (1—r—t)®(E) x EdE (5.7)
0

assuming the concentration, C' = 1, and the reflection, r, and transmission, ¢, are 0 :

Eg
PelowBG = / ®(E) x EdE (5.8)
0

where E, is the material bandgap. For convenience, we convert this to a calculation with
respect to wavelength. As expected:

A / G(\)dA (5.9)
A

9

where ), is the bandgap wavelength. In this work, the upper integration limit is 4000 nm
since that is the limit of the input spectrum.
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Figure 5.2: Effect of changing environmental conditions on thermalization and below-
bandgap losses in silicon PV module.

For thermalization loss, Pierm, wWe take the following approach from [222], again as-
suming C' = 1, r=0, and t = O:

Piherm = C’/ (1—r—1t)®(E) x (E— E,))dE = / O(E) x (E— E,)dE (5.10)
E, Eq
Again, converting to wavelength:
>\9
Piherm :/ D(N) X (E(N) — E,)dA (5.11)
0

This gives:

Permn — /0 Y SOVE() /0 Ve = [ GOy /0 YeMED (512

0

Each of these can be divided by the total power of the spectrum, P to get the loss
as a fraction of incident irradiance:

Protal = /oo DN E(\)d) = /oo G(N\)dA (5.13)

As always, care must be taken to ensure the correct units are applied when calculating
these values.
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M. R. Lewis designed the methodology, performed the modelling, wrote software, per-
formed the analysis, visualized the data, and wrote the manuscript.

V. Jancowski assisted with writing software and data analysis.

C. Valdivia guided methodology and assisted in manuscript revision.
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5.2.4 Manuscript

The submitted manuscript is included on the next page. This work is published open-access
and is covered under a CC-BY-NC-ND license.

M. R. Lewis, V. Jancowski, C. E. Valdivia, and K. Hinzer, “Spectral Irradiance Cor-
rection of Photovoltaic Energy Yield Predictions,” Solar Energy, vol. 300, p. 113816, Nov.
2025, Available: 10.1016/J.SOLENER.2025.113816.
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As solar power is expected to supply over 16% of the world’s electricity mix by 2030, accurate energy yield
prediction and forecasting is essential. The incident solar spectrum varies continuously, causing energy pre-
diction error as sunlight deviates from the reference spectrum. This work quantifies spectral error in bifacial
photovoltaic energy yield predictions, demonstrating instantaneous spectral impacts of —45% to +32% and
annual impacts from +0.7% to +2.7% on energy yield. This work presents solar spectral impact analysis for
seven North American locations (39.7-69.1°N). We apply measured spectra to bifacial fixed-tilt silicon modules
using a 2D view-factor model. Ground-reflected and diffuse irradiance cause the largest spectral errors while
direct irradiance is best-matched to reference conditions. This study indicates that spectral correction methods
should be applied for bifacial systems or in locations with high diffuse fractions above 35%, representing over
75% of Earth’s landmass. These effects indicate current PV system designs underestimate diffuse and ground-

reflected irradiance contributions.

1. Introduction

Photovoltaic (PV) power is a growing part of the world’s energy mix,
contributing over 5.5% of global electricity demand in 2023 [1]; this is
expected to grow to 16% by 2030 [2]. In sunny locations such as Cali-
fornia, PV already contributes 28% of annual electricity needs [3], and
PV systems are gaining traction globally due to record-low costs and
increasing interest in decarbonization [4]. Bifacial PV, which converts
irradiance incident upon both front and rear module faces into elec-
tricity, is rapidly becoming the dominant silicon PV technology, with a
30% market share in 2023 and a projected share of 70% in 2033 [5].
Bifacial technology facilitates PV adoption in mid- and high-latitudes
due to high winter albedos [6]. However, these locations deviate more
from standard test conditions of 25 °C, 1000 W/m? ASTM G-173
AM1.5G spectrum, and normal incidence [7]. PV efficiency is affected
by temperature, irradiance, incident spectrum, and incidence angle,
which all vary considerably in field conditions.

The ASTM AM1.5G solar spectrum [8] is typically assumed when
predicting PV module efficiency and power output, despite constant
variability of incident spectra with sun position, changing atmospheric
parameters, and ground albedo. While broadband solar irradiance,

* Corresponding author.

ambient temperature, and wind speed are typically measured on PV
sites, spectral solar irradiance is rarely measured due to the high cost
and complexity of spectral irradiance measurements. Neglecting spec-
tral irradiance adds to prediction uncertainty, with weekly efficiency
variations of —6% to +13% reported for silicon modules in a global
analysis of solar spectral data [9], and even higher performance varia-
tions on shorter timescales. This uncertainty is of increasing concern as
solar capacity grows to provide a larger fraction of our energy mix,
particularly for instantaneous performance analysis and yield fore-
casting, which are both essential to reliable electrical grid operation.

Spectral irradiance effects are only one component of PV model
uncertainty. Other sources of uncertainty include weather variation
(4-10% standard deviation in GHI [10]), irradiance measurement (+2%
uncertainty for secondary standard pyranometers [10]), and irradiance
decomposition and transposition (5-6% error [10-13]). Error may also
be introduced by losses such as structural shading (0.4-1% loss [14]),
non-Lambertian ground reflection (2.5% bifacial gain reduction [15]),
soiling (3-5% loss [16]), snow (up to 34% loss [16]), module degrada-
tion (0-0.5% additional loss per year [17]), and cell-to-module irradi-
ance mismatch (0.1-0.6% loss [14]). Work is ongoing to reduce
uncertainty in all aspects of bifacial PV models.
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Three methods for determining spectral effects in PV performance
modelling include: parameterized models; atmospheric radiative trans-
fer models; and direct measurement. These methods are summarized
below.

Parameterized spectral correction methods estimate the spectral
mismatch factor (SMM) directly from parameters such as air mass
[18-24], precipitable water vapor [22-24], diffuse cloud fraction
[21,22,25,26], aerosol optical depth [23], and average photon energy
[27]. These proxy parameters are simpler to measure or calculate than
the incident spectrum, allowing some spectral correction with reduced
cost and complexity. However, neglecting the effects of other atmo-
spheric parameters may mean the applicability of some models will be
seasonally- and regionally-limited [18,28]. A recent comparison of
parameterized spectral correction methods showed that the PVSPEC
method [21], which depends on air mass and clear-sky index, models
spectral effects in silicon modules most effectively [29]. A recent review
of spectral irradiance correction methods proposed a decision-making
matrix for method selection [30].

When solar spectral irradiance data is available, it can be combined
with the module’s spectral responsivity (SR) to calculate SMM. Two
ways to obtain solar spectral irradiance include atmospheric models and
outdoor measurements.

Atmospheric radiative transfer models such as SMARTS [31] or
SEDES2 [32] calculate the spectrum from atmospheric parameters, often
taking inputs from meteorological databases such as AERONET [33,34].
Previous studies have applied this method to find PV performance under
clear-sky conditions [35,36]; however, these studies did not account for
cloudy conditions, which have large spectral effects for silicon modules
[37]. Previous studies have applied modeled spectra to bifacial c-Si
systems and found spectral errors of ~3%, with higher spectral errors in
cloudy conditions of ~8% when approximating cloud absorption and
scattering as a neutral density filter [38]. The FARMS-NIT model was
adapted to compute solar spectra under cloudy skies in recent years
[39], but has not yet been widely applied to PV yield estimates.

Lastly, solar spectral irradiance can be measured directly through a
spectroradiometer or similar tool. This has been studied in detail for
crystalline silicon, with predicted total effects from —2.3% to +1.1%
[40-43]. This is the most accurate and expensive approach. These
studies are often limited to a single location, and site measurements are
not broadly applicable to other locations. Furthermore, spectral irradi-
ance measurements are often limited to a subset of the total solar
spectrum, with a limited wavelength range.

Bifacial modules present additional complexity for spectral correc-
tion due to the importance of spectrally varying albedo, resulting in
reported instantaneous rear spectral effects from —11% to +20%
[44-49]. Due to the wide variety of possible ground covers, parame-
terized spectral correction approaches are not common. If available, the
spectral global horizontal irradiance (GHI) can be multiplied by
wavelength-dependent albedo to find spectral ground-reflected irradi-
ance. Mouhib et al. presented an approach that combines front and rear
spectral irradiance effects in a single “bifacial spectral factor” that can be
easily incorporated in bifacial performance models [49], while Tonita et
al. applied spectrally-weighted albedo to find combined module SMM
[46]. This work applies separate correction factors for each irradiance
component, thereby accounting for the difference in spectral mismatch
between them.

An additional challenge in PV spectral irradiance correction is the
necessity for spectral irradiance in a tilted plane, since most PV modules
are tilted to maximize yield. Spectral irradiance transposition presents a
unique challenge: spectral irradiance obtained in a single plane-of-array,
such as normal to the sun, horizontal, or at a fixed tilt, cannot be easily
extended to other planes. This detail is often neglected in existing
spectral correction approaches, which may apply GHI [21], or fixed-tilt
[24] spectral irradiance correction to any PV system regardless of tilt.
This work applies separate direct, diffuse, and global irradiance spectra.
To account for receiver tilt angle, a view-factor model to determine the
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direct, diffuse, and ground-reflected contributions to front and rear
plane-of-array irradiance and apply spectral correction to each element
individually. This novel method could be extended to correct spectral
effects for any receiver plane, including tracked PV systems.

This work analyzes reconstructed solar spectra in seven sites across
North America in a wide range of latitudes (39.7-69.1°N). This study
builds on previous work demonstrating the effects of clouds and air mass
on PV efficiency by confirming these effects in a large spectral irradiance
dataset and explaining them through changes in thermalization and
below-bandgap losses. Furthermore, this work expands on a previous
study comparing SMMs from different spectral irradiance wavelength
ranges (350-1050 and 335-1700 nm) [50] by comparing SMMs calcu-
lated from three spectral irradiance wavelength ranges (280-1100 nm,
280-1700 nm, and 280-4000 nm).

In this work we apply reconstructed solar spectra to model module
SMM and bifacial energy yield impact. We apply direct, diffuse, and
ground-reflected spectral irradiance and show their effect on PV per-
formance. We incorporate spectral correction in a view-factor model to
quantify spectral impact on bifacial PV power output. We study the
cause of changing PV efficiency in different climates. Lastly, we
demonstrate the importance of wavelength range for spectral irradiance
correction.

2. Methodology
2.1. Spectral irradiance measurements

We analyze measured spectral irradiance datasets in seven locations
as listed in Table I, including six CanSIM sites by CanmetENERGY [51]
and the Solar Radiation Research Laboratory at the National Renewable
Energy Laboratory [52].

Each site employs two Spectrafy instruments which use narrowband
detection channels to reconstruct the spectral irradiance from
280-4000 nm using their proprietary radiative transfer software
[53,54]. The SolarSIM-D2 reconstructs the direct normal irradiance
(DNI) spectrum and the SolarSIM-G reconstructs the GHI spectrum. The
diffuse horizontal irradiance (DHI) spectrum is calculated from the GHI
and DNI spectra and sun position using the closure equation.

SolarSIM instruments include hard-coated bandpass filters and
photodiodes designed for photometric applications, resulting in a cali-
bration drift of less than 0.2% per year [55,56]. The calibration uncer-
tainty of each measurement channel is <2%. A Monte Carlo “random
walk” analysis of spectral irradiance impact on silicon modules showed
an uncertainty of 0.9% with EKO MS-710/712 spectroradiometers and
CMP11 pyranometers [50]. Previous measurement campaigns have
shown that the uncertainty of SolarSIM spectral irradiance measure-
ments is within the uncertainty of EKO spectroradiometers [53,54]. In
this work, a single instrument measures both spectral irradiance and
total irradiance, rather than combining spectroradiometer and a pyr-
anometer. For these reasons, we expect a higher precision for the
spectral irradiance impact and SMMs found in this work.

We analyzed a year of data in each location except Cambridge Bay,
where a 4-month period was available. All data was logged in 1-minute
intervals. Data points where the GHI was below 25 W/m? or the air mass
was above 20 were removed.

2.2. Spectral effect calculation

The change in module efficiency due to changing incident spectrum
is represented by the SMM as defined in the IEC 60904-7 standard [57]
(Fig. 1a). To find the SMM, the module short-circuit current density, Jg,
is calculated as:

Jsc = / %EQE(/I)G(/I)d/l = / SR(2)G(4)dA @
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Fig. 1. Methodology for spectral impact calculation. Algorithm to calculate spectral mismatch factors (SMMs), module power output, and optical losses of the
module with spectral correction applied. Diagram of: (a) SMM calculation from reconstructed solar spectra and module spectral response (SR); incident irradiance
calculation in bifacial_vf; module incident irradiance correction via SMMs; and power calculation from total corrected incident irradiance, (b) optical loss calculation
and standard ASTM AM1.5G solar spectrum (black line) with thermalization losses (blue fill), below-bandgap losses (red fill), and usable irradiance (green fill)
indicated, and (c) illustrations of data and methodology for each algorithm step shown in (a), including: hourly reconstructed solar spectra over the course of a
typical sunny day (lines) and ideal module spectral response (grey fill); modeled bifacial PV system including irradiance sampling points (red arrows), pitch
(horizontal black arrow), and clearance height (vertical black arrow); incident irradiance (front + rear) on a fixed, latitude-tilt module over the course of a typical
sunny day before spectral correction (black) and after spectral correction (red); and hourly module IV curves over the course of a typical sunny day with maximum
power points indicated as round markers. Yellow boxes indicate inputs, green boxes indicate outputs, and white boxes indicate intermediate values. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

where EQE()) is the module external quantum efficiency, q is the
elementary charge, A is the wavelength, h is Planck’s constant, c is the
speed of light, SR is the module spectral responsivity, and G(A\) is the
incident spectral irradiance. This work assumes an ideal silicon absorber
SR for the PV module (Fig. 1c¢), except for the energy yield calculation,
which applies the SR of a passivated emitter rear contact (PERC) bifacial
PV module. If the on-site pyranometer has a flat spectral response for the
entire wavelength range, the SMM is then calculated as:

A2
[ Gt

SMM — Jsemes -
‘f,{l Grneas(jt)d/1

J, sc,ref

(2)

where Jsc meas and Jsc ref are the short-circuit current density under the
measured spectrum and reference spectrum, respectively, Gpeas and Gref
are the total integrated irradiance of the measured and reference spec-
trum, respectively, 1 is the wavelength, and 1; and A, are the lower and
upper integral limits of wavelength. An SMM above 1 indicates
increased Js. and an SMM below 1 indicates decreased J;. compared to
the reference spectrum. We multiply incident irradiance by the SMM to
find the effective irradiance. In this work, the reference spectrum is the
ASTM G-173 AM1.5G spectrum [8] and measured spectra are those

described in the previous section. We analyse the following measured
spectra: GHI, DNI, and DHI. Ground-reflected spectra are obtained by
multiplying the grass or snow spectral albedo taken from SMARTS [31]
by the GHI spectrum for each timestamp (see Appendix A).

For most calculations in this work, the integrals in Equation (2)
include the full spectral range of the measurement, where 4; = 280 nm
and 13 = 4000 nm. In one section, we repeat the calculation under
scenarios of 13 = 1700 nm and 15 = 1100 nm to demonstrate the impact
of long-wavelength irradiance.

The change in effective irradiance due to spectral correction is
calculated separately for each irradiance component: front direct, front
diffuse, front ground-reflected, rear direct, rear diffuse, and rear ground-
reflected.

_ > SMM; G — >°,Gi;

3
ZtZiGi-f ®

A G;

where A G; is the total change in irradiance for irradiance component i
(DHIfront, DNIfront, GHIfronts DHIrear, DNIrear, GHlrear) in percentage, t is
the minutely timestamp, SMM; is the SMM at timestamp t, and G; is the
incident irradiance of component i at timestamp t. At each timestamp t,
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the irradiance change per component is divided by the total irradiance,
or the sum of all six irradiance components. Before this calculation, rear
irradiance values are de-rated by a bifaciality factor of 0.7. For each
timestamp, the product of the SMM and the incident irradiance
component (SMM, G;,) is the corrected irradiance, also called effective
irradiance, for that component at that timestamp.

2.3. Energy yield model

This work applies the open-source 2D view-factor bifacial irradiance
calculation software, bifacial_vf [58] (version 0.1.8.1 [59]) to calculate
bifacial energy yield on a minutely basis. A modification of the source
code of bifacial vf separates irradiance by source: direct, diffuse, and
ground-reflected (Fig. 1a, Spectrum and Mismatch). This allows the SMMs
for each irradiance component to be applied separately before calcu-
lating total effective irradiance and module power. The model calculates
the energy yield for a bifacial photovoltaic system with and without
spectral correction, leaving all other parameters identical.

The model assumes PERC modules, with SMMs calculated from
bifacial PERC front and rear EQE curve (Fig. Bla) in a fixed, latitude-tilt,
south-facing system with a ground cover ratio of 0.5 [60]. bifacial vf
models a dimensionally unitless system in terms of panel-lengths,
defined as the length of the panel in the North-South dimension. The
modeled glass-glass central module has a transmission factor of 0.013, a
bifaciality of 70%, and a height of one panel-length. The model calcu-
lates incident irradiance at 6 points along the front and rear of the
module, then takes the average (Fig. 1a, Plane-of-Array Irradiance). The
model multiplies the plane-of-array irradiance components by the SMMs
for that timestamp and irradiance source (direct, diffuse, or ground-
reflected) before summing the three components to find total effective
incident irradiance (Fig. 1a, Corrected Irradiance). The ground-reflected
SMM is assumed to be either the grass-reflected SMM or the snow-
reflected SMM for that timestamp based on snow coverage data in
each location (see Appendix A). In bifacial_vf, the broadband albedo is
assumed to be 0.2 for grass and 0.85 for snow. pvlib’s SAPM method
calculates module temperature, then pvlib’s CEC parameter method and
single diode IV curve function calculate module power from effective
irradiance and module temperature. The model calculates module
irradiance and power twice, once with SMMs applied and once without,
to determine the effect of spectral correction. Irradiance mismatch losses
between modules and cells, the effects of clipping, and structural near-
shading losses are not included. Inter-row module shading is included.
This model neglects structural shading effects, which can reduce rear
irradiance by up to 8.5-20% [14,61]. Furthermore, non-Lambertian
ground reflections have been shown to reduce bifacial gain by up to
2.5% [15]. Therefore, after accounting for structural shading and
ground specularity, the ground-reflected portion of the irradiance may
have a reduced impact on the total energy yield.

The change in energy yield due to spectral correction is calculated
from the power output at each timestamp:

> Psvme — 2 Pe

AEY =
Etpt

4

where AEY is the change in energy yield in percentage, Psyw, is the
power at timestamp t with SMMs applied, and P; is the power at time-
stamp t without SMMs applied.

2.4. Optical loss

This work considers two sources of optical loss: below-bandgap loss,
where photons have insufficient energy to excite an electron-hole pair,
and thermalization loss, where photon energy above the bandgap energy
is lost. These optical losses are illustrated in Fig. 1b for the reference
spectrum. Losses in a single-bandgap semiconductor PV device are
calculated as in [62] assuming no solar concentration, 1100 nm

Solar Energy 300 (2025) 113816

bandgap, and neglecting reflection and transparency losses. This
assumption overestimates thermalization and below-bandgap loss
because reflected light should be removed from the calculation. There-
fore, actual thermalization and below-bandgap losses will be smaller
than those presented here.

First, calculate the spectral photon flux for a given spectrum, G(4):

o) — OB GOy

~ photonenergy  hc ®

where @&(1) is the spectral photon flux. Then calculate thermalization
losses, LoSStherm:

A "
LSSt — / G(3)di— / D(E) ®)
0 0

where J; is the bandgap wavelength and E; is the bandgap energy.
Lastly, calculate below-bandgap losses, LosSpelowBG:

LOssbelowBG :/ G(j-)d/1 (7)
g

These losses are divided by the total integrated spectral irradiance to

find the relative loss as a fraction of that spectrum.

3. Results and discussion
3.1. Effect of spectra by location

We calculate the SMM of the GHI spectrum for every timestamp in
every location listed in Table 1 and shown in Fig. 2a. For an ideal module
(grey fill Fig. 1c, Spectrum and Mismatch), spectral impact varies from
—45% to +32% on a per-timestamp basis, with 90% of global irradiance
falling in the —3% to +10% range. Spectral impact is larger, and more
positive, in the Canadian locations. GHI-weighted mean SMM, defined
as the average of all minutely timestamps weighted by the GHI at each
timestamp, varies from 0.99 in Golden to 1.04 in Cambridge Bay, and is

Table 1
Locations with measured spectral data.
Location Latitude  Longitude  Average Diffuse Dates
Air Mass*  Fraction'
1 Golden 39.7° N 105.2° W 1.52 32.3% Jan 1
— Dec
31,
2022
2 Egbert 44.2° N 79.7° W 2.10 48.8% Jan 1
— Dec
31,
2019
3 Ottawa 45.4° N 75.7° W 2.34 44.7% Jan 1
— Dec
31,
2019
4  Varennes 45.6° N 73.4° W 2.19 45.6% Jan 1
— Dec
31,
2019
5  Charlottetown  46.2° N 63.1° W 2.05 52.2% Jan 1
— Dec
31,
2019
6 Devon 53.4° N 113.7° W 2.60 51.7% Jan 1
— Dec
31,
2019
7  Cambridge 69.1° N 105.1° W 5.84 98.5% Aug 1
Bay — Nov
13,
2019

*GHI-weighted for entire period
ftotal DHI divided by total GHI for entire period
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Fig. 2. Spectral Impact on PV Performance by Location. Spectral impact on silicon module performance for a range of locations in North America. (a) map of spectral
irradiance measurement locations, including Canadian Solar Spectral Irradiance Meter Network (red) and National Renewable Energy Laboratory (blue), (b) spectral
mismatch factors (SMMs) for each location, calculated from global horizontal irradiance (GHI) for an ideal module, (c) modeled irradiance impact of spectral effects
by irradiance source (green: ground-reflected, blue: diffuse, red: direct) and module face (black hash: front, solid: rear) for a PERC module, (d) SMMs for each
location, calculated from diffuse horizontal irradiance (DHI) for an ideal module, and (e) SMMs for each location, calculated from direct normal irradiance (DNI) for
an ideal module. Map color in (a) represents average irradiance data per day, calculated from CHELSA+ mean RSDS dataset [63,64]. Subplots (b), (d), and (e) show
irradiance-weighted 5th, 25th, 50th, 75th, and 95th percentiles (whiskers, box plot), irradiance-weighted mean (cross), and irradiance-weighted SMM violin plots
(fill) for each location. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

1.02 for all other locations (Fig. 2b). Furthermore, the spectral impact on
PV energy yield is more variable in the Canadian locations: the SMM
inter-quartile range increases from 0.03 in Golden to 0.05 in Cambridge
Bay.

These locations have higher average air mass and cloudiness, which
cause their increased SMM and SMM variability. Air mass is the path
length of sunlight through the atmosphere divided by the atmospheric
thickness. As air mass increases, the spectrum redshifts due to short-
wavelength losses (Fig. 3d). Average air mass increases with latitude,
with a GHI-weighted minutely-averaged air mass of 5.84 in Cambridge
Bay and 1.52 in Golden.

Diffuse fraction, defined as DHI divided by GHI, describes the frac-
tion of irradiance on a horizontal plane that is scattered by the atmo-
sphere and clouds, rather than following a direct path from the sun. A
high diffuse fraction indicates cloudy conditions while a low diffuse
fraction indicates sunny conditions. The Cambridge Bay dataset was
very cloudy, with a diffuse fraction of 98.5%, compared to 32.3% in
Golden. Cloudiness does not necessarily increase with respect to latitude
worldwide [65], but does in this North American subset of locations.
Subsequent sections demonstrate the impact of air mass and diffuse
fraction on the solar spectrum and silicon module SMM.

3.2. Energy yield impact of solar spectrum

Spectral correction increases predicted bifacial PV energy yield in all
locations, with a +3.3% change for the 4-month period in Cambridge
Bay and a +0.7% change for a year in Golden, Colorado (purple bars,
Fig. 2c). Therefore, spectral effects cannot always be neglected in energy
yield modelling; the importance of spectral effects increase as conditions
deviate from those modeled in the reference ASTM solar spectrum. On a
per-timestamp (per-minute) basis, spectral impact varies from —45% to
+32%, demonstrating the importance of spectral irradiance in short-
timescale energy yield predictions.

The two largest contributors to the change in effective irradiance are
diffuse (blue bars, Fig. 2¢) and ground-reflected (green bars, Fig. 2c)

irradiance; effective irradiance increases by 1.1-1.3% and 0-1.6% due
to ground-reflected rear irradiance and front diffuse irradiance,
respectively. Therefore, spectral correction is more necessary in loca-
tions with high albedo and high cloudiness, and especially for bifacial
systems.

Diffuse spectral irradiance has a net-zero impact on energy yield in
Golden due to an overall low diffuse fraction. Diffuse irradiance SMMs
are below 1 in sunny conditions and very high in cloudy conditions. In
Golden, the large number of sunny timestamps counteract the cloudy
timestamps, resulting in no net spectral impact. Direct spectral irradi-
ance is a minor effect in most locations but is negative in Golden and
Cambridge Bay due low and high air mass conditions, respectively, as
further explored below.

The energy yield of a bifacial PV system depends on many factors,
including irradiance, system design, temperature, module type, racking,
and spectral effects. For example, when the height of this system is
decreased to half a panel-length, the impact of ground-reflected rear
irradiance is reduced by 0.03-0.09%. System design assumptions will
affect the predicted importance of spectral irradiance, because the ratio
of direct, diffuse, and ground-reflected irradiance will change. Single-
axis-tracking systems will receive more direct irradiance than fixed-tilt
systems on average, resulting in in lower spectral impact since direct
irradiance is well-matched to the reference solar spectrum. We expect
the effect of increased direct irradiance contribution to outweigh the
increased SMM DNI effect of high air mass hours. High-bifacial gain
systems, including vertical bifacial systems, will see increased spectral
impact due to ground-reflected and diffuse light. Furthermore, SMMs
vary daily and seasonally, and system design affects irradiance distri-
bution over time. Spectral correction should be applied in a time-varying
manner to capture the full range of field conditions.

3.3. Spectral impact of diffuse fraction

As diffuse fraction increases, the solar spectrum blueshifts [37,66]
(Fig. 3a) due to stronger long-wavelength absorption and reflection in
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Fig. 3. Cloudiness, air mass, and irradiance type effects on solar spectra and module performance. Impact of cloudiness, air mass, and irradiance source on the
incident spectrum, spectral PV impact, and optical losses: (a) example measured spectra for a range of diffuse fractions (sunniest in red, cloudiest in purple), (b)
spectral mismatch factors (SMMs), binned by diffuse fraction, of measured global horizontal spectra, (c) thermalization (blue) and below-bandgap loss (red), binned
by diffuse fraction, for a 1100 nm bandgap, (d) example global tilted clear-sky spectra for a range of air masses generated in SMARTS (low air mass in purple, high air
mass in red), (e) SMMs, binned by air mass, of measured direct spectra, (f) thermalization (blue) and below-bandgap loss (red), binned by air mass, of measured direct
spectra from all seven locations, (g) example spectra for five spectral irradiance sources: direct (red), diffuse (blue), global (green), snow-reflected (purple), and grass-
reflected (light green), (h) SMMs for each irradiance source, and (i) thermalization (blue) and below-bandgap loss (red) for each irradiance source. Subplots show
irradiance-weighted 5th, 25th, 50th, 75th, and 95th percentiles (whiskers, box plot), irradiance-weighted mean (cross), and irradiance-weighted violin plots for each
bin. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

clouds [67]. This blueshift increases the SMM (Fig. 3b) by reducing
below-bandgap losses (Fig. 3c, Equation (5), thereby increasing module
efficiency. As diffuse fraction increases from full sun to fully overcast,
the GHI-weighted mean SMM increases from 0.98 to 1.06, the ther-
malization loss (Equation (4) increases from 32% to 36%, and below-
bandgap losses decrease from 20% to 12%. This effect has been re-
ported elsewhere in silicon modules for cloudy spectra [37,68]. Many
cloudy, low-GHI timestamps have high SMM values, while fewer sunny,
high-GHI timestamps have low SMM values, causing the long “tail” of
SMM values above 1 (Fig. 2b, green fill). This is most significant for
instantaneous PV performance predictions.

A reduction in long-wavelength irradiance due to clouds should also
cause a reduction in PV module heating; however, this effect was not
captured in this study.

3.4. Spectral impact of air mass

High-latitude locations have high average air mass, resulting in large
air-mass-related spectral effects: we have previously predicted an energy
yield increase of 2.1% in Cambridge Bay for silicon heterojunction
modules due to air mass under sunny conditions, compared to 0.3% in

Phoenix, Arizona [69]. That work also defined an air mass function
based on modeled sunny spectra with peak module efficiency at AM7
[69]. This predicted air mass function is now supported by our results
from measured direct spectra (Fig. 3e). GHI-weighted mean SMM in-
creases from 0.99 for AMO-1 to 1.02 for AM6-7, then decreases to 0.98
for AM15-20. Similar air mass functions have also been reported else-
where [18,19].

The change in module efficiency with air mass is caused by spectral
redshift, which decreases thermalization loss and increases below-
bandgap loss (Fig. 3f). DNI-weighted average below-bandgap losses in-
crease from 21% for AMO-1 to 28% for AM10-15, while DNI-weighted
average thermalization losses decrease from 31% to 22%. As air mass
increases past AM7, the peak of the solar spectrum moves past silicon’s
bandgap, causing below-bandgap losses that counteract reduced ther-
malization losses. Overall, while the effect of air mass is smaller than the
effect of cloudiness and ground-reflected irradiance (Fig. 2c), it should
be considered for high or low air mass locations where the SMM deviates
most from 1.
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3.5. Spectral irradiance components

PV plane-of-array irradiance is received from three main sources:
direct irradiance from the sun, diffuse irradiance that is scattered in the
atmosphere, and ground-reflected irradiance. In this work spectral
ground-reflected irradiance is calculated by multiplying the GHI spec-
trum by the assumed spectral ground albedo. Direct irradiance has an
average peak wavelength near 550 nm (red, Fig. 3g), compared to 450
nm for diffuse irradiance (blue, Fig. 3g). Ground-reflected spectral
irradiance is dependent on the incident irradiance and the ground
cover’s spectral albedo, which is highly dependent on ground coverage.
For example, the spectral albedo of green grass is low in the short
wavelength range [70] (green, Fig. A1), resulting in little irradiance in
that range (light green, Fig. 3g). Snow-reflected irradiance (purple,
Fig. 3g) matches the global irradiance closely below 1000 nm, and drops
off sharply at high wavelengths (blue, Fig. Al).

We calculate the SMM at all timestamps and locations for each
irradiance source: global horizontal, diffuse horizontal, direct normal,
grass-reflected, and snow-reflected (Fig. 3h). Spectral error is smallest
for direct irradiance, with a DNI-weighted mean SMM of 1.00 and inter-
quartile range of 0.02. Diffuse irradiance has a DHI-weighted mean SMM
of 1.04 and inter-quartile range of 0.06. As discussed in the previous
section, diffuse irradiance has high SMM due to decreased below-
bandgap losses.

Ground-reflected spectra have high SMMs, with an irradiance-
weighted average SMM of 1.11 for snow-reflected irradiance and 1.22
for grass-reflected irradiance (Fig. 3h). Other studies have shown a
spectral impact of +13% for green grass and +11% for snow for silicon
modules compared to pyranometers [47]. Low long-wavelength albedo
reduces below-bandgap losses for snow-reflected irradiance: the
irradiance-weighted average loss is 7% (Fig. 3i). Grass has high albedo
in the 700-1400 nm range, a good match for silicon’s 1100 nm bandgap,
with low albedo in both the short and long wavelengths. Therefore,
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irradiance-weighted average losses were only 5% thermalization and
7% below-bandgap for grass-reflected irradiance (Fig. 3i).

Due to the significant differences in spectral effects by irradiance
source, spectral corrections should be separated by direct, diffuse, and
ground-reflected components in energy yield predictions, and spectral
albedo should be incorporated in models. However, this data is not often
available at PV test sites, so decomposition algorithms or supplemental
measurements would be necessary.

3.6. Spectral irradiance wavelength range

For all prior results, we have analyzed spectral irradiance impact for
the 280-4000 nm wavelength range. However, many traditional out-
door spectral irradiance measurements are limited to a reduced wave-
length range, often with an upper wavelength limit of 1700 nm or 1100
nm [40-43,71-73]. This affects the predicted spectral impact on PV
performance: for direct irradiance, the irradiance-weighted average
SMM for all locations is 1.00, 1.01, 1.04 for upper wavelength limits of
4000 nm, 1700 nm, and 1100 nm, respectively (Fig. 4f). For diffuse
irradiance, these values are 1.04, 1.00, and 0.94. Therefore, for spectral
correction from measurements in the 280-1100 nm range, direct irra-
diance would be overestimated by 4% while diffuse irradiance would be
underestimated by 10%.

Cloud effects contribute to SMM underestimation for reduced-
wavelength spectra. For the 280-1100 nm spectra, the increase in
SMM with respect to cloudiness is not captured, and irradiance-
weighted SMM decreases from 0.99 to 0.97 from the sunniest to the
cloudiest conditions (Fig. 4d). For the 280-1700 nm spectra, cloud ef-
fects are present but are underestimated: the irradiance-weighted SMM
increases from 0.98 to 1.02 as cloudiness increases, compared to 0.98 to
1.06 for the full spectrum. In the example sunny spectrum (Fig. 4a),
4.6% of irradiance is above 1700 nm and 13.2% of irradiance is in the
1100-1700 nm range. In the example cloudy spectrum, this is 2.3% and
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Fig. 4. Importance of spectral irradiance wavelength range for spectral impact calculation. Impact of spectral irradiance wavelength range on spectral correction
calculation results. Example spectra normalized to the same maximum irradiance (a) for a sunny timestamp and a cloudy timestamp, (b) for a high air mass and low
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4000 nm integration range SMMs (black boxplots) are also shown in Fig. 3b,e,h.
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11.1% of irradiance, respectively. This reduction in long-wavelength
irradiance under cloudy conditions decreases below-bandgap losses,
resulting in high cloudy SMMs as described in the previous section.
When spectral irradiance does not extend to the 1700-4000 nm irradi-
ance range, the reduction in below-bandgap losses under cloudy spectra
is not captured, resulting in an incomplete spectral correction.

Under high air mass conditions, SMMs calculated from the
280-1100 nm spectral irradiance range are larger than SMMs calculated
from the broadband 280-4000 nm range: for AM15-20, the irradiance-
weighted average SMM is 1.25 for the 280-1100 nm range compared
to 0.98 for the 280-4000 nm range. As air mass increases, the decrease
in thermalization loss is well-captured in the spectrum below 1100 nm
(Fig. 4b), but the increase in below-bandgap losses is not. Therefore, this
calculation predicts erroneously large SMM values under high air mass
conditions. For the same reason, average SMM values for grass-reflected
irradiance are overpredicted when the solar spectrum is limited to the
280-1100 nm wavelength range (Fig. 4f).

Therefore, when a reduced spectral irradiance range is applied for
spectral irradiance corrections, the impact of thermalization will be
overestimated while the impact of below-bandgap losses will be
underestimated. In this work, this causes an underestimation of the GHI
SMM by 2%, but this will vary based on local conditions. This result is in
line with a previous study of tilted SMMs that found limiting the
calculation to 350-1050 nm changed the calculated SMM from a spec-
tral gain to a spectral loss, underestimating the spectral impact by 1-3%
compared to the 350-1700 nm range [50]. Broadband spectral irradi-
ance measurements, satellite spectral irradiance data, or extended
spectra should be applied for accurate spectral correction.

4. Conclusions

In this work, we study the importance of solar spectral irradiance for
silicon bifacial PV performance prediction in seven North American
locations. Bifacial energy yield is underestimated when spectral effects
are neglected, primarily due to ground-reflected and diffuse light.
Neglecting spectral effects can cause up to 0.6-2.7% underestimation of
annual energy yield, with higher error at shorter timescales. Bifacial
modules are more susceptible to spectral errors due to an increased
contribution from ground-reflected and diffuse light.

This work supports more accurate energy yield predictions by
identifying conditions where spectral correction is necessary. While
spectral effects may be neglected for monofacial systems in sunny lo-
cations with conditions that match the ASTM AM1.5G reference closely,
high air mass and cloudy locations deviate from reference conditions,
resulting in high spectral prediction error. Spectral correction is rec-
ommended for bifacial systems or for locations with a high diffuse
irradiance fraction above 35%. Furthermore, we can infer that condi-
tions that deviate from the ASTM standard in other ways, such as lo-
cations with air mass below 1 or locations with precipitable water
content above 5 cm, must also consider spectral correction methods. In
future studies, confirmation of these findings through cloudy-sky radi-
ative transfer models and outdoor bifacial PV site experiments would be
valuable. These results could corroborate the effect of clouds on spectral
solar irradiance and cloudy-sky SMM values.

This work shows that spectral irradiance wavelength range has a
significant impact on the resulting predicted spectral irradiance effects.
Applying 280-1100 nm spectra overestimates effective direct irradiance
by 4% and underestimates effective diffuse irradiance by 10% compared
to 280-4000 nm spectra. In future applications, broadband spectral
irradiance measurements, satellite spectral irradiance data, or extended
spectra should be applied for accurate spectral correction.

Ideally, all PV sites would have co-located spectral measurements,
but this is not standard practice. More spectral irradiance measurements
worldwide are necessary to provide a better understanding of the impact
of solar spectral irradiance variability globally. In the future, as tandem
and multi-junction PV gain viability, spectral effects will increase

Solar Energy 300 (2025) 113816

beyond those found in this work.
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APPENDIX A: Spectral Albedo

Spectral albedo of snow and grass applied to irradiance and energy yield modelling in this work.
Ground albedo taken from SMARTS?2 database [1].
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Figure Al. Spectral Albedo of Grass and Snow
Spectral albedo of grass (green) and snow (blue) applied to ground-reflected SMM calculations and energy yield impact calculations taken from
SMARTS2 database.

To determine dates with snow cover in each location, we took snow coverage data from the
Canadian Centre for Climate Services [2] and the NREL Solar Radiation Research Laboratory
[3]. For the Canadian locations, we took the daily average between years from 2010 to present,
then applied a threshold of 0.75 cm to the resulting average snow cover. For Golden, we take the
same average range but apply a threshold of 1.5 cm due to the difference in the instrument’s
average minimum reading.

This resulted in a snowy date range as follows in each location:
Golden: October 26 to April 24

Egbert: November 09 to April 08

Ottawa: November 11 to April 11

Varennes: November 11 to April 11

Charlottetown: November 12 to May 01

Devon: November 01 to April 27

Cambridge Bay: September 15 to June 22

APPENDIX B: Importance of Module Type

Module Type Comparison

To improve the accuracy of spectral impact predictions for real-world silicon bifacial PV
systems, we expanded the analysis to apply measured module spectral responsivity (SR) from
three high-efficiency bifacial silicon technologies: passivated emitter and rear contact (PERC),
tunnel oxide passivated contact (TOPCon), and silicon heterojunction (SHJ). EQE
measurements, provided by NREL and TotalEnergies, were converted to SR (Figure B1).
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The trends with respect to location, irradiance source, diffuse fraction, and air mass are similar
between the three technologies. The most significant difference between module types are
caused by short-wavelength parasitic losses in the SHJ and rear TOPCon module. These result in
an increased sensitivity to high air mass (figure B1d,f), particularly for the front SHJ and the rear
of all three modules. The TOPCon rear module shows the largest increase in SMM with respect
to air mass due to poor efficiency in short wavelengths: as air mass increases, the fraction of the
incident solar spectrum in these short wavelengths is reduced, and so SMM and module
efficiency increases.

Furthermore, while all silicon technologies see an increase in SMM with respect to diffuse
fraction, it is least pronounced for technologles with poor short-wavelength performance. As
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Figure B1. Impact of Module Spectral Response on Spectral Effects

Spectral mismatch factors (SMMs) for various silicon technologies with respect to diffuse fraction and air mass. (a) spectral response (SR)
of ideal module (black), tunnel oxide passivated contact (TOPCon, purple), passivated emitter and rear contact (PERC, red), and silicon
heterojunction (SHJ, green) for front (solid) and rear (dashed) faces, (b) front and (c) rear irradiance-weighted SMM values for diffuse,
direct, global, snow-reflected, and grass-reflected irradiance, (d) front GHI-weighted SMM for GHI spectra, binned by diffuse fraction, (e)
front DNI-weighted SMM for DNI spectra, binned by air mass, (f) rear GHI-weighted SMM for GHI spectra, binned by diffuse fraction,
and (g) rear DNI-weighted SMM for DNI spectra, binned by air mass. Subplots (b-g) show irradiance-weighted 5, 25%, 50, 75, and 95®
percentiles (whiskers, box plot) and irradiance-weighted mean (cross) for each bin.
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diffuse fraction increases, the fraction of the incident spectrum in the short wavelength range
increases (as shown in Figure 3a), resulting in poorer efficiency for modules with high parasitic
absorption at these wavelengths. These losses are still counteracted by the reduction in below-
bandgap losses, and therefore the performance trend with respect to diffuse fraction is still
positive.

Overall, front module performance is similar between technologies if electrical parameters and
module bifaciality are neglected.

Furthermore, for real modules, there is not an abrupt step in the spectral response, as assumed
with the ideal module. Real modules have a gradual reduction in SR at long wavelengths due to
rear recombination and reduced absorption of long-wavelength light. The impact of this
assumption was evaluated by creating a new spectral response curve with an ideal SR (EQE of 1)
below 800 nm and with TOPCon SR values from 800-1200 nm. The results of this comparison
are shown in Figure S3. The gradual band-edge of a real silicon module results in less variability
in the SMM and a reduction in the importance of air mass for the typical air mass range (0-10).
This accounts for most of the deviation between the SR with good short-wavelength performance
and the ideal SR, such as the front of the TOPCon module, particularly at high air masses.

Therefore, module types with strong parasitic absorption in the UV are more susceptible to
spectral irradiance effects at high air masses, while other modules are more susceptible to
spectral irradiance effects under cloudy conditions. While silicon modules show similar trends,
for most accurate predictions, the specific EQE of a given technology should be applied for
spectral correction analysis, particularly for modules with poor UV performance.

Silicon modules with high short-wavelength losses are more susceptible to spectral irradiance
effects at high air masses, while others are more affected by cloudy conditions.

Impact of Abrupt Band-Edge on Spectral Effects

Compared the spectral effects for an ideal module spectral response with a spectral response
curve following a gradual bandgap, with TOPCon SR values for wavelengths above 800 nm. The
results are shown below, for all locations, binned with respect to DHI fraction and air mass.
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Figure B2. Impact of Band-Edge Performance on Spectral Effects

(a) spectral response of ideal module (black) with perfect absorption above the bandgap and no absorption below the bandgap, and hybrid
module (orange) which combines ideal spectral response below 800 nm and the TOPCon spectral response above 800 nm, (b) GHI-weighted
GHI spectral mismatch factor (SMM) boxplots binned by diffuse fraction, and (c) DNI-weighted DNI SMM boxplots binned by air mass.

APPENDIX C: Air Mass Calculation

In this work, we calculate the relative air mass by taking the solar zenith angle at a given timestamp
and applying pvlib’s [4] Gueymard 1993 function [5]. The absolute air mass is then pressure-
corrected in pvlib by applying the measured air pressure at the given timestamp.
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5.3 Comparison of Spectral Correction Methods: Spec-
tral Irradiance Measurements and Parameterized
Spectral Models

This section studies parameterized spectral correction algorithms in a high-latitude site
in Roskilde, Denmark. I compare predicted PV spectral effects from measured spectrally-
resolved solar irradiance data with five parameterized spectral correction methods. These
parameterized methods include the Sandia Array Performance Model (SAPM) [51], First
Solar [52], Caballero [53], the European Commission’s Joint Research Center (JRC) [54],
and PVSPEC [50].

5.3.1 Scope and Impact

The accuracy of PV models is essential for the optimization of PV system design and
monitoring of PV performance. The deviation of solar irradiance from the standard solar
spectrum causes modelling error, because PV efficiency varies with respect to the incident
spectrum. Typically, PV models do not include spectral correction methods due to a lack
of spectral irradiance data.

Parameterized spectral irradiance models that approximate spectral effects on PV en-
ergy yield are available, but their applicability is still an object of ongoing study; these
models may not be accurate for all conditions and locations. This work seeks to validate
and compare parameterized spectral irradiance models for a high-latitude, cloudy site in
Roskilde, Denmark by analyzing a year of solar spectral irradiance measurements.

This work will inform system designers, system owners, researchers, and policy-makers
on spectral irradiance correction methods for PV sites.

5.3.2 Background Information

5.3.2.1 Technical University of Denmark (DTU) Building 130 Test Site

The results presented in this manuscript were acquired on the roof of Building 130, Risg
Campus at the Technical University of Denmark (DTU) (55.69°N, 12.10°E). This site in-
cludes an EKO MS-711 measuring GHI, DHI, and DNI from 290-1100 nm and an EKO
MS-712 measuring GHI from 900-1700 nm. This site also includes an EKO-MS-802F pyra-
nometer measuring DHI, an EKO MS-56 pyrheliometer measuring DNI, a Lufft UMB600
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measuring air pressure, and other instruments measuring GHI, UV, and other environmen-
tal conditions.

(a) DNI and DHI measurement (b) GHI measurement (c) Lufft UMB600

Figure 5.3: Photos of measurement station on roof of Building 130 at DTU Risg Campus.

Site Shading Analysis A plot of the 90th percentile of DNI measurements compared to
solar position (Figure 5.4) can identify times when direct beam solar radiation is blocked
at the measurement site. In this way, DNI is applied to find the solar positions where an
obstruction, such as a tree, sits between the test site and the sun. We set a minimum solar
elevation angle of 5 degrees because (1) there was a large number of trees surrounding the
site that would shade the measurement devices for low elevation angles, and (2) pyranome-
ter and spectroradiometer measurement error is high for high angle of incidence irradiance
[223].
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Figure 5.4: 90th percentile of DNI versus solar position for DTU test site.
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The dark regions in the bottom left (below 62° azimuth) and bottom right (above 294°
azimuth) show DNI shading, so timestamps where the solar azimuth angle was outside of
that range are removed.

Spectral Irradiance Measurement Stitching To stitch the measurements from the
MS-711 and MS-712 together, the spectrum is divided into three parts:

1. below 925 nm: MS-711
2. 925 nm to 975 nm: average MS-711 and MS-712
3. above 975 nm: MS-712

I discarded the MS-711 measurements from 975 - 1100 nm because the noise level of
the measurements in this wavelength range was high.
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Figure 5.5: Example GHI solar spectral irradiance measurements for MS711 (solid, 290-
1100 nm) and MS712 (dashed, 900-1700 nm). Overlap averaged range indicated by grey
lines.

5.3.2.2 Pwvanalytics Filtering

In this work, three pvanalytics [224] functions filtered the measured irradiance data to
ensure that it was realistic. The check_irradiance_limits_qcrad function applies physically
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plausible lower and upper bounds to the GHI, DHI, and DNI. The check_irradiance_consistency_qcrad
function checks the consistency of the GHI, DHI, and DNI according to equation 2.5. The
clearsky_limits function verified the clear-sky index from the GHI and clear-sky GHI. All

three functions applied the default limits for the irradiances, consistency tolerance, and
maximum clearsky index.

5.3.2.3 Parameterized Spectral Correction Algorithms

Parameterized spectral correction algorithms rely on intermediate parameters, such as air
mass, clearness index, precipitable water, and aerosol optical depth, to approximate the
effect of the solar spectrum on PV module performance (Figure 5.6). These parameters

are explained in detail in section 2.1.3.

X

53

= (b) Precipitable (c) Aerosol Optical (d) Clearness
(a) Air Mass Water Depth Index
(AM) (PW) (AOD) (ke)

Figure 5.6: Diagram of atmospheric parameters applied in simplified spectral correction
methods.

In this work, we compare five parameterized spectral correction models: SAPM [51],
First Solar [52], Caballero [53], the European Commission’s Joint Research Center (JRC)
[54], and PVSPEC [50]. They are summarized below.
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Table 5.1: Parameterized spectral correction method summary.

Method Parameters Model Fit Data Calculation

Module I,

2 4
SAPM Absolute AM o azis-tracked ao + a1 AM + asAM?* + ay AM

Abs. AM Modeled spectra

First Solar bo + by AM + by PW + ba/AM + by/PW + bs AI%V

PW SMARTS
f(AM) + f(AOD) + f(PW), where:
f(AM) = Cp + ClAM - CQAMZ
Abs. AM +e3 AM? + ey AM*
Caball P.W Modeled spectra
apatiero AOD SMARTS f(AOD) = (AODypeas — AODyey) X (c5 + 10
cg - AM + 11 - ¢ - In(AM) + ¢z AM?)
F(PW) = (PWineas — PWiep) X
(Cg + Cg - IH(AM))
1. AM Module I _ _
JRC Re . e 1t dy(e — 1) + do(ke — 1) + ds(AM — 1.5)
Abs. AM Measured spectra o o3
PVSPEC ke Solar-SIM-G crkct AM

The SMM was calculated for each model with the relevant pvlib function.

5.3.2.4 Copernicus Atmospheric Monitoring Service (CAMS)

This work takes the clear-sky GHI, precipitable water vapour, and aerosol optical depth
from the Copernicus Atmospheric Monitoring Service (CAMS) through pvlib’s iotools [214].
pvlib’s get_cams function takes the site latitude, site longitude, and timestamps as inputs
and gives detailed irradiance and atmospheric data as outputs. This function queries the
CAMS Radiation Service [225] Automatic Access via SoDa [226].

The CAMS Radiation Service provides historical solar radiation data under both clear
and cloudy conditions. It combines satellite-based cloud data with models of water vapour,
aerosols, and ozone to derive surface-level solar radiation values. This service uses the
Heliosat-4 method [227], which combines the McClear model [228, 229] for clear-sky con-
ditions and the McCloud model for cloudy conditions [230]. These models apply lookup
tables from libRadtran reference values based on atmospheric parameters as described in
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[230] and [227]. Due to the availability of ground measurements of GHI, DHI, and DNI,
only the clear-sky model is applied in this work.

The McClear model in the CAMS Radiation Service takes aerosol parameter data from
the CAMS global forecast and reanalysis service [230]. The CAMS global forecast and
reanalysis services provide aerosol properties, precipitable water vapour, and ozone content
every 3 hours [227]. This data is based on detailed individual models for the atmospheric
parameters, including models of specific aerosol types. Satellite observations from many
satellites are used to constrain the output of the global forecast and reanalysis model [231].

In this work, the verbose mode in pvlib’s get_cams function retrieves the aerosol optical
depths and the total precipitable water vapour taken from the CAMS global forecast
and reanalysis service. These parameters act as inputs to the parameterized PV spectral
irradiance correction models. Individual aerosol optical depths for aerosols are summed to
get the total aerosol optical depth.

5.3.2.5 SMM Calculation Method Comparison

In this work, we compare results from two SMM calculation approaches. These approaches
provide different SMM values when the full spectrum (280 - 4000 nm) is unavailable. The
first method is currently implemented in the pvlib Python library:

A
L ons Gret(A)dA
SMM = = f;f ) (5.14)
sc,ref A3 Gmeas ()\) dA

This involves taking a truncated range of the reference solar spectrum that matches the
range of the spectral irradiance measurement. This method neglects the effect of irradiance
outside of the wavelength range, which is important for cloudy conditions as discussed in
the manuscript in section 5.1.

Another option is to take the GHI as the “broadband measured irradiance” in the
correction calculation:

[sc,meas > fGref<)\)d>\

MM =
5 [sc,ref GHI

(5.15)

This method includes a wider range of spectral irradiance wavelengths, assuming the
GHI measurement is taken with a thermopile pyranometer. However, if there are differences
in response time, integration time, or placement between the spectroradiometer and the
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pyranometer, this method will introduce significant errors. For the site discussed in this
section, this method was inaccurate.
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Abstract — A standard solar spectrum is assumed for
photovoltaic (PV) module performance calculations, but spectral
solar irradiance is continuously changing, impacting PV efficiency
and energy yield. We calculate the spectral mismatch modifier
(SMM) with two methods for 6 months of measured spectral
irradiance data in Roskilde, Denmark. Method 1 relies on spectral
irradiance data alone while method 2 combines broadband and
spectral irradiance data. In method 1, effects outside of the device
measurement range are not captured, but method 2 introduces
significant errors due to instrument differences. Neither approach
can fully account for changes to module efficiency under varying
atmospheric conditions. We also compare five parameterized
spectral correction methods. Methods relying on clearness index
predict large positive spectral effects due to clouds, but this is not
shown in the measured spectral impact. Further work is required
to ascertain the most effective spectral correction approaches.

1. INTRODUCTION

A standard solar spectrum is typically applied to predict
photovoltaic (PV) module efficiency and yield, but the solar
spectrum constantly varies as solar position and atmospheric
conditions change. A global comparison of measured spectral
irradiance data demonstrated weekly spectral performance
effects of +1 to +14% for silicon modules [1]. Thus, for
accurate PV performance assessment, the impact of the solar
spectrum should be quantified.

Spectral irradiance measurements are rarely available at PV
sites due to the associated high cost and complexity.
Parameterized spectral correction methods allow some spectral
correction without requiring spectral irradiance measurements.
These methods rely on commonly available parameters such as
air mass, precipitable water, aerosol optical depth, and sky
clearness as proxies for spectral irradiance.

In this work, we calculate spectral effects on a silicon module
for 6 months in Roskilde, Denmark. We apply two spectral
irradiance correction methods to measured solar spectra and
compare with five parameterized spectral correction methods.

II. METHODOLOGY

A. Spectral Mismatch Modifier Calculation

The spectral mismatch modifier (SMM), defined in IEC
60904-7 [2], represents the effect of the incident irradiance’s

spectrum on PV efficiency. Module short-circuit current
density (Ji) is spectrally corrected by taking its product with
the SMM. To calculate SMM, we begin with Ji:

Jo= [ Z-EQE()-G() di = [ SRO)-G(A) dr (1)

where EQE is external quantum efficiency, A is wavelength, ¢
is the elementary charge, % is Planck’s constant, c is the speed
of light, SR is spectral responsivity, and G is the solar spectrum.
In this work, we use front silicon module EQE from [3].

From J, there are two SMM calculation methods:
normalization by either (1) integrated spectral irradiance or (2)
global horizontal irradiance (GHI).

To normalize by integrated spectral irradiance (method 1):

SMM = T 2 )
Jscref fklz Emeas

where Jimeas and Jscrer are the short-circuit current density

under the test spectrum and the reference spectrum,

respectively, Emeas 1S the measured spectrum, FEpr is the

reference spectrum, A; is the lower wavelength limit, and A is

the upper wavelength limit. The reference spectrum in this case

is the ASTM G173-03 AMI1.5G spectrum. For our

measurements, A; = 290 nm and A, = 1700 nm.

In method 2, we normalize by broadband GHI:

SMM = Jsemeas X fEref (3)
JSCref GHI

In this work, we compare these approaches. Method 1 (Eq. 2)
neglects irradiance outside of the spectral measurement range
but method 2 (Eq. 3) is affected by differences between
measurement devices, for example in calibration, placement,
exposure time, thermal offsets, or angular response.

B. Site Measurements

All measurement devices applied in this work are installed at
Building 130, Technical University of Denmark, Risg Campus
(55.69°N, 12.10°E). We analyze 5-minute resolution data from
May 18 to October 31, 2024. We measure spectral global
horizontal irradiance (spectral GHI) with an EKO MS-711
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TABLE

PARAMETERIZED SPECTRAL CORRECTION METHODS

(290-1100 nm) and an EKO MS-712 (900-1700 nm). We
combine measurements from these two instruments by taking:
MS-711 below 925 nm, average of MS-711 and MS-712 for
925-970 nm, and MS-712 above 970 nm. We calculate
broadband GHI from broadband diffuse horizontal irradiance
(DHI), broadband direct normal irradiance (DNI), and solar
position. DHI is measured with an EKO MS-802F pyranometer
shaded by a 5° field-of-view shadow ball. DNI is measured with
an EKO MS-56 pyrheliometer with 5° field-of-view. A Lufft
UMBG600 weather sensor measures air pressure.

We apply the pvanalytics python package (v0.2.2) [4] with
default settings to filter implausible irradiance data.
Timestamps with solar elevation angles below 5° and solar
azimuth angles outside of 62°-294° are removed due to shading.

C. Parameterized Spectral Correction Methods

In this work, we compare five parameterized spectral
correction methods, summarized in Table I. We obtain clear-
sky GHI, precipitable water (PW), and aerosol optical depth
(AOD) from the CAMS Radiation Service [5] using pvlib [6]

(v0.11.1). We calculate clear-sky index (k) by dividing
measured GHI by CAMS clear-sky GHI. We sum the AOD of

Vethod Parameters | Model Fit Data Technologies black c'arbon, dust, sea salt, organic matter, splphate, and nitr.ate
to obtain total AOD. We calculate absolute air mass (AM) using
Module Ji. CdTe, C'?‘: mc-Si, pvlib from relative air mass and measured air pressure.
SAPM[9] | AM (abs) (2-axis-tracked) CIS, a-Si, GaAs We calculate the SMM for each parameterized method at
(database) each timestamp. We use ¢-Si coefficients for all methods except
First Solar AM (abs), PW Modeled spectra | CdTe, ¢-Si, mc-Si, JRC, where only mc-Si coefficients are available.
(10 (SMARTS2) gldis a-:} S D. Total Spectral Impact on Effective Irradiance
e, C-ol, me-ol,
Eaﬁallero 2\“/"\/ (aAbosé, ;\gon::;eissg)ectra CIGS, a-Si, We ca1<.:ulate total spectral impact for each method over the
’ perovskite entire period as follows:
Module Jsc CdTe, mc-Si
JRC[12] Mol k| o eain 5 SMM(OXGHIG)
Spectral Impact (%) ==————= 4)
PVSPEC [8] | AM (abs), k Measured spectra | CdTe, ¢-Si, mc-Si, >, GHI(®)
(Solar-SIM-G) CIGS, a-Si

where ¢ is the timestamp. This gives the effective change in
irradiance after spectral effects as a fraction of total irradiance.

III. RESULTS AND DISCUSSION

All parameterized models predict a change in SMM over the
course of a sunny day with respect to air mass (solid lines, Fig.
la), with the maximum at sunrise and sunset and minimum at
noon. The self-normalized SMM (method 1, black dash) is
similar, while the GHI-normalized SMM (method 2, orange
dash) predicts smaller SMM values below 1, particularly in the
afternoon. GHI-normalized SMM is smaller on average than
self-normalized SMM, which was not expected.

During the cloudy day (Fig. 1b), SMMs from spectral
measurements (black and orange dash) are above 1 because
cloudy spectra are well-matched to the silicon bandgap. Clouds
absorb long-wavelength irradiance above 900 nm, with strong
absorption above 2000 nm for thick clouds [7]. Therefore,
transparency losses are reduced, resulting in high SMMs.

Cloud-dependent spectral effects are not fully captured in the
290-1700 nm range, so method 1 underestimates this effect.

Sunny Cloudy Intermittent
1.20 t(@) SAPM —-- seffnorm. 1 (b) . ' ' {1120
' —— First Solar === GHI-norm. '
1.15F Caballero 11.15
% L1of TR p {1.10 %
& 1.05} -L fi11.05 &
/, //%
1.00 W 14 1.00
v S e a N _\--/.,...--”‘ M A
0.95 } ' '+ y 114 0.95
& + } + - | &
£ 1000 f(d) ) ] 1000°g
Mo Sy
% 500 f 1500 %
T . . . . : : . . | T
O 0 O
08:00 12:00 16:00 08:00 12:00 16:00 08:00 12:00 16:00
Time

Fig. 1. Spectral Mismatch Modifiers (SMMs) for (a) a sunny day (2024-06-26), (b) a cloudy day (2024-06-22), and (c) an intermittently cloudy day
(2024-06-19). (d)-(f) global horizontal irradiance (GHI) for the same dates.
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Fig. 2. Effective spectral impact for measured spectral irradiance
calculations (black hash) and parameterized spectral correction
methods (solid), defined in Eq. 4. Red: method 1, orange: method 2.

Ideally, GHI normalization (method 2) would capture long-
wavelength cloud effects, since thermopile pyranometers detect
long-wavelength irradiance, but we found erroneously small
SMM values. This may be due to calibration error: GHI
modifies the SMM in method 2 (Eq. 3), so an overestimation of
GHI would cause an underestimation of SMM. Furthermore,
any spectral irradiance measurement bias will modify Jsemeas
and therefore SMM. Method 1 is unaffected by spectral
irradiance bias, assuming it is equal at all wavelengths, because
the SMM is normalized by the total irradiance of the measured
spectrum. In addition, for method 2, differences between the
measurement devices introduce noise. Therefore, we found
method 2 is insufficient for spectral correction calculations
without harmonized instrument calibration methods.

On the cloudy day, parameterized model SMMs relying on A
input (JRC, blue and PVSPEC, purple) are approximately 5%
higher than measured SMMs. These models may be predicting
larger cloud effects because their training inputs (290-4000 nm
irradiance and module Ji.) include long wavelength effects.

These trends are further illustrated by the total spectral
impact (Eq. 4), shown in Fig. 2: there is a small positive impact
for the self-normalized method (+0.3%) and a large negative
impact for the GHI-normalized method (-2.2%). The spectral
impact from Method 1 is smaller than reported elsewhere [8],
possibly due to cloud effects as previously discussed. This work
is also missing winter months when SMMs are typically high.
Further investigation is required, including a full-year spectral
effect calculation, which we intend to report in Montreal.

IV. CONCLUSION

In this work, we studied spectral irradiance effects for silicon
modules through both spectral irradiance measurements and
parameterized spectral correction methods. We found that GHI-
normalized spectral effect calculations can give erroneous
results due to measurement error and device differences. While
all parameterized spectral correction methods predicted a
positive spectral impact, methods relying on clear-sky index
predicted larger impacts due to cloud effects. This effect may
not be captured by spectral irradiance measurements that cut off

long wavelengths. Ideally, spectral irradiance data would
include the entire solar spectrum (290-4000 nm).

While we investigate horizontal irradiance in this work, for
accurate results, global filted irradiance spectra should be
obtained. A tilted plane will have a different ratio of direct,
diffuse, and ground-reflected irradiance, resulting in changes to
the spectrum. This remains a direction of future research.
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Chapter 6

Conclusion and Future Work

Bifacial photovoltaics are a growing portion of the global PV market, but bifacial energy
yield models are subject to higher uncertainty due to the additional complexity of rear-
incident irradiance modelling. This thesis aims to improve bifacial photovoltaic energy yield
models by analyzing the impact of various factors, including structural effects, artificial
reflectors, and spectral irradiance.

Chapter 3 quantifies the effect of structural shading and reflection on a single-axis-
tracking system through modelling in bifacial_radiance, a reverse ray-tracing bifacial PV
model. Structural shading and reflection effects are not constant and depend on time of
day, time of year, cloudiness, albedo, and other factors. For a two-in-portrait system in
Livermore California over a 20% albedo ground cover, the rear irradiance shading and
reflection factor varied from -12.7% to +2.4% on a per-timestamp basis. Furthermore,
neglecting racking reflection will overestimate structural losses, because reflections from
racking elements counteract their shading effect. Racking reflection reduces the annual
shading factor from -17.6% to -8.5% and annual energy shading losses from -0.7% to -0.4%.

Field validation of modelled structural losses would increase the impact of these results.
Future work could apply this methodology to a broader set of system designs to assess their
effect on structural shading and reflection. For example, the effect of structural shading and
reflection with fixed-tilt racking, one-in-portrait systems, or systems in different locations
can be studied. This could lead to the development of simplified modelling methods that
account for time-varying structural effects, including reflection, with lower computational
costs. The impact of environmental parameters, such as cloudiness or latitude, could also
be assessed. Furthermore, this approach can be applied to design PV mounting structures
that minimize shading, minimize mismatch losses, and increase total energy yield.
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Chapter 4 demonstrates that artificial reflectors increase bifacial PV irradiance and
energy yield through field experiments and modelling. A 70% reflective material causes
annual irradiance reflector gains of up to 8.6% and annual energy yield reflector gains of
up to 4.5%. According to a levelized cost of energy analysis, artificial reflector breakeven
installed costs are between $2.50-4.60 per m? in Golden, Colorado, with higher potential
breakeven costs in cloudier locations. The optimal reflector placement is centered directly
under the torque tube for any reflector size. Inverter clipping must always be considered
when designing and evaluating artificial reflector systems, because clipping losses affect
some designs more heavily than others.

In the future, this approach could be applied to assess the ideal reflector design for
more system types, such as fixed-tilt systems or vertical bifacial systems. The study could
also be broadened to include global locations, with a global cost analysis accounting for
local financial conditions. Although the manuscript briefly touches on these topics, some
questions remain concerning the importance of reflector soiling losses and reflector material
degradation over time.

Chapter 5 evaluates the impact of spectral solar irradiance on bifacial PV systems.
Chapter 5.1 includes an analysis of spectral irradiance in seven North American locations.
Bifacial PV system energy yield is underestimated when spectral effects are neglected,
because ground-reflected and diffuse light are more efficiently absorbed than reference sun-
light. Bifacial modules have higher spectral error due to high diffuse and ground-reflected
irradiance. Annual energy yield may be underestimated by up to 0.6-2.7% when spectral
effects are neglected, with higher errors when analyzing short timescales. Spectral correc-
tion should be applied in locations with high diffuse irradiance and for bifacial systems.
Chapter 5.2 studies measured spectral irradiance data and parameterized spectral correc-
tion methods in one such location: Roskilde, Denmark. Spectral correction predictions are
strongly affected by whether cloud cover is incorporated in the model or neglected. Both
manuscripts demonstrate the importance of spectral irradiance measurement wavelength
range for accurate spectral correction.

Although it would be ideal if all PV sites had co-located spectral irradiance measure-
ments spanning the entire spectrum, these measurements are rare. More spectral irradiance
measurements worldwide could facilitate further analysis of spectral irradiance effects in
bifacial PV. Spectral extension approaches could improve spectral correction with available
reduced-wavelength spectral irradiance datasets. Other methods of spectral irradiance ac-
quisition, such as satellite models like FARMS-NIT, should also be investigated. The effect
of temperature on spectral irradiance sensitivity, particularly cell temperature’s effect on
bandgap, was not explored in this work. Lastly, because tilted spectral irradiance is the in-
cident spectrum in the field, spectral transposition models should be evaluated and applied
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to spectral irradiance. Future studies could also assess the impact of spectral irradiance
on emerging PV technologies, such as tandem solar cells.

As PV continues to grow to a position of greater importance in our energy sector, PV
energy yield models will need to continue to improve. The importance of other effects
that are often neglected, such as edge effects and rough terrain, should be quantified and
studied. Furthermore, as PV technology advances, PV models must evolve to accurately
model improvements. New technologies and new applications such as tandem modules,
diffuse smart-tracking algorithms, building-integrated PV, and floating PV will require
accurate energy yield models to facilitate adoption and integration into existing energy
networks.

As a whole, this work highlights the time-varying nature of bifacial PV energy yield.
In systems that are exposed to the electricity spot market, the time of power generation is
nearly as significant as the magnitude of power generated. Neglecting these effects can lead
to price cannibalization and slows PV adoption. This work will inform future, detailed,
time-dependent energy yield models, including digital twin models, allowing for a more
rigorous accounting of energy flows and PV system profits.
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