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Abstract

As of 2030, bifacial photovoltaic (PV) modules – which collect light on both the front and rear sides

– are predicted to make up 60% of annual global PV expansion, exceeding 375 GW of installed

capacity per year. Therefore, accurate and accessible bifacial PV performance models are crucial

in enabling rapid global PV expansion. This thesis proposes a highly-parameterized, physics-based

bifacial PV performance model that: (a) reduces uncertainty with respect to two-dimensional (2D)

view factor models by eliminating key user-defined loss parameters, and (b) achieves greater com-

putational efficiency than a ray tracing approach. The model computes shade-inclusive 2D front

and rear irradiance profiles which interface with a cell-to-array level electrical model, producing

per-timestamp current-voltage curves. A validation against measured power in fixed-tilt and single-

axis tracked systems demonstrates a mean absolute error in modelled hourly power of 14.2 mW and

17.3 mW per watt of installed capacity, for each system respectively.

Due to its flexible parameterization, the model can be used to both predict and better understand

PV system performance. To exemplify such use cases, this thesis includes a chapter on the energy

yield impact of three physical effects in tracked bifacial PV, namely: (1) brightening at the edges

of a row of PV modules, (2) angle of incidence losses in light reflected off of supportive racking,

and (3) the addition of a secondary tracking axis in double-axis tracked bifacial modules. A subse-

quent chapter discusses the model’s applicability in emerging PV markets at mid-to-high latitude

locations, presenting another three studies on the energy yield impact of: (1) time-varying air mass,

(2) latitude-dependent row spacing, and (3) ground accumulated snow. Such studies contribute to

the global effort to reduce bifacial PV energy yield modelling uncertainty in both established and

emerging markets and to de-risk bifacial PV investment around the world.
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1 1 INTRODUCTION

1 Introduction

1.1 Motivation

To power an electrified world with zero-emissions energy by 2050, jurisdictions around the globe

will collectively need to install more than 630 GW of solar photovoltaic (PV) capacity every year

as of 2030. This annual expansion exceeds the PV capacity installed globally in 2020 by 4.7

fold [16]. To enable this expansion, tools like PV performance models - which predict the annual

or instantaneous energy yield of a PV system - will be crucial. Engineers and PV plant owners will

rely on PV performance models to provide accurate energy yield estimates to optimize plant designs

and de-risk financial investments. Plant operators will compare actual plant performance against

these same models to detect and diagnose issues. Grid system operators will use the output of

these models as inputs to short- and long-term forecasts to balance electricity supply and demand.

We must therefore ensure that our PV performance models are both accurate and computationally

efficient - a task akin to sharpening the tools in our energy transition toolkit and keeping them

accessible.

In particular, we will need to ensure access to accurate bifacial PV system performance models.

Bifacial modules - which collect light on both the front and rear faces - are predicted to make up

60% of annual added PV capacity by 2030, overtaking their one-sided monofacial counterparts

[17]. (See Chapter 2 for an introduction to bifacial PV cells, modules, and systems). As the price

margin between bifacial and monofacial modules has thinned over the last decade, the industry has

rapidly adopted bifacial PV, shedding previous doubt as to whether the energy yield gain due to rear

side light could offset additional module costs. With this transition, the purpose of bifacial energy

yield models has shifted away from assessing the viability of a novel technology; these models are

now essential to reducing risk in PV plant financing and monitoring.

Improving bifacial PV model accuracy will be a key step to further reducing this financial and

operational risk across the globe. As PV plant designs evolve to fit increasingly complex parcels

of land, this decade’s most accurate bifacial PV models will excel at capturing the optical and elec-

trical impacts of complex physical environments under dynamic operating conditions. Validating

both optical and electrical models at short and long timescales will reduce uncertainty within an
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inherently intermittent energy supply, improving economic appetite for PV capacity expansion and

increasing grid resiliency.

1.2 Research gap

To predict bifacial PV energy yield, a model must quantify the light that is incident on the front and

rear of the modules within a complex scene: supportive structures block or reflect incident light;

ground cover has temporally or spatially-varying reflectivity; and the amount of diffuse, ground-

reflected and direct light contributing to module energy yield varies depending on the tilt angle of

the PV modules and the time of day and year. Currently, most bifacial PV performance models

either: (a) simplify this complexity, relying on annualized, user-defined loss factors to account for

physical phenomena, or (b) require significant computational resources to perform a physically-

realistic calculation of radiation transfer within the scene.

The first, simplified approach is found in two-dimensional view factor (2D VF) models; this

approach introduces user error due to a lack of sector-wide agreement on user-defined loss factors

[18] and lagging research on geographic and temporal trends in these factors. Conversely, the

physically-realistic ray tracing approach can capture geographically- and temporally-specific light

patterns on the modules including shading and reflection; however, the associated computational

intensity is prohibitive for any users looking to optimize a PV system design without access to high

performance computing. (See Section 2.2 and Section 3.1 for a more in-depth review of existing

bifacial PV modelling approaches).

With improved access to cloud computing, ray tracing models are increasingly used in a post-

optimization step to determine user-defined parameters for the 2D VF models that have historically

been considered bankable in financing. Despite reduced uncertainty in annual energy predictions,

this cumbersome workflow still results in a lower instantaneous agreement between modelled and

measured results on a per-timestamp basis. Thus, the existing modelling landscape has suffered

from an accessibility-accuracy gap that suggests a need for alternative modelling approaches.

1.3 Thesis objectives and scope

To fill the accessibility-accuracy gap seen in bifacial PV modelling, this thesis aims to:
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1. demonstrate and describe an integrated optical and DC-side electrical bifacial PV perfor-

mance model that achieves greater computational efficiency than ray tracing while quantify-

ing 3D shading;

2. validate these optical and electrical models against measured field data to quantify accuracy;

3. investigate the energy yield impacts of complex system features and dynamic operating con-

ditions in existing and emerging markets using the proposed model.

The following topics in energy yield modelling are beyond the scope of this work: soiling,

DC and AC wiring losses, DC-AC conversion, optical modelling for non-flat terrain, non-silicon

devices, and meteorological forecasting.

1.4 Research contributions

This thesis introduces a highly-parameterized, physics-based optical and electrical PV performance

model that computes two dimensional shade-inclusive front and rear irradiance profiles and cell-

to-array level current-voltage curves; this model captures shading and electrical mismatch losses

without the need for user-defined factors seen in 2D VF models and with lower computational

intensity than ray tracing models. Chapter 3 of this thesis explains the optical and electrical sub-

models and provides a validation comparing modelled and measured irradiance and power data for

fixed-tilt and single-axis tracked systems.

The author’s notable contributions to model development include: developing the 3D coordi-

nate mapping for a flexible, user-defined PV array for fixed-tilt, single-axis tracking and double-

axis tracking systems with backtracking; designing the shading algorithm to account for common

supportive racking types, including a novel approach to module frame shading and PV-specific

bounding volume hierarchy; and implementing an electrical model with cell-to-array level current-

voltage curves. Her contributions to this electrical model include implementing: half-cut or shin-

gled cells in portrait or landscape module orientation; three common temperature models; defined

cell behaviour at reverse bias breakdown voltage; user-defined wiring architecture including bypass

diodes and series/parallel interconnections from cell-to-array level; and electrical current-mismatch

loss calculations within and between modules.
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Beyond module development, this thesis subsequently demonstrates how the described model

can be applied to a variety of use-cases in existing and emerging markets. For example, 94% of new

utility-scale PV in the U.S. in 2022 was installed on single-axis trackers [19] which rotate modules

from east to west throughout the day to capture more direct sunlight than fixed-tilt systems. There-

fore, Chapter 4 focuses on quantifying the energy impacts of three concepts relevant to bifacial

PV on tracked systems: (1) irradiance non-uniformity across a row of trackers, (2) reflections off of

the torque tube - an integral component of the supportive racking structure, and (3) the addition of

a second axis of rotation in double-axis tracking. These studies help prioritize the physical effects

that should be considered in bifacial PV energy yield modelling for tracked systems.

Another use-case for PV performance models emerges as we begin to understand the sources

of uncertainty that hinder PV investment in emerging markets today. As mid-to-high latitude juris-

dictions look to PV to offset carbon-intensive energy sources and to meet increasingly electrified

energy demand, accurate PV performance modelling will require an improved understanding of

geographically-specific effects such as snow, air mass, and row-to-row shading. Chapter 5 demon-

strates how we can apply a highly-parameterized, spatially-resolved, and geographically-specific

model such as the one described in this thesis to quantify the impact of the physical effects that are

currently driving PV investment uncertainty in these emerging PV markets.
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2 Bifacial photovoltaic (PV) performance modelling

To contextualize the original contributions described in this thesis, this chapter begins with an

introduction to bifacial photovoltaic (PV) cells, modules, and systems. Section 2.2 then contrasts

existing approaches to bifacial PV optical modelling, complementing the review of existing models

provided in the introduction of the manuscript reproduced in Section 3.1. Section 2.3.1 introduces

the field data required to validate bifacial PV models for optical, thermal, and electrical accuracy,

and the chapter concludes with a brief primer to key software concepts referenced in subsequent

discussions on algorithm design.

2.1 Bifacial PV cells, modules, and systems

2.1.1 Cells

In a solar photovoltaic (PV) system, electric current is generated within the PV cells that make

up the solar panels or modules. This thesis focuses primarily on PV systems built from bifacial

cells. Unlike one-sided or monofacial cells, bifacial cells convert the light incident on both sides of

the cell into electricity, allowing collection of diffuse and ground-reflected light in ground-mount

systems. In 1960, Mori [20] proposed the first bifacial cell with discretized rear electrical contacts,

rather than the planar contact that covered the full rear face of conventional monofacial cells; by

1994, Moehlecke et al. demonstrated the first bifacial device with a viable 18% efficiency [21].

While bifacial PV manufacturing and installation were originally plagued with higher costs and

additional energy yield modelling uncertainty, the International Technology Roadmap for Photo-

voltaics (ITRPV) [17] estimates that these cells now make up more than 45% of the global market.

The following section provides a high-level summary of the principles governing current genera-

tion in bifacial cells including materials, semiconductor junctions, equivalent circuit models, and

current-voltage behaviour under varied operating conditions. This summary is based primarily on

the detailed descriptions in Wenham [22], Masters [6], and Nelson [23].

Materials According to the ITRPV [17], more than 90% of all cells manufactured globally in

2022 were composed of mono-crystalline silicon (mono-c Si) - a semiconductor material in which
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covalent bonds bind Si atoms in a repeating crystal lattice. As a semiconductor, mono-c Si under-

goes the photovoltaic effect when illuminated. Photons with energy greater or equal to the bandgap

of the semiconductor (i.e., with energy greater or equal to the energy difference between the con-

duction and valence bands) are absorbed by the lattice. This energy transfer excites electrons from

the valence band to the conduction band allowing the excited electron to move freely in the material

and leaving behind a positively charged hole in the lattice. In the presence of an electric field, these

free electrons can be extracted from the material to perform work in a circuit.

To provide a built-in electric field in the device, a Si solar cell requires at least one junction

between two regions with different concentrations of free electrons or holes. These regions are cre-

ated by doping pure silicon with intentional impurities or dopants - a process which also increases

the conductivity of both materials allowing charge collection at the device terminals. In n-doped

Si, small concentrations of group V atoms like phosphorous are covalently bonded to silicon atoms

throughout the crystal lattice (Fig. 2.1, left in blue). This process results in additional free electrons

since each phosphorous atom has five valence electrons - one more than can be bond with the four

adjacent Si atoms. These electrons are known as the majority carriers in n-doped Si, whereas holes

are the minority carriers.

Conversely, in p-doped Si (Fig. 2.1, left in pink), group III atoms like boron are introduced into

the silicon lattice. Since each boron atom has only three valence electrons, this process leaves an

unpaired Si valence electron for every boron atom. These positively-charged holes, where electrons

would be in a neutral pure Si lattice, form the majority carriers in p-doped Si where free electrons

are the minority carriers. When we conceptualize holes moving through the material, we are really

referring to the movement of excited electrons leaving a hole behind and moving in the direction

opposite to the conceptual hole movement.

P-N junctions When the n-doped and p-doped materials are brought together together in an n-p

or p-n junction, the majority carriers near the junction diffuse away from their respective materials,

leaving behind minority carriers in a depletion or state-charge region around the junction (pale

pink and blue in Fig. 2.1). This region of opposing charges generates an electric field with a

built-in voltage. This field begins to offset the continual diffusion current of majority carriers

across the junction by sweeping minority carriers near the depletion region across the junction in a
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Figure 2.1: Left: p-n junction between p-doped (boron) and n-doped (phosphorous) silicon regions
at equilibrium. Right top: p-n junction under forward bias with thin depletion region and dominant
electron (e−) diffusion current. Right middle: p-n junction under reverse bias with widening deple-
tion region and dominant e− drift current. Right bottom: p-n junction under illumination by photon
with energy hv where h is Planks constant and v is frequency and with dominant drift current due
to excited minority carriers in and near the depletion region. Figure adapted from [24–26].

drift current. These two opposing currents eventually settle to be equal and opposite in a state of

equilibrium. Hu [24] provides a useful description of p-n junction formation and behaviour under

bias. Nelson [23] provides a derivation of the diode current equations.

Applying a forward bias to the p-n junction (Fig. 2.1, top right), in the opposite direction to the

built-in field, reduces the voltage differential between the p and n regions allowing more majority

carriers to overcome the potential barrier to diffusion and increasing diffusion current exponentially.

This diffusion current dominates current flow under significant forward bias since the applied volt-

age has little effect on the the drift current. Drift current is still limited by the near-equilibrium

minority carrier concentration close to the junction and the minority carrier concentration is pri-

marily affected by light and temperature - both absent in this dark forward bias scenario.

Applying a moderate reverse bias (Fig. 2.1, middle right), in the same direction as the built-

in-voltage, increases both the width of the depletion layer and the built-in voltage. Fewer majority

carriers can overcome the potential barrier to diffusion which drastically reduces the diffusion cur-
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rent. Drift current, still limited by the concentrations of minority carriers near the depletion region,

remains approximately the same as at equilibrium. The small net current under reverse bias condi-

tions is called the dark saturation current, I0, and is dominated by this drift current. I0 is dependent

on temperature and Si quality.

The net current generation under bias, Id, can be described by the ideal diode equation [26,27]:

Id = I0(e
q(V −Vb)

kT − 1) (1)

where V is the applied bias, Vb is the built-in voltage, I0 is the dark saturation current, known as

the saturation current, k is Boltzmann’s constant, q is the absolute value of electron charge, and T

is the temperature. This equation holds under dark conditions for an ideal diode.

In an ideal diode, it is assumed that electrons and holes do not recombine while in the depletion

region. Since the location and dominant type of recombination differs from this assumption in real

cells, an ideality factor, n, between 1 and 2 is added to the ideal diode equation [26, 27]:

Id = I0(e
q(V −Vb)

nkT − 1) (2)

While the above section describes a p-n junction, junctions with other doping characteristics (e.g.,

p-p+) exist to control the movement of carriers within a cell. Libal, Kopecek et al. [28] has a

detailed description of various bifacial cell designs including the material and order of junctions.

Light-generated current While a solar cell behaves like a diode in the dark, it must be illumi-

nated to generate a significant current. N-type monofacial solar cells are illuminated on the p-doped

region known as the emitter with a thicker n-doped region beneath known as the bulk. Conversely,

p-type monofacial cells are illuminated on the n-doped emitter with a p-doped base. Bifacial cells

are illuminated on both sides, with rear light entering through the equivalent of the monofacial

base.

When light is applied to the p-n junction (Fig. 2.1, bottom right), the minority electrons that are

excited within a diffusion length from the depletion region - i.e., are close enough to the depletion

region to diffuse to the field without recombining [29, 30] - will be accelerated toward the n-doped

region. Analogously, minority holes generated within a diffusion length of the depletion region are
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swept to the p-doped region. In the absence of a forward bias, the resulting drift current dominates.

The superposition principle allows the net current generated under illumination, temperature, and

bias to be a direct combination of this light-generated current, IL, and the ideal diode equation

[27, 31]:

I = IL − I0(e
q(V −V b)

nkT − 1). (3)

Current-voltage curves Under illumination and bias, there are three points on the current-voltage

(IV) curve described by Eq. (4) and shown in Fig. 2.2.A that are of particular importance to solar

cell and module characterization and operation [6, 31]:

• If the terminals of the device are connected directly as a short circuit, no external bias voltage

is applied. The net current is primarily due to light- and thermally-generated minority carriers

swept across the depletion region by the built-in electric field. This short circuit current,

Isc, is the maximum current that can be produced by the cell under the given illumination

conditions and is proportional to the number of incident photons. For bifacial cells, the ratio

of rear-illuminated Isc to front-illuminated Isc is a measure of rear-side collection efficiency

called the bifaciality factor, ϕ, [28], ranging from 0.7-0.9 depending on cell design [17] with

highly symmetrical silicon heterojunction cells resulting in the highest ratio.

• Alternatively, if a forward bias is applied that is equal and opposite to the built-in voltage, the

net current will be zero. This open circuit voltage, Voc, is the maximum operating voltage of

the solar cell.

• At a forward bias slightly smaller than the open circuit voltage, the current and voltage are co-

maximized. This is the maximum power point, Pmp, and occurs at the largest applied forward

bias in which the light-generated drift current exceeds the opposing diffusion current.

Under extreme reverse bias, a final condition arises known as breakdown (Fig. 2.2.A, grey

region). Si cells experience avalanche breakdown when the strong electric field formed by the

widening depletion region eventually accelerates carriers with enough energy to knock additional

electrons free of the lattice [24]. This avalanche of free, rapidly accelerated electrons causes an

exponential increase in drift current. This phenomenon occurs at reverse bias voltages of ∼-10 V
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Figure 2.2: (a) Cell current-voltage (IV) curve. (b) Single diode model and parameters [6].

to -30 V [32] in silicon cells, known as the breakdown voltage, and necessitates the use of bypass

diodes in PV modules (see Section 3.4.1).

Single diode model The single diode model [6, 31] further describes the current-voltage be-

haviour of a non-ideal solar cell through the equivalent circuit in Fig. 2.2. The light-generated

current source, IL, is connected in parallel to a non-ideal diode with dark saturation current, I0, and

ideality factor, n, such that the net current is dominated by light generated current at low forward

bias and by diode diffusion current and recombination at high forward bias.

The model also displays two parasitic resistances that reduce output power at the cell terminals.

The shunt resistance, Rsh, is in parallel with the current source and diode and represents alternate

current pathways through the cell that bypass the built-in voltage, often caused by micro-cracks or

impurities in the lattice. The series resistance, Rs, represents resistance to diffusion in the semi-

conductor bulk and resistance in, and at the junction with, front and rear metal contacts. Ideally,

the shunt resistance is infinitely high and the series resistance is zero. The resulting net current

is [6, 31]:

I = IL − I0[exp (
q(V + IRs)

nkT
)− 1]− V + IRs

Rsh
(4)

A second parallel diode can be added to this model to describe the recombination rate of

electron-hole pairs in the depletion region, replacing the single ideality factor [33]. However, in
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materials such as Si where the minority carrier diffusion lengths are much longer than the p- or

n-doped depletion region widths, recombination in the depletion region is insignificant [34]. Thus,

the single diode model best describes Si IV characteristics.

Temperature and irradiance effects Several parameters in the single diode model depend on

temperature or irradiance; therefore, a temperature- and irradiance-dependent single-diode model

can be used to find IV curves and maximum power points that represent non-standard test con-

ditions. Calculation of cell temperature itself is discussed in Section 2.1.4. Rucschel et al. [35]

discuss secondary order temperature and irradiance effects and alternate approaches to those dis-

cussed below.

A solar cell’s temperature dependence lies primarily within the dark saturation current, I0,

which is proportional to the square of the intrinsic (undoped) carrier concentration of silicon, n2
i ,

which in turn depends on the cube of cell temperature. Thus increasing cell temperature increases

I0 with the following relationship [36]:

I0(Tc)

I0,STC
= (

Tc

TSTC
)3 exp [

1

k
(
Eg,STC

TSTC
− Eg(Tc)

Tc

)] ∝ n2
i (Tc)

n2
i,STC

(5)

where Tc is the cell temperature, TSTC is the STC temperature of 25°C, ni,STC is the intrinsic carrier

concentration of Si at TSTC, Eg,STC is the bandgap energy of Si at TSTC, and k is the Boltzmann

constant. Here, the temperature dependence of the bandgap is described as in De Soto et al. [36]

with Eg,STC ≃1.12eV for silicon.

Eg(Tc)

Eg,STC
= 1− 2.677 ∗ 10−4(Tc − TSTC) (6)

Since the bandgap decreases with increasing temperature, IL (and thus Isc) increases slightly as

more minority carriers overcome the bandgap energy to contribute to the drift current. However,

Voc decreases significantly with increasing temperature due to its strong dependence on I0. As a

result of Voc decreasing more rapidly with temperature than Isc increases, maximum power (Pmp)

will decrease as the cell heats up. Isc, Voc, and Pmp temperature coefficients are reported on module

datasheets as percent losses or gains per °C with approximate values of +0.06%/°C, -0.3%/°C, and

-(0.4-0.5)%/°C, respectively [31]. These temperature coefficients can be applied to adjust the I or
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V of the single-diode model.

Finally, De Soto et al. [36] outlines that effective modelled shunt resistance should increase

with decreasing incident irradiance and current-generation. Rsh scales inversely with irradiance,

normalized to GSTC such that:

Rsh

Rsh,STC
=

GSTC

Gc
(7)

where Gc is the total average irradiance on front and rear of the cell, and Rsh,STC is the shunt

resistance and irradiance under STC conditions.

Spectral effects Each solar cell has a unique current generation response to a given radiation

spectrum based on its materials, material quality, and design. This response is known as the cell’s

external quantum efficiency (EQE), or the number of electrons collected at the device terminals for

each incident photon at each wavelength [31, 37]. Fig. 2.9 in Section 2.2.1 shows a typical EQE

for an encapsulated mono-c Si cell overlaid on multiple solar spectra.

The cell’s short circuit current can be found as in [37]:

Isc = Ac ∗
∫

Gc(λ)ℜc(λ)dλ (8)

ℜc(λ) =
q

hc

∫
λEQEc(λ)dλ (9)

where Ac is the area of the cell in m2, λ is the wavelength of incident irradiance in nm, Gc(λ) is the

spectral irradiance incident on the cell in W/m2/nm, and ℜc(λ) is the cell’s spectral responsivity in

A/W. This spectral responsivity depends on the elementary electric charge q in C, Plank’s constant

h in J · s, the speed of light c in nm/s, λ in nm, and the cell EQE, EQEc. Cells with different EQEs

will generate different currents under the same spectrum, and a single cell will generate different

currents under different spectra, even if the integrated irradiance of the light is the same.

While an EQE is typically measured based on front-side illumination, the rear-side EQE of an

asymmetric bifacial cell will differ from front-side EQE [38]. On average, rear-incident light ex-

cites electrons farther from the depletion region than front-incident light, increasing the likelihood

of recombination and contributing to reduced rear current generation at most wavelengths. The

bifaciality factor, ϕ, captures this effect in a rear-to-front current or power ratio less than 1. Addi-
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Figure 2.3: (A) Full and half-cut cells with 9 busbars shown in silver for rectangular and pseudo-
square wafer shape. (B) Full and half-cut cell modules with cell electrical interconnection and
bypass diodes shown in black, submodules hightlighted in orange, cell-strings in green (equivalent
to submodule in full cell case), and cells in blue.

tionally, higher rear recombination and lower EQE is expected for high energy, short wavelength

photons since they are absorbed closest to the rear surface and farthest from the depletion region.

2.1.2 Modules

Cell interconnection Carriers are extracted from the emitter and bulk of the solar cells via con-

tacts called fingers which lead to busbars shown in silver in Fig. 2.3.A. These busbars connect the

cells in series to form cell strings. One cell string, or multiple cell strings in parallel - as in the

right of Fig. 2.3.B, form a submodule. Generally, submodules are connected in series in groups of

three to form the PV module. The layers of a bifacial module typically consist of an anti-reflective

coating (ARC) followed by glass, encapsulant - often ethyl-vinyl-acetate (EVA), silicon cell, encap-

sulant, glass or transparent backsheet, and rear ARC. In 90% of modules, these layers are supported

by a metal frame around the perimeter of the module [17]. Commercial modules are approximately

1-1.3 m x 2-2.4 m, with recent trends toward larger modules with 182mm or 210mm cells [17].

Recently, modules made of full cells with a 1:1 aspect ratio have been superseded by modules

with half-cut cells, which now make up >85% of modules made with 182 mm wafer sizes [17]
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(Fig. 2.3 left and right, respectively.). These half-cut cells are full cells that have been split along

the horizontal center resulting a 1:2 aspect ratio, and these modules typically feature 6 columns of

22-26 half-cells as compared to 12x6 full cells, as shown in the right of Fig. 2.3.B. The half-cut light

generated current is thus half of the full-cell current, reducing power lost to series resistance [39].

Additionally, the three (11-13)x2 cell strings on the top half of the module are each strung in parallel

with the three vertically symmetrical cell strings on the bottom; thus, any shading on one half of

the module does not limit current in the other half.

Bypass diodes When a single cell in a cell string is shaded, its photogenerated current is lower

than the photogenerated current of the neighbouring, unshaded cells. Thus, the majority carriers in

the neighbouring cells cannot pass through the shaded cell; instead, they begin to build up on either

side of the cell, generating a field and effectively forward biasing the unshaded cells. Assuming

the voltage setpoint of the module does not change, the shaded cell is forced into a reverse bias to

absorb the effect of this generated field; under these conditions, current generated in the unshaded

cell that exceeds the shaded cell current may pass through parallel pathways in the cell, generating

heat. In the single diode model, this power loss is represented by current passing through the shunt

resistance under negative bias.

In the absence of any protection mechanism, the reverse bias across a single shaded cell in a

primarily unshaded string of 12+ full cells or 22-26+ half-cells could surpass the cell breakdown

voltage, resulting in irreparable damage. To protect cells from entering breakdown and generating

hotspots, each submodule is connected in parallel with a bypass diode in reverse polarity [6]. This

diode allows current to bypass the submodule when irradiance non-uniformity results in a forward

bias across the bypass diode that is greater than its forward voltage. In this case, power from the

bypassed submodule is lost, but does not impact the power output of the two other submodules.

Module IV curves Some PV performance models, such as PVsyst [40], apply a responsivity to

average plane-of-array irradiance to generate module current for use in a single diode model which

determines maximum power. This approach neglects power losses or gains due to irradiance non-

uniformity, including bypass diode and half-cut cell power savings, and requires user-defined loss

factors to account for these effects.

The module IV curve can instead be constructed from cell IV curves via: (1) the series summa-
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tion of cell IV curves, (2) the parallel summation of IV curves for any parallel strings and bypass

diodes within each submodule, and (3) the series summation of each submodule IV curve [6]. The

pvmismatch package in the pvlib python library [41] provides an open-source implementation of

such an approach. Here, series summation refers to the sum of device voltages at each current step

within a range, and parallel summation refers to the sum of device currents at each voltage step

within a range. The maximum power at the inflection point of the resulting power vs. voltage curve

provides the maximum power point of the module. The module efficiency under the modelled con-

ditions is then the ratio of the maximum power to the total power of the radiation incident on the

module.

While bypass diodes limit power loss due to harsh partial shading, milder irradiance non-

uniformity still causes power loss within the module since lower irradiance cells will operate under

mild reverse bias, reducing the voltage of the maximum power point. The net power loss due to

irradiance non-uniformity in a module is called the current or electrical mismatch loss, M , and has

been modelled within a module or system for a given timestamp as [42]:

M [%] = 1− PX∑
Pc

(10)

where PX is power of the array or module and
∑

Pc is the sum of the power of all cells. For an

annual mismatch loss, we can replace power with energy yield in this formula.

In contrast, locally brighter cells or submodules cause power gains with respect to uniform

illumination. The lowest irradiance cells in the module still limit the module current; however,

the higher irradiance cells operating at this limited current are at a higher forward bias. Thus, the

brighter cells contribute higher voltages to a current-wise summation of IV curves, moving the

maximum power point to both higher Vmp. Therefore, brightening on the edge of a module or row

of modules will increase the maximum power of the module or row. (See Section 3.4.1 and 4.1 for

further discussion).

Most often, modules in utility-scale systems will be combined in series to form module strings;

in this case, a maximum power point tracker will continually monitor the string IV characteristics,

setting the string voltage to maximize power. Alternatively, each module can be equipped with a

power optimizer or micro-inverter in which bias is applied to each module individually to maintain
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Figure 2.4: Electrical specifications provided in the datasheet for Trina Solar Module TSM-DE
G5C.20(II) (295W) [45].

maximum power from all modules [43].

Datasheet A module datasheet, published by the manufacturer, provides the module performance

metrics under standard test conditions (STC) at 25°C (TSTC) and 1000 W/m2 irradiance (GSTC)

along with a Nominal Operating Cell temperature (NOCT, see Section 2.1.4). These metrics are

shown for the module datasheet in Fig. 2.4. Bifacial module manufacturers must provide these

values for an effective front irradiance representing 10% and 20% rear irradiance gains and provide

the module’s bifaciality factor as the minimum of the rear-to-front Isc and Pmp ratios under STC

conditions [44].

Based on these datasheet values, the responsivity of the cell in A/W can be found by the

following formula:

R =
Isc,c

GSTC ∗ Ac
(11)

where Ac is the area of the cell, Isc,c is the cell short circuit current equal to that of the module

for full-cells or half that of the module for half-cut cells.

The California Energy Commission PV Module List [46] provides single diode model parame-

ters for many modules available on the market. Single diode parameters for a module can also be

found from the regression of flashtest or datasheet IV curves; single diode model parameters for

the cell can be found by scaling the module IV curve prior to regression [47, 48].
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2.1.3 System configuration

Tracking type This thesis focuses primarily on ground-mount systems in which PV modules are

installed at a fixed tilt angle on static racking structures or on a dynamic tracker at variable tilt

angle, β, and/or azimuth angle, φ, which orients the modules to minimize the angle of incidence

between the sun beam and the plane-of-array [49].

Fixed-tilt systems are typically equator-facing with a tilt angle, β, optimized for the given lo-

cation (Fig. 2.5.A). This optimal tilt angle is generally considered to be within 15°of the latitude

with shallower angles in cloudier locations [50,51]. Alternative fixed-tilt systems also exist includ-

ing vertical bifacial PV with either side of the modules facing directly east and west which shown

promise in agrivoltaics (i.e., in co-located agricultural and photovoltaic land use) to allow grazing,

alleviate ground shading, and allow machine passage [52].

A single-axis tracker (SAT) orients the modules at a variable tilt or azimuth throughout the

day. A horizontal SAT (HSAT) allows variable tilt, often within a range of ±60, around an axis of

rotation parallel to the ground which most commonly runs north-south (Fig. 2.5.B); this approach

rotates modules from east-facing (+60°) to west-facing (-60°) throughout the day, with a horizontal

orientation at solar noon. While the axis of a SAT can be slanted at an angle approaching the

latitude of the site to limit cosine losses due to low sun elevation in winter months, horizontal SAT

systems allow longer rows and require less costly racking, thereby reducing the cost of electricity

for any given plant.

A double-axis tracker (DAT) alleviates winter angle of incidence losses by pointing modules

directly perpendicular to the beam throughout the day. This requires both tilt and azimuthal axes of

rotation (Fig. 2.5.C). While concentrating solar has been the primary market for DATs historically,

reduction in Si PV prices has renewed interest in methods to quantify bifacial flat panel performance

on DATs - particularly in mid-to-high latitude locations with a low average annual solar zenith and

a significant summer solar resource at a wide range of azimuth angles.

To determine whether additional energy production can offset additional cost associated with

tracking for a given location, tracking gain can be computed as the relative increase in annual

energy yield between a module on a given tracked system vs. a module on a fixed-tilt system. Once

calculated, this economically-agnostic metric can be applied to updated economic estimates at any
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Figure 2.5: (A) Fixed-tilt array layout (top) and collector position with fixed-tilt β and ground
clearance to leading edge (bottom). (B) North-south horizontal single-axis tracking array layout
(top) and collector axes of rotation with variable tilt (bottom). (C) Double axis tracking array
layout with individual tracker heads in checkerboard pattern (top) and collector axes of rotation
with variable tilt and azimuth, φ (bottom).

point in the future - with adjustments for any change in meteorological trends at the given location.

Module orientation Each row of a fixed-tilt system or tracker consists of columns of modules.

A column can be a single module or multiple modules laid out in tiers along the collector width

(i.e., the dimension perpendicular to the row length). These modules may be oriented with the short

side parallel to the row length, known as portrait orientation, or with the long side parallel to the

row length, known as landscape orientation. Systems are labelled based on the ‘XP/L’ convention

where X is the number of tiers and P or L refers to the first letter of the orientation (Fig. 2.6.A).

For example, a system with 1 tier in portrait would be referred to as 1P and a system with 4 tiers in

landscape would be referred to as 4L. With this convention in mind, we can note that two columns

of 1P modules have the same aspect ratio in the plane-of-array as one column of 2L modules; the

same is true for 2P and 4L.

Gaps in the row Columns of modules are often separated into groups called tables with table

gaps between them as seen in Fig. 2.6.B. In HSAT systems, small table gaps accommodate pilings

or slewing drive motors; these motors either rotate the two tables on either side as a single tracker or

drive a shaft that rotates tables in multiple rows. Gaps between individually driven trackers are also
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Figure 2.6: (A) Module orientation naming convention - P = portrait, L = landscape. (B) Multi-row
array layout with row and table gaps. (C) Common supportive racking structures for single-axis
tracking systems with C.a as cross-section of row and C.b as view from end of a single module
column.

common. Fixed-tilt systems have longer tables with fewer gaps since they do not require slewing

drives. Both fixed-tilt and SAT systems will feature row gaps more than one metre wide that allow

service roads or personnel to pass between trackers. DAT systems feature several tables, or tracker

heads, rotating freely from one another in the azimuthal axis.

All modules adjacent to a gap, or at the edge of a tracker head, will experience edge brightening

due to additional reflected light from neighboring unshaded ground. Additionally, modules at the

edge of a row experience less mutual shading - i.e., direct beam or diffuse occlusion due to adjacent

rows - than central modules in the morning or evening. The effect of these gaps or row edges is not

modelled in any software that assumes infinitely low rows.

Common supportive racking structures Each row sits on a supportive racking structure that

holds the modules above the ground at a certain ground clearance. In fixed-tilt systems, this ground

clearance is measured at the leading or lowest edge of the table (Fig. 2.5.A, bottom). In HSAT

systems, the ground clearance is defined as the distance between the ground and either the under-

side of modules or the axis of rotation (Fig. 2.5.B, bottom). The following sections of this thesis



20 2 BIFACIAL PHOTOVOLTAIC (PV) PERFORMANCE MODELLING

use the latter definition, specifying an additional radius of rotation between the rear of the modules

and the axis of rotation as necessary. In early bifacial PV modelling, Asgharzadeh et al. [53]

demonstrated a linear relationship between bifacial gain and ground clearance for multi-row fixed-

tilt systems on a clear day with 1-3 m ground clearance.

Fig. 2.6.C shows common supportive racking structures seen in fixed-tilt and HSAT systems.

In HSAT systems, the racking piece that runs along this axis of rotation, transferring torque from

a motor to the modules is called a torque tube. These torque tubes have primarily cylindrical or

rectangular cross-sections. The modules are attached to the torque tube with plane-of-array racking

called module supports or purlins. These rails are commonly secured to the torque tube and to two

adjacent modules. In fixed-tilt systems and DAT systems, modules are instead commonly secured

to rails running parallel to the row which are in turn supported by purlins running perpendicular to

the row.

All systems require pilings or vertical posts which are tethered to, or driven into the ground,

at intervals along the row. Some pilings are positioned in table gaps while others are positioned

within the length of the tables.

Finally, more than 90% of current modules are internally supported by an aluminum frame [17];

this frame surrounds the perimeter of the module, protruding from the rear of the module by ∼30

mm perpendicular to the rear backsheet or glass and wrapping back toward the center of the module

by ∼30 mm in parallel to the module plane.

Row spacing The spacing between rows, or the row pitch, of a PV plant varies depending on the

system configuration (i.e., module orientation, number of tiers, tracking type) and is defined as the

distance between analagous points on adjacent rows. Another metric to define row spacing is the

ground coverage ratio (GCR), defined as [54]:

GCR =
L

d
(12)

where L is the collector width and d is the row spacing. As such, higher row spacing results in

lower GCR. This metric allows comparison of row spacing regardless of system designs.

Wider row spacing results in higher energy yield for all systems: fixed-tilt systems with wider

row-spacing mitigate row-to-row beam and sky dome shading; SAT systems with wider row-
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Figure 2.7: Backtracking adjusts single-axis tracking tilt angle, β, to a shallower angle, β′, to avoid
direct beam shading due to adjacent rows at sun elevation angle βB. Figure adapted from [55].

spacing will operate on-sun for more hour of the year than systems with tighter row spacing,

resulting in lower cosine losses. (See Backtracking). In practice, optimizing GCR for limited

land area or AC capacity constraints may take precedence over optimizing for DC energy yield.

Backtracking During hours with low sun elevation, SAT systems move trackers to a tilt angle,

β′, that is shallower than the on-sun angle, β, as shown by the dotted collectors in Fig. 2.7; this

backtracking angle is the largest possible tilt angle that does not result in row-to-row beam shading

for the given sun position. This approach results in a higher angle of incidence between the beam

and the plane-of-array than in on-sun operation but avoids the significant power loss resulting from

harsh partial shading along the bottom cells in a row of modules. The Lorenzo et al. astronomical

backtracking algorithm for flat ground [55] projects the sun beam into the row cross-section and

uses the geometry of the sun position, collector width, and row spacing to determine beam shading

and corrective backtracking angles for any given time and location. In [56], Anderson and Mikofski

provide a backtracking for sloped ground. Several tracker companies have demonstrated "smart

tracking" algorithms that adjust tilt angle based on sky-condition, forcing trackers to shallower

angles during cloudy skies [57, 58].

For double-axis tracking, Section 4.3.1 describes Fernández-Humanda et al.’s algorithm [8] to

determine whether direct beam shading occurs between tracker heads and to provide a corrective

tilt angle. Lorenzo et al. [55] proposes a similar approach with azimuthal correction.
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2.1.4 System electrical

Temperature effects The summation of temperature-dependent cell IV curves results in a temperature-

dependent module IV curve. Thus, when modelling module power, we must calculate the cell

temperature; in a ground-mount system, this cell temperature is strongly dependent on incident

irradiance.

The empirical nominal operating cell temperature (NOCT) model [59] demonstrates approxi-

mately linear cell temperature gains or losses with increasing or decreasing incident irradiance as

compared to outdoor ground-mount tests with 1 m/s wind speed and 800 W/m2 incident irradiance:

Tc = Ta +
(TNOCT − 20)

800
Gc (13)

where Ta is ambient temperature, TNOCT is the nominal operating cell temperature specified by the

module manufacturer, and Gc is the total irradiance incident on the cell. However, variable wind

speed results in additional heating or cooling, and NOCT has been displaced as best practice by

other empirical models such as Sandia [14], Faiman [15], or PVsyst [60] temperature models.

The Sandia cell temperature model features two empirical coefficients a and b and a correction

factor for the temperature differential between the exterior of the glass and the cell (∆T ):

Tc = Gc · ea+bW + Ta +
Gc

GSTC
∆T (14)

where Gc is the total cell irradiance, W is wind speed, Ta is ambient temperature, GSTC is 1000

W/m2. For bifacial modules with glass backing (glass-glass modules) the coefficients are a=-3.47

and b=-0.0594 and ∆T=3°C.

The Faiman module temperature model requires two coefficients - a constant heat transfer co-

efficient, U0, and a convective heat transfer coefficient, U1:

Tm = Ta +
Gm

U0 + U1W
(15)

where Gm is the average irradiance incident on the module. For glass-transparent backsheet

modules the empirical coefficients were found to be U0=23.5-26.5 W/(m2K) and U1=6.25-7.68
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W/(m3K).

For comparison, a description of the PVsyst cell temperature model is available in [60]; how-

ever, this model is not explored in this thesis.

The above empirical models do not capture the effects of varied air currents within the plant.

Additionally, a term can be added to these models account for radiative transfer with the sky dome

[61]. Finally, transient, physical models are emerging as a preferred alternative to these steady state

approaches for modelling sub-hourly calculations [62, 63].

Inter-module strings Once the modules are connected in a module string, the "module" itself be-

comes a functionaly obsolete concept. Instead, a series string of modules effectively becomes a se-

ries string of submodules, each with a parallel bypass diode. Irradiance non-uniformity across sub-

modules causes similar current mismatch loss as described above for inter-module non-uniformity.

At a forward bias greater than the cumulative Voc of any unshaded, healthy submodules, low per-

forming submodules will limit string current, reducing maximum power. Conversely, as mentioned

in the above conversation on cells, submodules in a string experiencing edge brightening will result

in an increased module string Voc and a higher maximum power. This power is not proportional to

the irradiance gain due to current mismatch losses; for example, Deline et al. [42] model an average

1% annual insolation gain for a single-axis tracking with a resulting 0.15% current-mismatch loss.

See Section 3.4.1 for a demonstration of IV curve response to submodule shading and brightening

and Section 4.1 for a study on inter-module edge brightening and current-mismatch loss.

DC-AC conversion In most utility-scale systems, module strings are combined in parallel for

direct current (DC) to alternating current (AC) conversion at an inverter [43]. DC line losses pro-

portional to the combined current occur at this stage, and the applied bias of the string is controlled

by a maximum power point tracker that monitors the IV curves of each string or a parallel combi-

nation of strings. When the DC power exceeds the inverter’s rated DC power (specified by a finite

DC-to-AC capacity ratio), the AC power is reduced, or curtailed, to the maximum rated power - a

power reduction known as clipping loss. Curtailment, in which the maximum power point tracker

moves the string applied bias away from Vmp to reduce power, also occurs when the plant’s gen-

erated power exceeds the power injection approved by the grid’s system operator for a given time

interval. This thesis deals primarily with the prediction of DC power prior to accounting for line
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losses and AC conversion.

For a system with micro-inverters that avoid clipping losses and current mismatch loss, the

module AC current will instead be combined in parallel and fed to a step-up transformer for trans-

mission; however, this approach is costly and primarily limited to rooftop and small-scale systems.

2.2 Optical models for bifacial PV

The sun’s radiation can be approximated as blackbody radiation. Wenham [64], Vignola [65],

and Nelson [66] describe this approximation and the journey of this radiation through space and

Earth’s atmosphere to a PV module. The following section summarizes this physical process and

the resulting radiation sources available to a PV module.

2.2.1 Radiation sources

A blackbody is an object that is at thermal equilibrium with its surroundings, absorbs all radiation

without reflection,and emits energy in a spectrum that is based solely on its temperature. The

spectrum of energy emitted by a black body is described by Plank’s law which relates the per-

wavelength energy of a blackbody to the temperature of the body and the given wavelength. While

the sun is not an ideal blackbody, its surface temperature is approximately constant and it reflects

a negligible fraction of incident radiation, resulting in a spectrum that closely follows black body

radiation at 5778°K [64].

The intensity of the sun’s radiation in space is inversely proportional to the square of the ob-

server’s distance from the sun. Thus, at 150 million km from the sun, the intensity of the broadband

solar radiation incident on the external surface of the atmosphere known as the extraterrestrial irra-

diance, G0 [W/m2], fluctuates between 1353-1392 W/m2 [49] at an average of 1361 W/m2 [67].

This fluctuation is primarily due to varying distance between Earth and the sun and the cycles in

the sun’s surface temperature.

Sunlight arrives at the surface of the atmosphere as a beam of collimated light with parallel

rays. For the purpose of this thesis, a ray refers to a vector in the direction of the propagation of

broadband light, perpendicular to the wavefront of the electromagnetic waves; we can also conceive

of rays as the path of radiation transfer between a source point and an irradiated point.
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Figure 2.8: (A) Sources of radiation incident on bifacial PV including direct, diffuse and reflected
irradiance. Figure adapted from [68]. (B) Sun position described by sun beam elevation βB or zenith
Z and sun beam azimuth φB. Figure adapted from [49]. (C) Ground reflection with Lambertian
(magenta) and specular (green) components. Figure adapted from [69].

Since the waves that these rays represent will change speed and direction at a material boundary,

the collimated sun beam refracts upon entry to the atmosphere. Additionally, ice crystals, aerosols,

and water vapour within the atmosphere scatter the sun beam’s shorter wavelength light. This

process results in a direct beam with attenuated intensity in short wavelengths and within key

atmospheric absorption bands, and a diffuse sky dome composed of primarily short wavelength

radiation. The diffuse sky dome is the daylight hemisphere we see when we look up at the sky -

the scattered and refracted radiation that reaches the Earth’s surface after multiple interactions with

atmospheric components. Shorter wavelengths scatter most rapidly and have the highest likelihood

of reaching our eyes, which is - as our little Earthlings like to ponder - why the sky is blue. Radiation

from the direct beam and diffuse sky dome are two of three sources of irradiance incident on a

bifacial PV array shown in Fig. 2.8.A.

Another source of variation in the terrestrial solar spectrum is the sun position within the sky
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Figure 2.9: Clear sky spectral irradiance incident on a horizontal plane at noon in Ottawa at 45°N
at summer solstice in green with air mass (AM) 1.1, Whitehorse at 60°N at summer solstice in blue
with AM1.3, and Ottawa at winter solstice in dotted green with AM2.7, all beneath the extrater-
restrial AM0 spectrum in yellow [7]. Mono-crystalline (mono-c) silicon (Si) external quantum
efficiency (EQE) overlaid in dotted grey (right axis) [71].

dome. As the sun’s elevation angle, βB - subtended by vertical distance between the sun center

and the horizon - decreases, the direct beam must travel a longer path through the atmosphere.

The concept of air mass (AM) quantifies the relative length of the sun’s optical path through the

atmosphere, normalized to AM1 when the sun is directly overhead and increasing as the sun moves

toward the horizon [49]. AM1.5G was chosen as the spectrum used for standard test conditions

based on the average air masses of the contiguous US states [70]. Each sun position and associated

optical path length results in a unique spectrum of sunlight with a specific intensity of radiation at

each wavelength; since shorter wavelength light experiences more atmospheric scattering, longer

optical paths result in red-shifted spectra in morning, evening and winter months. Fig. 2.9 demon-

strates some of these varying spectra for different times of year in Ottawa at 45°N (green) and

Whitehorse at 60°N (blue) as compared to the extraterrestrial irradiance spectrum (yellow) and

overlaid with a mono-c Si cell EQE overlaid in dotted grey.

The total irradiance incident on a flat upward facing surface is known as the global horizontal

irradiance (GHI, GH) and is the combination of direct normal irradiance from the sun beam (DNI,

GB) adjusted for angle of incidence and the diffuse horizontal irradiance from the sky dome (DHI,
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GD). Due to Lambert’s cosine law [72], the DNI contribution to GHI is modified by a cosine of the

beam’s angle of incidence (AOI) on the horizontal surface known as the solar zenith angle, Z, such

that GHI (GH) is:

GH = GB cos (Z) +GD (16)

For a given geographic location, meteorological datasets from ground measurements or satel-

lites can provide timeseries for these three measures of irradiance. (See Section 2.3.1 on measure-

ment devices). The ratio of DHI to GHI is the diffuse ratio which provides insight on sky conditions

at the location; low diffuse ratios indicate clear skies while high diffuse ratios near 1 indicate purely

overcast conditions with little to no direct light. The PV plant financing and design processes often

require PV performance models to be run on two primary annual timeseries of irradiance, each with

8760 hours of data [73]:

• an irradiance timeseries which results in the plant’s most likely energy yield (p50) for the

given location - a yield against which the plant should overperform in 50% of operating

years and underperform in the other 50%; and

• the irradiance timeseries which results in a conservative estimate of the plant’s yield that the

plant should exceed in 90% of operating years (p90).

The typical meteorological year (TMY) is a timeseries providing p50 yield that is available based

on ground measurement in certain locations and on satellite data across the globe up to 75°N

[74–77]. A TMY dataset consists of a concatenated set of 12 data-months selected to be statistically

representative of each calendar month across 30 years of monitoring. For example, a location’s June

TMY data is the hourly data from the year in which June was most statistically representative of

all Junes in the 30 year dataset. The applicability of the TMY approach to p50 generation is under

review given changing regional and global weather patterns [78]. Access to historical weather

datasets is valuable in assessing trends in a location’s changing irradiance patterns.
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2.2.2 Radiation source models

Extraterrestrial irradiance G0 can be found based on the U.S. National Renewable Energy

Laboratory (NREL) DISC model [79] as:

G0 = Ḡ0(1.00011 + 0.034221 cos η + 0.001280 sin η (17)

+0.000719 cos 2η + 0.000077 sin 2η)

η = 2π(nd − 1)/365 (18)

where Ḡ0 is the average annual extraterrestrial irradiance of 1366 W/m2 [64], η is the day angle

where nd is the fractional day of the year unique to each timestamp.

Direct beam On a clear sky day, the direct beam intensity can be approximated as an exponential

decay of extraterrestrial solar flux based on air mass and atmospheric optical depth [49]. However,

such clear sky models are not sufficiently representative of true conditions to generate energy yield

estimates for PV plant financing. Satellite or ground-measured DNI is the preferred direct beam

input to PV performance models, representing the radiation of the sun and a circumsolar region of

±2.5°around the sun [80], as dictated by the acceptance angle of the pyrheliometer. (See Section

2.3.1 on measurement devices). If either DHI or DNI are missing on site, the missing timeseries

can be calculated with minimal added uncertainty based on sun position in Eq. 16.

If DNI and DHI measurements are unavailable at a given location, decomposition models can

be used to estimate these timeseries from ground or satellite GHI measurements [81]. Using the

output of decomposition models as input irradiance timeseries in PV performance modelling intro-

duces uncertainty into the final performance estimates; thus, higher mean absolute error between

measured and modelled plane-of-array irradiance and energy yield results should be expected with

this approach.

The sun position can be calculated based on the NREL Solar Position Algorithm [82] which

accounts for variation in sun position across centuries, or with a simplified approach [49] where the
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sun zenith, Z, is:

Z = ∠lat − δS (19)

δS = 23.45 sin
360

365
(nd − 1) (20)

where ∠lat is the latitude, δS is the approximate solar declination. Fig. 2.8.B shows Z and sun

azimuth, φB, calculated as:

φB = arcsin
cos δS sinH

cos βB
(21)

where |φB|≤ 90◦ if cosH ≥ tan δS

tan∠lat

and |φB|> 90◦ if cosH <
tan δS

tan∠lat

where βB is the sun beam elevation angle and H is the hour angle of the timestamp derived from

the fractional hour of the day h in solar time.

βB = 90− Z (22)

H =
15

hour
(12− h) (23)

See Masters [49] for conversion between solar and clock time such that the sun crosses location’s

equator-facing direction or meridian at solar noon. Note, the azimuth is here defined as 0° when

equator facing and ±180° in the direction of the poles.

Diffuse sky Most PV performance models use the 1990 or 1993 anisotropic Perez sky model

[13, 83] to calculate radiance distribution across the diffuse sky dome due to their superior tested

performance [84–86]. These models provide the radiance at any point in the diffuse sky dome

depending on elevation angle, βs, and position with respect to the sun. Perez 1990 separates a

bright circumsolar disc and horizon region from an isotropic sky dome, whereas 1993 provides a

fully anisotropic radiance distribution.
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The Perez 1993 algorithm [13] calculates sky clearness as:

ϵ =
(GD +GB)/GD + 1.041Z3

1 + 1.041Z3
(24)

where GD is the DHI and GB is the DNI. Note: the sun zenith angle, Z, must be in radians here.

The brightness is calculated as:

∆ = mGB/G0 (25)

where m is the air mass and G0 is the extraterrestrial irradiance. (See Section 5.1 for discussion on

air mass calculation).

The calculated sky clearness will fall within one of eight sky clearness bins. Each of these bins

is associated with expressions for a set of coefficients a − e that are based on Z, ϵ, and ∆ and

the empirical coefficients a1−4 through e1−4 provided in [13]. The resulting radiance at the point

directly upward in the sky, or the sky dome zenith is GZ:

GZ = GD(a+ b cosZ + c exp (−3Z) + d∆) (26)

and the radiance of any given point s on the sky dome is Gs:

Gs(Z, γ) = GZ
f(Z, γ)

f(0, Z)
(27)

where γ is the angle between the sun and sky sample point s, and

f(Z, γ) = (1 + a exp (b/cosZ))(1 + c exp (dγ) + e cos2 γ) (28)

where f(0, Z) is f(Z, γ) at the sky dome zenith.

The resulting diffuse radiance at each sky sample point is normalized such that the total sky

dome radiation incident on a flat horizontal surface is equal to the DHI entered as input to the model.

The empirical coefficients for this model are based on measured irradiance data from 16,000 15-

minute sky scans in Berkely, California; the Perez model has yet to be thoroughly validated against

sky imaging for high latitudes.
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Ground reflection Since ground-reflected irradiance comprises a significant portion of the ir-

radiance incident on the rear of a bifacial PV module, an adequate ground reflectivity model is

required for accurate energy yield estimations. In optics, the bi-directional reflectance distribution

function model (BDRF) [87] describes reflections off of partially mirror-like - or specular - and

partially diffuse surfaces that reflect in multiple directions. The BDRF predicts the intensity of a

ray reflected in any given direction based on its direction with respect to the incident light, size

of surface structures (roughness), and the spectrum of the incident radiation. The hemisphere of

reflected rays thus consists of a specular grouping centered along a primary direction of reflection

and a distribution of diffuse reflections in other directions. Fig. 2.8.C shows the ground reflection

broken into a specular (green) and isotropic diffuse (magenta) component.

While ground reflections off ground materials such as dirt, grass, and gravel have a small specu-

lar component, most non-ray tracing bifacial PV models assume that the ground reflection is purely

Lambertian, i.e., an isotropic reflection of equal intensity in all directions. Ernst et al. [88] have

shown that varying the specularity of a 75% reflective flat rooftop surface from 15-50% increases

the energy yield of 45°-tilt modules above the surface by 2.5%. The energy yield of modules above

other ground surfaces with lower reflectivity, such as dirt and grass, will thus display <2.5% sen-

sitivity to any smaller neglected specular component since the contribution of ground reflection

to energy yield is less significant overall. The Gueymard model [89] with separate forward and

backward reflection coefficients could be used as an alternative to assumed Lambertian reflection

for applications with highly specular ground reflectivity such as floating PV, provided that any po-

tential implementation has access to information on the direction of reflected radiation with respect

to the incident beam.

Many PV models neglect spectral reflectivity of the ground when calculating reflected radia-

tion, instead applying a broadband ground reflectivity known as the broadband albedo to all in-

cident light. Broadband albedo, ρ is the ratio of upwelling vs. downwelling radiation at a given

location where ρ=0 represents complete absorption and ρ=1 represents complete reflection [69].

(See Section 2.3.1 for further definition and measurement description).
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2.2.3 Transposition and shading models

To predict the energy yield of a bifacial PV module, we must estimate the irradiance incident on

the front and rear of the tilted module - also known as the front and rear plane-of-array (POA)

irradiance. Transposition models estimate this POA irradiance by calculating the radiation transfer

between the radiation sources discussed above and the front and rear module surfaces. Since adja-

cent rows and supportive racking structures in a real-life PV system will block radiation transfer to

the module, bifacial PV performance models must combine transposition models with user-defined

shading estimates or physics-based shading calculations. The resulting optical models can be cat-

egorized into three groups: two-dimensional (2D) view factor (VF) models; 3D non-ray tracing

models including 3D VF, finite element, and hemicube models; and 3D ray tracing models. Table 1

summarizes some of the key differences between these modelling approaches which are explained

in greater detail in the following paragraphs.

2D VF 3D VF Ray tracing
Supportive structure
shading

User-defined
parameter

Non-overlapping
objects

Full calculation

Irradiance sampling 1D central sample
line

2D profile 1D sample line or
2D profile

Approx. annual
computation time*
(non-HPC)

10 s - 5 min [86] Scales with mesh
density

12+h [86], scales
with number of sur-
faces

*Dell 7400 laptop, Intel i7-8665U processor, 16 GB RAM [86].

Table 1: Comparison of transposition model types. (HPC = high performance computing; VF =
view factor, 1/2D = 1/2-dimensional).

2D view factor A view factor (VF) is a unitless ratio that quantifies the radiation exchanged

between two surfaces [90], assuming diffuse Lambertian emission or reflection from the source

surface. For instance, view factor F1,2 represents the fraction of energy emitted from surface S1

that is incident on surface S2. This value is always ≤ 1 and can be found as [90]:

F1,2 =
1

A1π

∫

A1

∫

A2

cos θ1 cos θ2
R2

1,2

dA1 dA2 (29)
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Figure 2.10: (A.i) Three dimensional view factor (3D VF). Figure adapted from Yusufoglu et
al. [91]. (A.ii) Example of 3D VF in described in Eq. 30. Figure adapted from Muneer et al.
[92]. (B) 2-dimensional VF collapses scenario in A.ii into a cross-section. Figure adapted from
Hansen et al. [93]. (C) Reverse ray tracing probes the path of rays exiting the module sample point
for intersection with surfaces, spawning additional rays at any intersection. Figure adapted from
Retzlaff et al. [94].

where A1 and A2 are the total areas of the surfaces S1 and S2, and dA1 and dA2 are the variables

of integration denoting integration across all continuous points on S1 and S2. R1,2 is the length of

a line segment between a set of points (x1, y1) and (x2, y2) on the two surfaces, and θ1 and θ2 are

the angles of incidence between the line segment with length R1,2 and the normals of S1 and S2 for

each set of points.

To illustrate, we can take S1 and S2 to be rectangles with a parallel edge as in Fig. 2.10.A.ii. In

this case, θ1, θ2, and R1,2 in the integrand of Eq. (29) depend on the position of each set of points

(x1, y1) and (x2, y2) within the coordinate frame of the planes over which the integration occurs.

Thus, Eq. (29) for this scenario can be written as Eq. (30) where ∆x(1,2) and ∆y(1,2) are the side

lengths of S1 and S2 [92].
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F1,2 =
1

A1π

∫ ∆x1

0

∫ ∆y1

0

∫ ∆x2

0

∫ ∆y2

0

cos θ1(x1, y1, x2, y2) cos θ2(x1, y1, x2, y2)

R1,2(x1, y1, x2, y2)2
dx1 dy1 dx2 dy2

(30)

This radiation exchange scenario, and many others can be collapsed into 2D, simplifying the

view factor integrals to expressions that depend exclusively on the surface dimensions and their

position with respect to one another. John R. Howell has cataloged many such 2D view factors

[95]. PV performance models built on 2D VF optical models, such as PVsyst [40], SISIFO [96],

pvfactors [97, 98], bifacial_VF [99] (and software using bifacial_VF source code such as SAM

[100]), make use of 2D VFs by collapsing the 3D rows into a 2D cross-section assuming an infinite

row length as in Fig. 2.10.B. This approach is sometimes referred to as an infinite shed model and

results in a single line of irradiance samples along the collector width.

The infinite shed approach accounts for shading due to adjacent rows by calculating the portion

of the sky within the module’s field of view; however, it does not directly calculate lateral irradiance

non-uniformity or supportive structure shading. Instead, these models require: (a) user-defined

shading factors to attenuate plane-of-array irradiance calculated by the transposition models, and

(b) user-defined current-mismatch loss factors to reduce the power due to irradiance non-uniformity

introduced by edge effects and racking. There is little agreement on suitable values or geographic

trends for these loss factors, and they are applied as an annual loss, limiting per-timestamp accuracy

[42,101–104]. Additionally, computing these factors for a given location requires a model with 3D

shading capabilities, introducing unnecessary redundancy into the modelling process.

3D view factor In order to calculate shading while preserving the full effects of a 3D geometry,

we must solve the 3D VF integrals in Eq. (29). However, as described by Modest and Mazumder

[90], F1,2 between two differential elements of arbitrary orientation in 3D space does not have

an analytical solution. Instead, numerical approaches such as view factor algebra, finite element

methods, or ray tracing are required to solve these view factors and to generate 2D irradiance maps

across the full module face.

View factor algebra - explained at length in [90] - uses rules of energy conservation to compute

unknown radiation transfer within an enclosed environment based on known view factors in the
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scene. Yusufoglu et al. [91] and Araya Rojas [105] have demonstrated row-to-row shading and

lateral irradiance non-uniformity across a row of modules using this approach. However, the 3D

VF approach assumes that the VF of unshaded sky or ground seen from a module sample point is

equal to 1 minus the sum of view factors from the module to all shading elements - known as the

summation principle [90]. This assumption is only accurate if the shading elements do not overlap;

hence, this 3D VF calculations does not allow for simultaneous simulation of supportive racking

structures and multiple adjacent rows.

Finite element method One approach to the numerical solution of the view factor equation in Eq.

(29) consists of splitting the emitting and receiving surfaces, S1 and S2, into a mesh of finite area

patches or elements whose discrete central points acts as a proxy for all points within the element

area. This finite element method is used within 3D VF models PV performance models to calculate

radiation transfer between the shaded ground and the module. This thesis combines a finite element

method with ray-object intersection to calculate direct, diffuse and reflected irradiance incident the

plane-of-array.

Once emitting and receiving surfaces S1 and S2 are divided into a mesh, F1,2 can then be

approximated by the summation of partial view factors, or coupling coefficients, Ci,j:

F1,2 ≈
N1∑

i=0

N2∑

j=0

Ci,j (31)

where Ci,j represents the radiation transfer between a set of coupled elements, (i, j), and N1

and N2 are the total number of mesh elements on S1 and S2, respectively. As the mesh density

increases, the numerical solution of the view factor approaches the solution to the integral solution

(i.e., the limit of Eq. (31) as N1 and N2 tend to infinity).

As shown in Fig. 2.11, the central points of element i and j now represent all points across

the element, which forces the assumption that θi, θj , and Ri,j are constant across the element area.

This assumption holds as long as the area of the elements, Ai, Aj , are small with respect to the

length of line segment connecting their centers, Ri,j . Since θi, θj , and Ri,j are independent of the

position on the element, these terms can be taken out of the integral of the view factor equation
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Figure 2.11: Finite element approach to solving view factor between two arbitrary surfaces S1 and
S2 as the summation of coupling between i’th and j’th elements of finite area Ai, Aj.

(29). The product of the areas of all coupled elements, AiAj , now represents the integration across

all points in the set of elements, regardless of the element shape. The coupling coefficient of each

set of coupled elements is then:

Ci,j =
1

Ai

cos θi cos θj
πR2

i,j

∫

Ai

∫

Aj

dAi dAj (32)

=
1

Ai

cos θi cos θj
πR2

i,j

AiAj (33)

= Aj
cos θi cos θj

πR2
i,j

(34)

The angles of emission θi and the angle of incidence θj are calculated based on the normal

vector of the emitting or receiving element, ⃗n(i/j), and the ray vector describing the line segment

direction, d⃗i,j , through the following relation exemplified for irradiated element j:

θj = arccos (
n⃗j · d⃗i,j
|n⃗j|

∣∣∣d⃗i,j
∣∣∣
) (35)
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It follows that the irradiance incident on S2 emitted by S1 is:

G2 =
P2

A2

=
P1

A2

F1,2 ≈
1

A2

N1∑

i=0

N2∑

j=0

GiAiCi,j (36)

≈ 1

A2

N1∑

i=0

N2∑

j=0

GiAiAj
cos θi cos θj

πR2
i,j

(37)

≈ A2

πA2

N1∑

i=0

N2∑

j=0

Gi
Ai

R2
i,j

cos θi cos θj (38)

≈ 1

π

N1∑

i=0

N2∑

j=0

GiΩi,j cos θi cos θj (39)

G2 ≈
1

π

N1∑

i=0

N2∑

j=0

GiΩi,jproj
cos θj (40)

Here, P2 is the power incident on S2, which is a fraction of P1 - the power emitted from S1. As

we have seen in Section 2.2.3, this fraction is represented by the view factor, F1,2. The radiance

emitted from each element of surface S1 with area Ai is Gi. To further simplify the equation, we

can group some terms into Ωi,j and Ωi,jproj
– the solid angle and projected solid angle, respectively,

between elements i and j.

The finite element method approximates the view factor between two surfaces most accurately

when the surface mesh densities of the coupled surfaces trend toward infinite (i.e., the line segment

length becomes infinite with respect to mesh element area). Thus, the summation of coupling

coefficients for a finite density of mesh in Eq. (31) will not be exactly equal to the theoretical

solution of the view factor integral in Eq. (29). Chu Tu Li [1] demonstrates a compensation

factor to account for the discrepancy between the summation of finite element coupling coefficients

representing radiation transfer between a surface and a point and the theoretical view factor from

that surface. This compensation factor is denoted by χS1,j ,

χS1,j =
FS1,j∑NS1

i=1 Ci,j

(41)

where: i is the i’th of NS1 elements on the emitting surface S1; j is the j’th mesh element on the

irradiated surface S2; Ci,j is the coupling coefficient between elements i and j; and FS1,j is the the-
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oretical view factor between surface S1 and point j on surface S2. This compensation factor should

be calculated for each element on the irradiated surface. As Masters describes in [6], theoretical

3D view factors between a tilted plane (representing a row of PV modules) and a hemisphere or

horizontal plane (representing the sky and ground, respectively) collapse to 2D view factors with

analytical solutions that substitute in for FS1,j .

The finite element approach does not inherently account for shade cast by objects in the path of

radiation transfer; however, the approach can be combined with shading calculations that make use

of spatial relationships between coupled elements and scene objects, as demonstrated in this thesis.

Hemicube Another unique non-ray tracing approach to 3D radiation transfer is the hemicube

model in DNV’s SolarFarmer [106]. In this approach - also borrowed from computer graphics

rendering, a half-cube is projected from the surface of each module and ground sample point; the

scene objects are then projected onto each hemicube face forming shaded and unshaded regions.

These face-projections are then mapped back to the module’s field of view for sky, ground, and

direct beam shading. Neubert et al. [106] states that this model can account for shading objects,

but the results shown in that text do not appear to include rack shading. Overall, this modelling

approach aims to solve a similar question as this thesis: how to provide accurate shading with lower

computational intensity than ray tracing.

Ray tracing To compute radiation transfer between radiation sources and surfaces in a 3D scene,

ray tracing models - specifically reverse ray tracing models, described by Glassner in [107] -

project a large number of rays away from each module sample point into the surrounding simulation

environment in a stochastic distribution across the module’s field of view. The simulation then

follows these rays throughout the scene; at each intersection with a surface, additional rays are

spawned into the scene with directions and intensities based on the reflectance, absorption, and

transmittance of the surface and sub-surface properties of the material. Rays that meet a radiation

source prior to a certain ray-spawning limit contribute to the irradiance incident on the module

with an intensity calculated based on the radiation intensity of the source in the given direction and

the attenuation along the full source-to-module ray path. Ray tracing models can be coupled with

cell-level electrical models such as pvmismatch [41] to provide energy yield estimates that include

shading and current-mismatch losses.
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NREL’s bifacial_radiance is an open-source Python wrapper for the RADIANCE ray tracing

model - originally created to simulate indoor spaces based on artifical and natural light sources

[108]. In this model, direct beam simulations are deterministic and all other radiation sources and

reflections use the reverse ray tracing approach described above. Silvana Ayala Pelaez [109] and

Amir Asgharzadeh Shishavan [110] demonstrated bifacial_radiance’s capacity to form photoreal-

istic 1D front and rear module irradiance sample lines.

To generate 2D irradiance profiles in a reasonable timeframe, ray tracing generally requires

access to high performance computing resources that allows for parallel computation. PV Light-

house’s Sunsolve-Yield [111] provides a ray tracing model for PV performance prediction and

analysis through cloud computing. Alternatively, MoBiDiG [112,113] uses ray tracing only on the

rear to reduce computational intensity.

2.2.4 Points of comparison

Incidence angle modification When light is incident on a PV module, less irradiance reaches

the cell surface than reaches the module surface due to Fresnel reflection at the material boundaries

within the module [114]. Each of the above modelling approaches accounts for this power loss dif-

ferently; as shown in Riedel-Lyngskaer et al. [86], 2D VF models primarily employ the Sandia [14]

or ASHRAE [115] incidence angle modifier (IAM) models or a simple Fresnel calculation at an

air-glass interface for direct beam radiation. bifacial_radiance does not provide information on the

angles of incidence of each incident ray; therefore, the default settings include irradiance samples

on the external surface of the module. Ref. [116] shows a tutorial to modify bifacial_radiance sim-

ulations such that a glass surface is modelled above irradiance samples positioned at the cell level.

Sunsolve samples irradiance below layers of glass and EVA at the cell surface [117].

Computational efficiency To date, Riedel-Lyngskaer et al. [86] provide the best available sum-

mary of computation time for a variety of models on the same computing architecture. The paper

shows that 2D VF models are the most computationally efficient, calculating annual simulations

with hourly timestamps in 10 seconds to 5 minutes. Comparatively, the ray tracing version of

MoBiDiG took 12+h to run in the absence of high performance computing.

Typically, the computation time for radiation transfer calculations in 3D VF and finite element
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models scales with surface mesh density [105]. Ray tracing computation time scales with number

of rays and number of surfaces [108]. To reduce ray tracing computation without high performance

computing, some implementations bin timestamps by tracker angles to reduce optical calculations

[118]; the cumulative sky approach [119] sums the sky radiance for all timestamps in the same

tracker angle bin to allow for a single optical calculation per bin. However, this cumulative sky

approach loses temporal specificity since the results represent the entire period over which the sky

radiance is summed, restricting the performance information available for analysis.

Modelling error Bifacial PV modelling comparisons aim to reduce investment risk by validat-

ing multiple PV models against the same measured data and by benchmarking the performance of

models with respect to one another. In 2020, Riedel-Lyngskaer et al. [86] performed a modelling

comparison of eight models against a year of measured data, demonstrating annual modelled-to-

measured error of less than 3.5% for all models; however, for four of the eight models, monthly

errors in some months exceeded 5% . The 2021 International Energy Agency Bifacial Modelling

Comparison [2] provides a description and cross-comparison of twelve models, including the model

described in this thesis, in two mandatory hypothetical scenarios (see Section 3.5.1) and two op-

tional scenarios with associated measured field data. In the optional west-facing fixed-tilt scenario

with one week of measured data, rear irradiance modelled in seven submissions showed a mean

bias error (MBE) of -13% with a 15.2% standard deviation between models, and energy yield

modelled in three submissions showed an MBE of +1.7% with a 3.2% standard deviation between

models. The 2023 PV Performance Modeling Collaborative (PVPMC) Blind Modelling Compar-

ison [18] received twenty-nine submissions, each modelling up to six of the defined fixed-tilt and

single-axis tracking scenarios in one or more PV performance models. The results show a median

annual energy yield error of -3.3% between modelled and measured data across all submissions and

scenarios. The authors highlight that linearly-applied user-defined derate factors were a significant

source of bias error, accounting for most of the energy yield underestimation and varying signif-

icantly between submissions. The two bifacial scenarios showed up to 99-150% rear irradiance

error in some models at noon on a clear day; while the paper does not tie this error to user-defined

derate-factors, such a deviation in submitted results indicates that the range of modellers lacked a

collective understanding of expected rear irradiance behaviour.
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Figure 2.12: Irradiance measurement devices for DHI and GHI (A, pyranometer) and DNI (B,
Pyrheliometer) and albedo (C, albedometer). Images by Hukseflux Thermal Sensors, licensed un-
der CC BY 4.0.

2.3 Field measurements for PV model validation

To determine the accuracy of a PV performance model, modelled irradiance and energy yield must

be compared to plane-of-array irradiance and energy yield measurements acquired from installed

PV systems. The Task 13 IEA PVPS report on bifacial PV systems provides examples of test

systems at research facilities around the world [2]. The following two sections highlight sensors

required for meteorological data acquisition and irradiance measurements, and DC energy yield

monitoring.

2.3.1 Meteorological and irradiance field measurements

In [120], Gostein et al. provide best practices for measuring irradiance in bifacial PV systems.

Additionally, Vignola [121] provides in-depth descriptions of irradiance and meteorological mea-

surement devices used in the field and discusses the merits and drawbacks of ground measurements

vs. satellite-acquired data. The following paragraphs summarize the measurement devices and

approaches relevant for PV performance modelling.

Direct normal irradiance (DNI) is commonly measured with a pyrheliometer - a device that

measures the collimated radiation emanating from the circumsolar region ±2.5° around the center

of the sun [80]. The pyrheliometer consists of a collimating tube on a solar tracker that directs

light from the circumsolar region onto a set of thermocouples calibrated to output an analog signal

proportional to the incident direct beam irradiance.
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Global horizontal irradiance (GHI) is measured using either a pyranometer or a silicon refer-

ence cell, both facing directly upward at the sky. The pyranometer consists of 1-2 glass domes with

flat spectral transmission between 285-3000 nm sitting above a set of thermocouples; the domes

provide 180° view of the sky dome while shielding the thermocouples from both precipitation and

infrared radiation exchange with the atmosphere that can cause cooling. Silicon reference cells

monofacial silicon PV cells packaged under glass and encapsulant layers to be weather-resistant.

The output signals are calibrated to provide irradiance measurements relative to 1000 W/m2 with

the same angular acceptance as a PV module.

Diffuse horizontal irradiance (DHI) is measured with a pyranometer equipped with an addi-

tional shadow band or shadow ball that moves throughout the day to block light from the cir-

cumsolar region. A shadow band also blocks a thin portion of the sky dome, and thus a DHI

pyranometer with a shadow band requires calibration to represent full DHI.

Plane-of-array (POA) irradiance can be measured using pyranometers or reference cells afixed

to purlins or horizontal rails and facing away from the module plane to the front or rear. For in-

stance, the NREL Bifacial Experimental Single-Axis Tracking field (NREL BEST) [122] provides

rear plane-of-array irradiance measurements from a dummy-module with a set of silicon references

cells strung such that the current of each row of cells is measured separately. The Technical Uni-

versity of Denmark (DTU) provided open source data from one rear-facing pyranometers on each

of the tiers of a fixed-tilt and a single-axis tracking 2P system [123].

Albedo is the ratio of a downward-facing horizontal irradiance measurement by an upward-facing

horizontal irradiance measurement (i.e., GHI). These measurements are sometimes referred to as

up-welling and down-welling irradiance, respectively. The measurements can be achieved using

two back-to-back pyramometers or reference cells facing in opposite directions at the same loca-

tion. The ensemble is referred to as an albedometer, and best practices suggest that the downward-

facing pyranometer or reference cell be installed 1.5 m above the ground [120] on an equator-

pointing tripod armature, away from any significant sources of shade. It is also suggested that

multiple locations within one site be tested throughout multiple seasons to account for variation in

ground-cover.
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Alternative devices have been developed over the past decades to provide simultaneous broad-

band and spectral irradiance measurements, such as the SolarSIM-D for DNI and SolarSIM-G

for GHI [124]. All irradiance measurement devices are categorized by performance into Class

A-C [125].

A variety of irradiance measurement issues can cause a bias in energy yield calculations. Uncal-

ibrated, poorly installed, or rarely maintained irradiance sensors lead to persistent over- or under-

estimation. Sensor soiling or frost accumulation reduces irradiance measurements as compared to

actual conditions, leading to an underestimation in modelled vs. measured energy yield. Sensor

calibration, ventilation, and cleaning are therefore essential in maintaining a quality irradiance data

set for PV performance model validation.

Meteorological stations are usually placed on a vertical mast - the height of which is based on

the specific measurement devices. These devices may include an anemometer to measure wind

speed and direction, a rain and/or snow gauge to measure precipitation, a hygrometer to measure

relative humidity, a thermometer or psychrometer to measure dry bulb (ambient) temperature, and

a barometer to measure pressure. Ground-accumulated snow depth is often measured using a

sonic sensor or a measuring tape or ruler with manual-recording or image processing. While not

a meteorological measurement, rear-side module temperature is another useful measurement for

validating cell temperature models.

Satellite data can also be used in place of the above measurements, with varying degrees of

certainty. Satellite irradiance measurements for a given location are interpolated based on images

representing a large area (2-30x2-30km); therefore, localized weather patterns may not be captured

at subhourly timestamps and instantaneous modelled energy yield may see significant error com-

pared to measured energy yield at fine temporal resolutions. Additionally, differentiating between

snow and cloud-cover in satellite images is not trivial [126], with any error resulting in added un-

certainty in winter months at mid-to-high latitude. However, satellite data is particularly useful for

locations or time frames in which on-site data is not available or requires additional validation.
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2.3.2 Direct current (DC) electrical measurements

If the modules in a system are equipped with power optimizers or micro-inverters, PV performance

models can be validated against the maximum DC power of each module. This isolates module

performance from the effects of inter-module irradiance non-uniformity. Since AC power man-

agement in such a system is performed by a transformer, rather than by a large inverter, modelling

validations can avoid discrepancies with measurement typically caused by clipping and curtailment

in other systems.

However, systems with inter-module series stringing are more common. In small systems of

this type, DC power measurements are available at the inverter where module strings are combined

in parallel. In larger systems of this type, DC measurements may be available at the combiner

boxes where module strings are connected in parallel prior to joining other combiner cables at in-

verter [43]. In the latter, access to combiner box data allows spatial specificity despite system size.

However, in both system sizes, the inverter set-point dictates the DC voltage at which the mod-

ule strings will be held; curtailment and clipping moves the module string operating point on the

current-voltage curves away from the maximum power point, reducing measured DC power. There-

fore, any PV performance model validation must either discard curtailed and clipped timestamps

or adjusting the modelled DC power based on the apparent inverter set-point.

2.4 Software concepts

2.4.1 Primitives and rotations

In computer graphics rendering, the most fundamental surfaces and volumes that make up the

objects in a 3D scene are known as primitives. In ray tracing, these primitives interact with rays in

the scene to determine absorption, reflection, and refraction. Eric Haines’ realtimerendering.com

[127] hosts a list of the record fastest ray-primitive intersection algorithms, last updated 2021.

Sample ray-primitive intersections are described in Appendix A of this thesis.

To form dynamic objects in a scene, defined primitives can be transformed by translation and

rotation matrices. For example, Tait-Bryan matrices belong to a family of rotations called Dav-

enport chained rotations which describe three sequential rotations around body-fixed axes X ′, Y ′,

and Z ′ cite [128]. The body-fixed axes rotate with the primitive, staying in a fixed position relative
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Figure 2.13: Example of the rotation of a volume from initial position in line with the global axes
X, Y, Z to final position with unit vectors u′v′w′ in line with body-fixed axes X ′Y ′Z ′. (S=south,
E=east).

to each face as shown in Figure 2.13. In an initial position, prior to any rotation, unit vectors uvw

are aligned with axes of the right-handed global coordinate frame, X , Y , Z. In the post-rotation

position, unit vectors u′v′w′ transform from uvw based on a final rotation matrix, R – a sequential

combination of matrices Ry, Rx, and Rz, each of which govern a rotation around one of the body-

fixed axes, Y ′, X ′, and Z ′.

As shown in Figure 2.14, Ry corresponds to rotation about the Y ′ axis by a tilt angle, βp (also

known as pitch), and Rz corresponds to rotation about the Z ′ axis by an azimuth angle, φp (also

known as yaw). Rx corresponds to rotation about the X ′ axis by a roll angle, γp; for polygons rep-

resenting rows of modules, γp is set to zero when the array is on flat ground. These angles describe

a right hand rotation around each of the body-fixed axes shown as dotted lines in Figure 2.14, with

a positive angle describing a counter-clockwise rotation when viewed from the infinite end of the

each positive axis.

The order of Tait-Bryan rotations is important since each matrix rotates the body-fixed axes around

which the next rotation(s) will occur. The above definition of angles and axes requires the follow-

ing order and final rotation matrix, R, where c represents cosine, s represents sine. The generic

subscript for primitive angles, p, has also been dropped for cleanliness, but these angles should not

be confused with solar elevation (βB), azimuth (φB), and sky element zenith angles (γs). Note also,

these matrices are modified from standard Tait-Bryan matrices to align with the coordinate system

in Figure 2.13 and definition of rotation angles in Figure 2.14.
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Figure 2.14: Tait-Bryan rotations: (A) Ry(β) is the rotation by tilt angle β around the Y axis. (B)
Rx(γ) is the rotation by roll angle γ around the X axis. (C) Rz(φ) is the rotation by roll angle φ
around the Z axis. (S=south, E=east).

Rx(γ) =




cγ 0 −sγ

0 1 0

sγ 0 cγ


 (42)

Ry(β) =




1 0 0

0 cβ sβ

0 −sβ cβ


 (43)

Rz(φ) =




cφ sφ 0

−sφ cφ 0

0 0 1


 (44)

R = Ry(β) ·Rx(γ) ·Rz(φ) (45)

R(β, γ, φ) =




cβcφ − sβsγsφ cβsφ + sβsγcφ −sβcγ

−cγsφ cγcφ sγ

sβcφ + cβsγsφ sβsφ − cβsγcφ sβcγ


 (46)

R is an orthogonal matrix; each column vector has length 1 and is orthogonal to all other column

vectors. Thus, each column vector can be applied to the primitive’s u, v, or w unit vectors to align
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them as u′, v′, or w′ with the X’, Y’, or Z’ axes.

2.4.2 Bounding volume hierarchies

A bounding volume hierarchy (BVH) is an algorithmic structure that can be applied to improve

computational efficiency in any 3D rendering technique involving rays. A BVH refers to a set of

sequentially smaller volumes, ordered to form a decision tree that dictates which rays should be

checked for intersection with which primitives. Each bounding volume in the hierarchy encom-

passes other groupings of sub-volumes or primitives; the algorithm only checks a given ray for

intersection with a volume or primitive if if the ray intersects the bounding volume immediately

above it in the hierarchy known as the parent volume.

For the example case in Fig. 2.15, a ray will be only checked for intersection with primitives

B1-3 in pink if the same ray intersects with both volume A in green and B in blue, as in the

case of Ray 2 and 4. Conversely, Ray 2 will not be checked against primitives C1-6, since it

intersects with volume A, but not volume C in orange. The brute force approach to check all

five rays in Figure 2.15 against primitives B1-3 and C1-6 requires 5 × 9, or 45 ray-volume or

ray-primitive checks. In this example, and assuming ray-volume and ray-primitive checks are

of approximately equal computational intensity, the bounding volume hierarchy approach saves

1− (1 + 3 + 6 + 9 + 12)/45 = 31% of the computation time for Rays 0-4.

As demonstrated by Ray 1 in Figure 2.15, which intersects with volume A but not sub-volumes

B and C, it is important to minimize free space within the bounding volumes that is not occupied by

a sub-volume to avoid unnecessarily passing to the next lowest level of the hierarchy. Additionally,

bounding volumes should not contain too few sub-volumes or primitives as this would result in a

high ratio of bounding volume checks to primitive checks, reducing savings. Neither should they

contain too many spatially-disparate sub-volumes or primitives since a positive intersection check

anywhere in the bounding volume will result in a check of all items contained within.

In a dynamic scene, some ray tracing software must re-generate the scene’s bounding volume

hierarchy for each timestamp to account for primitive transformations and changing bounding vol-

umes. For example, the RADIANCE software [108] generates octrees, or ".oct" files, for each

timestamp by recursively dividing the scene space around an origin point in eight until the small-

est volumes contain a specified number of surfaces or reach a specified minimum volume. The
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Figure 2.15: Example of a bounding volume hierarchy for volumes A in green, B in blue, and C in
orange, primitive sets B1-3 and C1-6 in purple, and rays 0-4 in red. The primitive check lists to the
right demonstrate that the bounding volume hierarchy for rays 0-3 require equal or less computation
than the brute force method.

RADIANCE documentation [108] describes this computation time required by this process as a

"fraction" of the overall optical simulation time; however, it is a noticeably non-negligible pro-

cess, particularly for users without access to parallelized code and high performance computational

resources.

2.4.3 Computational efficiency

Programming language Different programming languages offer different benefits to a devel-

oper. For example, Python has simple syntax, readily available libraries, and automatic memory

management - all of which facilitate rapid prototype development [129]. Conversely, C is a faster,

compiled language used in software such as the RADIANCE raytracer [108] which require signif-

icant computational resources per ray.

As Tucker and Noonan explain in [130], a compiler is a program that translates source code,

which we can read and write, into an executable file of machine code which the computer’s central

processing unit (CPU) can understand. In C, a static or ahead-of-time compiler compiles the entire

source code prior to execution; if there are syntax errors, all errors are shown at this stage, prior

to executing any instructions. In contrast, a Python interpreter compiles source code into machine

code line by line, immediately before each line CPU executes the line. This makes debugging easier
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since errors can be caught at the source, but slows computation speed since any re-used functions

must be re-compiled line-by-line.

C is also a statically typed language which requires that all variables be declared with their

type (i.e., integer, float) at first usage [131]. In this way, all types are known at execution and no

checks need be run during execution to determine a variable type. Python, however, is dynamically

typed, meaning that the interpreter must infer the data type of the variables in each instruction

[132]. Looping over elements of an array is particularly slow in Python since the interpreter must

re-determine the type of variables in each line at each loop iteration. Using the NumPy Python

library [133] reduces this burden somewhat since all elements of a NumPy array must share the

same data type and operations can be carried out in NumPy’s pre-compiled C code.

Vectorization Nested for-loops, which loop through elements of a multidimensional array, are

particularly computationally inefficient in Python; for each iteration of the loop, the Python in-

terpreter must determine the type of each variable in every line and load data from new memory

addresses before executing the instructions in that line. To alleviate this computational burden,

programmers can vectorize looped processes using array data structures from the NumPy Python

library. Vectorization applies a given operation to all elements in an array through a single arith-

metic operation or function call, removing any iteration from the source code and speeding up

memory access. [134]. For example, to multiply two 3x3 NumPy arrays, a and b, the for-loop

implementation would be:

for i in range(0, a.shape[0]):

for j in range(0, a.shape[1]):

c[i,j] = a[i,j]*b[i,j]

:7.71 µs ± 154 ns per loop

(mean ± std. dev. of 7 runs, 100,000 loops each)

and the vectorized implementation is:

c = a*b

:470 ns ± 2.06 ns per loop

(mean ± std. dev. of 7 runs, 1,000,000 loops each)
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Using the %timeit IPython magic function, we can see the execution time for each of the above

approaches under the code block. The vectorized implementation using NumPy surpasses the for-

loop implementation in computational efficiency by an order of magnitude. All elements in the

NumPy arrays have the same type, reducing the number of checks required to perform operations

on all elements and improving computational speed. Additionally, NumPy arrays store elements

in contiguous memory blocks which allows the CPU quicker access to multiple array elements at a

time [135].

In many cases, vectorizing an operation requires that all NumPy arrays be of the same shape

or share dimensions in one axis. A programmer must manually broadcast a variable to the correct

shape by repeating vectors or arrays along new axes, or use a vectorization function or decorator to

broadcast variables to the correct shapes [136, 137]. NumPy.repeat and NumPy.newaxis functions

aid in this process, as exemplified below for the simple broadcasting of an n-dimensional vector, p,

to a nxm array, q.

p_broadcast = np.repeat(p[:, np.newaxis], q.shape[-1])

p_broadcast.shape == q.shape

:True

This broadcasting approach has some drawbacks. It can introduce computational cost and should

be monitored through profiling to ensure this cost is offset by efficiency gains from avoided for-

loops. Additionally, broadcasting variables for operations with large arrays can quickly balloon the

memory requirements of a program.

Just-in-time compiling Just-in-time (JIT) compiling is a compilation method aimed at improv-

ing the computational efficiency of interpreted languages with originally untyped variables. Like

an interpreter, a JIT compiler compiles and runs code line by line; however, JIT compilers also

cache compiled code for a subset of user-identified functions and simply re-run the compiled code

in the event of repeated function calls. This approach reaps the computational efficiency benefits

of ahead-of-time compilers, but maintains the syntax and structures of the original interpreted lan-

guage. With this approach, there is computational overhead associated with compiling and caching

machine code during the first call of any function [138]. Therefore, JIT decorators should mostly

be applied to functions that are re-used frequently throughout the model.
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To enable this approach, we must assign data types to the input and output variables of the given

function so that the interpreter need not infer the variable types. In the JIT Python library called

Numba [139], the programmer places @njit decorator signatures above the function [140] to be

cached.
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3 Model development and validation

As introduced in Chapter 1, and described in detail in Section 2.2, widespread access to accurate

bifacial PV models will require a modelling tool that is both accurate at high spatial and temporal

resolution and more computationally efficient than existing 3D approaches. This chapter defines

one such model. The chapter begins with a re-production of a manuscript describing a finite ele-

ment approach to PV optical modelling with 3D shading and provides a validation against field data

for bifacial fixed-tilt and single-axis tracked systems. The subsequent sections of the chapter pro-

vide additional details on the simulated environment, optical model, and electrical model. These

sections are followed by a description of two additional cross-software validations which situate

the proposed model’s performance with respect to 2D view factor and ray tracing approaches. The

chapter ends with a discussion on the model’s computational efficiency.

3.1 Novel energy yield model with 3-D shading for bifacial photovoltaic sys-

tems

ANNIE C. J. RUSSELL, CHRISTOPHER E. VALDIVIA, CÉDRIC BOHÉMIER, JOAN E. HAYSOM

AND KARIN HINZER

Scope and Impact

The following text is a reproduction of a manuscript published in the November 2022 issue of the

IEEE Journal of Photovoltaics (JPV). The paper describes the a novel bifacial PV performance

model, DUET, which combines finite element modelling and ray-object intersection to calculate

shade-inclusive 2D front and rear module irradiance maps. This approach aims to reduce the com-

putational intensity of 3D optical modelling compared to ray tracing while maintaining accuracy in

simulated irradiance and energy yield.

The paper also contains a validation study comparing DUET’s modelled outputs to open-

access irradiance and energy yield measurements for a fixed-tilt system and a horizontal single-axis

tracked (HSAT) system at the Technical University of Denmark [123]. The results of the validation

demonstrate that:
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1. The mean absolute error (MAE) between DUET’s simulated average rear irradiance and mea-

sured values is 2.8-3.7 W/m2, falling within the range of error demonstrated by eight other

software tested at this site in Riedel-Lyngskaer et al. [86]. The energy yield correlation co-

efficient between measured and modelled data exceeds 0.99 for both systems, demonstrating

good agreement.

2. The spatial resolution of DUET’s optical and electrical models contributes to decreased sim-

ulation error. For example, sampling irradiance at the specific coordinates of the rear-facing

pyranometers reduces rear irradiance MAE by 0.44-1.4 W/m2 as compared to averaging

across the rear of the modules (see Fig. 9.a). Additionally, DUET’s cell-level current-voltage

calculations decrease the magnitude of monthly relative fixed-tilt energy yield error for De-

cember - a month in which the fixed-tilt system sees harsh front-side shading of the direct

beam - by 6.1% absolute as compared to the common 2D view factor approach which applies

average rear side irradiance to every cell.

3. The model’s non-optimized computation time for an annual simulation is 3.7 core-hours on

a 3.9 GHz CPU, demonstrating improved computational efficiency as compared to 12+ hour,

1.9-4.8 GHz ray tracing simulation time reported in [86].

Note: The model used in this validation is the University of Ottawa SUNLAB’s 2021 version,

DUET v.uO-2021. Subsequent chapters will refer to the University of Ottawa DUET versions as

DUET v.uO-20XX based on the year.

Copyright This manuscript was published in the IEEE Journal of Photovoltaics (JPV) in 2022.

The Version of Record is available online at:

Annie C. J. Russell, Christopher E. Valdivia, Cédric Bohémier, Joan E. Haysom and Karin

Hinzer, "DUET: A Novel Energy Yield Model With 3-D Shading for Bifacial Photovoltaic

Systems," in IEEE Journal of Photovoltaics, vol. 12, no. 6, pp. 1576-1585, Nov. 2022, doi:

10.1109/JPHOTOV.2022.3185546.

Corrections The following text refers to DUET as a 3D view factor model with ray-object in-

tersections; however, Section 3.3.1 clarifies that the equations within this text represent a finite
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element method approximation of the view factor between arbitrary surfaces. Note also, Fig. 9

legend should cite Ref. [1] in the reproduced manuscript rather than Ref. [12].
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DUET: A Novel Energy Yield Model With 3-D
Shading for Bifacial Photovoltaic Systems

Annie C. J. Russell , Christopher E. Valdivia , Cédric Bohémier, Joan E. Haysom,
and Karin Hinzer , Senior Member, IEEE

Abstract—Bifacial photovoltaic (PV) performance models strive
to accurately quantify rear-incident irradiance. While ray trac-
ing models are optically rigorous, they require significant com-
putational resources; faster view factor (VF) models are widely
adopted but require user-defined loss factors to approximate rear
shading and irradiance nonuniformity, introducing uncertainty in
energy yield predictions. This article describes DUET—a bifacial
PV performance model that calculates optical and electrical per-
formance based on a physically representative array geometry.
DUET’s novel shading algorithm pairs a 3-D VF model with de-
terministic ray-object intersections to capture 2-D shade-inclusive
irradiance profiles while minimizing computational cost. Series and
parallel combination of current–voltage curves capture irradiance
nonuniformity throughout the module and array. This article pro-
vides validation against open-access system measurements from a
test site in Roskilde, Denmark, and comparison to other software
tested there [1]. DUET’s modeled bifacial energy yield agrees with
measured data within −1.56% for fixed-tilt and −0.65% for hor-
izontal single-axis tracked (HSAT) systems. Mean absolute error
(MAE) in hourly bifacial power is 14.2–15.0 mW/Wp for fixed-tilt
and 17.3–18.3 mW/Wp for HSAT, depending on the module tem-
perature model applied. Comparing modeled and measured rear
irradiance of two rear-facing pyranometers, DUET’s MAE values
of 2.8 W/m2 for fixed-tilt and 3.7 W/m2 for HSAT are among the
lowest errors reported for other software tested at this site. DUET
provides computationally efficient bifacial performance modeling
with geographic, temporal, and structural specificity to determine
loss factors for use in other performance models or to be used
directly in system design optimization.

Index Terms—Albedo, bifacial, diffuse, electrical mismatch,
energy yield, irradiance, photovoltaic (PV), ray tracing, shading.

I. INTRODUCTION

B IFACIAL photovoltaic (PV) modules convert both front-
and rear-incident light into electrical energy. The rear
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contribution leads to higher energy yields as compared to tra-
ditional one-sided, or monofacial, modules. This additional
energy can reduce a system’s levelized cost of energy, par-
ticularly when paired with horizontal single axis tracking
(HSAT) [2]. However, uncertainty in bifacial yield prediction
can impede design optimization and create a financial risk to
project ownership [3]. The exact irradiance incident on the
rear of a module depends on a complex set of factors such
as the ratio of diffuse to direct light, the properties of the
ground cover, and the position and shape of mounting struc-
tures [4]. In the absence of validated and accessible bifa-
cial PV performance models and parameters, this complexity
would manifest as uncertainty in rear irradiance modeling and
inaccuracy in energy yield predictions, system costing, and
forecasting.

Significant efforts are underway to increase confidence in bi-
facial PV modeling accuracy: existing software have undergone
validation against field data [4]–[11]; cross-software compar-
isons provide technical and performance insights [1], [12]–[19];
and open-access field data is available in [20]–[22]. Despite
these efforts, many optical models lack either computational
efficiency or geographic and temporal specificity. For instance,
annual calculations of hourly irradiance in ray tracing mod-
els [9]–[11], [14], [15], [17], [18], [23]–[25] typically exceed 12-
h run times for HSAT systems unless high-performance compu-
tational resources are used [1]. These computationally intensive
models capture complex shading and reflection by following a
large collection of stochastic rays through multiple interactions
with textured surfaces. Conversely, view factor (VF) models can
efficiently compute the transfer of radiation between meshed
surfaces in a scene [26] but treat shading more simply. While 2-D
VF models [5]–[7], [24], [27]–[33] can simulate annual insola-
tion in less than 5 min [1], they require user-defined loss factors
to account for structure shade and irradiance nonuniformity
along the width of a module or row. However, the geographic-
and temporal-specificity of these loss parameters is still not
well understood, leading to uncertainty in yield projections [1],
[17], [34]. Three-dimensional (3-D) VF models [16], [35]–[38]
inherently capture irradiance nonuniformity along the width of
a module or row, and while BIGEYE [19], [35], [36] includes
object shading, 3-D VF models typically rely on annualized,
estimated factors to represent the effect of these structures.
MobiDiG Hybrid [8], [24] computes front irradiance with VF
and rear irradiance by ray tracing to improve computational
efficiency while maintaining array design specificity.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. Selection of DUET’s input design parameters illustrated for: (a) row
features and (b) table features in a generic 2-in-portrait (2P) system. (c) A close-
up cross-section of a 2P system torque tube with user-defined features shown.

This article outlines our approach to fill the efficiency-
specificity gap—Dual-sided Energy Tracer (DUET)—a numer-
ical PV performance software with integrated optical and elec-
trical models [39]–[41]. The optical model enhances the 3-D
VF approach by checking a finite number of deterministic
rays for intersection with objects in the scene and generates
shade-inclusive 2-D front and rear module irradiance profiles.
The electrical model captures current mismatch losses induced
by irradiance nonuniformity across cells and provides module-,
string-, or array-level energy yields based on a flexible wiring
architecture. DUET is currently under active development in-
house and was one of 13 models in the International Energy
Agency (IEA) PV Power systems Programme (PVPS) Task 13
bifacial PV modeling comparison [12]. The following sections
provide a detailed description of DUET and demonstrate field
validation for fixed-tilt and HSAT systems at a test site in
Denmark [22]. A list of symbols is available in Table I.

II. DUET ENERGY YIELD SOFTWARE

The DUET software computes the energy yield of monofacial
and bifacial PV modules within a fixed-tilt or HSAT array. The
array sits on a flat ground surface with time-varying albedo, ρ,
and can consist of any number of rows, tables per row, and tiers
or columns of modules per table. The optical model processes
hourly or sub-hourly solar resource and meteorological data for
the given geographic location. For each simulation, the user
selects a single module under test from within the array and
defines inputs relating to geography, array and table design,
and optical and electrical parameters. A selection of the user-
specified features in a row and table is illustrated in Fig. 1 and
Table II.

The software separates the simulation into time-independent
and time-dependent calculations [see Fig. 2(b) and (c)], the latter
with hourly or sub-hourly timestamps. The novel shade model
pairs ray-object intersection algorithms with the 3-D VF ap-
proach to generate detailed 2-D front and rear irradiance profiles
for the selected module. The electrical model then calculates
current–voltage (IV) curves for each cell and combines cell IV
curves based on a user-specified wiring architecture to generate

the module IV curve, including the effect of bypass diodes.
Users can simulate multiple modules to construct IV curves for
multimodule strings and arrays.

DUET provides cell- and module-level outputs for each times-
tamp as illustrated in Fig. 2(d), including: front and rear average
irradiance, 2-D irradiance profiles, module average tempera-
ture, cell and module IV curves, maximum power, electrical
mismatch, and bifacial gain. From these outputs, users can
compute the loss factors required for use in 2-D VF models.
The following sections provide further details on the DUET
algorithm summarized in Fig. 2.

A. Optical Model

The optical model computes front and rear module irradiance
based on three irradiance sources: direct radiation from the sun
beam, anisotropic diffuse radiation from the sky, and reflected
radiation from the ground. As in other 3-D VF models, the
diffuse sky dome, ground, and module under test are meshed into
patches to facilitate energy transfer calculations. After meshing,
the HSAT module patch coordinates are rotated each timestamp
based on tracker tilt. The energy that is emitted from one patch
and incident on another depends on the area of the irradiated
patch, the angle of incidence (AOI), and the solid angle between
irradiated and emitting patches. In DUET, an object in the array
can partially or completely attenuate energy transfer between
two patches if it intersects with the ray that links the patch
centroids. The resulting irradiance at the center of each module
patch forms the module irradiance profile.

1) Shading Algorithm: The complex shading objects in a
modern PV array, such as adjacent rows, mounting structures,
and module frame, can be approximated by the combination
of the three basic shapes, or primitives as shown in Fig. 3(a).
These primitives consist of polygons, cylinders, and rectangular
prisms. DUET uses ray-primitive intersection routines [42]–[45]
to check whether a ray that links the centroids of an emitting
source (e) and an irradiated patch (i) intersects with shading
objects in the scene.

An intersection indicates that the emitting source may be
obscured by a shading object, and we apply a multiplicative
shading factor, δe,i, to the ray’s incident irradiance based on
the transparency of the intersecting primitive. Intersection with
an opaque primitive, such as the cylinder that forms the torque
tube in Fig. 3(b), sets δe,i to zero. Intersection with a semi-
transparent primitive sets δe,i to the pre-calculated transparency
of the primitive, effectively dimming the ray. For example, the
transparency of a polygon that represents a portion of a table is
found as the fraction of the associated area that is covered by
solar cells, adjusted for the given AOI to account for Fresnel
transmittance of an air-to-glass and glass-to-air boundary. If no
ray-primitive intersection is found, or if the ray intersects with
a transparent primitive such as a a polygon representing a table
gap or tier gap, δe,i is set to 1. Similarly, the model represents
frame shading by setting δe,i to 0 for any rear-incident ray that
does not pass through the transparent polygon formed by the
innermost frame edges.

To decrease computation time, primitives are grouped into
a hierarchy of bounding boxes around individual rows, sets of
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Fig. 2. Block diagram of DUET algorithm for module under test: (a) summary of inputs, (b) time-independent calculations, (c) expansion of time-dependent
calculations, (d) timestamp outputs, and (e) cumulative outputs. TS = timestamp; STC = Standard Test Conditions; Grey = geography; green = array/table design;
yellow = solar resource & environment; blue = optical model; red = electrical model.

Fig. 3. (a) Composition of shading and transparent objects from primitives.
(b) Cross-section of a single axis tracker with shading factors (δg1,m and δg2,m)
link emitting ground patches, g1 (obscured) and g2 (not obscured) with module
patch m.

rows, and the full array. The extreme coordinates of the array or
row form the corners of these boxes, and DUET checks rays for
intersection with successively smaller bounding boxes until only
the remaining eligible rays are checked for intersection with the
primitives.

2) Ray Characteristics: All shading objects in DUET are
considered absorbing and nonreflective, thus reflections off the
mounting structure and frame are not captured. Since the ground
is the sole reflecting surface, all rays in the simulation are
deterministic and independent—an architecture that allows for
parallel processing and vectorization to improve computational
efficiency. This approach differs from recursive ray tracing,
which can capture diffuse reflection from all defined surfaces.
Recursive ray tracers follow stochastic rays away from the
module to check for intersection with primitives in the scene,
and each ray-primitive intersection “spawns” additional rays
that emanate from the intersection point, which must also be
checked for shading [46]. That process can repeat multiple times
and requires significant computational resources.

DUET’s deterministic rays can be classified into two groups:
1) static rays—in which all emitting sources, irradiated patches,
and shading objects are stationary; and 2) dynamic rays—in
which at least one of these components moves every timestamp.
Fixed-tilt simulations are most computationally efficient since
shading factors for diffuse and ground-reflected rays need only

be calculated once in the time-independent static optical cal-
culations in Fig. 2(b). Conversely, HSAT simulations are more
computationally intensive since the predominantly dynamic rays
require recalculation of shading factors each timestamp as part
of the time-dependent dynamic optical calculations in Fig. 2(c).

3) Energy Transfer: DUET integrates these shading calcu-
lations with a 3-D VF model at each timestamp to predict the
optical power incident on each of the cells in the module under
test. The optical power on the rear of the c’th cell, Pc,r, is

Pc,r =

NM∑

m=1

Gm,r ·Am (1)

where Gm,r is the effective irradiance incident on the rear (r) of
them’th module patch, consisting of the total incident irradiance
less angle-dependent reflection losses; NM is the number of
module patches per cell and Am is the area of the m’th module
patch. The user defines the size and shape of the PV cells as well
as the module patch resolution. For example, the validation in
this article includes 156.75 mm pseudosquare cells, each meshed
into a 4 × 4 grid of patches. Gm,r can be found as the sum of
direct beam (GB

m,r), diffuse sky (GD
m,r), and ground-reflected

(GR
m,r) components

Gm,r = GB
m,r +GD

m,r +GR
m,r. (2)

Equations analogous to (1) and (2) are used to find the effective
irradiance incident on the front of the m’th module patch,
Gm,f, and the front (f) optical power of the c’th cell, Pc,f. In
the following explanation, front (f) and rear (r) subscripts are
dropped to consider the irradiance incident on either side of the
m’th module patch.

Direct beam effective irradiance incident on the m’th module
patch is calculated as

GB
m = GB · cos θB,m · IAM(θB,m) · δB,m (3)

where θB,m and δB,m are the AOI and shading factor between
the beam and them’th module patch, respectively. IAM is the in-
cidence angle modifier (IAM), governed by either the ASHRAE
IAM model [47] or a user-defined sixth degree polynomial. Front
and rear IAMs can be defined independently. The sun position
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Fig. 4. Radiance of anisotropic diffuse sky based on Perez sky luminance
distribution model [50] in Roskilde, Denmark during (a) a sunny 12:30 PM in
summer (GHI: 851.5 W/m2, DHI: 126.7 W/m2), and (b) a cloudy 12:30 PM

in winter (GHI: 73.5 W/m2, DHI: 71.4 W/m2).

is calculated with the NREL sky position algorithm [48] at the
midpoint of each timestamp to accommodate timestamp-ending
input data. For example, the sun position is set at 14:30 for an
hourly timestamp labeled 15:00. The sun position dictates the tilt
of HSAT modules, and a standard backtracking algorithm [49]
adjusts HSAT module tilt away from beam normal incidence
when row-to-row beam shading would otherwise be present.

Diffuse light is incident on both the front and rear of a bifacial
module from a wide range of angles. DUET addresses this high
angularity by meshing the entire diffuse sky dome into patches.
Rays emanate from the centroid of each sky patch toward the
module and ground patches. While the skydome is meshed into
36 equal azimuth divisions and 30 equal zenith divisions for
the validation in this article, DUET’s energy transfer framework
would be compatible with an arbitrary number of mesh points
and any meshing technique that provides the azimuth, zenith,
and solid angles with respect to the origin.

The radiance of the s’th sky patch (Ls) is found via the 1993
Perez sky luminance distribution model [50] accounting for
sky clearness, sky brightness, and the position of each patch
with respect to the sun. This model generates a normalized
radiance distribution for each timestamp, which is subsequently
multiplied by the diffuse horizontal irradiance (DHI, or GD) as
shown in Fig. 4. For the timestamps when the sun is below the
horizon and GD > 0, the diffuse sky is set as isotropic.

In both isotropic and anisotropic cases, the diffuse irradiance
incident on the m’th module patch is calculated as

GD
m =

NS∑

s=1

Gs · Ωs,m · cos θs,m · IAM(θs,m) · δs,m (4)

where NS is the total number of sky patches; Ωs,m, θs,m, δs,m
are the solid angle, AOI, and shading factor between between
the s’th sky patch and the m’th module patch, respectively.

Ground-reflected light is also particularly important for bifa-
cial energy yield calculations since both energy yield and bifacial
gain scale with broadband ground reflectivity, or albedo [4]. To
represent this irradiance source, DUET divides the flat ground
surface into concentric rings which are centered below the
module under test, with radial dimensions increasing away from

the module. These rings are meshed into equal azimuth divisions
such that the solid angles between the module and all ground
patches are equal, with the highest resolution patches near the
module under test. The validation simulations in this article are
performed with 36 azimuth and 20 radial ground divisions.

The irradiance on the g’th ground patch (Gg) is calculated as
the sum of direct beam (GB

g ) and diffuse (GD
g ) irradiance

Gg = GB
g +GD

g (5)

GB
g = GB · cosZ · δB,g (6)

GD
g =

NS∑

s=1

Ls · Ωs,g · cos θs,g · δs,g (7)

where Z is the zenith angle of the sun and δB,g is the shading
factor between the beam and the ground patch; Ωs,g , θs,g , and
δs,g are the solid angle, AOI, and shading factor between the
s’th sky patch and the g’th ground patch, respectively.

The ground-reflected effective irradiance on the m’th module
patch can be found as

GR
m = ρ ·

NG∑

g=1

Gg · Ωg,m · cos θg,m · IAM(θg,m) · δg,m (8)

where ρ is the albedo and NG is the total number of ground
patches; Ωg,m, θg,m, δg,m are the solid angle, AOI, and shading
factors between the g’th ground patch and the m’th module
patch, respectively. The base version of the model assumes a
Lambertian ground reflection with equal intensity in all direc-
tions and does not account for the spectral shape of reflected
light.

B. Electrical Model

The short circuit current for the c’th cell under standard test
conditions (STC) is determined from

Isc,c = (Pc,f + Pc,r · ϕ) · � (9)

where ϕ is the current bifaciality constant, which accounts for
the decreased probability of carrier collection from rear-incident
light, and � is the broadband responsivity of the cell at STC un-
der the Air Mass 1.5 Global spectrum (AM1.5 G) in units of A/W.
While DUET’s baseline model calculates performance based on
AM1.5 G at all hours, the true spectrum of module-incident
light varies throughout the day and year with particular depen-
dence on geographic location [51], [52] and ground-cover [53].
In [54] and [39], a version of DUET was modified to include an
AM-dependent responsivity for an encapsulated Si heterojunc-
tion module, which impacted modeled annual energy yield by
0.5%–2.5% for a latitude range of 33–69◦ N.

The temperature-dependent short circuit current of each cell
is adjusted using

Isc,c(Tc) = Isc,c · (TSTC − Tc) · μI (10)

where μI is the temperature coefficient of current and TSTC is the
STC temperature of 25 ◦C. The cell temperature,Tc, is calculated
based on the sum of front and rear cell average irradiances
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Fig. 5. (a) Intramodule wiring architecture for a half-cut cell module with cell, cell string and submodule identified, where yellow arrows indicate the direction of
conventional current. (b) Electrical combination of IV curves within a module with C cells per inter-cell string, L inter-cell strings per submodule, and B submodules.
(c) Intermodule IV curve combination with M modules per string and S module strings per array.

neglecting reflection losses (Gc,f, Gc,r)

Gc = Gc,f +Gc,r (11)

the ambient temperature (Ta), and one of three module
temperature models: the nominal operating cell temperature
(NOCT) [55], Faiman [56], or Sandia [57] models. The latter
two models are empirically derived functions of Gc, Ta, and
wind speed.

For each timestamp, the software calculates the IV curve of
each cell based on the single-diode model [58]

Ic = Isc,c(Tc)− I0(Tc)exp

[
q(Vc + IcRs)

nkTc
− 1

]

− Vc + IcRs

Rsh(Gc)
(12)

where Ic and Vc are the cell current and voltage; the STC cell
shunt and series resistances (Rs and Rsh), ideality factor (n),
and dark saturation current (I0) can be fit from the cell or mod-
ule IV curves. Temperature-dependent I0(Tc) and irradiance-
dependent Rsh(Gc) are found for each timestamp following the
De Soto model approach [59].

The module IV curve is constructed from the combination of
all cell IV curves based on a user-specified wiring architecture.
Fig. 5(a) provides an example architecture with half-cut cells.
Intermediate IV curves are calculated, as shown in Fig. 5(b), for:
1) strings of cells in series and 2) the parallel combination of one
or more of these strings with a bypass diode into a submodule.
Submodule IV curves are then combined in series to form the
module IV curve. The flexible cell size and wiring architecture
allows for simulation of emerging technologies such as large
format modules with 182 or 210 mm cells or modules with
multicut and shingled cells.

The series IV combination interpolates and sums the voltage
of the cells or submodules at common current points. This
procedure captures any current limitation due to the irradiance
nonuniformity and could capture performance variation between
cells. The parallel IV combination interpolates and sums current
at common voltage points. As in the PVMismatch Python li-
brary [60], DUET approximates the bypass diode IV behavior
as a step function in current at the diode’s forward voltage
threshold, typically ∼−0.7 V. This approach limits the negative
voltage of each submodule and captures the reduced electrical

mismatch loss enabled by the bypass diode. The module power
under uniform average front and rear irradiance is also calculated
at each timestamp to represent performance in the absence of
electrical mismatch.

In 2-D VF models such as PVsyst [61], the array energy yield
is estimated based on a single irradiance sample line at the center
of an infinite row of modules, and the user defines loss factors
to represent variations in module performance throughout the
array. In DUET, users can obtain array results in a computation-
ally efficient manner by weighting M module IV curves with
coefficients w1 to wM based on the number of modules that
each IV curve represents within a module string. As shown in
Fig. 5(c), the series combination of multiple module IV curves
generates the module string performance. The S module string
IV curves can then be combined in parallel to form the array IV
curve with weighting coefficients w1 to wS .

Importantly, this weighted summation of IV curves occurs at
each timestamp allowing the extraction of maximum power of
any subsection of the array at any given time. The instantaneous
power is scaled by the timestamp duration to provide the energy
generated during that timestamp, and the resulting time-series
of output data [see Fig. 2(d)] provides insight into temporal
performance variation. The summation of all timestamp energies
provides the total energy yield for the module, string or array
[see Fig. 2(e)].

III. VALIDATION METHODOLOGY

A. Field Site

Results from DUET have been validated against open-access
data from a bifacial PV test site in Roskilde, Denmark [see
Fig. 6(a)] at 55.696◦N, 12.104◦E [22]. The site has 16 Soltec
SF7 2P trackers: eight in HSAT configuration with north–south
alignment and eight at a 25◦ fixed-tilt facing south. 8760 hourly
on-site global horizontal irradiance (GHI), direct normal irra-
diance (DNI), and DHI measurements are available for April
2019–March 2020. Bifacial energy yield data is available during
this period for one fixed-tilt and one HSAT row, consisting of
four electrically parallel strings of 22 modules each as shown
in Fig 6(b). The monthly average measured albedo ranges from
0.19 to 0.23, which did not include any periods of snow ac-
cumulation. Rear irradiance is provided from Feb. 21 to Mar.
31, 2020 as the average of two pyranometer measurements near
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Fig. 6. (a) Satellite image of the test site in Roskilde, Denmark with measured
bifacial rows in white boxes (Google Maps, Dec. 2021). (b) Physical and
electrical layout of trackers and instrumentation.

the center of a table in each row of interest, on either side of
the torque tube. The array geometry, including 2P mounting
structure dimensions, is described further in [22]. The frameless
bifacial modules are rated at 295 Watt-peak (Wp) with 60
passivated-emitter rear contact (PERC) cells and a bifaciality
constant of 0.67. Module temperature coefficients and IV curves
are available in the datasheet [62].

Riedel-lyngskaer et al. [1] provided an in-depth comparison
of results from eight bifacial PV performance models against
the measured rear irradiance data from this site: MoBiDiG
Hybrid [8] with ray tracing based on bifacial_radiance [9], [23],
MoBiDiG VF [24], PlantPredict [31], PVsyst [32], systems
advisory model (SAM) [30], SolarFarmer [27], bifacialvf [6],
and pvfactors [7]. In Section IV-C, we compare DUET’s rear
irradiance error to results in [1] for these software. We do not
provide a direct comparison of energy yield error due to a
5-min time shift discovered in the measured power data after
publication of [1]. The present validation compares DUET’s
modeled energy yield to Version 3 of the open-access data [22],
whereas error values in [1] are based on a previous version of
that dataset.

B. Simulation

The electrical stringing configuration in Fig. 6(b) shows that
all modules within a module string are on the same tier and share
the same ground clearance. Thus, we assume that the modules
along the table share similar irradiance profiles, neglecting edge
effects, and pilings for this validation. We simulated one module
per string, shown in blue in Fig. 6(b), and multiplied its IV curve
by 22 to get four module string IV curves. The results from these
four strings were combined to find the energy of the row and then
compared to the measured row yield. The electrical calculations
were repeated for the three module temperature models—NOCT
(44 ◦C [62]), Faiman, and Sandia. The Faiman model coefficients
used are U0 = 31.0 W/(m2 K) and U1 = 1.6 Ws/(m3 K) as
derived by Soltec for this tracker at a site in California [63],

and the Sandia coefficients are set for a glass-cell-glass module
with open racking. Since seven of the eight models in [1] use the
Faiman model, we present energy yield results for the Faiman
model in the following sections, unless otherwise stated.

For comparison to measurements, we place an irradiance
“sensor” sample point at the 3-D coordinate of each pyranometer
[see Fig. 6(b)]. The piling adjacent to the fixed-tilt pyranometers
is also modeled. The two-sensor average without IAM is then
compared to the rear irradiance measurement, which is provided
as the average of pyranometer irradiances.

C. Analysis

The analysis in [1] filters timestamps based on the following
four criteria.

1) Sun elevation greater than 5◦.
2) Tracker angle agreement between rows.
3) Availability of data acquisition systems.
4) Lack of morning shade on the bifacial HSAT.
For the sake of comparison, the present analysis also uses

these same criteria, resulting in a total of 3370 energy timestamps
for fixed-tilt and 2371 energy timestamps for HSAT. Filtered
rear irradiance measurements are available for 375 and 207
timestamps for fixed-tilt and HSAT, respectively. The following
sections compare modeled results (y) to measured data (x) over
these sets of hourly timestamps using the metrics of relative
error, MAE and mean bias error (MBE)

Relative error =

∑N
i=1 yi∑N
i=1 xi

− 1 (13)

MAE =
1
N

N∑

i=1

|(yi − xi)| (14)

MBE =
1
N

N∑

i=1

(yi − xi) (15)

where N is the number of timestamps.

IV. RESULTS AND DISCUSSION

A. General Performance

Fig. 7 shows a comparison of modeled and measured data over
the filtered timestamps for bifacial energy and rear insolation in
the fixed-tilt [see Fig. 7(a), (b)] and HSAT [see Fig. 7(c), (d)]
rows of interest. The blue and orange lines in each subplot rep-
resent the linear fit and perfect 1:1 lines, respectively, between
DUET’s modeled data and the measured data. The R2 value for
DUET’s bifacial energy yield prediction is 0.995 or greater for
both arrays, indicating good agreement with measurement. The
modeled bifacial energy yield is 1.56% lower than measured
data for fixed-tilt and 0.72% lower for HSAT. This relative error
is less than the 4.5% combined uncertainty of summer clear sky
hourly GHI and dc power measurements estimated in [1], as
was the case for the six software simulating energy yield at the
Roskilde site in that publication.

Modeled rear insolation in Fig. 7(b) and (d) also shows close
agreement to pyranometer data with an R2 of 0.987 for fixed-tilt
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Fig. 7. Comparison of results modeled in DUET as a function of measured data for (a) fixed-tilt bifacial energy yield, (b) fixed-tilt rear insolation, (c) HSAT
bifacial energy yield, and (d) HSAT rear insolation at the Roskilde, Denmark field site. Rel. err. = relative error. (e) Monthly relative error in DUET’s modeled
bifacial energy yield for fixed-tilt and HSAT systems. Energy reported here is modeled using the Faiman module temperature model.

Fig. 8. Irradiance profiles for a frameless southern module in the fixed-tilt
system, as generated by DUET. Average effective irradiance over 3370 hourly
timestamps for the (a) front and (b) rear of the module.

and 0.970 for HSAT but overestimates in the many low irradiance
hours resulting in 5.5% and 6.0% relative error, respectively.
This low-irradiance overestimation is also present for all models
in [1]. The hours with measured fixed-tilt rear insolation < 20
Wh/m2 have an average diffuse fraction of 86%, and 51% of
these hours have DNI < 1, where diffuse shading from adjacent
buildings or trees could have a significant impact. Relative
humidity also rises to 82.2% in these low DNI hours producing
the necessary conditions for rain and fog, which may impact
ground-reflected light.

B. Irradiance Nonuniformity

With multiple sample points across the length and width of
each cell, DUET’s 2-D irradiance profiles capture nonunifor-
mity across the full front and rear surfaces of the module. For
example, Fig. 8(a) shows that modeled average front irradiance
differs between the top and bottom of a southern module in
the fixed-tilt row by approximately 13.2 W/m2. The irradiance
gradient—primarily induced by inter-row diffuse shading—is
relatively constant across the width of this module and could be
represented by sampling a cross-section of irradiance down the

center. In contrast, the rear irradiance profile in Fig. 8(b) shows
shading on the sides and top due to the supporting purlins and
torque tube, which would not be captured by cross-sectional irra-
diance sampling and which introduces a 18.0 W/m2 difference
in average irradiance between the brightest and most shaded
module patches.

While Fig. 8 shows an average irradiance profile across all
filtered timestamps, DUET calculates energy yield based on a
unique 2-D irradiance profile at each timestamp, thus captur-
ing the temporal specificity of intercell current mismatch that
cannot be represented by an annualized loss factor. In October
to December, the monthly relative error between modeled and
measured fixed-tilt energy yield drops from 6.6–9.2% to between
−1.8% and −3.1% when current mismatch loss between cells
is activated within DUET. These months feature many hours of
low sun elevation when adjacent rows partially obscure the direct
beam, and this significant error reduction indicates that DUET
represents the resulting intercell current mismatch well. Overall,
relative error for both fixed-tilt and HSAT ranges from <1% in
magnitude in March to −3.75% in October [see Fig. 7(e)]—
lower than the >10% fixed-tilt and >5% HSAT monthly error
reported for some models in [1].

C. Cross-Software Comparison

The range of rear average insolation MAE for the eight other
models is taken from the text of [1] and replotted as the light blue
bars in Fig. 9(a). The MAE values in that paper were averaged
over the filtered hourly timestamps and include the effect of
an IAM as well as Soltec’s recommended +0.7% shading
factor [63] for the VF models. DUET’s rear module irradiance
sits within this range, both with and without an IAM applied,
although close agreement with pyranometer data is not expected
due to rack shading that does not affect the measurement device.
The “sensor” approach samples the rear irradiance using the
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Fig. 9. Performance statistics for DUET and software from previous study [1]
as compared to on-site measured data for fixed-tilt and HSAT systems. (a) MAE
in modeled rear insolation. (b) MBE and (c) MAE in modeled bifacial energy
yield for three temperature models. Wp = Watt peak (25.96 kW).

locations and size of the pyranometer, showing lower MAE than
the module average by 0.44W/m2 for fixed-tilt and 1.37W/m2

for HSAT. The addition of the post adjacent to the fixed-tilt
pyranometers further improves the MAE by 0.18 W/m2.

DUET’s bifacial energy yield with the NOCT module
temperature model shows an MBE of −146 Wh and −98 Wh
for fixed-tilt and HSAT, respectively [see Fig. 9(b)]. This
underestimation is partly due to module temperature overestima-
tion, since accounting for wind cooling in the Faiman and Sandia
models decreases the MBE magnitude by 18.3 and 53.0 Wh,
respectively. The resulting MAE falls within 370–388 Wh
(14.2–15.0 mW/Wp) for all three temperature models in
fixed-tilt and 450–477 Wh (17.3–18.3 mW/Wp) in HSAT.
When DUET’s modeled energy yield error is calculated using
measured data without the 5-min correction outlined in Sec-
tion III-A, the resulting MAEs are lower than those reported for
the six models in [1] by 23–107 Wh for fixed-tilt and 29–90 Wh
for HSAT. The 5-min correction reduces DUET’s MAE by 86
and 10.5 Wh, respectively. If we assume a similar corrective
behavior for all models, DUET performs with lowest cumulative
absolute error across all timestamps for both systems.

V. CONCLUSION

This article has presented a technical description of a new bifa-
cial PV performance software, DUET, including a mathematical
representation of optical and electrical numerical models. The
novel shading algorithm combines a 3-D VF model with ray-
object intersection to capture the effect of supportive structure
shading, and the IV curve summation flexibly represents intra-
and intermodule wiring and electrical mismatch loss between
cells, modules, and module strings.

A validation against measured data from Denmark [22] shows
that DUET predicts bifacial energy yield at −1.56% of mea-
sured yield for a fixed-tilt row over 3370 daylight hours and at
−0.72% of measured yield for a HSAT row over 2731 daylight
hours. The resulting MAE in bifacial power across the simulated
daylight hours is 14.2–15.0 mW/Wp for fixed-tilt and 17.3–
18.3 mW/Wp for HSAT, depending on the module temperature
model. DUET’s electrical model captures current mismatch due

TABLE I
LIST OF SYMBOLS

to irradiance nonuniformity, including partial direct beam shad-
ing during periods of low sun elevation in the fixed-tilt system.
2-D rear irradiance profiles also display nonuniformity caused
by supportive racking that cannot be captured in a cross-sectional
sample of module irradiance. For the subset of hours in which
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TABLE II
ADDITIONAL USER-DEFINED INPUTS

*UTC = Coordinated Universal Time; temp. coeff. = temperature coefficient.

rear irradiance measurements were provided, the modeled irra-
diance at the location of two rear-facing pyranometers matches
the measured data within 2.8 W/m2 for the fixed-tilt row and
3.7W/m2 for the HSAT row—among the lowest errors reported
for other software tested at this site in [1].

This article shows that DUET’s shading algorithm performs
with similar accuracy to other bifacial performance models—
including a ray tracing model—while minimizing computational
cost through deterministic ray-object intersections. With this
approach, DUET provides computationally efficient bifacial
performance modeling with geographic, temporal, and structural
specificity—without reliance on estimated shading and electri-
cal mismatch loss factors. The software can also be used to
acquire, and better understand, such loss factors for use in other
performance models or in system design optimization.

ACKNOWLEDGMENT

The authors would like to thank Henry P. Schriemer and Chu
Tu Li for original concept work and early discussions, Nicholas
Riedel-Lyngskær for correspondence regarding the Roskilde
dataset, and Jill Tymchak for help with early validation. The
University of Ottawa is on unceded Algonquin Territory. They
recognize Indigenous self-determination as central to addressing
climate change.

APPENDIX

A. Computation Time and Modeled Data

The HSAT annual energy yield calculations herein required
3.75 core-hours per module on a 3.9 GHz CPU. In general,
DUET’s computation time strongly depends on tracking type,

patching resolution, size of array, and number of shading ele-
ments. Considerable speed improvements are expected through
ongoing code refinements and improved algorithms.

The modeling results presented in this article are available for
download in [64].
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3.2 Details on simulated environment

3.2.1 Sky, ground and module meshing

As discussed in Section 3.1.II.A, the DUET v.uO-2024 algorithm meshes the module, sky and

ground surfaces into patches of finite area, or finite elements. The area of each sky element, shown

in the left of Fig. 3.1, is:

As =
2π(cosZs,U − cosZs,L)

Nφs

, (47)

which describes the difference of the area of two spherical caps described by the lower and upper

zenith angles of the sky element, Zs,L and Zs,U respectively, divided by the number of sky azimuth

divisions Nφs . The upper and lower zenith angles of each sky element band are currently defined

by an equal division of the 90° between the sky dome center, or sky zenith, and the horizon by

a specified number of elevation divisions. This results in a concentration of sky elements toward

the center of the dome. Future work should include testing other sky dome meshing schemes,

including the Becker scheme which generates mesh elements of equal solid angle [141] or a sun

path dependent meshing [142]. The model’s coupling and shading algorithms would allow for any

such substitution as long as sky elements are defined by their area and central point.

As shown in the right of Fig. 3.1, the area of each ground element is:

Ag =
π(r2g,O − r2g,I)

NφG

(48)

where rg,O and rg,I are the outer and inner radii of the ground element and NφG is the number

of ground azimuth divisions. The outer and inner radii of each element is currently calculated

such that each ground element represents an equal solid angle with respect to the module for a

user-specified number of radial divisions across the modelled ground surface. Future work should

consider alternate meshing including triangular meshing which may improve computational effi-

ciency since irradiance at central points in each triangle could be interpolated from fewer shared

vertices. The ground coupling and shading algorithms would allow for any substituted meshing

scheme that defines element area and central points.
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Figure 3.1: (Left) Side view of diffuse sky dome mesh element with area As, bound by upper and
lower zenith angles Zs,U/L with an azimuthal angular range defined by the number of azimuthal
sky mesh divisions NφS

; (Right) Birdseye view of ground mesh element with area Ag, bound by
inner and outer radial dimensions rg,I/O with an azimuthal angular range defined by the number of
azimuthal ground mesh divisions NφG

The impact of mesh density on computation time and accuracy is described in Section 3.6.3.

Compensation factors to account for low density meshes are described in Section 3.3.2.

3.2.2 Defining primitives

As shown in Fig. 3 in Section 3.1, basic shapes and volumes, or primitives, form the array shading

elements in the 3D scene. Fig. 3.2.2 describes how these primitives themselves are defined.

Rectangular prisms are defined by a central coordinate, bc, three unit vectors u⃗′v⃗′w⃗′ along

body-fixed axes X ′Y ′Z ′, and a half length along each unit vector dictating the dimensions, hu,v,w.

N -vertex polygons are defined by a set of corner coordinates, P0−(N−1), and a normal vector n⃗.

Cylinders are defined by the start and end coordinates, c0 and c1, of the line segment delineating

their central axis c⃗ and a radius rc.

All primitives also have an associated transparency, α, from 0-1. The radiation assigned to any

ray intersecting a primitive is attenuated by the primitive’s transparency factor. Rays are described

by an origin d0 and direction vector d⃗ or as a line segment with two end coordinates and a defined

length.

3.2.3 Rotation matrices

To generate the 3D coordinates of the objects in the PV array, the model uses Tait-Bryan rota-

tion matrices [128] to orient primitives within the scene space as in Fig. 2.14. For example, the
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(C) (D)

(A) (B)

Figure 3.2: (A) Rectangular prism with central coordinate, bc, three unit vectors u⃗′v⃗′w⃗′ along
body-fixed axes X ′Y ′Z ′, and half length dimensions hu,v,w. (B) N -vertex polygons with corners
P0−(N−1), and normal n⃗. (C) Cylinders with the start and end coordinates, c0 and c1, central axis c⃗
and a radius rc. (D) Ray with origin d0 and direction and length d⃗

.
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plane-of-array tilt angle (βm), azimuth angle (φm), and roll angle (γm) result in the rotation matrix

R(βm, γm, φm) which aligns any dynamic primitives with the plane-of-array in single-axis tracking.

The base version of the model described in this thesis assumes that all tables within the array have

the same tilt, azimuth, and roll angles; this assumption holds for flat terrain.

3.3 Details on optical model

3.3.1 Finite element method

While Section 3.1 refers to DUET as a 3D view factor model, true 3D VF models use view fac-

tor algebra to calculate shading between objects and analytical view factors to calculate radiation

transfer. Instead, DUET applies the finite element method (see Section 2.2.3) to approximate 3D

view factors between irradiance sources and surfaces in the scene. Eq. 3-4 and 7-8 in Section 3.1

take the form of the finite element coupling coeffients described in Eq. (40) in Section 2.2.3 to

quantify irradiance transfer between the sky and the panel, the sky and the ground, and the ground

and the module. Of note, sky elements are assumed to be at an infinite distance from the ground

and module with surfaces perpendicular to the ray ds,g/m with the angle of emission θg/m,s = 0.

The finite element approach opens up the use of a deterministic ray-object intersection algo-

rithm to account for shading due to overlapping objects within the PV array - a phenomena that

view factor algebra inherently neglects. The combination of the finite element method with the

ray-object shading approach also facilitates the vectorization of associated code as discussed in

Section 3.6, improving computational efficiency. However, the accuracy of the finite element

method scales with mesh density, and high-density simulations require prohibitive computation

times. Section 3.6.3 demonstrates that an optimal setting must be found such that any reduction in

computation time through reduced meshing density has minimal effect on energy yield results. The

compensation algorithm described in Section 3.3.2 also helps mitigate the need for high density

ground mesh.

3.3.2 Compensation algorithms

To maintain both the shading accuracy afforded by spatially discretizing the surface and the com-

putational efficiency afforded by coarser surface meshing, the model described in this thesis uses
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Li’s compensation factors [1] to account for the discrepancy between the finite element and view

factor approaches. (see Section 2.2.3). These factors are applied in two radiation exchanges: (1)

between the sky and ground, and (2) between the ground and the module under investigation. For

example, the irradiance incident on the g’th ground mesh element from the diffuse sky dome is:

GD
g =

NS∑

s=1

Ls · Cs,g · χS,g · δs,g (49)

where Cs,g is the coupling coefficient between the s’th sky element and the g’th ground element and

χS,g is the sky-to-ground compensation factor between the diffuse sky dome and the the g’th ground

element. Analogously, χG,m is the ground-to-module compensation factor between the reflecting

ground surface and the the m’th module element.

The remainder of this section demonstrates how these two compensation factors vary with tilt

angle for a range of sky and ground mesh densities and for a range of radial distances to which the

ground surface extends. An additional compensation factor between the sky dome and the module

is also examined.

Sky to ground As shown in Figure 3.3, the base mesh density of the sky dome - consisting of

18 azimuthal divisions and 10 elevation divisions - slightly overestimates the theoretical sky-to-

ground view factor, resulting in a χS,g of −0.2%. Increasing the elevation divisions by two fold to

20 divisions brings this compensation factor to near 1, as seen in the dark green line with triangular

markers. Without the compensation factor, users must choose between tolerating the additional

computation time required to double the sky elevation divisions or the additional 0.2% deviation

from theoretical VF. (See Section 3.6.3 for more discussion on mesh density and run time). Using

the compensation factor affords the option to keep the base sky mesh density the same while scaling

the coupling factors from all sky elements by an equal 0.2%.

Applying an equal compensation factor to all sky element radiances assumes that all sky el-

ements contribute equally to the deviation from the view factor. In reality, DUET v.uO-2024’s

sky meshing scheme concentrates sky elements near the top of the dome where the central point is

more representative of the full element area than for the larger area elements at the base of the dome.

Thus, an equal compensation factor may be unnecessarily dampening irradiance from higher parts
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Figure 3.3: Sky-to-ground compensation factor vs. sky element resolution for changing elevation
(elev.) and azimuth (az.) mesh density. Mesh density is normalized by the base density: 18 azimuth,
10 elevation.

of the sky. Future work should examine whether meshing schemes that provide equal solid angles

per sky element would alleviate the need for this compensation factor, or whether a compensation

factor for a subset of elevation tiers may be more appropriate.

Ground to module To examine the impact of ground meshing parameters on the ground-to-

module compensation factor, we can look at the average χG,m across all NM module elements,

χ̄G,m, for each tilt angle within a typical single axis tracking range. The following paragraphs

discuss such an analysis for a single Eastern module in a 2P system with 5 rows and three tables

of 21 modules per row. The module under investigation, centered in the array, is closest to the

ground during the positive angles in the morning and farthest during the negative angles after noon.

Around noon, the modules are almost flat with little or no view of the ground from the front and a

full view of the ground on the rear. Compensation factors closer to 1 indicate that the finite element

approaches the approximation of the view factor.

Figure 3.4 shows χ̄G,m for changing azimuth density with a stable 20 radial divisions and a

last near-field ground element 10 m away from the least central edge of the array. Figure 3.5

shows χ̄G,m for changing radial division with a stable 18 azimuthal divisions and a last near-field

ground element 10 m away from the least central edge of the array. Figure 3.6 shows the impact of

changing both azimuthal and radial divisions (each by X-fold) while maintaining a last near-field

ground element 10 m away from the least central edge of the array. Finally, Fig. 3.7 shows the
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impact of changing the ground extent, or the radial distance between least central edge of the array

and the last near-field ground element. All cases in this last figure use 36 azimuth and 200 radial

divisions to reduce ringing and isolate the effect of the ground extent.

Figure 3.4: Front (left) and rear (right) ground-to-module compensation factor vs. tilt angle for
varied azimuth mesh densities. Grey region is ±0.5%.
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Figure 3.5: Front (left) and rear (right) ground-to-module compensation factor vs. tilt angle for
varied radial mesh densities. Grey region is ±0.5%.

Figure 3.6: Front (left) and rear (right) ground-to-module compensation factor vs. tilt angle for
varied ground mesh densities. E.g. 2x base density = 2(18), 2(20) = 36x40 ground mesh. Grey
region is ±0.5%.
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Figure 3.7: Front (left) and rear (right) ground-to-module compensation factor vs. tilt angle for
varied ground surface extents. Grey region is ±0.5%.

Examining these figures, we can see that the radial mesh density has most significant impact on

the discrepancy between finite element summation and the view factor. Doubling the base radial

density to 40 in Fig. 3.5 brings the rear compensation factor within ±0.5% (shaded in grey) and

collapses the front compensation factor to the high density case (dotted black) for most angles,

which reduces the ringing. In contrast, doubling the azimuthal density does not bring the rear

compensation factor within ±0.5% and does not mitigate the front-side ringing. It is interesting

to note that increasing azimuthal density converges to a compensation factor greater than 1 (Fig.

3.4, dotted black), whereas increasing radial density converges to a compensation factor lower

than 1 (Fig. 3.5, dotted black). When both the radial and azimuthal densities are increased by

integer factors, as in Fig. 3.6, the rear compensation factor for 3x the base mesh divisions in both

dimensions approaches 1, with the azimuthal and radial contributions from to the compensation

factor appearing to cancel out.

Considering each dimension sequentially, we can also see that rear high density azimuth case

(Fig. 3.4, dotted black) saturates at a magnitude that is only mitigated by increasing radial divisions

in Fig. 3.5. Similarly, the rear high density radial case saturates at a magnitude below 1 that is only

drawn closer to 1 by increasing the ground extent in Fig. 3.7.
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The effect of ground extent is particularly clear for the front compensation factor which col-

lapses to the same shape and magnitude with both high radial density and high combined azimuthal

and radial densities but does not reduce in magnitude without increasing the ground extent. In these

high density cases, more significant compensation is required at shallow tilt angles near zero when

the modules see only the few, far field ground elements. Increasing the ground extent as in Fig. 3.7

makes more ground elements available at these angles, reducing the compensation factor; however,

significantly increasing the ground extent requires a prohibitively large number of radial divisions

to maintain adequately small mesh element areas for shading accuracy. Additionally, tilt angles

approaching horizontal result in relatively low radiation transfer; as such, additional computation

time would be largely wasted. The compensation factor, therefore, allows the model to approxi-

mate the view factor from an extended ground area while avoiding the computational cost of the

additional radial divisions.

Future work should investigate the impact of the meshing scheme geometry on these compensa-

tion factors and on resulting irradiance and energy yield. Alternative approaches, such as triangular

meshing could also reduce computation time allowing for higher density meshes. Just as for the

sky-to-ground compensation factor, the ground-to-module compensation factor is applied equally

across radiation from all ground elements. Further investigations are required to determine whether

this assumption holds or whether χG,m should be modified based on the distance of each ground

element from the module under investigation.

Sky to module A sky-to-module compensation factor, χS,m, would account for the discrepancy

between finite sky element summation and sky dome integration. However, the subplot to the left

of Figure 3.8 shows that this sky-to-module compensation factor for the front of the module is less

than ±0.5% for all tilt angles, suggesting that the finite element approach approximates the view

factor well, even at the base mesh density. For the rear in the right subplot, the compensation factor

exceeds ±0.5% at ±29° for 10 sky elevation divisions in light blue and ±21° for 20 sky elevation

divisions in darker blue in Figure 3.8. At these angles, the theoretical sky-to-module rear view

factors in dashed grey are ∼0.06 and ∼0.04, respectively, and adjacent rows will shade much of the

diffuse sky dome from the rear of the module. Thus, we can expect that the significant compensa-

tion at shallower angles will have a minimal impact on total radiation transfer. Nevertheless, a rear



75 3 MODEL DEVELOPMENT AND VALIDATION

compensation factor could be applied with negligible computational cost should a motivation arise.

Figure 3.8: Front (left) and rear (right) sky-to-module compensation factor vs. tilt angle. Rear sky
view factor is in dotted grey on the left. Results are shown for 10 and 20 sky elevation divisions for
rear and 10 sky elevations for front. Grey region is ±0.5%.

3.3.3 Bounding volume hierarchy

Once the model’s coupling and compensation algorithms have calculated the energy transfer be-

tween emitting sources and irradiated elements, the model’s shading algorithm determines whether

the rays representing this transfer should be partially or fully shaded due to intersections with

transparent or opaque objects in the array. The brute force solution to this problem would be to

check all rays that are incident on the front or rear of the module against every single primitive

in the array, resulting in a prohibitively long computation time. Instead, the model described in

this thesis includes an adapted approach from computer graphics rendering to reduce the number

of ray-primitive intersection checks, namely through the use of bounding volume hierarchies. (See

Section 2.4.2).

The DUET v.uO-2024 bounding volume hierarchy is depicted in Fig. 3.9A and is composed of

a hierarchy of polygons and rectangular prisms – the latter known as bounding boxes – which each

enclose sequentially smaller volumes or primitives. Whereas ray tracing software typically group
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primitives exclusively by spatial relationship [108], DUET v.uO-2024’s bounding volume hierarchy

is a streamlined decision tree logic based on an understanding of the layout and movement of typical

PV arrays. As seen in Fig. 3.9B, rays are first checked for intersection with a bounding box around

(1) the full array and subsequently around (2) front or rear row groups. (If the ray is incident on the

ground, both front and rear bounding boxes are checked.)

Rays that intersect with front and/or rear row sets are then checked for intersection with the

individual row bounding boxes within, as in Fig. 3.9(3). If a ray intersects with an individual row

bounding box, this ray is also checked for intersection with all racking in the row that does not move

with the plane-of-array, such as vertical pilings. Any ray intersecting with an opaque primitive is

set to have a shading coefficient δ=0, fully-shading the ray and eliminating it from further checks.

All rays that intersect with an individual row bounding box are subsequently checked against

the polygon that delineates the row plane-of-array surface as in Fig.3.9(4). Rays that have yet to

be shaded and that intersect with the row polygon must be checked for intersection with (i) all

dynamic racking that moved with the plane-of-array racking and (ii) the gaps in the table or row

through which the ray could pass unobstructed as in Fig.3.9(5).

The handling of these gaps is where the described model’s bounding volume hierarchy diverges

most from conventional approaches; instead of simply checking for intersections between rays

and surfaces, the model uses well-defined empty spaces between surfaces to reduce the number of

intersection checks required. For example, for the 2P array shown in Fig. 3.9A with three tables,

the algorithm checks rays for intersection with the row polygon, one tier gap polygon, and two

row gap polygons for a total of 4 ray-polygon checks. This significantly reduces the 7 ray-polygon

checks required in the brute force with a row polygon and six table polygon checks.

The validity of checking for ray intersection with table gaps, rather than tables, relies on the as-

sumption that all tables are co-planar. This assumption holds for arrays on mostly flat or constantly-

sloped ground. It will not hold for PV plants that follow rolling hills – a recent advancement in array

deployment facilitated by improvements in tracker inflection points to avoid unnecessary ground

levelling [143]. Thus, this portion of the bounding volume hierarchy must be adjusted for any case

in which the plane-of-array changes for each table.

Finally, for rays incident on the rear of the module under investigation, the algorithm uses the

same transparent primitive approach to calculate shading due to the module frame - an optional
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feature in the modelled system. Since a module frame can be conceptualized as 4 rectangular

surfaces perpendicular to the module plane and 4 rectangular surfaces parallel to the module plane,

a brute force approach would require a ray-polygon intersection for each of the eight surfaces with

each rear incident ray. However, the described algorithm makes use of the fact that the frame

opening forms a polygon in green in Fig. 3.9A(6) through which all rear-incident must pass if

they are not blocked by the frame surfaces. This reduces the computational intensity of the frame

shading calculation by a factor of 16.

In summary, DUET v.uO-2024’s PV-specific bounding volume decision tree:

• follows a single algorithm for all timestamps (i.e., independent of tracker angle, sun position);

• responds to user-defined PV array design (i.e., number of rows, tables, and tiers; position for

the module under investigation); and

• is novel in its use of both a context-specific volume order and transparent primitives.

Section 3.6.1 describes vectorization of the model’s bounding volume hierarchy – a compu-

tationally efficient approach that is possible since large sets of rays must follow the same logical

checks. Section 4.2 discusses racking reflections, neglected in the above process due to the key

assumption that the ground is the only reflective surface in the simulation environment.

Horizon mask In future, a horizon mask should be added to this bounding volume hierarchy.

This additional shading element will block any direct or diffuse rays emanating from a sky element

or sun position that is fully or partially obscured by far field objects such as buildings or mountain

ranges. Adding a horizon mask may reduce the computation time since any fully obscured sky

elements will be removed from shading calculations. Direct light calculations would also only be

performed if the sun is above the elevation angle for the given azimuth range in which the sun

position falls; however, these changes will only result in a mild benefit to computation speed and

only locations with significant horizon shading like valleys, urban environments, or tree-lined sites.

Discrepancies in simulated results generated by models with and without a horizon mask will

be most significant for satellite-derived input irradiance and during timestamps near sunrise and

sunset or with very high diffuse fraction, excluding foggy conditions.
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Figure 3.9: (A) DUET v.uO-2024 bounding volume hierarchy. (B) DUET v.uO-2024 bounding
volume hierarchy decision tree.
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3.3.4 Ray-primitive intersections

The bounding volume hierarchy and shading algorithms in DUET v.uO-2024’s optical model rely

on a set of ray-object intersection algorithms [9–12]. These algorithms determine whether rays

representing radiation transfer between a source and a surface element intersect with an object in the

PV array. The model’s independent, deterministic rays allow ray-primitive intersection algorithms

to be vectorized such that each instruction performs an operation for multiple rays at once. (See

Section 3.6.1). The associated functions are also modular so that they may be replaced with more

efficient algorithms over time.

Section 3.2.2 describes the primitives used in DUET v.uO-2024 to form shading objects, and

Fig. 3.a in Section 3.1 and Fig. 3.9 demonstrate how the primitives come together to form the PV

array objects and bounding volume hierarchy, respectively. Appendix B of this thesis describes

sample ray-primitive intersection algorithms.

3.4 Details on electrical model

The following sections demonstrate the electrical model’s response to partial shading and partial

brightening within a module. An additional discussion on thermal modelling uncertainty in bifacial

vs. monofacial systems can be found in Appendix C.

3.4.1 IV curve summation and partial shading

As described in Section 3.1II, DUET v.uO-2024 calculates current-voltage (IV) curves from cell- to

-array level. The following section presents visualizations of the intermediate IV curves combined

to find module maximum power and examines the behaviour under partial shading and brightening

to illustrate the impact of cell breakdown voltage, bypass diode protection of submodule, and half-

cut cells. To walk through these topics, we will refer to Fig. 3.10 which shows seven partial shading

scenarios A-G with varied cell irradiance on one or more cells along with the electrical layout of

cells and submodules across each bypass diode in grey. Figures 3.11-3.18 show the corresponding

IV curves for cells (magenta), parallel strings across the bypass diodes in the half-cut cell case

(green), submodules (blue), and the module itself (grey). The maximum power point of the module

is provided as a golden dot at the highest power "knee" of the module IV curve. The bypass
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A B C ED

Figure 3.10: Module shading scenarios: (A) single cell with uniform 90% shading; (B) single cell
with uniform 50% shading; (C) uniform 90% shading along bottom row of full cells; (D) uniform
90% shading along bottom two rows of half-cut cells; (E) gradual shading from 0-50% across full
cells within a single submodule. Module edge brightening scenarios: (F) right-most column of
full cells with 100 W/m2 brightening; (G) right-most submodule of full cells with 100 W/m2

brightening.

diode reverse bias and cell breakdown voltages are shown as vertical golden and grey dotted lines,

respectively, in the negative portion of the voltage axis. These examples have a consistent 25°C

cell temperature.

The first partial shading scenario, Case A, has a 10% uniform shading across a single cell.

All but one of the cells have healthy first quadrant IV curves in Fig. 3.11; the shaded cell shows

the expected 90% reduction in short circuit current and a negative bias that extends to the cell

breakdown voltage, Vb (represented here by the step function at -15 V). The submodule IV curves

in cyan show the series summation of cell IV curves with the submodule that contains the shaded

cell clearly visible below the other two submodule IV curves.
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Figure 3.11: Current-voltage curves for module (dark grey), submodules (cyan), and cells (ma-
genta) in Shading Scenario A with a single 90% shaded cell. Module maximum power is shown as
gold dot on module IV curve. Bypass diode forward voltage is a vertical golden line at -0.7 V, and
cell breakdown voltage is a vertical grey line at -15 V.

The bypass diode in parallel with the partially shaded submodule conducts current when the

forward bias across the bypass diode, caused by irradiance non-uniformity within the associated

string, exceeds the diode’s forward voltage. This stops the current generated in the other two

submodules from passing through the shaded cell. The knee of the resulting module IV curve sits

at a lower voltage than it would in a fully unshaded module, but allows extraction of the higher

current generated in the unshaded submodules.

The steep downward slant in the partially-shaded submodule current in cyan between the sub-

module forward voltage at -0.7 V and the short circuit current is characteristic of a string with a

cell that has entered breakdown (see Section 2.1.1). In this case, the shaded cell enters breakdown

due to the intense negative bias generated by the significant build up of carriers attempting to exit

the string of 23 non-shaded, forward biased cells. In this state, current in excess of the generated

photocurrent of the shaded cell flows through resistive shorts in parallel to the cell’s drift current.

Extended periods in breakdown will lead to overheating as power is dissipated. These hotspots

are seen most often in harshly shaded regions of a module. This heating is neglected in DUET

v.uO-2024’s temperature-dependent IV curves, but the power dissipation and resulting power loss

at the module terminals is captured in the IV curve summation.

Case B shows a similar single shaded cell, but this time with only 50% uniform shading as com-
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Figure 3.12: Current-voltage curves for module (dark grey), submodules (cyan), and cells (ma-
genta) in Shading Scenario B with a single 50% shaded cell. Module maximum power is shown as
gold dot on module IV curve. Bypass diode forward voltage is a vertical golden line at -0.7 V, and
cell breakdown voltage is a vertical grey line at -15 V.

pared to the rest of the cells in the module. As seen in Fig. 3.12, the shaded submodule IV does

not exhibit signs of cell breakdown since the slope defined by the cell shunt resistance is preserved

all the way from the knee of the partially-shaded submodule IV curve back to the submodule for-

ward voltage shown in the vertical dashed gold line. This illustrates that a harsh, localized shading

resulting in severe imbalance between cell photocurrents is required for a module to experience

breakdown caused by shading. Case E shows gradual shading across an entire submodule, result-

ing in a similar IV curve behaviour to Case B as shown in Fig. 3.13 since both are examples of

moderate shading within a single submodule where bypass diodes have conducted excess current

from other submodules around the shaded string.

Rear irradiance non-uniformity in ground-mounted bifacial modules is often a gradual penum-

bra due to obstruction of diffuse or reflected light and follows the IV curve archetype in Case E

with mild non-uniformity within each submodule, rarely causing hotspots. High, uniform front

irradiance also often lessens the impact of variations in rear irradiance. However, poorly installed

wiring and junction boxes, or poorly optimized racking elements that are close to the rear surface,

may cause harsher shading and greater current mismatch loss. Such shading would be relevant in

cloudy conditions with high albedo in which rear irradiance makes up a greater portion of total irra-

diance and rear shadows from ground reflected light may be more harsh. Module frames also cause
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Figure 3.13: Current-voltage curves for module (dark grey), submodules (cyan), and cells (ma-
genta) in Shading Scenario E with gradual 0-50% shaded cells within a single submodule. Module
maximum power is shown as gold dot on module IV curve. Bypass diode forward voltage is a
vertical golden line at -0.7 V, and cell breakdown voltage is a vertical grey line at -15 V.

mild non-uniformity across all submodules to a varying degree since the frame partially shades a

portion of each edge cell.

Harsh front-side shading occurs most frequently at low sun elevation for fixed-tilt systems such

as south-facing arrays and vertical east-west facing systems for agrivoltaics, when adjacent rows

block the sun’s rays from reaching part of the module under investigation. The full width of the

lowest end of the module may be shaded in these cases, as in Case C. Figure 3.14 shows that

uniform 10 % shading on 2 of 24 cells per submodule results in complete current limiting for all

submodules. This case avoids breakdown conditions since there are two cells to share the reverse

voltage applied by carrier buildup from the 22 unshaded cells. This shading across the bottom row

of cells leads to a maximum power point at high voltage, but low current, with a maximum module

power of only 41W.

At the system level, backtracking allows single-axis tracked (SAT) systems to avoid such harsh

shading. But where harsh shading cannot be avoided, there are a few module-specific approaches

to mitigate current mismatch loss and breakdown. For example, Calcabrini et al. [32] highlight that

cell types with p-i-n junctions, such as interdigitated back contact (IBC) cells, are less resistant to

reverse bias, resulting in breakdown voltages at -2 V to -5 V as compared to typical silicon break-

down voltages at -10 V to -30 V. Their study modelled the energy yield impact of these reduced
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Figure 3.14: Current-voltage curves for module (dark grey), submodules (cyan), and cells (ma-
genta) in Shading Scenario C with 90% shading across the bottom row of full cells. Module
maximum power is shown as gold dot on module IV curve. Bypass diode forward voltage is a
vertical golden line at -0.7 V, and cell breakdown voltage is a vertical grey line at -15 V.

breakdown voltages, suggesting that IBC cells were shade tolerant since low breakdown voltages

mimic the electrical behaviour of a module with a bypass diode for every cell. The low magnitude

breakdown voltages resulted in modelled energy yield gains for rooftop PV with adjacent shading

objects of +6% for a module made of cells with -0.5 V breakdown voltage compared to a modules

with cell breakdown voltages less than -10 V.

Figure 3.15 shows DUET v.uO-2024 IV curves for Case C with 10% shading across the bottom

cells, but with a cell breakdown voltage of -0.7 V – equivalent to the bypass diode reverse bias.

Very little power is lost to current mismatch as compared to the simulation with -15 V breakdown

voltage in Fig. 3.14. The inset in Fig. 3.15 shows that breakdown voltages with magnitude less than

5 V begin to see a linear slope in power gain with respect to the 15 V Case C that reaches upward

of 300% by −2.5 V. It should be noted that operating a module made of cells with low breakdown

voltages under significant irradiance non-uniformity for prolonged periods would require that dam-

age from operation in breakdown have minimal effect on module lifetime or be reversible at low

cost.

Installing modules with half-cut cells is a more widely-adopted approach to mitigate harsh

shading. As shown in Fig. 3.10D, these modules use cells that are half the height of full cells and

wired such that the cells on either half of the module are electrically grouped into two sets of series

strings that are connected in parallel across the bypass diode. Thus, the shaded cells limit the current
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Figure 3.15: Outer figure: Current-voltage curves for module (dark grey), submodules (cyan), and
cells (magenta) in Shading Scenario C with 90% shading across the bottom row of full cells and
-0.7 V cell breakdown voltage. Module maximum power is shown as gold dot on module IV curve.
Bypass diode forward voltage is a vertical golden line at -0.7 V. Inset: Power gain over -15 V
breakdown voltage case vs. breakdown voltage.

within only their respective series string. Since submodule IV curves are a parallel summation of

the string IV curves, the unshaded current from the top half of the module to contribute to the

maximum power, unlimited by the shaded region.

Comparing the maximum power points of Case D with half-cut cells in Fig. 3.16 and Case C

with the same full-width bottom cell shading, we can see that the half-cut module has a 360% higher

power than the full cell module. Half-cut cells are thus beneficial for applications where harsh

shading is expected. Their mainstream adoption is broadening the acceptable design landscape for

array orientations and spacing, with the symbiotic benefit that the per-cell series resistance is also

reduced due to the halved cell area. Half-cut cells have also been shown to reduce the need for

backtracking in SAT systems which reduces cosine losses, improving the photogenerated current

of the highest irradiance cells [144, 145].

3.4.2 IV curve summation and edge brightening

Localized brightening across a subset of cells or submodules leads to power gains with respect to

uniform illumination across a module or module string. For example, we can consider the modules

in scenarios F and G in Fig. 3.10 which show 100 W/m2 edge brightening on one column of cells

and one submodule, respectively. The submodule IV curves in cyan in Fig. 3.17 show that the
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Figure 3.16: Current-voltage curves for module (dark grey), submodules (cyan), parallel strings
across the bypass diodes (green), and cells (magenta) in Shading Scenario D with 90% shading
across the bottom two rows of half-cut cells. Module maximum power is shown as gold dot on
module IV curve. Bypass diode forward voltage is a vertical golden line at -0.7 V, and cell break-
down voltage is a vertical grey line at -15 V.

submodule with a single column of brightening in scenario F has a limited current due to the lower

irradiance cells, but a higher voltage at maximum power due to the increased voltage contribution of

the brighter cells to the series cell connection. The combination of all three submodule IV curves in

series - shown in the gray module IV curve - then results in a slightly higher maximum power than

would occur for uniform illumination, despite current limiting and the resulting current mismatch

losses.

In Scenario G, the brightening is spread across the entire submodule. In this case, current limit-

ing does not occur within the brighter submodule since all cells within have uniform illumination.

The resulting bright submodule IV curve thus demonstrates a higher short circuit current than the

other two submodules as shown in the cyan curves in Fig. 3.18. While most of this additional cur-

rent cannot pass through lower irradiance cells to be extracted at the module terminals , the brighter

submodule does contribute a higher voltage to the series summation of these three submodules at

any currents less than the limiting Isc and around the Imp of the lower irradiance submodules. The

resulting module IV curve in gray has a higher maximum power than would occur in uniform il-

lumination. The power is also higher than in the single column brightening scenario F, since more

cells generate excess light-generated carriers resulting in a greater forward bias at the limiting cur-

rent. These examples underscore how both the intensity and the spatial breadth of edge brightening
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Figure 3.17: Current-voltage curves for module (dark grey), submodules (cyan), and cells (ma-
genta) in edge brightening Scenario F with 100 W/m2 brightening across right-most column of
full cells. Higher voltage in submodule with brightening seen as slight difference between sub-
module IV curve knees around 13 V.

affect the power of a module or module string.

Limitations The above implementation of IV curve generation neglects the temperature depen-

dence of bypass diode forward voltage [146] and approximates the exponential curve of bypass

diode conduction and cell breakdown [147] to step functions. These effects can be expected to

have a sub-0.1% impact on annual energy yield. Therefore, future work should prioritize testing

the validity of other assumptions with higher potential energy yield impact prior to testing the

assumptions made here.
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Figure 3.18: Current-voltage curves for module (dark grey), submodules (cyan), and cells (ma-
genta) in edge brightening Scenario G with 100 W/m2 brightening across right-most submodule
of full cells. Higher short circuit current and higher voltage at limiting current is seen in one of the
three submodule IV curves.

3.5 Cross-software comparisons

In 2020, the International Energy Agency (IEA) PV Power Systems Programme (PVPS) Task 13

group requested submissions to a Bifacial PV Modelling Comparison. The aim was determine

the degree to which existing bifacial PV performance models differed in output based on clearly

defined simulation scenarios. DUET v.uO-2020 simulations were submitted for the two mandatory

scenarios, S1 and S4, which emulate a fixed tilt and single-axis tracked system in three locations.

The following sections discuss the results of the cross-software comparison and highlight areas for

further investigation.

3.5.1 Software comparison - IEA Report

The IEA PVPS Bifacial Modelling Comparison required a minimum of two simulations - Scenario

1 (S1) and Scenario 4 (S4). S1 consists of a 7-row, 1L equator-facing system at a fixed 20° tilt

with 0.62 albedo and neglecting all racking. S4 emulates a 10-row, 1P HSAT system with a torque

tube with a 15 cm diameter running north-south and 0.25 albedo. The two simulation scenarios

are described in further detail in the final IEA report [2]. These simulations were to be repeated

using TMY data and geographical inputs for three locations detailed in Table 2. The locations

span the northern and southern hemispheres and represent both highly-diffuse and highly direct
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sky conditions.

City, Country Latitude
[°]

Longitude
[°]

DNI
[kWh/year]

Annual
DNI/DHI

T̄a [oC] Altitude
[m]

Abu Dhabi, UAE 24.43 54.65 2295 0.26 27.1 27
Antofogasta, CL -24.43 70.43 2044 0.33 17.0 120
Groningen, NL 53.13 6.58 625 0.97 9.1 4

Table 2: The three locations in the IEA PVPS Task 13 Bifacial Modelling Comparison (based on
Table 16 in [2]). UAE: United Arab Emirates, CL: Chile, NL: The Netherlands, DNI: Direct normal
insolation (annual), DHI: Diffuse horizontal insolation (annual), T̄a: Average ambient temperature.

The DUET v.uO-2020 front and rear irradiance reported in this section are a weighted average

of the 1st, 10th, and 20th modules in the row - weighted as 1, 18, and 1 module(s), respectively (i.e.

edge brightening on the two edge modules is considered). Irradiance for each module is sampled

at 16 equally-spaced sampling points per cell for a total of 6912 irradiance sample points. For

the bifacial power calculation - provided in the report but not discussed here, IV curves for the

1st, 10th, and 20th modules were similarly generated and combined in a series string based on a

weighted voltages of 1, 18, and 1 module(s), respectively. The power of all 10 rows (strings) is

assumed to be equal.

For scenarios S1 and S4, the IEA report shows three figures with anonymized simulation results

for front or rear irradiance for the 12 participating models. Table 17 in the report [2] provides an

in-depth comparison of the features of each participating model. In Fig. 3.19 in this text, a black

line with circular markers is overlain on these anonymized figures to identify the DUET v.uO-2020

results. DUET is classified with the ‘3D view factor / Others’ category, shown as a solid blue in the

original report figure.

Fig. 3.19a shows that DUET v.uO-2020 front irradiance for the fixed-tilt scenario agrees with

the dashed red bifacial_radiance ray tracing line to less than 10 W/m2 deviation throughout an

entire clear day. DUET v.uO-2020 and bifacial_radiance v0.3 both show a minor morning overes-

timation and afternoon deviation from another ray tracing software in the solid red line – a pattern

characteristic of a time or sun position shift. As noted in the IEA report, there is wide variation in

front-side irradiance between models that can be mitigated by shifting certain results by ± 30 min-1

h, likely due to differing interpretations of what period the input irradiance timestamp represents.

With such temporal variation in front-side irradiance, it is unsurprising that there are significant
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differences between modelled rear-side irradiance throughout the day for the fixed tilt system in

Fig. 3.19b. In fact, 2D view factor models in green disagree by more than 50 W/m2 at peak

irradiance. There is better agreement on peak rear irradiance between the 3D VF models in blue,

but the time of the peak varies between models. Unlike some 3D view factor models in blue,

DUET v.uO-2020 reaches a peak at the same time of day as bifacial_radiance; however, DUET

overestimates compared to that software by approximately 30 W/m2 at peak irradiance. Since

front irradiance from these two models agreed so closely, the diffuse sky model is unlikely to be

the source of this overestimation, leaving ground-reflected light as the likely source of discrepancy

– particularly at 0.62 albedo. This could be the result of several factors such as differing modeled

module transparencies casting differing shade beneath the panels or DUET ground mesh density

affecting row-to-row shading of ground-reflected light.

Unlike the fixed-tilt case, DUET v.uO-2020 predicts rear irradiance to within 10 W/m2 of

bifacial_radiance at all times of the sample day for the single-axis tracked system shown in Fig.

3.19c with 0.25 albedo. This is a closer agreement than is seen between bifacial_radiance and

the two other ray tracing models at the peak of the day. From this close agreement, we can draw

two conclusions: (1) the discrepancy in Fig. 3.19b is the result of one of the following unique to

S1: DUET v.uO-2020’s fixed-tilt model, single-tier landscape orientation, or high albedo; and (2)

DUET v.uO-2020’s ray-primitive intersection algorithm adequately captures shade cast by a fully

absorptive torque tube with 0% reflectivity in a 1P system, as compared to the RADIANCE ray

tracing engine. Given the relative computational efficiency of DUET v.uO-2021 vs. ray tracing

approaches, the latter is a significant result.

Future work should focus on identifying any conditions under which DUET and bifacial_radiance

differ significantly and determining the source of these discrepancies. Examining 2D irradiance

profiles for identical simulation scenarios with isolated direct, reflected, and diffuse light modelling

should illuminate the source of any discrepancies. In a brief foray into this work, we found and

reported a bug [148] in Radiance implementation of the Perez model [13] that had been untouched

since 1994. However, the updated bifacial_radiance code resulted in only a partial reduction in

front and rear irradiance discrepancies. Thus, further investigation – including the variation of the

reflective material properties of the ground and modules in bifacial_radiance – is required.
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Figure 3.19: Selected IEA PVPS Task 13 Bifacial Modelling Comparison results with DUET v.uO-
2020 results de-anonymized in black for (a) front irradiance in the S1 fixed-tilt system; (b) rear
irradiance in the S1 fixed-tilt system; and (c) rear irradiance in the S4 single-axis tracked system
with an opaque torque tube. Modified from Fig. 62 in [2]. DUET was classified as a 3D view factor
model (blue lines) in the original results.
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3.5.2 Software comparison - PVsyst

The following section compares central row approximations in PVsyst v6.86 [40, 149] and DUET

v.uO-2020 for the S4 single-axis tracking annual simulation in the IEA PVPS Task 13 Bifacial

Modelling Comparison [2] that is illustrated in Fig. 3.21. The DUET calculations represent the

10th module of 20 modules in the 5th row of 10 rows, including a 10 cm opaque torque tube

with an axis of rotation 15 cm from the rear of the module. The PVsyst calculations represent the

irradiance sampled at a central cross-section of an infinitely long row with a structure shading factor

defining the rear irradiance blocked by the torque tube. Both of these approaches neglect row edge

brightening, with the DUET results neglecting any irradiance non-uniformity beyond the width of

the module under investigation. (See Section 4.1 for inter-module edge brightening and mismatch-

loss effects.) While figures referenced in the following paragraphs compare DUET results in the

y-axis to PVsyst on the x-axis, neither model can be considered a baseline; in the absence of field-

data, such a comparison can only highlight deviations in model predictions and does not provide

insight on either model’s accuracy.

Fig. 3.20 shows a summary of PVsyst input parameters for the S4 HSAT scenario for Gronin-

gen. The factors underlined in yellow were computed from DUET v.uO-2020 calculations, includ-

ing the 12.1% structure shading factor which rounded to the same value for all locations. In this

case, the structure shading factor was found as the difference in annual rear insolation with and

without torque tube shading, prior to IAM correction.

By comparing the irradiance results of the two models, we can determine that the optical models

predict total annual front insolation to within a relative difference of -0.7% in Abu Dhabi, 0.33%

in Antofagasta and 1.79% in Groningen. Abu Dhabi, a location dominated by direct-light sky con-

ditions, shows an annual -2.1 W/m2 mean bias error (MBE) calculated from hourly irradiance,

with average hourly MBE reaching -8 W/m2 and -10 W/m2; DUET v.uO-2020, therefore, has

a tendency to underestimate with respect to PVsyst under these highly direct sky conditions, par-

ticularly mid-morning and mid-afternoon when tracker angles are farthest from horizontal (Fig.

3.22.A.ii). However, in Groningen where diffuse sky conditions dominate, DUET v.uO-2020 over-

estimates front irradiance compared to PVsyst under these same conditions and at these same times

of day (Fig. 3.22.C.ii). Antofagasta displays the lowest discrepancy between the two models, with
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Figure 3.20: PVsyst v6.86 simulation parameters for IEA Bifacial Modelling Comparison scenario
S4 in Groningen, NL. Simulations performed by Jill Tymchak. Parameters underlined in yellow
were pre-calculated in DUET. All other parameters were defined in the S4 brief and summarized
in [2].
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Figure 3.21: Description of IEA PVPS Task 13 Bifacial Modelling Comparison fixed-tilt Scenario
1 described in [2]. DUET v.uO-2020 irradiance results presented in Fig. 3.22 and 3.23 represent a
single module at the center of an array. PVsyst v6.86 irradiance results represent a single sample
line at the centre of a row of unlimited length [40, 149].
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no symmetrical trend in hourly front irradiance MBE (Fig. 3.22.B.ii), perhaps due to sky condi-

tions with significantly greater direct beam contribution than in Groningen but with a lower direct

beam contribution than Abu Dhabi. If DUET v.uO-2020 underestimates direct beam irradiance

contribution compared to PVsyst and overestimates diffuse contribution to front irradiance, then

Antofagasta is an example of a location where these two discrepancies may largely cancel out for

these specific parameters and this array geometry.

Considering the rear of the tracker in Fig. 3.23, DUET v.uO-2020 underestimates annual rear

insolation compared to PVsyst by a relative -6 to -11% across the three locations. The average

hourly MBE reaches -7 to -10 W/m2 depending on location, with all three demonstrating a similar

shape in average hourly rear irradiance MBE across the day with peaks at hours with high tilt angle

in the morning and afternoon. Upon visual inspection, this shape is analogous to the Groningen

front irradiance MBE in Fig. 3.22.c.ii, but reflected across the x-axis. Since Groningen experiences

highly diffuse conditions, the similar but opposing shapes in front and rear irradiance MBE suggest

that the discrepancy between modelled rear plane-of-array irradiances in Fig. 3.23.a-c.ii might

arise from a difference in radiance distribution across the sky dome or a difference in tracker angle.

It is unlikely to result from a difference in inter-row shading calculation, such as differing row

transparency, since DUET front and rear irradiance would both be overestimated or underestimated

with respect to PVsyst in that case.

Tracker angle dictates the portion of the diffuse sky visible to the module, making this parameter

a good candidate to explain such a discrepancy in diffuse contribution. If the DUET DUET v.uO-

2020 tracker angles tended to be closer to horizontal on average than in PVsyst v6.86, DUET would

overestimate front irradiance and underestimate rear irradiance compared to PVsyst. This tilt angle

discrepancy would cause the front of the module to "see" more of the sky and the rear to see less –

thereby increasing and decreasing the sky view factor in the front and rear cases respectively. This is

the behaviour we seen in Figures 3.22.c.ii and 3.23.c.ii for the highly diffuse Groningen case. This

tilt angle discrepancy could arise from a difference in sun position or from a difference between the

module length and row spacing which all dictate the tilt angle through a backtracking algorithm.

The sun position and the backtracking algorithms may themselves differ between DUET v.uO-

2020 and PVsyst v6.86. Further comparison between models and intermediate outputs including

sun position and tracker angle is required.
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Figure 3.22: Comparison between DUET v.uO-2020 and PVsyst v6.86 front irradiance for IEA
Bifacial Modelling Comparison single-axis tracked scenario S4 [2] in three locations: (a-c.i, left)
DUET (blue) vs. PVsyst average front irradiance. Black line indicates perfect agreement with
PVsyst. (a-c.ii, right) Average hourly MBE in DUET vs. PVsyst average front irradiance on left y-
axis; annual difference in front insolation by hour of day as a percent of total annual front insolation
on right y-axis.
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Figure 3.23: Comparison between DUET v.uO-2020 and PVsyst v6.86 rear irradiance for IEA
Bifacial Modelling Comparison single-axis tracked scenario S4 [2] in three locations: (a-c.i, left)
DUET (blue) vs. PVsyst average rear irradiance. Black line indicates perfect agreement with
PVsyst. (a-c.ii, right) Average hourly MBE in DUET vs. PVsyst average rear irradiance on left
y-axis; annual difference in rear insolation by hour of day as a percent of total annual rear insolation
on right y-axis.
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Since PVsyst applies a static structure shading factor to each timestamp and DUET calculates

dynamic per-timestamp rear shading, a residual rear irradiance deviation is expected. This deviation

will peak at high tilt angles since the PVsyst annual structure shading factor applied is effectively

the weighted average of DUET hourly shading factors. This weighted average biases the shad-

ing factor to be most physically-representative at noon hours that have significant GHI and low

tilt angle; thus, the deviation between the models’ rear irradiance predictions should be minimal

near solar noon as is seen in Fig. 3.23.a-c.ii. However, DUET v.uO-2020’s calculated hourly rear

structure shading only varies by ±0.8% absolute throughout the day in all locations and thus can-

not fully explain the discrepancy in average rear irradiance seen in Fig. 3.22.a-c.ii. Additionally,

the temporal variation in DUET v.uO-2020’s calculated structure shading is inconsistent across the

three locations, unlike the consistent pattern in Fig. 3.23.a-c.ii.

Future comparisons between DUET and PVsyst should include:

• comparison of all available intermediate calculations and per-timestamp parameters to facil-

itate analysis of irradiance or yield discrepancies, in particular tracking angle and sky model

comparison in PVsyst vs. DUET;

• comparison to a fixed-tilt analysis to determine whether discrepancies between software are

unique to phenomena present in either a tracking or fixed cases;

• comparison to measured front and rear plane-of-array irradiance for a field site, where possi-

ble, to determine which software best matches measured data;

• comparison to a ray tracing software to quantify per-timestamp and annual discrepancies

between 2D VF, 3D finite element, and ray tracing approaches; and

• comparison of modelled DC energy yield prior to light-induced degradation, soiling, poten-

tial induced degradation (PID) losses to determine the instantaneous impact of discrepancies

in cell temperature, maximum power, and current mismatch loss calculations.

3.6 Computational efficiency

Computational speed is a key performance metric for PV performance prediction software. In PV

array design, fast modelling allows for efficient work flow and in-depth optimization. As world-
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wide installed PV capacity reaches multi-TW scale [150], performance models for design, financ-

ing, and monitoring will need to be as computationally efficient as possible to minimize the high

performance computing requirements - and resulting operational costs and electricity demand - of

the industry.

In addition to the architectural choices already mentioned in previous sections such as the

bounding volume hierarchy, the software improvements described in the following section con-

tributed significantly to decreases computation time in DUET v.uO-2021+. In particular, vector-

ization and just-in-time compiling alleviate the burden of data type inference and employ partial

compiling to provide some of the efficiency benefits of a compiled language like C within a Python

implementation of the model. (See Section 2.4.3 for further definition of these techniques). This

section also discusses the computational intensity of varied surface mesh densities and the balance

between accuracy and computational efficiency in finite mesh analyses.

3.6.1 Vectorization

In early version of the described model, the coupling, compensation and shading functions looped

over each ray in the scene with nested for-loops. This inefficient structure resulted in prohibitively

long computation time; for each iteration of the hundreds of for-loops in the program, the Python

interpreter had to determine the type of each variable in every line and load data from new memory

addresses before executing the instructions in that line.

However, all ray operations in DUET v.uO-2024 are deterministic and independent of one an-

other; thus, the bounding volume hierarchy and ray-primitive intersection algorithms are perfect

candidates for vectorizaton using the NumPy array data structure and functions from the NumPy

Python library. All rays that follow same bounding volume hierarchy can be checked for shading

through a single sequence of vectorized functions, significantly reducing computational intensity.

Due to the broadcasting required for this implementation, the vectorized version of the model is

memory-limited under extremely high surface mesh densities. However, these densities are much

higher than is required for the simulations performed in this thesis.

To test the computational efficiency improvements of the fully vectorized code, we can consider

a single day simulations for June 4 of the Typical Meteorological Year in Ottawa, ON, Canada in

two versions of DUET v.uO-2024: (1) with the original for-loop functions, and (2) with vectorized
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replacement functions. Just-in-time compiling is applied in both cases, and the simulation emulates

a 2P single axis tracked system with 5 rows, 3 tables per row, a rectangular torque tube, and no

vertical pilings. For this case, the vectorized version takes 90.1% less time to run than the for-loop

version.

3.6.2 Just-in-time compiling

When using the Numba Python library, the JIT compiler compiles functions with @njit decorators

only once, caching the machine code for future execution in the event that the function is called

again. We can consider the same single module in a 2P single axis tracked system with 5 rows, 3

tables per row, a rectangular torque tube, and no vertical pilings, and run a single day simulation

for June 4 of the Typical Meteorological Year in Ottawa, ON, Canada in another two versions

of DUET v.uO-2024: (1) with vectorized functions with JIT compiling through Numba and (2)

with vectorized functions without JIT compiling, only the basic Python interpreter. For this case,

running the simulation with JIT compiling takes 18.5% less time.

3.6.3 Mesh density

While the source code is now vectorized and the JIT compiler caches some pre-compiled machine

code for re-use, the size of the NumPy arrays representing the surface meshing still affects com-

putation time. Figure 3.24 shows the computation times for a day-long simulation with a range of

mesh densities for each of the module, ground, and sky surfaces. The simulation is for the same

June 4 of the typical meteorological year in Ottawa, ON, Canada for a module in a 2P system with

5 rows, three tables per row, 21 modules per table, a module frame, and a rectangular torque tube.

These times are normalized to the computation time of the base mesh density for each surface in

DUET v.uO-2024: 4x4 mesh per solar cell, 18x20 ground mesh, and 18x10 sky mesh. For example,

"2x" sky density refers to 2x18= 36 azimuth divisions and 2x10 = 20 elevation divisions.

Ground and module density have a similar impact on timing when divisions are doubled, with

3.4 and 3.6 times longer computation time than their base density cases, respectively. Doubling

sky element divisions takes only 1.25x longer than base density since fewer shading and coupling

calculations involve the sky mesh than the ground or module meshes. Importantly, decreasing the

module mesh density by half to a 2x2 mesh while maintaining base sky and ground densities takes
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0.28x as long as base density - a significant improvement in computational efficiency.

To test the impact of surface mesh density on energy yield, Figure 3.25 shows the energy yield

for the same day-long simulation normalized to the highest density results for each of the surfaces.

The module line in light green with star markers shows that the decrease in module mesh density

to 2x2 has little effect on the energy yield and may provide a better computation-accuracy balance

than the 4x4 mesh. Similarly, increasing sky mesh density has a negligible impact on energy yield,

suggesting that the base density is sufficient for both speed and accuracy.

In contrast, the base density for the ground mesh results in an energy yield for this simulation

day that is >0.5% above the highest resolution energy yield. This suggests that either: (a) the

compensation factors in Section 3.3.2 are unable to fully account for the discrepancy between finite

element and VF approaches or (b) the ground and module shading patterns converge around 2x

ground mesh base density. The improved accuracy is almost entirely due to the increasing ground

radial resolution; doubling the ground radial resolution but not the azimuthal resolution maintains

the same accuracy as doubling both radial and azimuthal divisions and is only 1.75x slower than

the base resolution case. Therefore, we can propose a new base density of a 2x2 cell mesh, 18x40

ground mesh, and 18x10 sky mesh for a computation speed that is twice as fast as the previous base

density settings and which demonstrates improved energy yield accuracy.

Future work should include comparisons to measured field data under multiple sky conditions at

multiple mesh densities as well as an assessment of computation time vs. density for other surface

meshing schemes such as triangular ground meshing.
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Figure 3.24: Normalized per-module computation time as a function of mesh density for a 2P
single-axis tracked system for June 4th of the Ottawa Typical Meteorological Year. Mesh density is
normalized to the base density: 4x4 mesh per solar cell, 18x20 ground mesh, and 18x10 sky mesh.
E.g. 2x normalized sky mesh density = 36x40 sky elements. Computation time is normalized to
base mesh density computation time in DUET v.uO-2024.

Figure 3.25: Normalized per-module energy yield as a function of mesh density for a 2P single-axis
tracked system for June 4th of the Ottawa Typical Meteorological Year. Mesh density is normalized
to the base density: 4x4 mesh per solar cell, 18x20 ground mesh, and 18x10 sky mesh. E.g. 2x
normalized sky mesh density = 36x40 sky elements. Energy yield is normalized to base mesh
density energy yield in DUET v.uO-2024.



102 4 USE-CASES IN TRACKING PV

4 Use-cases in tracking PV

In 2023, 40% of global crystalline silicon PV capacity was installed on single-axis trackers, and

35% of silicon PV module market share consisted of bifacial modules [17]. These two technologies

have co-developed over the last decade, necessitating the development of new modelling tools,

features, and parameters to quantify the performance of bifacial PV on trackers. The following

three sections shed light on three question formed within this context:

1. How does irradiance non-uniformity across a row of trackers impact energy yield?

2. To what degree do reflections with high angles of incidence off of supportive racking struc-

tures contribute to energy yield?

3. How does introducing a second, azimuthal axis of rotation impact bifacial PV energy yield

and bifacial gain?

4.1 Inter-module edge brightening and current mismatch loss

PV performance software that are built on 2D view factor models - such as PVsyst [40, 149] and

NREL’s System Advisory Model (SAM) [100] - calculate bifacial PV energy yield based on a

cross-section of irradiance at the center of an infinite row or shed of PV panels, neglecting any gain

or loss due to non-uniformity across the row. Most 2D view factor software allow a corrective factor

to account for current mismatch loss which is the current loss due to non-uniform irradiance across

cells within a module or modules within a string. For example, PVsyst bifacial "mismatch loss

factor" [151] is meant to capture current mismatch loss to rear irradiance variation; the "module

mismatch loss" is meant to capture the spread in standard test conditions performance for modules

within a string [152], and the "string mismatch" tools are meant to quantify the effects of temper-

ature or irradiance variation between multiple strings [153]. However, users must estimate these

parameters or pre-compute them using other software that allow 3D irradiance sampling at the

rows edges and near table gaps. Without widespread use of 3D performance models in industry,

the range of acceptable values for these parameters is not yet well understood for all system types

and sizes.
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The graphical user interface for NREL’s ray tracing software, bifacial_radiance, also defaults

to sample a single cross-section of irradiance along the collector width at the center of 7 rows of

20 modules [154, 155]. However, researchers have modified this open-source software to provide

irradiance maps for entire modules and rows [3, 42]. Zhao et al. [102] ran simulations in the

Rhinoceros 3D ray tracing software for all 19-columns in a tracker, reporting a 0.22-0.24% current

mismatch loss for 1P and 2P systems. Deline et al. [42] simulated a 5.8-8.3% increase in irradiance

at the edge of a 20-module row in a 1-in-portrait array resulting in a 1% increase in total insolation

annually. This study also showed that a 0.15% inter-module mismatch loss counteracts the energy

yield gain due to this edge brightening. The authors note that this is an upper bound for expected

edge brightening due to the small system size and that the topic warrants further investigation for

other plant designs.

In this chapter, DUET v.uO-2022 simulations demonstrate the impact of inter-module irradi-

ance non-uniformity and mismatch loss on energy yield for the fixed-tilt and horizontal single-axis

tracked (HSAT) 2P test bed at 55◦N at the Technical University of Denmark (DTU) [123]. This

test site is described in Section 3.1.III and Ref. [86]. As seen in that section, DUET v.uO-2021’s

rear irradiance predictions were validated to a mean absolute error of less than 4 W/m2 at inner

positions on tables at this site; additionally, a modelled energy yield with a mean absolute error

from measured energy yield of 14.6 and 18.0 mW/Wp was found based on the assumption that

central modules in each table were representative of the electrical response of the full table.

Riedel-Lyngskaer et al. [156] measured central and edge irradiance for a tracker in the same

DTU system over grass, with 20 silicon reference cells spanning the collector width in both loca-

tions within the row. That study demonstrated approximately 50 W/m2 edge brightening for noon

on a clear August day in Denmark. The authors also modelled the irradiance at each of the refer-

ence cells in bifacial_radiance. Applying measured irradiance to cell-level electrical calculations

in pvmismatch [41], and assuming an irradiance equal to the average of edge modules and central

modules for all unmeasured module columns, the electrical simulations showed a maximum cur-

rent mismatch loss of 0.25% at solar noon on the clear day. Analogous current mismatch losses

calculated with modelled irradiance agreed to within approximately 0.07% absolute.

The following sections quantify the energy yield gain – and the resulting improvement in energy

yield accuracy – when modelling irradiance across all modules in the small test bed, as compared
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to calculating energy yield using a central module approximation.

4.1.1 Methodology

This study compares three methods to model the energy yield of a row of modules. To calculate row

energy using the three methods explained below, optical and electrical simulations were performed

in DUET v.uO-2022 for each module within a row of HSAT and fixed-tilt modules in the DTU test

bed. The DTU system rows are each composed of a single tracker with two tables, as shown in

Fig. 4.1. The HSAT row is the 6th of 8 rows (counting from the west) and the fixed tilt row is the

4th of 8 rows (counting from the north). Further details on module electrical parameters and array

geometry are available in Section 3.1 and [86, 123].

The three methods to calculate row energy yield are as follows:

1. Central module approximation: In this method, the central set of modules in each table of

the tracker is considered to be representative of the electrical behaviour and energy yield of

all modules in its associated string. Figure 4.1 shows the representative modules in light blue

with their associated strings depicted as orange lines. Therefore, the row IV curve is found

as the parallel combination of the 4 central module IV curves, each weighted by the number

of modules per string. The annual energy yield is found through the annual summation

of the maximum power points of the resulting row IV curve at each timestamp. Of the three

approaches discussed here, this approach most closely aligns with the 2D view factor method

which samples irradiance at the central line in an infinite shed.

2. Full row no mismatch loss: In this method, the per-timestamp row power is the summation

of maximum power points for all modules in the tracker, demonstrating the available power

including edge brightening prior to inter-module electrical interconnection. Thus, the result

neglects any power loss due to irradiance non-uniformity between modules. The annual

energy yield is then the annual sum of per-timestamp row energy yield.

3. Full row with mismatch loss: In the final method, the per-timestamp row IV curve is formed

by the series and parallel summation of all per-timestamp module IV curves according to

the electrical layout in Fig. 4.1 with 22 modules in series per string and 4 strings in parallel
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Figure 4.1: Birdseye view of a 2P row in the fixed-tilt and single-axis tracked (SAT) systems at
the Technical University of Denmark (reproduction of Section 3.1 Fig.6b). Only blue modules are
simulated in the central module approximation method. All modules are simulated in the full row
with no mismatch loss and full row with mismatch loss methods; the latter represents the current
mismatch losses due to interconnection across the four multi-module strings in orange.

per row. The annual energy yield is the annual sum of per-timestamp row IV curve maxi-

mum power. Of the three methods, this approach is the most physically representative and

computationally intensive. In this study, the full row simulation in DUET included 202,752

irradiance sample points spread across the row in 4x4 meshes on the front and rear of each

cell.

The comparison of approaches (2) vs. (1) quantifies the edge brightening gain in potential en-

ergy yield, illustrating the impact of additional front irradiance at the row edges due to reduced

inter-row shading and additional rear irradiance at the edges due to reflections from unshaded

ground extending beyond the array. The comparison of approaches (3) vs. (2) quantifies the current

mismatch loss, demonstrating the power loss due to non-uniform photogenerated current through-

out the row. Section 3.4.1 provides an example of module IV curves under such non-uniform

illumination and discusses current mismatch principles that are also present in the series combi-

nation of inter-module IV curves. Finally, comparison of approaches (3) vs. (1) gives the net

gain that accounts for both the edge brightening and current mismatch loss. These three gain met-

rics can be used to discuss the value of micro-inverters or power optimizers - which limit current

mismatch losses by direct current (DC) to alternating current (AC) or DC-DC conversion prior to

inter-module interconnection, or to quantify the electrical mismatch loss factors required for use in

2D view factor models.
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The following section examines the resulting irradiance profiles, non-uniformity in module

energy yield, and three gain metrics for the chosen rows. We will also consider the impact of these

approaches on the error between modelled energy yield and measured field data.

4.1.2 Results & Discussion

Irradiance non-uniformity Based on the 200,000+ irradiance points sampled across the row in

DUET v.uO-2022’s optical simulation, Fig. 4.2 and 4.3 shows average hourly irradiance and non-

uniformity, respectively, across all modules for the two systems. The front profiles appear at the

top of these figures and the rear profiles at the bottom. Fixed tilt profiles are to the left, while HSAT

profiles are to the right. Figure 4.2 shows average irradiance for fixed-tilt and HSAT irradiance

with the same colour scale for direct comparison between system types, while Fig. 4.3 provides

greater detail on irradiance non-uniformity.

Average front and rear irradiance in the fixed-tilt system range from 239-257 W/m2 and 8.9-

37.1 W/m2 as shown in Fig. 4.2. This equates to a rear-to-front irradiance ratio ranging from

4-14%. With lower cosine losses than the fixed-tilt system, HSAT average front irradiance and

rear irradiances range from 290-295 W/m2 and 9.5-42.3 W/m2 – a similar 3-14% rear-to-front

irradiance ratio. While irradiance non-uniformity begins to appear across the rows in this figure –

particularly on the rear, the edge brightening is more visible if we subtract the minimum average

irradiance value from each row to find the average hourly absolute irradiance non-uniformity in

W/m2, as in Fig. 4.3 with front and rear of both fixed-tilt and HSAT rows on the same colour

scale.
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For the 2P fixed systems in Fig. 4.3 (left), brightening is now visible at the western and eastern

edges of the row by a maximum deviation of 18.3 W/m2 for the front and 28.2W/m2 for the rear.

Average total irradiance for the row is 0.52% higher than the irradiance at the center of each of the

two tables. Edge modules have a greater unshaded field of view of the sky than central modules,

resulting in lower north-to-south front irradiance differential. Decreased ground shading at the row

edges leads to rear side edge brightening that is relatively symmetrical to the east and west of the

fixed-tilt system. These irradiance profiles show that edge brightening does indeed have a larger

relative impact on bifacial rows than on monofacial rows due to the added rear brightening.

For the 2P HSAT system in Fig. 4.3 (right), a mild 5 W/m2 front edge brightening is only barely

visible on the southern end of the row. The HSAT profile is relatively uniform due to backtracking

that avoids inter-row shading of direct light. The rear profile shows the strongest brightening seen

on either face of either system with 32.7 W/m2 of brightening on the southern end. The shadow

cast on the ground by the row falls to the north, lessening the northern edge brightening on the

rear. With this strong rear and mild front southern edge brightening, the average total irradiance for

the row is 0.35% higher than the irradiance at the center of the each of the two tables. This HSAT

profile shows a high degree of symmetry across east and west tiers for the average of all timestamps

in the year; however instantaneous non-uniformity between the tiers is likely greater than shown

here.

Energy yield The edge brightening seen in the above irradiance profiles results in higher pho-

togenerated current in edge modules. If the modules were electrically isolated from one another,

this current gain would lead to higher energy yield in edge modules. In the spirit of this thought

exercise, Fig. 4.4 shows the relative gain in energy yield for each module in the row as compared

to the energy yield of the central modules in each table, shown at the vertical black dotted lines.

While the edge modules in the eastern and western HSAT tiers show similar gains (Fig. 4.4, bot-

tom), the fixed-tilt southern tier (top, magenta) experiences more non-uniformity than the northern

tier (top, cyan). This is primarily due to front edge brightening that results from reduced inter-row

shading, seen in the north-south irradiance gradient in Fig. 4.3. Figure 4.4 also shows the stronger

southern gain in HSAT systems to the bottom left and an energy yield gain of less than +0.25% for

modules north of the 40 cm slewing drive gap at the center of the row. Overall, edge modules in the
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Figure 4.4: Annual energy yield gain with respect to (w.r.t.) center module in each table (vertical
dotted line) for each module of the fixed-tilt row (top) and single-axis tracked row (bottom). (W =
west, E = east, S = south, N = north).

fixed-tilt system generate 2.7-4.5% more energy annually than the central modules. For the HSAT

system, the edge modules produce 1.9-3.7% more energy annually than central modules. This com-

parison allows us to understand the additional energy yield that edge modules would contribute to

row energy yield if they were equipped with micro-inverters or power optimizers.

However, if the modules are connected in series across each tier in each table, as shown by

the orange lines in Fig. 4.1 for the DTU site, some of this additional energy available due to edge

brightening will be lost as heat. A large portion of the excess photogenerated carriers present in the

edge modules will build up at the interface with the central lower irradiance modules, recombining

before extraction at the string terminals. This current mismatch loss partially counteracts any edge

brightening gain – an effect we can see by examining three gain metrics for the DTU rows. Table 3

shows a 0.51% and 0.24% edge brightening gain for fixed-tilt and SAT, respectively, when compar-

ing the full row no mismatch method with the central module approximation. This non-uniformity

results in a current mismatch loss of -0.21% and -0.09% for the two systems – the relative differ-

ence in yield for the full row with mismatch method compared to the full row no mismatch method.
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Table 3: Energy yield comparison for the three row modelling methods described in 4.1.1. Edge
brightening gain (green) and current mismatch loss (red) result in a net energy yield gain (green)
with respect to the central module approximation.

As mentioned above, the mismatch loss can also be interpreted as the approximated avoided loss

when using micro-inverters or power optimizers for a system of this scale, neglecting inverter or

converter efficiency.

When comparing the most physically representative full row with mismatch loss method to the

central module approximation, the net gain in energy yield is 0.3% and 0.25% for the fixed-tilt and

SAT systems, respectively. This net gain also corresponds to the summation of the positive edge

brightening gain and the negative current mismatch loss. Since the central module approximation

approximates to the 2D view factor approach in this analysis, the net gain represents the relative

energy yield difference that 2D view factor models, such as PVsyst, should aim to capture in user-

defined mismatch factors. However, PVsyst v6.86 mismatch factors only allowed for a loss due

to string irradiance non-uniformity, leaving no opportunity to implement a positive gain within a

specified loss factor.

This 0.25-0.3% net gain should also be considered an upper bound for the effect of edge bright-

ening gain and current mismatch loss in a 2P utility scale system at similar height and row spacing

as the DTU site, since the ratio of edge modules to central modules is lower for utility-scale appli-

cations than for this small scale test. The analysis also neglects any shading from nearby buildings,

combiner boxes, and pilings, which would contribute to increased current mismatch loss.
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Validation The model validation in Section 3.1.III compares a modelled energy yield based on

the central module approximation with a measured row energy yield that is the parallel summation

of four parallel string yields, each composed of 22 modules. The resulting mean bias error (MBE)

and mean absolute error (MAE) in bifacial energy yield is plotted in Section Fig. 4.5, with spread

caused by the use of three different temperature models. For example, the Faiman cell temperature

model gives -4.9 and -2.8 mW/Wp MBE and 14.6 and 18.0 mW/Wp MAE. Recomputing these

error metrics using modelled energy yield based on the full row with mismatch loss method with

the Faiman temperature model provides the -3.9 and -1.6 mW/Wp MBE and 14.3 and 17.6 mW/Wp

MAE shown by the green circles in Figure 4.5. This corresponds to an absolute 0.3% improvement

in relative error between measured and modelled data.

Validating DUET: Variations on Energy Yield

(G, w) - U0 = 31.0, U1 = 1.6 
(G)     -  44˚C 

(G, w) - Glass-cell-glass, open racking

Central module approx.

Full strings
(G, w)

13

Figure 4.5: Mean bias error (MBE, left) and mean absolute error (MAE, right) between DUET
v.uO-2022 modelled and measured data for the single-axis tracking row at the Technical University
of Denmark. This image is a reproduction of Section 3.1 Fig. 9, modified to include the full row
with mismatch loss method with the Faiman temperature model, labelled as "Faiman string" (green
circle).

As demonstrated in Fig. 4.5, the accuracy improvement afforded by modelling all modules

in the row falls within the uncertainty in energy yield introduced by the choice of cell temperature

model (i.e., Faimain, Sandia or NOCT). While edge brightening and the resulting current mismatch

loss has a diminishing effect with system size, temperature model uncertainty affects all modules

in an array of any size. Thus, future research should focus on reducing temperature modelling

uncertainty as a priority over further investigations into edge effects.

Conclusion & future work An analysis of irradiance uniformity across bifacial fixed-tilt and

single-axis tracked test beds at 55°N showed edge brightening on both the front and rear faces of
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both systems, resulting in +0.3% and +0.25% net energy yield gains, respectively, compared to

conventional 2D view factor-style energy yield approximation (i.e., based on a central module or

central irradiance sample line). This gain is the additive combination of a positive edge brightening

gain and negative current mismatch loss, and it accounts for per-timestamp IV curve summation for

the 88 modules in the simulated tracker. Since the small test bed in this study has a higher edge-to-

center module ratio than rows in utility scale systems, these net gains should be considered an upper

bound for all systems. The presented full row with mismatch method, which accounts for the optical

and electrical behaviour of all interconnected modules, resulted in an absolute 0.3% improvement

in relative error between measured and modelled data as compared to the relative error found using

the central module approximation. The magnitude of this improvement is within the uncertainty

introduced by differing models for cell operating temperature, exemplifying that future research

should prioritize reducing uncertainty for modeled phenomena that affect all modules in a system

of any size.

4.2 Supportive structure shading and reflection

In DUET v.uO-2024, all supportive racking structures are considered fully absorptive and are rep-

resented by primitives with a transparency factor of α = 0. Therefore, reflections off racking

components are not modelled. Contrary to this assumption, Pelaez et al. demonstrated in [157] that

modelling a 44% reflectivity for the torque tube in a 2P system in Cairo in the bifacial_radiance

ray tracing software reduces rear structure shading factor by more than 2% absolute for all tier gap

dimensions. Additionally 5-13 cm tier gaps resulted in annual rear insolation gains compared to

the no-racking scenario, suggesting that the reflection completely offsets torque tube shading on an

annual basis in that location. Guerrero et al. [158] reported a similarly small 0.8% shading factor

for a 2P system on a sunny day based on bifacial_radiance modelling with a reflective torque tube,

suggesting that reflection almost entirely mitigated rear torque tube shading.

However, neither of these studies showed the impact of incidence angle and Fresnel reflections

on the absorption of the additional rear irradiance. McIntosh et al. [117] used PV Lighthouse’s

Sunsolve Yield ray tracing program with encapsulated module layers to compare east and west

modules in a 2P system and found that all non-ground reflections from racking of unspecified

reflectivity had negligible impact on the difference in irradiance incident on the two modules; this
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result suggests that any incidence angle modifier (IAM) -corrected reflection is either minimal or

symmetrical east-to-west. Due to the conflicting non-IAM-corrected and IAM-corrected results in

the above studies, it is of interest to the bifacial PV modelling community to quantify the IAM

impact on light that is reflected off torque tubes and frames, reaching the module at shallow angles.

4.2.1 Methodology

In 2021, we undertook a study to test the impact of torque tube reflections on rear irradiance,

electrical mismatch, and energy yield – including incidence angle effects [3]. Since users can

set the reflectivity of any surface within bifacial_radiance, we selected this tool to generate 2D

rear irradiance maps of torque tube reflected irradiance, prior to incidence angle modification. We

selected DUET v.uO-2020 as the tool to test the impact of an externally-calculated torque tube

reflection since the finite element coupling algorithm stores incidence angle data for each ray-

surface combination and applies an IAM to each module-incident ray prior to the summation of

all irradiance sources. Additionally, the built-in electrical model accounts for 2D irradiance non-

uniformity.

For this study, Coathup and Lewis modified bifacial_radiance [155] to include a module frame

and to output 2D irradiance maps with 2x4 sample points like those calculated in DUET v.uO-2020

and shown in Fig. 8 in Section 3.1.IV. Two simulations were performed for 1P and 2P single-

axis tracked systems in Livermore, California with: (a) fully absorptive torque tubes, purlins, and

frame, and (b) with these racking elements set to a reflectivity of 0.75, with 0.9 specularity and

0.2 roughness. The subtraction of irradiance at each sample point in the reflective scenario from

each sample point in the absorptive scenario results in the 2D reflected irradiance map for input

into DUET. The following algorithm details the approximation of the torque tube irradiance IAM

at each module sample point and the introduction of the IAM-corrected irradiance map into DUET

v.uO-2020’s irradiance source summation.

IAM algorithm for torque-tube-reflected light

1. Find the angular range of torque tube seen by each module sample point in the north-south

/ east-west plane (assumed limited to the portion between the module purlins at the edge of

each module). Divide this angular range into NTT equal sub-angles to form torque tube mesh
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Figure 4.6: (A) Birdseye view in the north-east plane of of a 2P single axis tracker with black ray
linking a green module mesh element and a yellow torque tube mesh element. The torque tube
mesh elements span the angular range in green. (B) Cross-section of a portion of one module on a
2P tracker with a black ray adjusted to represent the unshaded angular range from the green module
element to the yellow torque tube based on frame dimensions.

elements. Calculate the angle of incidence between rays linking each torque tube element

from the axis of rotation to each module sample point (Fig. 4.6a).

2. Check whether the frame blocks the field of view from any module sample point to the torque

tube in the up-down / east-west plane. Adjust the angle of incidence of frame-intersecting

ray such that the adjusted ray represents only the unshaded angular range (Fig. 4.6b).

3. Apply the module IAM to the angle of incidence for each ray. The ASHRAE incidence angle

modifier [115] was used for this study.

4. Take the average of the IAM from all torque tube elements for each module sample point,

and multiply the resulting 2D IAM map by the 2D bifacial_radiance irradiance map.

5. Add the resulting incidence-angle-modified 2D irradiance map as an additional rear side

irradiance source prior to application of the bifaciality factor in the short circuit current cal-

culation.

Assumptions While the bifacial_radiance simulations were performed with a racking material

specularity of 0.9 (i.e., a highly directional reflection), the directional information about module-

incident irradiance is not available in bifacial_radiance; thus, we assumed a Lambertian reflection

equal in all directions for IAM calculations.
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This approach also assumes that the irradiance is emanating from an even distribution along the

length of the torque tube. The bifacial_radiance shading maps demonstrate that this is not always

true, since purlins that rest atop the torque tube block the low zenith beam in winter months, casting

a shadow along the length of the torque tube and biasing the reflected light toward the north of the

module. Since the geometry of the purlins and the beam is known at each timestamp, the applied

IAM approach could be adjusted to account for purlin shading by shifting the southernmost torque

tube point northward to the southernmost unshaded point.

4.2.2 Results & Discussion

This simulated results with the torque tube reflection included show that the IAM losses of module-

incident, racking-reflected irradiance are indeed greater than the IAM losses of all other irradiance

sources. Despite this irradiance reduction, the torque tube reflection at 0.75 reflectivity increases

rear silicon-incident irradiance by 3% and 3.8% for 1P and 2P systems, respectively. At no point did

the reflection entirely offset the structure shading losses. Interestingly, and perhaps intuitively, the

racking reflections were concentrated toward the regions affected by structure shading; therefore,

the racking reflections actually offset this shading, decreasing the irradiance non-uniformity across

the module rear along with associated the current mismatch losses. The resulting 0.17% and 0.30%

total annual irradiance gain from torque tube reflection provided an energy yield gain of 0.11% and

0.18%. (For context, a hypothetical system with 5% bifacial gain, 3% rear irradiance gain would

provide a 0.15% gain in total energy yield). The highest hourly energy yield impacts, 0.8% for 1P

and 0.4% for 2P, both occurred at high DHI or high zenith hours in which energy yield is already

comparatively minimal; thus, both annual and instantaneous effects are comparatively small.

Conclusions & future work This exercise demonstrates how additional irradiance sources or

reflective surfaces could be added to DUET with a sequence of meshing, coupling, shading, and

IAM application. The sub-0.2% energy yield impact may not justify adding a reflective torque tube

surfaces to DUET v.uO-2024’s optical model due to additional computational burden. However,

an empirical formula could be included if dominant parameters were determined. Since the torque

tube, purlin and frame are fixed with respect to the module rear, the reflection is strongly dependent

on front and rear plane-of-array irradiance; thus, future work should examine this relationship for
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possible empirical formulae. Additionally, repeating this study with a range of reflectivity values

would provide energy yield impacts for a range of materials and help determine the impact of torque

tube soiling on any energy yield gain.

Finally, Lewis’ recent study using bifacial_radiance [104] demonstrates that modelling a 74.5%

reflectivity for torque tubes and purlins and the module frame in a 2P system in Livermore, Cal-

ifornia reduces non-IAM-corrected rear irradiance shading loss by 9.1% absolute as compared to

fully absorptive racking, leading to an 0.3% energy yield gain and resulting in a final rear irradi-

ance shading loss of 8.5%. Provided that such an analysis be repeated with IAM-correction and

demonstrate a non-negligible impact on energy yield, future work should consider the addition of

limited density surface meshing to the torque tube, module frame or purlins in DUET v.uO-2024+

to quantify reflected irradiance. These racking mesh elements could be considered as an additional

irradiance source with a given reflectivity analogous to ground mesh elements with a modified

bounding volume hierarchy.

4.3 Double-axis tracking at 45°N

Single-axis trackers are often selected over fixed-tilt systems when energy yield gain due to tracking

decreases levelized cost of electricity despite additional tracker costs. With widespread adoption of

bifacial PV on single-axis trackers, it is worth investigating whether double-axis tracking provides

sufficient energy yield gain with respect to single-axis tracking to achieve this yield-cost balance.

Rodríguez-Gallegos et al. [159] demonstrated that the modelled annual yield of double-axis tracked

bifacial PV exceeds monofacial fixed-tilt PV by upward of 40% across all latitudes on average.

When considering 2020 estimated installation costs, the authors showed that the levelized cost

of electricity for double-axis tracked bifacial PV approaches that of single-axis tracked bifacial

PV at latitudes north of 60° N - suggesting possible high latitude applications. However, that

analysis neglected energy yield reductions due to adjacent rows, backtracking, or supportive rack

shading. Burnham et al. [160] measured a 14% annual bifacial gain and >30% bifacial gain in some

winter months for double-axis trackers in Vermont at 44° N. Stein et al. [161] showed instantaneous

bifacial gains of 2.5-25% in 6 days of initial data from the trackers at the same site. Few other

studies on double-axis tracked bifacial PV exist.

The bifacial PV modelling comparison in the 2021 IEA PVPS Task 13 report showed that none
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of the models participating in the modelling comparison could, at that time, model double axis

tracking [2]. To the author’s knowledge, the following section describes the first implementation

of a double-axis tracking bifacial PV performance model with multiple rows, supportive racking,

and backtracking - features that would be required to assess whether the additional yield afforded

by the secondary axis of rotation offsets additional cost or land-use. The following section de-

scribes changes made to DUET v.uO-2023 to allow double-axis tracking and provides a validation

and a preliminary tracking comparison at 45° N for Sherbrooke, Québec and Ottawa, Ontario, re-

spectively. In future, higher latitude simulations could be performed to acquire levelized costs of

electricity updated with recent installation cost estimates and yield estimates including effects of

rack shading and full arrays.

4.3.1 Methodology

Most of the DUET architecture described in Section 3 - namely the racking structures, bounding

volume hierarchy, and shading algorithms - was designed to require minimal changes to allow for

double-axis tracking implementation. The changes that were necessary impact array geometry,

front and rear row set definitions, and backtracking, as described below.

Array geometry A double-axis tracking PV plant commonly consists of multiple rows of tracker

heads rotating independently. The tracker heads are spaced out along the length of the row and are

often offset in a checkerboard pattern such that a tracker in one east-to-west row aligns with the

tracker head two rows away in a north-to-south line as shown in Fig. 2.5.

To achieve this geometry in DUET v.uO-2023, the coordinates of a base tracker head with a

specified number of module columns and tiers are calculated at the origin of the scene with a certain

tilt and azimuth angle every timestamp. These base coordinates are then duplicated and translated

throughout the scene as necessary to form the full array of tracker heads. This allows for an east-

west offset in any given row, and spacing between tracker heads, facilitating the checkerboard

spacing pattern. Any substantial gaps between tiers in these tracker heads are checked for ray-

polygon intersections, but any column gaps between modules are accounted for in the tracker head

transparency.

In the bounding volume hierarchy and shading algorithms, these tracker heads are equivalent
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to rows in fixed-tilt and single-axis tracking models; each "effective row" is composed of a single

table with no table/row gaps. This approach allows the bounding volume hierarchy explained in

Fig. 3.9 to remain unchanged; the algorithm first checks rays for intersection with front and rear

row-sets (now tracker-head sets) and then for intersection with the individual tracker heads. The

bounding volumes for each tracker head are originally set as the maximum possible coordinates in

each global coordinate axis for sky-to-ground static shading calculations (i.e, the widest distance

across the tracker head polygon plus a radius of rotation) and then updated each timestamp using

the coordinates of the polygon corners.

Front and rear row sets In single-axis tracking, the front and rear row-sets can be identified

based on the plane-of-array tilt angle; a positive or negative tilt angle dictates the direction that the

modules are facing and which rows fall to the front or rear. With an additional azimuthal axis of

rotation in double-axis tracking, a different approach is required to determine which tracker heads

are in front of the module under investigation and which are behind for any given timestamp.

To determine front and rear row sets, we must first define a single point at an analogous position

on all tracker heads. For example, the point of rotation through which the axes of azimuth and tilt

rotation intersect. For tracker head i in Fig. 4.7, all tracker heads in front will satisfy the following

condition [162]:

(pj,x − pi,x)(Bi,y − pi,y)− (pj,y − pi,y)(Bi,x − pi,x) > 0 (50)

where pi,x/y are the x and y coordinates of the rotation point on the tracker head under inves-

tigation, pj,x/y are the x and y coordinates of the rotation point on any other tracker head, and

Bi,x/y are the x and y coordinates of point B at the farthest edge of a tracker such that point pi

and B form a line parallel to the ground. Rear tracker heads can be grouped as the tracker heads

that do not satisfy this condition, including the tracker head under investigation. If all rotation

matrices are pre-calculated for all timestamps as a time-independent function, front and rear rows

for all timestamps can be determined in a single, time-independent function call resulting in mini-

mal additional computational cost compared to single-axis or fixed-tilt bounding volume hierarchy

implementations.
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Figure 4.7: A schematic of the tracker under investigation (green) with adjacent tracker heads
(blue). Eq. (50) determines whether the blue tracker heads are behind or in front of the green
tracker head based on analogous points pi and pj on the two trackers in question and point B on
the green tracker plane with no z-axis displacement from pi.

DUET v.uO-2023+ then generates an axis-aligned bounding box around the most extreme coor-

dinates of each set of front and rear tracker heads. In future, oriented rectangular prisms or another

more suitable volume should replace these axis-aligned prisms to reduce the empty space within

the bounding volume and thereby reduce the unnecessary ray-object intersection checks.

Backtracking Backtracking should occur when direct beam light incident on a tracker head be-

comes partially shaded by another tracker head. Due to the additional azimuthal axis of rotation,

backtracking could be achieved by rotating the trackers off-sun toward a shallower tilt angle, as in

single-axis tracking, or by adjusting the azimuth angle. The initial implementation of double-axis

backtracking is based on the Fernandez-Humanda et al. [8] and adjusts tilt angle; future work could

compare performance with any algorithm that outputs a corrected tilt and/or azimuth angle based

on sun position and tracker coordinates.

For each tracker head, pi again represents the rotation point of the tracker under investigation,

while point pj represents the analogous point on another tracker head. As seen in Fig. 4.8A, to

project tracker head i onto the plane of tracker head j with normal n⃗, we find the distance τ along

the sun unit vector s⃗ that results in an intersection point d at a vector dj from the point pj in the

plane of tracker head j, where:
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Figure 4.8: Schematics of backtracking checks for double-axis tracking. (A) The sun beam that is
incident on tracker i at pi intersects the extended plane of tracker j at point d. d⃗j separates d from
point pj on tracker j (that is analogous to pi on tracker i), and components of d⃗j projected in the
plane of tracker j are used to determine whether tracker j shades tracker i. pi − pj is parallel to the
ground. Figure adapted from [8]. (B) Adjusted backtracking angle β′ is based on τ - the distance
along the sunbeam path between trackers, the tier-wise collector width L, and the sun elevation
angle φB.

τ =
(pi − pj) · n⃗

s⃗ · n⃗ (51)

d⃗j = (pi − pj) + τ s⃗ (52)

We can convert dj into the coordinate system of the plane j using the rotation matrix compo-

nents Rx and Ry that govern its orientation. Then dj,x must be less than or equal to the tier-wise

height of the tracker head, L, and dj,y must be less than or equal to the column-wise width for

shading to occur. In this case, a more shallow tilt angle can be determined to avoid shading. This

corrected tilt angle shown in Fig. 4.8B is:

β′ = β − arccos(
τ tan βB

h
) (53)

where βB is the sun elevation, derived from the right angle triangle formed between sun vector

and a cross-section of tracker heads i and j such that the unshaded potential along the tracker head

is greater than L, or: τ tan βB > L.

A simpler approach would be to determine whether τ tan βB > L, and if not, to correct to a

backtracking angle regardless of whether the ray falls between the gap between tracker heads (as
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can be determined by the dj,y check). This results in more backtracking and lower energy yield, but

assures no shading. The preliminary simulations in Section 4.3.2 use of this simplified approach,

but the full dj,y check should be used in future simulations.

4.3.2 Results & Discussion

Double-axis tracked bifacial PV validation To assess the accuracy of the double-axis track-

ing implementation, the following section provides a validation comparing DUET v.uO-2023’s

modelled DC energy yield against the measured DC energy yield of 6 double-axis tracked mod-

ules [163] with power-optimizers at the University of Sherbrooke at 45.2°N.

The field, illustrated in Fig. 4.9, contains a row of 8 monofacial trackers to the south and 9

bifacial trackers to the north. This analysis considers 6 modules within the tracker head that sits

second from the westernmost end of the bifacial row, shown in green. Fig. 4.10 shows the location

of these 6 modules within the tracker head in yellow, with blue regions representing the supportive

structure (not modelled in this study). On-site irradiance data is measured for GHI, DNI, and DHI

with a Kipp & Zonen RaZON+. Ambient temperature and wind speed are also measured.

Figure 4.9: Layout of the Université de Sherbrooke double-axis tracking site with a row of 9 bifacial
tracker heads north of a row of 8 monofacial tracker heads. Tracker investigated in this study is
shown in green. A diagonal row of concentrating PV tracker heads sits to the west.
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Figure 4.10: A 7L, 6-column double axis tracker head at the Université de Sherbrooke site with
modules investigated in this study in yellow and supportive racking (not modelled) in light blue.
Modelled vs. measured results for green outlined module are shown in Fig. 4.11.

For August 2022, Fig. 4.11 shows a plot of modelled power vs. measured power at 1-5 min

intervals for the single module outlined in green at the top left of Fig. 4.10. This comparison

omits timestamps with sun zenith lower than 10° and uses measured irradiance as model input

for each available measured energy yield timestamp. At this timescale, some spread is expected

during intermittently cloud due to the distance between the onsite irradiance measurement and the

tracker head. However, the orange clustered line of points below the black line denoting unity with

measured data demonstrates a consistent negative bias in modelled energy yield, particularly during

clear or sunny (orange) hours with a Perez sky clearness index ϵ > 4. This underestimation results

in a relative error of -6.7% between measured and modelled energy yield for the month.
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Figure 4.11: Modelled vs. measured power for the module outlined in green in Fig. 4.10 in the 7L,
6-column green tracker head in Fig. 4.9 for August 2022. Black line indicates perfect agreement.
Orange dots represent timestamps with a Perez sky clearness index ϵ > 4, blue dots represent ϵ <
4 (where clear = 8, overcast = 1). Rel. = relative.

This underestimation is also clearly visible in the black lines in the left subplot of Fig. 4.12,

representing the bifacial modelled power timeseries for the 6 modules on a clear-sky August 20th.

The cyan lines represent the measured data for the same modules, displaying a similar production

curve to the modelled data but with a positive bias. Such a consistent modelling underestimation is

commonly due to sensor soiling or miscalibration, differences in modelled and measured module

temperature, inaccurate modelled shading or radiation coupling, or reflections on-site that are not

modelled.

Satellite irradiance data from Solcast [164] for the same day provides irradiance values within

20 W/m2 of on-site measured GHI on average, suggesting that sensor soiling is likely not the

primary cause of this underestimation. However, the on-site 10 m ambient temperature is warmer

in the morning and cooler in the afternoon compared to the Solcast data. The pattern of deviation is
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Figure 4.12: Modelled (black) and measured (cyan) power timeseries for the six yellow modules
in Fig. 4.10 for bifacial (left) and monofacial (right) trackerheads on a clear August 20, 2022.

characteristic of a time-offset between the datasets; using the satellite temperature and wind speed

data does offer a reduction in modelled energy yield error. However, this temperature discrepancy

does not fully explain the -6.7% bias.

Decreasing the temperature coefficient of power by 0.1% absolute or increasing the STC ef-

ficiency by 1% absolute would each separately bring modelled data to within the measured data.

Flash-testing the modules after time in the field or collecting rear module temperature and analyz-

ing power at various plane-of-array irradiance would confirm STC performance and temperature

coefficients, ruling these out as the source of discrepancy. Additional effects have already been

ruled out, including: removing all modelled shading, increasing albedo by 5% absolute increase

in albedo, and increasing DHI by a relative 15% as a liberal estimate of any possible pyranometer

shading or soiling. Without further information, we cannot estimate the diffuse and direct light

reflected off the concentrating PV tracker heads that are situated to the west of the silicon trackers

in Fig. 4.9, but this reflection is a potential source for the approximate 60 W/m2 discrepancy seen

at noon on a clear day in this bifacial tracker head at this western edge of the row.

Again considering the left subplot of Fig. 4.12, we can see that the measured bifacial data in
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cyan for the 6 modules demonstrates a larger performance spread than the modelled data. Since

this magnitude of spread is not seen in the measured monofacial data in cyan on the right subplot,

this spread is likely due to a rear-side effect. It appears that the variation is related to distance

from the ground since the yield is grouped roughly into three sets of two modules, with modules

in each set being within one tier of each other within the tracker head; the highest yield results

from the modules farthest from the ground. Additional simulations at high ground mesh density

and large ground extent - both parameters that could impact the radiation coupling and irradiance

non-uniformity from the top to the bottom of the tracker head - did not introduce a spread into the

modelled data.

The large torque tube can also be expected to have a differing rear shading impact based on

module distance from the ground, introducing a spread in energy yield. While DUET v.uO-2023+

can simulate the racking for this double-axis tracked system, the racking was not included in these

simulations; thus, any spread due to rear-side structure shading is not captured in the modelling.

Future work should include simulations with racking to determine its impact. Additional future

work should target the explanation for the modelling underestimation and performance spread, in-

cluding: measuring module backside temperature across multiple tiers, measuring plane-of-array

irradiance using Si reference cell or pyranometer to compare to modelled results; simulating dif-

ferent date ranges and different tracker heads within the system, farther from the concentrating PV;

further reviewing the double-axis bounding volume hierarchy; and building a ray tracing scene with

specialized geometry and orientation to test individual timestamps for direct comparison.

Simulated tracking comparison The following section presents preliminary simulations for

fixed-tilt, single-axis and double-axis tracked systems in Ottawa, ON at 45° N using a typical

meteorological year [75]. In all cases, the simulated row spacing is set to achieve 5% row-to-row

electrical shading loss with half-cut cells and backtracking in the tracking cases, either through op-

timization simulations or through the latitude-dependence shown by Tonita et al. [5]. The fixed-tilt

and single-axis tracked simulations represent a central module in a 1P row with three tables with

10, 11, and 10 module columns. The double-axis tracked simulations represent a module at the

center of a 1P, 3 column tracker head. The tracker head itself is at the center of an array with 5

rows, each with 5 tracker heads offset such that they form a checkerboard pattern similar to that
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in Fig. 4.7. This lightweight double-axis tracker head design was chosen due to its application in

higher-latitude areas with permafrost where pile driving is not possible. It is similar to the Morgan

Solar Inc. Savanna tracker [165] but with wider spacing to achieve the 5% row-to-row shading.

Fig. 4.13 shows the daily energy yield profiles for each tracking type with 5% row-to-row

shading loss, averaged for the six months around summer and winter solstice (top and bottom,

respectively). The golden shaded region represents the bifacial PV power gain on a double-axis

tracker within an full array of tracker heads. Both energy yield and bifacial gain peak at noon for

the DAT system. The DAT system also offers higher peak energy yield than the SAT system (blue)

due to avoided cosine losses, but we can note that backtracking causes a similar yield profile for

DAT and SAT systems during the morning and afternoon. Thus, applying the additional capital

required for double axis trackers to build increased SAT capacity may provide the broadest curve

for any given cost. Future comparisons should consider that cost equivalence.

The grey line corresponding to the right axis in Fig. 4.13 plots the average hourly wholesale

energy price for the province of Ontario (HOEP) for 2016-2022. If a PV plant sells electricity

directly on a real-time energy market, the plant’s annual revenue neglecting curtailment can be

simplified as the annual sum of the per-timestamp energy yield weighted by the per-timestamp

wholesale electricity price for the relevant market, with the ten highest-price hours ignored. By this

definition, the left-most points on Fig. 4.14 shows the gain in annual revenue between tracker types

on a per kWp basis, given no land constraints.

The double-axis tracked bifacial PV with multiple rows and backtracking yields 35.7% more

revenue than fixed-tilt (gold) and 20.2% more than single-axis tracked (black) for 0.2 albedo and

equivalent 5% row-to-row shading. A number of factors affect the accuracy and relevance of this

tracking gain estimate; for example, neglecting racking leads to overestimated double-axis tracked

rear irradiance, while the simplified backtracking method and negative bias seen in Section 4.3.2

may result in underestimated double-axis yield.

For additional context, the right-most points on Fig. 4.14 show that the row spacing required for

5% row-to-row loss across all systems results in energy yield loss with respect to fixed-tilt systems

for both the SAT and DAT systems; therefore, even accounting for rack shading, the 3 column,

1P tracker heads with the row spacing examined in this modelling would not be competitive on a

basis of revenue per land area at 45°N. Other densities and row-spacing should be tested before
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Figure 4.13: Summer (top) and winter (bottom) average energy yield profiles for double-axis
tracked (DAT) monofacial PV (gold line), single-axis tracked (SAT) monofacial PV (blue line),
and fixed-tilt (FT) monofacial PV (red line), all with 5% row-to-row loss. Shaded gold region
shows average bifacial power gain for DAT PV with 5% row-to-row loss. Grey line shows average
Hourly Ontario Energy Price (HOEP) for 2016-2022; the shaded grey region shows the range of
average HOEP prices across 2016-2022.
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Figure 4.14: Tracking gain in revenue per kWp (left) and per m2 of land (right) based on the Hourly
Ontario Electricity Price (HOEP). Bifacial PV performance with double-axis tracking (DAT) vs.
fixed-tilt (FT) is in gold; double-axis tracking (DAT) vs. single-axis tracking (SAT) is in grey; and
single-axis tracking (SAT) fixed-tilt (FT) is in blue. Dotted lines show mean of 2016-2022 gains;
shaded regions show range in 2016-2022 gains.

conclusions on the general viability of bifacial PV on double-axis trackers can be made, since

single-axis systems are frequently chosen over fixed-tilt at land-constrained mid-latitude locations

but demonstrate an energy yield loss per land area based on the equivalent row-to-row shading case

here.

For a double-axis tracker to outperform the energy yield of any other system based on energy

yield per land area, the following expression must hold:

EYDAT

EYX

LDAT

LX
> 1 (54)

where EYDAT/X are the energy yield per installed capacity [Wh/Wp] and LDAT/X installed capacity

per land area [Wp/m2] for each of the systems.

Finally, if we consider a denser DAT system with approximately 10% row-to-row shading loss,

Fig. 4.15 shows that albedo remains a significant driver of bifacial gain - or the improvement in

bifacial energy yield vs. monofacial energy yield - for double axis trackers. The systems in this

figure are not directly comparable to one another since the SAT and fixed-tilt systems have 5%

row-to-row shading, but all three systems are included here as a reference for the trend of bifacial

gain with albedo. Increasing albedo from 0.2 to 0.4 results in a 3.7% absolute increase in average
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Figure 4.15: Bifacial gain in revenue based on the Hourly Ontario Electricity Price (HOEP) and
bifacial and monofacial PV performance in double-axis tracking (DAT), single-axis tracking (SAT),
and fixed-tilt (FT) systems. Dotted lines show mean of 2016-2022 gains; shaded regions show range
in 2016-2022 gains. Note: DAT system has 10% row-to-row shading while FT and SAT systems
have 5%.

bifacial revenue gain for the double-axis tracked system in 2016-2022. Due to the already elevated

cost of double-axis tracked systems, artificially enhancing albedo through albedo engineering is

an unlikely option; instead, seasonal increases in albedo from 0.2-0.8 during snowy seasons at

mid-high latitude could deliver part of the 10% absolute increase in bifacial gain shown here.
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5 Use-cases in mid-to-high latitude PV

The meteorological and PV operating conditions at mid-to-high latitude locations diverge substan-

tially from the low-latitude conditions for which accurate and validated physical and/or empirical

modelling has existed for decades. The three following sections explore the energy yield impacts of

three phenomena of interest in mid-to-high latitude locations, namely: air mass, latitude-dependent

row spacing, and ground-accumulated snow. The use of the proposed model within these studies

demonstrates: (a) how flexible, highly parameterized PV performance models allow examination of

physical phenomena of importance to emerging PV markets; and (b) how latitude-dependent phys-

ical modelling reduces the uncertainty that user-defined loss parameters have previously introduced

into widespread geographical studies.

5.1 Air mass impact on short circuit current

At mid-to-high latitudes, the sun spends more time closer to the horizon than it does at low lati-

tudes. Therefore, the spectrum of the available light at higher latitudes shifts toward a balance of

longer wavelengths, since shorter wavelengths are absorbed in the sunlight’s comparatively long

path through the atmosphere. These spectral differences are shown in the varying shape of air mass

(AM) spectra, both with latitude and throughout the day and year. (See Section 2.2.1).

However, the base version of DUET v.uO-2024 assumes that all light sources (diffuse sky, direct

beam, and ground-reflected) radiate with the AM1.5G spectral shape at all times. The model applies

the PV module’s rated short-circuit current measured at standard test conditions under AM1.5G to

calculate the cell responsivity, ℜ, in A/W of incident light. Since this assumption is not fully

physically representative, we undertook a study to quantify the impact of neglecting air mass on

energy yield prediction in two mid-to-high latitude locations [4].

5.1.1 Methodology

This study compares the energy yield of fixed-tilt tracked systems simulated with and without an air

mass modifier (AMM) in a modified version of DUET v.uO-2020. An AMM modifies the AM1.5G

short circuit current of a PV cell or module to account for an air-mass-specific spectrum [166]. The
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approach outlined in this study requires the simulation of air mass spectra for AM0-40 for a given

geographic location and a modeled or measured EQE for an encapsulated silicon cell from which

the spectral responsivity ℜ(λ) can be found in A/W/nm. The AMM for each AM bin 0-40 is then

taken as the ratio between (1) the integration of the per-wavelength product of the AM spectrum

(scaled to the same total irradiance as the AM1.5G spectrum) and ℜ(λ) and (2) the integration of

the per-wavelength product of AM1.5G spectrum and ℜ(λ) [167]. The resulting AMM lookup

table can then be accessed based on per-timestamp AM.

The algorithm to access and apply the AMM each timestamp is as follows:

1. Calculate the per-timestamp air mass based sun zenith, Z, through Eq. 55 [168].

m =
1

cosZ + 0.50572 ∗ (96.07995− Z)−1.6364
(55)

2. Interpolate the per-timestamp AMM from the AMM lookup table based on the timestamp’s

air mass.

3. Multiply the AM1.5G responsivity by the timestamp’s AMM to adjust the short circuit cur-

rent of all cells prior to input into the temperature-dependent single diode model.

5.1.2 Results & Discussion

The study finds that including the AMM in modelling increases annual energy yield predictions

for the fixed-tilt system by 2.1% at 69.1° N, 0.8% at 45.4° N, and 0.3% increase at 33° N. A

monthly comparison shows that neglecting air mass underestimates energy yield in some months by

greater than 6.8% at 69.1° N and 3.6% at 45.4° N while modestly overestimating in some summer

months for the lower of the two latitudes. The magnitude of these effects suggests that modelling

PV energy yield without considering air mass provides a safe conservative performance estimate

but is not fully representative of most likely system performance. For high latitude systems, this

underestimation may be resulting in unnecessary system over-sizing based on annual predictions

and unexpected curtailment in some months.

Modelling air mass and other spectral impacts - i.e., cloudiness, precipitable water [169], and

aerosol optical depth [170] - will become more important across all latitudes with increased de-

ployment of thin films and tandem devices which have a more spectrally-dependent performance
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than silicon devices and are set to reduce the material demands of the energy transition. Since

irradiance contributions from individual irradiance sources are calculated and saved separately in

DUET v.uO-2024, separate responsivities could be applied to direct, diffuse, and reflected light,

in an approach similar to the above exercise for air mass. Alternatively, Tonita et al. applied a

different method in DUET v.uO-2022 to adjust for spectral albedo [171]; rather than changing the

responsivity for ground-to-module light, the authors directly apply an albedo value that is the in-

tegration of the per-wavelength product of spectral albedo and the module’s EQE to ρ in Section

3.1 Eq. (8). This albedo value could change for each timestamp, seasonally, or simply for testing

varied ground material, as in Ref. [172].

5.2 Latitude impact on optimal row spacing

In addition to causing a spectral shift in sunlight, the low sun elevation at higher latitudes also

results in more frequent inter-row shading in fixed-tilt systems and more frequent backtracking in

single axis tracked (SAT) systems. Thus, row spacing and ground coverage ratio (GCR) – i.e., the

ratio between collector width and row spacing – should vary with latitude for optimal performance.

While one can approximate optimal GCR for fixed-tilt systems based on shading conditions at

winter solstice [173], the existing studies on optimal GCR for tracking systems consider only a few

low-latitude locations [174–177]. Additionally, there is little existing guidance on optimal spacing

for bifacial systems vs. monofacial systems. To address this gap in geographically-specific bifacial

PV array design optimizations, we undertook a study using DUET v.uO-2022 to find the optimal

row spacing for fixed-tilt, SAT and vertical east-west (E-W) facing systems across 17-75° N [5].

5.2.1 Methodology

This study included energy yield simulations in DUET for 31 locations in North America (17-75°

N) using typical meteorological year files. The optimal fixed-tilt angle for each location was found

prior to row spacing optimization. A parameter sweep of row spacing for all three system types at

all locations then allowed the identification of the ground coverage ratio (GCR) required to achieve

5%, 10%, and 15% energy yield loss with respect to the performance of a single row of modules

(i.e., inter-row loss).

This wide-ranging geographic study was possible due to both DUET’s geographically-specific
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shading algorithm and the model’s relative computational efficiency. While the simulations could

have been performed more quickly in a 2D VF model, such an approach would have required an un-

derstanding of the latitude-dependence of rear structure shading factors and electrical mismatch loss

factors for the three systems at all 75 latitudes. Instead, since DUET’s optical and electrical models

calculate shading and electrical mismatch losses at each timestamp for any location, the results are

inherently latitude-dependent without adding additional uncertainty of a user-defined factor. Ad-

ditionally, the analysis could have been performed using ray tracing; however, the computational

load would have required a significantly longer run time or greater access to high performance

computing resources.

5.2.2 Results & Discussion

The analysis reveals that optimal GCR range from 17-75° N for 5% inter-row loss case varies more

for fixed-tilt systems than SAT systems at 0.68-0.15 GCR vs. 0.32-0.17 GCR, respectively. Here,

lower GCRs indicate wider row spacing. Vertical E-W requires wide row spacing to avoid shading

regardless of latitude, showing the lowest variation in optimal GCR at 0.16-0.11 for this latitude

range. The results also demonstrate that bifacial systems require wider optimal row spacing than

monofacial systems to allow more diffuse and reflected light to reach the rear, but only by 0.03

GCR on average. Therefore, monofacial and bifacial GCR can ostensibly be considered equally

viable in highly constrained land use scenarios.

The trend lines shown in Figure 5.1 can be used to predict the location-specific optimal GCR

for any of the three system types based on North American latitude. The associated equations and

fitting parameters are given in the study [5]. The standard deviation in residuals between these trend

lines and the location-specific optimal GCR data points is ±0.03 for fixed-tilt and ±0.01 for HSAT

and vertical systems. Since meteorological conditions will be the primary source of spread in yield

between two different locations at the same latitude, these standard deviations (calculated as the

square root of variance in residuals between data and fit) suggest that meteorological conditions

have the greatest effect on fixed-tilt optimal GCR; as such, meteorological variation across latitude

should be considered when highly optimized GCR is required for such systems. These trend lines

also show that the design process for mid-high latitude PV plants requires a fundamentally different

set of decision-making criteria than for low-latitude plants, since fixed-tilt and SAT systems in the
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Figure 5.1: Trends in optimal ground coverage ratio (GCR) for fixed-tilt, horizontal SAT (HSAT)
and vertical E-W systems for (A) 5%, (B) 10%, and (C) 15% inter-row loss cases. Figure repro-
duced from Tonita et al. [5].

5% inter-row loss case require approximately equal GCR for latitudes ≥50◦N. This frees decision

makers to focus on other criteria such as energy yield, cost, maintenance, and reliability, rather than

land-use when deciding between system types.

5.3 Snow-dependent ground clearance

ANNIE C. J. RUSSELL, CHRISTOPHER E. VALDIVIA, JOAN E. HAYSOM AND KARIN HINZER

Scope and Impact

The following text is a reproduction of a conference proceeding from the 2022 IEEE 49th Photo-

voltaics Specialists Conference (PVSC). The proceeding describes a modelling study that examines

the impact of ground-accumulated snow on irradiance and energy yield in single-axis tracked bifa-

cial systems. The text demonstrates how DUET v.uO-2021 was modified to allow dynamic ground

clearance such that the reflective ground, which representing the snow surface in this case, rises

closer to the module as snow accumulates on the ground. This is the first demonstration of dy-

namic ground clearance in bifacial PV modelling known to the author. The approach is possible

due to DUET’s highly-parameterized array geometry and its flexible shading algorithm in which
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rays can be re-classified as static or dynamic and functions that handle bounding volumes, coupling

coefficients, and ray-primitive intersection can be re-called as necessary each timestamp.

This exercise demonstrates that, for a single-axis tracked system at 45° N, the simulated daily

energy yield loss due to ground-accumulated snow scales linearly with snow depths up to 30 cm,

before saturating at greater depths. The text includes a derate factor that can be applied based on

daily snow depth for similar latitudes. The snowy season impact of ground-accumulated snow on

rear irradiance and energy yield in two locations at greater than 45°N is comparable to the impact

of rear structure shading and electrical mismatch loss, which are commonly applied in modelling

across all latitudes.

The simulated snowy season energy yield impact is 0.3-0.7% which is non-negligible com-

pared to commonly-applied annual derate factor for electrical mismatch (0.2-0.9% [42]); the 3-

10% rear insolation loss is on-par with annual insolation loss due to a metallic torque tube (2-

10% [157]). This initial investigation suggests that modellers should consider a derate factor for

ground-accumulated snow during snowy seasons at mid-to-high latitudes. This finding contributes

to improving agreement between measured and modelled performance during spring and fall shoul-

der seasons in which a considerable solar resource overlaps with high albedo snow cover. Improv-

ing energy yield prediction accuracy during these periods is crucial to facilitating PV integration in

any electricity grid that relies on carbon-intensive fuel and/or hydro-power with freezing periods;

in these contexts, under-performance will significantly impact the financial and societal value of a

solar PV plant and the reliability of the electricity grid.

Copyright

This conference proceeding was published as part of the 2020 IEEE Photovoltaic Specialist Con-

ference proceedings on IEEE Xplore. The Version of Record is available online at:

A. C. J. Russell, C. E. Valdivia, J. E. Haysom and K. Hinzer, "Impact of Snow Depth on

Single-Axis Tracked Bifacial Photovoltaic System Performance," 2022 IEEE 49th Photo-

voltaics Specialists Conference (PVSC), Philadelphia, PA, USA, 2022, pp. 1-4,

doi: 10.1109/PVSC48317.2022.9938750.
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Abstract— Photovoltaic (PV) capacity is rapidly expanding 
in mid-to-high latitude jurisdictions due to drastic 
decreases in PV system cost and global decarbonization 
efforts. However, uncertainty around performance impacts 
of latitude-specific conditions, such as ground-accumulated 
snow, contribute to investment risk. In this work, we 
employed DUET, our custom bifacial PV modelling tool, to 
study variable ground clearance resulting from snow 
accumulation. We model the impact of snow depth on a 
module in four generic, 2-in-portait single-axis tracked 
(SAT) systems with baseline ground clearances ranging 
from 1.6-2.8 m. Over the snowy season in Ottawa, Ontario 
(45˚N) and Cambridge Bay, Nunavut (69˚N), Canada, rear 
insolation and energy yield decrease by 3.4-9.6% and 0.36-
0.69%, respectively – comparable to annual structure 
shading and electrical mismatch loss factors. The average 
daily energy yield loss in both locations is 0.034% per 
centimeter of accumulated snow. When hourly energy yield 
loss throughout the snowy season is binned by hour of day, 
hourly averages peak at 1.2-1.4% loss, suggesting 
implications for real-time and short-term forecasting. 

Keywords—bifacial, albedo, model, ground clearance, energy 

yield, rear irradiance, derate, forecasting, high latitude, Northern 

I. INTRODUCTION 

Competitive photovoltaic (PV) system costs and global 
electricity decarbonization efforts are driving PV installation at 
increasingly higher latitudes [1,2]. In Canada, for example, the 
population – and thus, the demand for affordable, renewable 
energy – spans latitudes of 41.7-82.3˚N. PV systems in such 
regions, where extended summer daylight hours offset low 
winter light conditions, benefit from colder average yearly 
temperatures. In snowy months, bifacial PV systems in 
particular benefit from both high albedo and preferential snow 
shedding as compared to monofacial modules [3]. However, the 
dominant factors influencing mid-to-high-latitude PV 
performance remain uncertain, since performance models have 
historically been designed and validated for low-latitude 
regions. For example, rear irradiance of a single bifacial module 
has been shown to increase with ground clearance [4], but the 
impact of varying snow depth on multi-row systems in high 
albedo snowy months is still unknown. Understanding 
performance under mid-to-high latitude conditions reduces 
uncertainty in energy yield predictions for this region and, 
consequently, reduces financial risk for companies and 
communities looking to invest in bifacial PV [5]. 

In this work, we used the University of Ottawa SUNLAB’s 
bifacial PV modelling tool DUET [6, 7] which has been 
validated against field data from 2-in-portrait (2P) fixed-tilt and 
single-axis tracked (SAT) systems at 55˚N [8]. DUET was 
customized to enable variable ground clearance at each 
timestamp. We paired this feature with snow depth data to 
model a time-varying distance between the top surface of 
accumulated snow and the modules. We compare modelled rear 
irradiance and energy yield for this snow-dependent ground 
clearance method against the traditional fixed ground clearance 
method for a SAT system at 69˚N and 45˚N during the snowy 
season. Since forecasting, performance monitoring, and project 
financing require energy yield predictions at varied timescales, 
we present a discussion of the hourly, daily, and seasonal 
impacts of snow depth. 

II. METHODOLOGY 

 DUET’s 3D optical model calculates the irradiance incident 
on the front and rear of each PV cell in a module based on the 
geometry of the array. This includes the ground clearance, 
defined here for a SAT system as the distance between the 
ground and the center of rotation of the torque tube. Eq. 1 and 
Fig. 1 demonstrate the snow-dependent ground clearance 
(𝐶!(𝑡)) as the difference between a fixed ground clearance (𝐶") 
and snow depth (𝑆(𝑡)) at a given time, 𝑡: 

𝐶!(𝑡) = 𝐶" − 𝑆(𝑡) (1) 

 We investigated snow depth impacts at two Canadian 
locations: Cambridge Bay, Nunavut at 69˚N and Ottawa, 
Ontario at 45˚N. The daily snow depth data for each location 
was retrieved from [9] for all available years in 1990-2020. The 
average snow depth for each day of the year is found from this 
30-year dataset, and the snowy season is defined as the period 

 

Fig. 1: Cross-section of a 2-in-portrait single-axis tracker with snow-

dependent ground clearance as the difference between fixed ground 

clearance and snow depth for time, t. 
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between the first and last snowfall, including days with 0 cm 
snow depth. Fig. 2 shows that the resulting snowy season runs 
from September 25 - June 22 (271 days) in Cambridge Bay and 
October 27 - April 23 (179 days) in Ottawa. The average daily 
snow depth ranges from 0-37 cm and 0-43 cm for each location, 
respectively. For the following analysis, the snow depth of a 
given hour is set equal to the average snow depth on that day.  

 Hourly irradiance and temperature are taken from the 
Typical Meteorological Year in each location. In both ground 
clearance methods, the albedo for each hour is based on [10] 
with the following values:  

(1) 0.8 (fresh snow) for 𝑆(𝑡) ≥ 2 cm;  
(2) 0.5 for 2 cm > 𝑆(𝑡) > 0 cm; and 
(3) 0.2 (grass / brown dirt) for 𝑆(𝑡) = 0. 

 We simulated the eastern and western modules in the center 
row of a 5-row, 2-in-portrait (2P) SAT system with ±60˚ 
tracking angle and backtracking. The morning performance of 

a western string is approximately equivalent to the afternoon 
performance of an eastern string, and vice versa. The full 
system performance can be approximated by the average of 
irradiance and the sum of power for eastern and western 
modules. 

The simulations are executed for all hours in the snowy 
season with both the fixed ground clearance and the snow-
dependent ground clearance methods for four 𝐶": 1.6, 2.0, 2.4, 
and 2.8 m. While a true snow surface may be shaped by ground 
elevation profile, blowing snow, site operation and 
maintenance, and snow shedding from the front of the panels, 
these simulations assume a flat snow surface.  

This analysis does not account for snow cover on the front 
of modules. Ground-accumulated snow will have a significant 
impact on energy yield during these periods since rear-incident 
light is the primary remaining irradiance source; therefore, the 
following analysis provides a conservative baseline for 
performance impacts across the snowy season. 

III. RESULTS & DISCUSSION 

A. Hourly impact 

Since hourly energy yield estimates are required for near 
real-time forecasting, we investigate the hourly performance 
impact of snowy conditions. We define the hourly performance 
impact of snow depth as:  

Δ(t) [absolute] = 𝑋!(𝑡) −	𝑋"(𝑡) (2) 

Δ(t) [relative] =
#!(%)

#"(%)
− 1 (3) 

where 𝑋!(𝑡) is either the hourly irradiance or the power with a 

snow-dependent ground clearance at time, 𝑡; 𝑋"(𝑡) is the same 

quantity with a fixed ground clearance. 

To demonstrate the impact of snow depth across the day, we 
bin the hourly performance impacts throughout the snowy 

season by hour of day for the 𝐶" = 2 m case. Figure 3 shows the 

average of each bin as a solid line and provides the minimum 

and maximum value in each bin as the bounds of the shaded 

region. This figure demonstrates eastern module performance, 

 

 
Fig. 2: Hourly snow depth and noon sun elevation for (a) Cambridge Bay, 

Nunavut and (b) Ottawa, Ontario. The gray region shows the snowy season. 

 
Fig. 3: Change (∆) in front irradiance, rear irradiance, and energy yield induced by snow-dependent ground clearance by hour of day for an eastern module in a 

2P bifacial SAT system in (a) Cambridge Bay, Nunavut, and (b) Ottawa, Ontario. Bounds indicate the highest and lowest change in each metric for a given hour. 

(b) Ottawa, Ontario Lat: 45˚N(a) Cambridge Bay, Nunavut Lat: 69˚N
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but the western module performance can be approximated as 

the mirror image of Fig. 3, flipped about solar noon. The 

absolute increase in front irradiance and absolute decrease in 

rear irradiance both peak mid-morning when the module is 

closest to the ground, which suggests that low-lying fixed-tilt 
modules would be subject to these peak changes at most hours 

of the day. The average change in rear irradiance peaks at 

−14.0 W/m2 for Cambridge Bay and −10.8 W/m2 for Ottawa. 

The average change in electrical power peaks at −1.4% and 

−1.2%, respectively.  
In the days with deepest snow, the maximum absolute 

hourly change in rear irradiance for the eastern module is −55.1 
W/m2 in Cambridge Bay and −46.0 W/m2 in Ottawa, 
corresponding to 44.7% and 22.5% rear irradiance loss and 
2.0% and 2.8% power loss, respectively. The maximum relative 
module power losses – 9.2% in Cambridge Bay and 5.6% in 
Ottawa – are found in a different set of highly-diffuse evening 
hours in which rear irradiance contributes 20-25% of total 
irradiance in the fixed ground clearance case. Since snow 
depths in this analysis are 30-year averages, larger-than-
average snowfalls would see higher hourly impacts than those 
reported here. 

As seen in Fig. 3, higher snow depths can also increase 
module power under some conditions. In the afternoon, for 
example, reducing the ground clearance of a multi-row array 
shifts the ground shading pattern in a direction that can increase 
both front and rear irradiance on the eastern module. However, 
any afternoon power gain for the higher eastern modules 
coincides with a more significant power loss for the lower 
western modules, resulting in an overall negative performance 
impact to the array during most of these hours. When the 
eastern and western module performance are combined to 
represent the full system behavior, the mean impact of snow-
dependent ground clearance is more stable throughout the day. 
Figure 4 shows this full-system relative energy yield loss with 
a slight peak in the mean at -1.1%. 

B. Daily impact 

The snow-dependent ground clearance decreases daily 
energy yield of the full system by an average of 0.79% in 
Cambridge Bay and 0.57% in Ottawa across the snowy season. 
Therefore, adjusting for ground accumulated snow in day-
ahead forecasting could avoid mild overestimation of supply. 
Such a procedure would require an energy yield derate based 
on accumulated snow depth. Interestingly, daily energy yield 
losses amount to an average 0.034% per cm of accumulated 
snow for both locations. Figure 5 shows the spread of daily 
relative energy yield loss around the loss calculated using the 
average loss/cm/day derate (dark grey line) in Ottawa. Since 
Cambridge Bay sees between 0 and 24 hours of daylight 

throughout the year, the daily losses are spread more widely 
around this line than in Ottawa, suggesting that this simple 
derate may be less useful for forecasting applications at higher 
latitudes. 

C. Seasonal impact 

The overall impact of ground-accumulated snow on full-

system snowy season insolation is shown in Table 1 for the 

range of fixed ground clearances, 𝐶"	. Rear insolation over the 

snowy season is 3.4-9.6% lower depending on location and 𝐶". 
This irradiance reduction is comparable to the 0-9% shading 

factors estimated for torque tubes in SAT bifacial PV systems 

[11]. Figure 6 shows that the absolute decrease in rear 

irradiance is offset slightly by an increase in front insolation, 

resulting in 0.37-0.69% energy yield loss in Cambridge Bay 

and 0.36-0.52% energy yield loss in Ottawa across the snowy 

season – on-par with annual electrical mismatch loss for SAT 

systems [12]. Since snow-dependent ground clearance affects 

energy yield and rear irradiance to a similar degree as widely 

adopted derate factors like structure shading and electrical 

mismatch loss, snow depth may be an equally important 

consideration in modelling applications that rely on accurate 
yield estimates in snowy months such as storage capacity 

planning for microgrids. 

IV. CONCLUSION 

Over the 179- and 271-day snowy seasons in two Canadian 
locations at 69˚N and 45˚N, modelling snow-dependent ground 
clearance for a 2P SAT bifacial system increases front 
insolation by 0.02-0.37% and decreases rear insolation by 3.4-
9.6%, as compared to a fixed ground clearance. The hourly 
impact of snow depth on front and rear irradiance of a 2P 

Table 1: Change (∆) in front/rear insolation and energy yield for snow-

dependent ground clearance with respect to fixed ground clearance over each 

snowy season. 

 𝐶! ∆ Front Insolation ∆ Rear Insolation ∆ Energy Yield 

 m % kWh/m2 % kWh/m2 % Wh/Wp 

C
am

b
ri

d
g

e 

B
ay

 

1.6 0.37 3.2 -8.8 -11.5 -0.37 -3.6 

2 0.20 1.7 -9.6 -14.3 -0.69 -6.7 

2.4 0.14 1.1 -7.0 -11.6 -0.58 -5.7 

2.8 0.04 0.3 -5.5 -9.9 -0.54 -5.3 

O
tt

aw
a 

1.6 0.19 1.0 -6.5 -6.1 -0.40 -2.5 

2 0.11 0.6 -6.2 -6.5 -0.52 -3.2 

2.4 0.07 0.4 -4.1 -4.8 -0.38 -2.4 

2.8 0.02 0.1 -3.4 -4.3 -0.36 -2.3 

 

 
Fig. 5: Daily relative change in energy yield by snow depth in Ottawa, Ontario. 

Dark gray line shows loss calculated using the -0.034%/cm average derate. 

 

 

 
Fig. 4: Relative change in energy yield induced by snow-dependent ground 

clearance by hour of day for a 2P bifacial SAT system in (a) Cambridge Bay, 

Nunavut. 
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tracked module is most significant whenever the module is 
closest to the ground, suggesting that deep snow would affect 
the lowest lying modules in a fixed tilt system throughout the 
day. When power loss is binned by hour of day, the average 
per-bin loss peaks at 1.2-1.4%, suggesting implications for real-
time and short-term forecasting. 

The snow depth results in an average daily energy yield loss 
of 0.034% per cm of accumulated snow for both sites. The 
impact on energy yield over the snowy season ranges from a 
0.36-0.69% loss which is comparable to typical annual 
electrical mismatch and structure shading losses. Thus, a snow 
depth derate may be warranted for snowy season energy yield 

predictions. Further research is required to understand impact 
of snow depth on fixed-tilt and 1-in-portrait SAT systems, and 
knowledge of site operation, maintenance, and snow-drift 
patterns would be beneficial for a full analysis of a given site.  
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6 Summary and outlook

This thesis focuses on the author’s contributions to the development, validation, and application of

a bifacial PV performance model. The model’s 3D optical simulations combine a finite element

method with ray-object intersection algorithms to provide shade-inclusive 2D irradiance sampling

across the front and rear surfaces of any PV module within a simulated array. This approach

centers on the use of: (a) deterministic and independent rays and (b) a PV-specific hierarchy of

intersection checks between rays and shading objects. These methods allow for higher computa-

tional efficiency than reverse ray tracing models and avoid the need for the user-defined shading

and current-mismatch loss factors required in 2D and 3D view factor models. The resulting irradi-

ance profiles act as input for the model’s cell-to-array level electrical simulations which account for

irradiance non-uniformity within and between modules based on a flexible electrical architecture

that will allow for emerging PV module designs. This thesis provided a validation against measured

field data for fixed-tilt, single-axis tracking systems, and double-axis tracked systems.

The text also describes the author’s contribution to several modelling studies using the proposed

model to investigate the energy yield impact of tracking- and latitude-specific effects. These stud-

ies demonstrate the applicability of the proposed model to the evolving questions in growing or

emerging PV markets. Table 4 ranks the novel or additive modelling approaches that were demon-

strated in this thesis by impact on annual or seasonal energy yield, as parsed by latitude. The air

mass modified short circuit current dominates annually at mid-to-high latitudes, followed by inter-

module mismatch in the context of a small test bed. For lower latitudes, torque tube reflection

had less than half the impact of applying an air mass modifier. While it has no significant impact

on annual energy yield, snow-dependent ground clearance has a larger impact than inter-module

mismatch within the snowy season, which demonstrates that the ordered priority of these effects

may change when considering shorter, non-annual timescales for planning purposes. Apart from

spectral correction at high latitude, all modelling approaches resulted in annual or seasonal impact

of less than 1%. The energy yield and accuracy impact of these and any novel modelling approach

should be weighed against computational cost prior to wider adoption within bifacial PV modelling

tools.

A few caveats to the above comparison should be noted: these effects were not tested at identical
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Table 4: Annual and seasonal energy yield impacts of novel modelling approaches demonstrated in
this thesis. Green represents gain with respect to baseline modelling approach and red represents
loss. Results are listed with same precision as they were reported within their respective chapters.

locations and on identical systems which would be required for exact prioritization of impact;

inter-module non-uniformity will vary by system size and edge-to-central module ratio with non-

rectangular systems experiencing the largest impact; double-axis tracking is not here included as

gains are an artefact of system behaviour rather than modelling approach.

To highlight the impact of the work described above, the following sections summarize key

results and recommended future work for each of the thesis’ major themes: model development,

validation, and applications in tracking and mid-to-high latitude systems. The last section identifies

future areas of study relevant to bifacial PV modelling.

6.1 Model development

The author developed a flexible, parameterized 3D model of a PV array using oriented 3D objects,

such as polygons, cylinders, and rectangular boxes, to define PV rows and supportive racking

structures. For tracking systems, the orientation and coordinates of any dynamic components in

this 3D model update each timestamp, requiring updated shading calculations. Sections 3.1-3.4

describe the optical and electrical models developed in-depth, including:

• a novel PV-specific approach to ray-object intersections and bounding volume hierarchies

which yields 2D shade-inclusive irradiance profiles (Section 3.3.3);

• a demonstration of the electrical model response to irradiance non-uniformity within and

across submodules (Sections 3.4.1 & 3.4.2); and
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• guidance on finite element surface mesh density to maximize the computational efficiency

while minimizing compensation factors. (Section 3.6.3)

Future model development should consider alternative meshing schemes for sky, ground, and

module, assessing both the computational efficiency and accuracy of these changes. Ground mesh-

ing is a priority given the higher compensation factors at low mesh densities. The following algo-

rithmic and implementation improvements could also reduce computation time: tilt angle binning,

further bounding volume hierarchy development, and hybridization with other modelling accelera-

tion; and computational parallelization and translation to a statically-typed and compiled program-

ming language.

Double-axis tracking development

To the author’s knowledge, this thesis describes the first double-axis tracked bifacial PV model to

include shading due to adjacent tracker heads and racking and a backtracking algorithm. Section

4.3 describes the algorithm to identify tracker heads to the front and rear of the module under

investigation and briefly summarizes the Fernández-Ahumada backtracking algorithm used [8].

Future changes could include alternative backtracking approaches and non-rectangular tracker head

shapes.

6.2 Model validation

To assess the accuracy of the proposed model, this thesis provided validations of fixed-tilt, single-

axis tracking and double-axis tracking system simulations against measured field data.

Fixed-tilt and single-axis tracking validation

The validation in Section 3.1 compares modelled to measured data for plane-of-array irradiance

and power within a string of modules in a fixed-tilt and single-axis tracked system at 55.7° N at

the Technical University of Denmark. The comparison shows a mean absolute error (MAE) in rear

plane-of-array irradiance within 2.8 W/m2 for fixed-tilt and 3.7 W/m2 for single-axis tracking – a

result at the lower end of the modelled irradiance error given for eight models tested at the same site

in Riedel-Lyngskaer et al. [86]. A central module approximation of string power using the Sandia
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temperature model [14] yielded the lowest MAE in power of three tested temperature models at

14.2 mW/Wp for fixed-tilt and 17.3 mW/Wp for single-axis tracking, outperforming NOCT and

Faiman models for the particular parameters tested. A brief investigation in Appendix C showed

that the choice of cell temperature model introduced < 0.02% additional uncertainty in bifaical vs.

monofacial temperature for both system types. Validation against measured rear-side temperature

would allow for a better overall analysis of modelling uncertainty and would help isolate sources

of error.

Double-axis tracking validation

A preliminary validation of the double-axis tracking model in Section 4.3.2 shows consistent under-

prediction of bifacial PV power at 1-5 min intervals throughout a sunny day as compared to mea-

sured data from the University of Sherbrooke, Québec, with 6% underestimation for the month of

August 2022. This validation also shows a spread between performance of modules at the bottom

and top of the tracker that is not captured in the preliminary modelling, possibly due to shade from

the substantial supportive racking neglected in this initial work. Future validation is required to

determine the sources of discrepancy between modelled and measured data. In particular, future

validations will require measured plane-of-array irradiance and rear-side temperature data to allow

for separate optical and electrical validations and to assess temperature variability across the tracker

head.

Field measurements

Ideally, field measurements for future validations would include front and rear plane-of-array irra-

diance in multiple locations along the collector width, rear-side module temperature measurements,

and redundancy in irradiance and albedo measurements where possible. Additionally, input mete-

orological data timeseries should be filtered for non-physical values and plotted for inspection to

avoid errors such as time-shifts and daylight savings – the two most common data issues noted in

the course of this work. An understanding of the location in question, or access to typical mete-

orological year, is ideal for determining whether measured values are reasonable, beyond whether

a value is physically possible (e.g. frequency of fog, high winds, and intermittent cloud, seasonal

temperature patterns). Comparison of ground and satellite data also provides a useful secondary
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check for measured meteorological values.

Additional cross-software comparison

Beyond the cross-software validation in Section 3.1 afforded by comparison to Riedel-Lyngskaer et

al.’s modelling comparison results at the DTU site [86], Sections 3.5.1 and 3.5.2 provide brief com-

parisons between the proposed model and other PV performance software. Results from the 2021

International Energy Agency (IEA) Photovoltaic Power Systems Task 13 Bifacial Modelling Round

Robin show that the proposed model’s rear irradiance results for a single-axis tracked system with

an opaque torque tube closely follow the results from a ray tracing software, bifacial_radiance, for

a given sunny day. Conversely, fixed-tilt rear irradiance without supportive racking deviates from

the ray tracing result around midday. A comparison of 8760 hourly results for the same IEA sce-

narios shows the proposed model underestimating rear irradiance with respect to a 2D view factor

model, PVsyst, by 6-11% on an annual basis underestimation. The highest deviation between the

two models occurs systematically at high tilt angles and with a magnitude that cannot be attributed

to PVsyst’s static shading or current mismatch losses. Without measured data, these comparisons

identify conditions of agreement and deviation between models but do not allow comparison of

modelling error.

Future cross-software comparisons should seek to identify the specific sources of discrepancy

between modelled irradiance generated by the modelling approach described in this thesis and ray

tracing and 2D view factor models. This comparison could be achieved by: (1) isolating direct,

reflected and diffuse light, and (2) comparing a full set of per-timestamp intermediate values (e.g.

sun position and tilt angle) and pre-loss plane-of-array irradiance. In addition, such investigations

should include a comparison to measured data to determine how these discrepancies translate to

modelling error. Where possible, modelled irradiance should be sampled at the specific location of

the irradiance measurement device to avoid averaging effects across a region of the plane-of-array

that does not represent the given sensor. Modelling irradiance with and without an incidence angle

modifier can also help distinguish discrepancies between plane-of-array irradiance measured on

silicon reference cells and pyranometers.
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6.3 Applications in tracked PV systems

Since 40% of new mono-crystalline PV modules are now installed on single-axis tracked systems,

this thesis examined the impact of three concepts of interest on bifacial PV energy yield in tracked

systems: (1) inter-module irradiance non-uniformity for fixed-tilt and single-axis tracking systems,

(2) reflections off the torque tube in the supportive racking structure, and (3) addition of a secondary

axis of rotation in double axis tracking.

Inter-module irradiance non-uniformity (edge brightening)

Building on the model validation performed against publicly available data from the Technical

University of Denmark PV test bed, Section 4.1 presents modelling for all cells within the central

2-in-portrait rows of the fixed-tilt and single-axis tracking systems (i.e., across 88 modules). This

full row analysis reveals a 0.3% and 0.25% net energy yield gain with respect to a central module

approximation for each of the systems, respectively. This gain is the combined result of a 0.3-0.5%

edge brightening gain and a 0.09-0.21% current-mismatch loss. This finding suggests that 2D view

factor models should allow a positive gain to account for the net effect of edge brightening. How-

ever, gain for larger, utility scale systems will be lower than 0.3% due to a lower proportion of edge

modules than in this test bed. Future research should therefore prioritize quantifying physical phe-

nomena affecting the majority of modules in a system – such as temperature modelling uncertainty

– over further investigation of edge effects.

Torque tube supportive racking reflections

The author contributed to a study that used the proposed model to quantify incidence angle losses

on any energy yield gained from light reflecting off the torque tube in a single-axis tracked system.

This study showed that torque-tube-reflected light experienced higher IAM losses than all other

light sources and reduced current-mismatch losses by offsetting shading, resulting in 0.11-0.18%

energy yield gain for a 74.5% reflective torque tube. While this impact is minimal, Lewis et al.’s

most recent modelling work [104] without incidence angle modification has shown that reflection

off the full supportive structure excluding pilings (i.e., 74.5% reflective torque tube, purlins / mod-

ule supports, and frame) increases annual energy yield in California by 0.3%. Future investigations
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should examine IAM losses from those sources with various reflectivity to account for soiling. Any

remaining significant energy impact would justify implementing either an empirical adjustment

or a finite element approach with rays linking low resolution racking meshes to ground, sky and

module meshes.

Simulated energy yield comparison for tracking types

To determine the energy yield impact of a secondary, azimuthal tracking axis, the simulated track-

ing comparison in Section 4.3.2 compared fixed-tilt, single-axis tracking and double-axis tracking

systems. In Ottawa, Ontario at 45° N, double-axis tracking showed a 20.2% gain in wholesale

electricity revenue per module vs. single-axis tracking for the configuration modeled and assump-

tions in this section which consist of: spacing to achieve 5% row-to-row shading loss; 1x3 module

double-axis tracker head; and 0.2 albedo. This gross revenue does not account for permitting,

balance-of-system, land, or operations and maintenance costs. In fact, this 5% row-to-row shad-

ing loss configuration results in a loss in revenue per land area for tracking systems compared to

fixed-tilt. This loss suggests that future studies should consider different equivalences between

tracking types for land constrained systems and consider alternative DAT tracking configurations

and spacing.

6.4 Applications in mid-to-high latitude PV systems

As PV system costs have decreased, PV installations have become more economically viable in

mid-to-high latitude locations. This thesis presented a summary of three studies that use the pro-

posed model to quantify the energy yield impacts of air mass, row spacing, and snow depth on

mid-to-high latitude PV installations.

Short circuit current modification for hourly air mass

The spectral shape of incident light shifts toward longer wavelengths as the sun elevation decreases,

resulting in a red shift that increases in intensity with latitude. To capture this effect, Section 5.1

demonstrates the application of a per-timestamp air mass modifier to the proposed model which

increases or decreases cell short-circuit current based on sun position. The air mass modifier results
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in a 0.3-2.1% impact on annual energy yield for 33-69° N. This work suggests that technology-

specific incidence angle modifiers or empirical factors should be used for mid-to-high latitude

simulations. Future work should model the energy yield impacts of latitude-dependent spectra for

systems with emerging cell technologies.

Row spacing optimization

Conventional guidance on optimal row-spacing has focused on monofacial PV at low-to-mid lat-

itudes. Section 5.2 describes a row-spacing optimization study using the model described in this

thesis; the model was was chosen for its geographically-specific shading and current mismatch

loss calculations. The results for 5-15% row-to-row shading demonstrate that optimal fixed-tilt

and single-axis row spacing are roughly equivalent between 50-55°and >70°N. This result suggests

that land-use need not be the major design consideration when choosing between the two systems

at these latitudes.

Ground accumulated snow simulations

To the author’s knowledge, this thesis provides the first demonstration of variable ground clearance

in PV modelling to quantify the impact of ground-accumulated snow throughout the snowy season

in two locations in Canada. The results in Section 5.3 demonstrate a 0.36-0.69% snowy season loss,

which is comparable to annual current-mismatch loss factors, and a daily loss factor of 0.034%/cm

of accumulated snow at 45° N.

This analysis requires future validation. A similar analysis could be repeated for fixed-tilt sys-

tems and varied latitude. Future studies of variable snow depth should include front-side snow-

shedding models. Access to meteorological and plane-of-array irradiance data at mid-to-high lati-

tudes, and to validated snow shedding models, would allow greater certainty in bifacial PV perfor-

mance predictions under snowy conditions and help de-risk future PV projects in these regions.

6.5 Looking ahead

As the PV market expands into new greographic regions and evolving applications, the PV mod-

elling community should seek to quantify the energy yield impact of all neglected physical effects
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and operating conditions. Such an effort will ensure that emerging PV markets benefit from accu-

rate PV modelling and financial certainty. PV model validations should be as varied as the geogra-

phy, climate, and system types in which models are applied, and field data from these validations

should be examined for widespread geographical and climatic trends. As tracking, module, and

cell technologies evolve to reduce costs and diversify materials, PV modelling must be responsive

to new developments; field data acquisition and model validations must be ongoing.

Beyond the topics discussed in this thesis, future efforts in bifacial PV energy yield modelling

should expand on emerging questions within the PV market and within our changing electricity

grid. These include:

• modelling trackers installed on undulating terrain to reduce the impacts of land grading on

soil and ecosystems [56];

• quantifying spectrally-resolved ground irradiance for various array configurations in agri-

voltaics [52];

• expanding electrical models to represent the behaviour of tandem, thin film, and emerging

cell technologies [178];

• validating models at high temporal resolution to inform PV energy yield forecasting for grid

integration studies and PV-storage operation [179, 180]; and

• maintaining computational efficiency to ensure access in the face of the rapidly-accelerating

demand for computational resources [181].
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Appendix A

The flowcharts in this section describe the ray-primitive intersection algorithms for a single ray.

Ray-polygon intersection Daniel Sunday [9] provides an algorithm to determine whether a

ray with direction d⃗ and origin d0 intersects with an N -vertex polygon with corners p0−(N−1). The

calculations require the normal of the plane described by the polygon corners, n⃗, to determine the

intersection point px between an infinite line extending along d⃗ and the polygon plane. If px is

within a length of d⃗ from the ray origin d0, the sum of the areas of N triangles formed between px

and N − 1 pairs of polygon corners, Ax, is found. As shown in Fig. 7.1, if Ax is less than or equal

to the area of the polygon in green, Ap, then the ray intersects the polygon.
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Figure 7.1: Rays d⃗1 and d⃗2 intersect with the plane defined by normal n⃗. Ray d⃗1 intersects with the
N -vertex polygon lying on the plane defined by corners p0−(N−1) since the collective area of the
triangles formed by the intersection point px,1 and corners sets p0,1, p1,2, p2,3, p3,0 is ≤ the polygon
area in green. Ray d⃗2 does not intersect since this collective sum for intersection point px,2 exceeds
the polygon area by the blue highlighted region.

The algorithm is described in further detail in Fig. 7.2.
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n⃗, d⃗, p0−(n−1), d0, Ap, αp

n⃗ · d⃗! = 0 No intersection.

t = (p0−d0)·n⃗
d⃗·n⃗

px = d0 + t ∗ d⃗

t > 0 and t < 1 No intersection.

Ax =
∑n−1

i=0 (pi − px)

×(pi%n−1 − px)

Ax ≤ Ap No intersection.

Ray intersects.

Check ray with direction

d⃗ and plane with normal

n⃗ are not parallel or co-

planar.

Ray and plane are

parallel or co-planar.

Find point px where ray

intersects the plane con-

taining point p0 at dis-

tance t from ray origin

d0.

Check that px is no far-

ther from d0 in direction

d⃗ than the ray length.

px is beyond ray

length.

Calculate sum of area of

n-1 triangles formed be-

tween px and n-1 pairs of

polygon corners p0−(n−1).

Check if sum of triangle

area is ≤ area of polygon

and px lies on polygon.

px is not on polygon.

yes

no

yes

no

yes

no

Figure 7.2: Flowchart for ray-polygon intersection [9]

Ray-cylinder intersection Sunday also provides a ray-cylinder intersection test [10]. The

cylinder can be described as the volume bound by a radial distance rc from a line segment with

origin c0 and direction and length c⃗. To determine whether a ray passes within this volume, the

algorithm finds the distances s and t along d⃗ and c⃗ that result in the shortest distance between the

line segments. This distance is l or the magnitude of the vector between the closest points d⃗P (i.e.,

l1 and l2 in Fig. 7.3 for rays d⃗1 and d⃗2.
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Figure 7.3: Ray d⃗1 intersects with the cylinder defined by central axis c⃗ and radius rc, while ray d⃗2
does not, since l1 (the shortest distance between c⃗ and d1) < rc but l2 > rc.

Since the d⃗P represents the shortest distance between the ray and the cylinder line segment,

distances s and t can be found from the solution to the set of linear equations Eq. (57)-58 that

describe the projections of Eq. (56) onto d⃗ and c⃗. Here w⃗0 is the vector between the origins of the

ray and cylinder line segment.

d⃗P = w⃗0 + sd⃗− t⃗c (56)

s(d⃗ · d⃗)− t(d⃗ · c⃗) = −d⃗ · w⃗0 (57)

s(c⃗ · d⃗)− t(c⃗ · c⃗) = −c⃗ · w⃗0 (58)

as− bt = −d (59)

bs− ct = −e (60)

The coefficients a − e of this set of equations can be used to form the solution of the equation set

as s = sN/sD and t = tN/tD. These numerators and denominators must be adjusted if distances

s and t are negative or greater than 1, since the intersection point is not within the line segment or
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ray.

sN =

∣∣∣∣∣∣
−d −b

−e −c

∣∣∣∣∣∣
(61)

tN =

∣∣∣∣∣∣
a −d

b −e

∣∣∣∣∣∣
(62)

D = sD = tD =

∣∣∣∣∣∣
a −b

b −c

∣∣∣∣∣∣
(63)

(64)

The algorithm is described in further detail in the flowcharts in Fig. 7.4-7.6.
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c⃗, d⃗, c0, d0, rc, αc

w⃗0 = d0 − c0

a = d⃗ · d⃗
b = d⃗ · c⃗
c = c⃗ · c⃗
d = d⃗ · w⃗0

e = c⃗ · w⃗0

sD = tD =

D = ac − bb

D <<< 1

sN = 0

sD = 1.0

tN = e

tD = c

sN = be − cd

sN < 0.0

sN = 0.0

tN = e

tD = c

sN > sD

sN = sD

tN = e + b

tD = c

tN = ae − bd

to 2

Solve for coefficients of 2

linear equations (68,69).

Set preliminary s and t

denominators, sD and

tD, as the determinant of

the coefficient matrix.

d⃗ and c⃗ are

effectively parallel,

s = 0.

Check that d⃗ and c⃗ are

not parallel.

Set preliminary s numer-

ator, sN .

Check whether intersec-

tion is within line seg-

ment d0 + d⃗. If not, ad-

just for edge cases.

s < 0, intersection behind

line segment d0 + d⃗ in the

direction of −d⃗

s > 1, intersection

beyond line seg-

ment d0 + d⃗ in the

direction of d⃗

Solution is within line

segment d0 + d⃗. Set pre-

liminary t numerator, tN .

no

yes

yes

no

yes

no

Figure 7.4: Flowchart for ray-cylinder intersection (Part 1) [10]
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2

tN < 0.0

tN = 0.0

−d < 0.0

sN = 0.0

−d > a

sN = sD

sN = −d

sD = a

tN > tD

tN = 0.0

(−d+ b) < 0.0

sN = 0.0

(−d+ b) > a

sN = sD

sN = −d + b

sD = a

to 3

Check whether intersec-

tion is within line seg-

ment c0+ c⃗. If not, adjust

for edge cases.

t < 0, intersection behind

line segment c0 + c⃗ in the

direction of −c⃗;

t > 1, intersection beyond

line segment c0 + c⃗ in the

direction of c⃗;

yes

no

yes

no

yes

no

yes

yes

no

yes

no

no

Figure 7.5: Flowchart for ray-cylinder intersection (Part 2) [10]
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3

sN <<< 1

s = 0.0

s = sN/sD

tN <<< 1

t = 0.0

t = tN/tD

d⃗P = w0 + s ∗ d⃗ − t ∗ c⃗

l = |d⃗P |

l < rc

Ray intersects.

No intersection.

Determine s and t as ra-

tios of numerators, sN

and tN , and denomina-

tors, sD and tD. Set s

and t to 0 (i.e. no dis-

tance along d⃗ and c⃗)

if numerators are very

small.

Find vector between clos-

est points, d⃗P , and min-

imum distance between

the segments, l.

Intersection occurs if l is

≤ the cylinder radius, rc.

yes

no

yes

no

yes

no

Figure 7.6: Flowchart for ray-cylinder intersection (Part 3) [10]

Ray-prism intersection: axis-aligned rectangular Williams et al. [11] describe an algo-

rithm to determine whether a ray d0 + d⃗ intersects with a rectangular prism with faces that are

aligned with the scene axes X , Y , Z. The prism is defined by the extreme coordinates of each face

where b0,x−z is the minimum bounds in X , Y , and Z and b1,x−z is the maximum bound, based on

an origin at (0, 0). For a given ray, the distance along d⃗ from d0 at which the ray crosses the closest

bound to d0 for a given axis is found as tmin,x−z. The next bound crossing in the given axis is found

as tmax,x−z. The closest and farthest bounds along d⃗ are dictated by the sign of d⃗ in the given axis.

When considering two dimensions, for example X and Y in Fig. 7.7, the ray only intersects the
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projection of the prism in the X-Y plane if the bound crossing points alternate between one axis

and the other, as in d1. For this alternation to occur and for an intersection to be possible in the X-Y

plane, tmin,x must be shorter than tmax,y and tmin,y must be shorter than tmax,x. If an intersection is

possible in the X-Y plane, the subspace of the original prism projection in the X-Y plane in which

intersection can occur provides the constraining ray-bound crossing points that must alternate with

the Z-bound crossing points along d⃗.

Figure 7.7: Ray-prism (axis-aligned) intersection projected in the xy plane. Green ray d⃗1 intersects
with the rectangular prism defined by unit vectors bu, central point bc, and dimensions bh, while
blue ray d⃗2 does not. Stars indicate points where rays cross the bounds of a slab. (Figure adapted
from [12]).

The algorithm is described in further detail in the flowchart in Fig. 7.8.
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d⃗, d0, b0, b1

d⃗⊥ = 1/d⃗

s = integer(d⃗⊥ > 0)

tmin = (b0(1 − s) + b1s − d0)d⃗⊥

tmax = (b0s + b1(1 − s) − d0)d⃗⊥

tmin,x > tmax,y

or tmin,y > tmax,x

No intersection.

tmin = tmin,x

tmax = tmax,x

tmin,y > tmin

tmin = tmin,y

tmax,y < tmax

tmax = tmax,y

tmin > tmax,z

or tmin,z > tmax

No intersection.

Ray intersects.

Find inverse of ray vector d⃗ to avoid repeated division

and save sign of ray direction in s as 0 for negative and 1

for positive in each axis x, y, or z.

Find minimum and maximum distances, tmin

and tmax along d⃗ that intersect with minimum

and maximum bounds, b0 and b1 in each axis.

If the ray crosses the x bounds before

crossing either y bound, or vice versa, the

ray must be outside the bounding box.

If not, check the z axis with maximum

tmin set as the furthest tmin distance in

x-y plane and and tmax set as the short-

est tmax distance in x-y plane.

If the ray crosses both z bounds before crossing into

the new bounds defined for the x-y plane, or vice

versa, the ray must be outside the bounding box. The

ray is not shaded.

If the ray alternates crossing z bounds

and the new bounds defined for the x-

y plane, the ray intersects the bounding

box.

yes

yes

yes

yes

no

no

no

no

Figure 7.8: Flowchart for ray-prism intersection : axis-aligned rectangular prisms [11]
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Ray-prism intersection: arbitrarily-oriented rectangular Möller et al. [12] describe an

algorithm to check for intersection between rays and arbitrarily-oriented rectangular prisms. This

process follows a similar approach to the axis-aligned rectangular prism, requiring the ray to cross

the bounds in two axes in an alternating fashion for intersection to be possible. However, the

bounds are now defined based on positive and negative half-lengths, ±bh, along the direction of

unit vectors bu in three axes of the oriented prism that point away from a central origin point, bc.

The area between the projections of the prism faces onto each of the unit vectors bu is also known

as a slab, in orange and yellow in Fig. 7.9.

Figure 7.9: Ray-prism (arbitrarily oriented) intersection projected in the xy plane. Green ray d⃗1
intersects with the rectangular prism defined by extreme coordinates in each axis b0/1, x/y, while
blue ray d⃗2 does not. Stars indicate points where rays cross the bounds of a slab. (Figure adapted
from [12]).

The algorithm finds the bounds-crossing points t1 and t2 along d⃗ such that t1 < t2. If a ray

does not intersect the projection of the prism for a certain dimension (i.e., only non-alternating

bounds-crossings are found), the ray cannot intersect the prism, even if intersections are possible in

other dimensions. If ray intersections are possible in all dimensions, the ray necessarily intersects

the prism.

The algorithm is described in further detail in the flowchart in Fig. 7.10.
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d⃗, d0, bc, b⃗u, bh

tmin =<<< −1

tmax =>>> 1

p⃗ = bc − d0

i = 1

i ≤ 3 Ray intersects.

e = b⃗u[i] · p⃗
f = b⃗u[i] · d⃗

| f

||d⃗|| | > 10E−10
(−e− bh[i] > 0)

or (−e+ bh[i] < 0)

No intersection.

i = i + 1

t1 = (e + bh[i])/f

t2 = (e − bh[i])/f

t1 > t2

swap(t1, t2)

t1 > tmin

tmin = t1

t2 < tmax

tmax = t2

tmin > tmax or tmax < 0 or tmin > 1.0

No intersection.

Initiate tmin and tmax to arbitrarily large

negative and positive numbers. Find p⃗ as the

difference between prism center, bc, and ray

origin, d0. Initiate i for loop.

Loop over three di-

mensions of the prism.

Ray overlaps with prism

projection in all three

dimensions.

Project unit vector of

i’th prism dimension,

b⃗u[i], onto p⃗, d⃗.

Check if ray d⃗ is par-

allel to unit vector.

Ray is parallel to unit vector

b⃗u[i] and does not overlap with

prism projection in i’th dimen-

sion since it is more than bh[i]

beyond bc[i] in direction ±b⃗u[i].

Find points t1, t2

where d⃗ intersections

with slab.

Ensure t1 < t2.

If t1 > tmin of all di-

mensions so far, keep

as new tmin.

If t2 < tmax of all di-

mensions so far, keep

as new tmax.

Ray does not intersect

with prism projection

in i’th dimension.

Ray intersects with prism

projection in i’th dimen-

sion. Check next dimen-

sion.

no

yes

no

yes

no

yes

yes

no

yes

no

yes

no

yes

no

Figure 7.10: Flowchart for ray-prism intersection : arbitrarily-oriented rectangular prisms [12]
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Appendix B

While the DUET and PVsyst energy yield results are not presented in Section 3.5.2, they are pre-

sented in the energy yield summary of the International Energy Agency report [2]. Thus, a brief

discussion on bifacial mismatch loss factor, MPVsyst, is warranted. This static loss factor is intended

to represent the annual energy yield loss due to rear irradiance non-uniformity and is applied to

energy yield at each timestamp. It is labelled as "Mismatch loss factor" in the PVsyst v6.86 bifacial

input pane, "Rear mismatch loss" in the PVsyst report input parameter section (Fig. 3.20), and

"Mismatch for back irradiance" in the PVsyst report loss diagram. The suggested default value for

this parameter is 10%, but PVsyst documentation [151] states that this value is a rough estimate

that is not based on modelling or calculation.

An analysis of outputs from a PVsyst v6.86 simulation reveals the following formula for the

bifacial mismatch loss factor:

MPVsyst =
1− P1

P0

BGPVsyst
(65)

BGPVsyst =
Ḡr

Ḡf + ϕḠr
(66)

where ϕ is the module bifaciality factor, ¯G(f/r) is the per-timestamp average front/rear irradiance,

and BGPVsyst represents a form of bifacial irradiance gain. For the central module approximation,

P1 is the module power accounting for current mismatch losses within the module and P0 is the

module power with an average irradiance applied across all cells (i.e., the sum of cell maximum

power points under non-uniform illumination [42]).

Note: Release notes for PVsyst v7.4.6 [182] state that "the bifacial factor of the PV module

is now considered when computing the rear mismatch loss" - a correction which suggests that the

bifacial irradiance gain may now be the following, which has not been verified:

BGPVsyst =
ϕḠr

Ḡf + ϕḠr
(67)

While MPVsyst is meant to represent loss due to rear irradiance non-uniformity, it is a non-trivial

task to separate the effects of front and rear non-uniformity. Deline et al. [42] report a combined
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current mismatch loss due to front and rear non-uniformity. Additionally, annual front and rear

non-uniformity are of similar magnitude for fixed-tilt systems, as demonstrated in Fig. 4.3 and

Section 3.1 Fig. 8; therefore, completely neglecting front uniformity would underestimate current

mismatch loss.

Based on DUET v.uO-2020 calculations of MPVsyst for Abu Dhabi, we applied a 3.7% bifacial

mismatch loss factor accounting for front and rear irradiance non-uniformity in the PVsyst v6.86

simulations to achieve the -0.30% annual loss. Bifacial mismatch factors for Antofagasta and

Groningen were 4.2% (-0.36% loss) and 7.3% (-0.83% loss), respectively.

Appendix C

As seen in Section 3.1.III, the choice between three common cell or module temperature models

impacts modelled bifacial power mean absolute error by 0.8-1 mW/Wp on an annual basis. This

result indicates relatively close agreement between the Faimain [15], Sandia [14], and NOCT [183]

temperature models over an extended time period. Based on these same three temperature mod-

els, the following section examines the difference between modelled bifacial and monofacial cell

temperature for the central modules in the fixed-tilt and horizontal single-axis tracked (HSAT) sys-

tems at the Technical University of Denmark as described in Section 3.1. The analysis compares

the temperature, and power and energy yield uncertainty introduced by the choice of temperature

model in bifacial vs. monofacial systems, quantifying the additional uncertainty introduced when

modelling rear side temperature effects.

To examine the impact of incident rear irradiance on cell temperature, Fig. 7.11 shows the

hourly absolute difference in bifacial vs. monofacial cell temperature as a function of rear irra-

diance for the three models. The additional temperature ranges from 0-2.5°C for a range of 0-85

W/m2 of rear irradiance. The NOCT model in orange neglects the cooling effects of wind and thus

shows marginally higher temperatures than the other two models. For both the Faiman and San-

dia models, we see a spread of cell temperatures at each irradiance due to differing wind speed at

timestamps with similar irradiance. This analysis neglects monofacial heating due to any minimal

rear incident radiation absorbed through the highly reflective white backsheet.

While east and west single-axis tracked tiers in Fig. 7.11 A and C show relatively similar

additional temperature and irradiance ranges, the south-facing fixed-tilt systems experience more
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rear irradiance on the lowest southern tier (Fig. 7.11D) and than on the highest northern tier (Fig.

7.11B). This differential between fixed-tilt tiers in the 2P system corresponds to an approximate

20 W/m2 difference in maximum rear irradiance and an approximate 1°C difference in maximum

additional temperature as compared to the monofacial case.

The coefficient of variation (CV) in cell temperature across the three models can represent the

uncertainty that the differing temperature models introduce into the calculation of this additional

bifacial temperature. The per-timestamp CV is:

CV =
σ

µ
(68)

where σ is the standard deviation between outputs predicted using the three temperature models,

and µ is the average.

For both tiers in both systems, the average per-timestamp CV in cell temperature (C̄V in ∆Tc)

is 4.5%. Propagating this temperature uncertainty based on the average cell temperature, ∆̄Tc, and

a -0.39%/°C temperature coefficient of power, µP , the estimated additional uncertainty in bifacial

vs. monofacial power is 0.01% for the average timestamp. This result is shown in the rightmost

column in Table 5 that is the row-wise product of the other columns. This estimated difference in

bifacial vs. monofacial power uncertainty is confirmed by the calculated absolute difference in the

average CV (C̄V) in bifacial power vs. average CV in monofacial power (Pbi, Pmono), as in Table 6.

The bifacial and monofacial CV in annual energy yield across the three modules are 0.27 and

0.25-0.26%, respectively, as shown in Table 7 (CV in EYbi and EYmono). The difference between

these CV, shown in the third column, is 0.016-0.020% absolute. This additional bifacial-PV-specific

uncertainty is negligible with respect to the total 0.25-0.27% energy yield CV introduced by the

choice of temperature model for both monofacial and bifacial systems. Since the differences in

bifacial vs. monofacial modelling uncertainty for cell temperature, power, and energy yield are

all less than 0.02%, this analysis indicates that the cell temperature gains induced by rear-incident

irradiance for the Technical University of Denmark site introduce negligible additional modelling

uncertainty in the bifacial PV modelling pipeline.

Site-specific conditions may impact these findings. For example, the monthly albedo values
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provided for this site ranged from 0.19-0.23, which is typical for grass or dirt and satisfies the

range seen in many low-to-mid latitude locations with such ground cover. Locations with snow

will see higher rear irradiance contributions which will cause additional cell heating, albeit during

periods of colder ambient temperature. Any resulting increase in rear irradiance contribution would

lead to additional uncertainty not accounted for here.

The above analysis has demonstrated that the three empirical models show relatively close

agreement and introduce low bifacial-specific uncertainty. However, modeled module temperature

may still vary from measured data and should be validated against field data in future work. Time-

and wind-dependent models [184–186] should also be explored to capture transient effects as well

as air currents unique to each row spacing and tilt angle. Validating temperature models is of

particular interest since module temperature has yet to be ruled out as a factor in the 8% under-

performance in mainland U.S. solar plant production compared to modelling [187, 188].
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∆̄Tc C̄V in ∆Tc µP Estimated ∆C̄V in P

[°C] [%] [%/°C] [%, bi. vs. mono.]

HSAT E 0.63 4.5 -0.39 0.01
HSAT W 0.62 4.5 -0.39 0.01
Fixed S 0.61 4.5 -0.39 0.01
Fixed N 0.54 4.5 -0.39 0.01

Table 5: Estimated absolute difference in bifacial vs. monofacial average coefficients of variation
in power (∆C̄V in P ), across three temperature models. ∆̄Tc: average difference in bifacial vs.
monofacial cell temperature; C̄V in ∆Tc: average CV in difference between bifacial and monofacial
cell temperature; µP : temperature coefficient of power.

C̄V in Pbi C̄V in Pmono ∆C̄V in P

[%] [%] [%, bi. vs. mono.]

HSAT E 0.15 0.14 0.01
HSAT W 0.15 0.14 0.01
Fixed S 0.13 0.12 0.01
Fixed N 0.14 0.13 0.01

Table 6: Calculated absolute difference in bifacial vs. monofacial average coefficients of variation
in power (∆C̄V in P ), across three temperature models. C̄V in Pbi: average CV in bifacial power;
C̄V in Pmono: average CV in monofacial power.

CV in EYbi CV in EYmono ∆CV in EY

[%] [%] [%, bi. vs. mono.]

HSAT E 0.27 0.26 0.016
HSAT W 0.27 0.26 0.016
Fixed S 0.27 0.25 0.020
Fixed N 0.27 0.25 0.014

Table 7: Calculated absolute difference in coefficients of variation (∆CV) in bifacial vs. monofacial
annual energy yield (EYbi, EYmono) across three temperature models.
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