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Abstract: With reference to energy generation, the global society has to urgently address three factors
that are now critical: sustainability in terms of climate change, security in terms of the war that is
currently raging in Europe with consequences that are being felt around the globe and the steep incline
of fossil-fuel based energy costs. Around the world, large-scale solar farms are being constructed
with tracking systems to improve the efficiency of photovoltaic (PV) modules. This article presents
a comparison of energy generation of fixed-slope versus tracking PV modules. The analysis was
based on a twenty-year dataset for two locations, namely, Lincoln (England) and Bhavnagar (India),
which differ in terms of latitude, sky clarity and ambient temperature. It was demonstrated that a
fixed-slope system facing the equator provides a healthy energy receipt that is a high fraction of the
energy receipt of a tracking system. Furthermore, analysis was also carried out for a PV facility that
will host the largest solar farm in England to conclude that regardless of the solar farm installation
location, the use of bifacial PV is beneficial.

Keywords: bifacial PV; monofacial PV; tracking systems; solar electricity

1. Introduction

In June 2019, the UK Government raised its ambition on tackling climate change
by legislating for a net zero greenhouse gas emissions target for the whole economy by
2050. In March 2020 the official infrastructure advisor to the Government subsequently
produced a report on Net Zero: Opportunities for the Power Sector. The report sets out the
infrastructure requirements for the year 2050. That report recommends significant solar,
onshore wind and offshore wind energy sources, with the intention to install 129-237 GW
of renewable capacity by 2050 [1]. The latter mix is recommended to include 56-121 GW of
solar, 18-27 GW of onshore wind and 54-86 GW of offshore wind. This would require a
significant increase in installed renewable generation capacity, including up to nine times
more solar than is currently installed in the UK.

Carbon Budgets set the trajectory for the decarbonisation actions required to meet
this commitment. They recognise that atmospheric carbon has a cumulative global heating
effect, and therefore, urgent action is necessary. The Sixth Carbon Budget (enshrined in
law in June 2021) runs from 2033 to 2037 and requires a 78% reduction in UK territorial
emissions between 1990 and 2035.

UK electricity demand is expected to double by 2050. Decarbonisation requires the
electrification of energy, which is currently generated by burning fossil fuels, and the UK’s
pathway to achieving net zero by 2050 must involve wider transitions outside of the power
sector, including decarbonising transport, industry, agriculture and homes [2]. Extensive
electrification requires support from a major expansion of renewable and other low-carbon
power generation to ensure that the UK is capable of securely meeting future electricity
demand with a significantly lower carbon intensity. The decarbonisation of UK electricity
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generation is therefore vitally important to meet the UK’s legal obligations on carbon
emissions and ensure sustainable energy resilience.

Actuated by the increasing concern of the public regarding increasing evidence of climate
change, the rapidly falling price of installed PV systems and the ongoing Ukrainian war,
European governments are rapidly adopting policies that promote wind and solar energy.

Solar energy is crucial in achieving the energy transition and could provide significant
support to current energy technologies, allowing for reductions in the consumption of fossil
fuels. An effective application of this technology will not only enable the creation of new
jobs but will also support the growth of the local economy and industry [3]. Several solar
technologies, including crystalline, wafer, thin film and organic, have been researched to
achieve reliability, high efficiency and cost-effectiveness in terms of the use of less material
and increasing energy conversion efficiency [4]. For example, compared with a standard
crystalline silicon solar cell, quantum dot silver, copper, lithium or caesium cores emit up
to three electrons per photon due to multiple exciton generation, increasing the absorption
and electron-hole generation rate in core/multiple shell absorber layers [4,5]. On the other
hand, the most recent bifacial PV technology (crystalline) is promising due to its ability
to generate higher energy yields, as they collect radiation on the front as well as on the
rear side by capturing light reflected from the surface beneath the panel and from the
surroundings [6]. The energy generation from a bifacial PV could be 10-25% more than an
equivalent conventional monofacial PV and is expected to be the market standard in 5-10
years [7].

Around the world, large-scale ground-mounted solar photovoltaic (PV) panel instal-
lations called solar farms or solar fields/plants are being constructed to generate clean
electricity [8]. The Western Electricity Coordinating Council (WECC), using actual mea-
surements from the Western Texas and Southern California transmission networks, showed
that the WECC generic models could successfully simulate real dynamic phenomena in
large-scale solar PV power plants and proposed guidelines for the correct usage of these
models [9]. Bifacial PV farms in the UK may be considered a higher-risk investment and
may incur a higher weighted average cost of capital (WACC). This would mean that despite
bifacial solar farms producing higher electrical output, monofacial PV arrays may have
a lower levelised cost of electricity (LCOE) in certain circumstances depending on how
the project is funded [10]. However, as the number of bifacial PV farms in the UK is
growing, more data is being collected on their efficiency, and thus, this uncertainty over
their risk is likely to be the case for a short period until there is more confidence in their
profitability. Moreover, the International Technology Roadmap for Photovoltaic (ITRPV)
predicts that due to improvements in the technology of bifacial PV, it will constitute 40% of
the PV market by 2028, leading to a reduction in the price difference between bifacial and
monofacial PV modules [11].

On 10 August 2022, the major renewables company Iberdrola switched on Europe’s
largest solar power plant to date, with the 590 MW Francisco Pizarro PV array now
powering the grid in Spain’s south-west [10]. The USD 307 million solar power project will
save 150,000 tons of CO, annually. The PV plant is located between the municipalities of
Torrecillas de la Tiesta and Aldeacentenera in the Extremadura region. In addition, Iberdrola
has 19.3 GW of operating renewables and has earmarked a further EUR 14.3 billion for
additional wind and solar farms, to be completed by the year 2025 [12].

It should be stressed that PV power is highly variable, as it can vary from zero to
a hundred percent depending on the meteorological conditions and geographical char-
acteristics [13]. The investment and installment cost of the necessary tools and devices
makes the energy produced in PV plants relatively expensive. Since the power generation
capability of such systems is dependent on the solar radiation received by the panels, a
tracking system that momentarily positions these panels towards the direction of the Sun’s
rays is very helpful in maximising their performance. The angle of the sun differs between
different hours of the day and the various seasons of the year, and for this reason, using
solar tracking systems to maintain a high level of efficiency is beneficial. Such systems
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increase the production rate of the plants compared with those lacking this technology.
Almost 27% of photovoltaic power plants worldwide possess solar tracking systems [14].
Studies [15-17] were conducted on understanding the effect of solar tracking systems
(single axis and double axis) on the performance of solar plants. The reference [18] investi-
gated two grid-connected solar PV plants, one of which used single-axis tracking systems
and was situated in the Saluzzo region, whereas the other one used double-axis systems
and was situated in Naples, Italy. It was found that due to much higher levels of solar
radiation and the usage of a double-axis tracking system, the system located in Naples
produced a higher output power, but the costs of installation and maintenance made it less
economically viable.

In 2022, a project to build a 1.4 GW high-voltage cable linking Germany with the UK
has moved forward. The European Investment Bank agreed to provide EUR 400 million
in funds for the EUR 2.8 billion project. The project completion is scheduled for the year
2028. The submarine cable will have a length of 725 km, a capacity of 1.4 GW and a DC
voltage of 525 kV. It will connect a converter station near Fedderwarden, Germany, to the
UK network operated by the National Grid via a converter station on the Isle of Grain [19].
The potential of large-distance electricity transmission via high-voltage cables and green
hydrogen transport via large marine vessels has made it feasible to use solar energy capture
near the tropics. Indeed, it may be economically advantageous to deploy such strategies
for providing sustainable energy-hungry northern European markets.

Colasante et al. [20] attempted to explain the rapid transition that is taking place
within Southern Europe in terms of solar energy. The development of photovoltaics
is due to good irradiation levels and the introduction of favourable policies. Europe’s
ambitious plans for a green transition require new power to be installed but also new
consumption habits that tend to be more responsible. Online surveys carried out for a large
consumer base indicated a positive response that suggests a transformation from fossil
fuel to green electricity in cities goes via the emergence of prosumers and the percentage
of self-consumption. Specifically speaking, those surveys were carried out within Italy
and Spain and the outcomes showed that the subjects believed one ought to pay a green
premium of 0.10 EUR/kWh and 0.08 EUR/kWh, respectively. Finally, in the year 2022, the
war in Ukraine has jolted a large number of European nations into a rapid transition to solar
and wind energy, with the UK now being one of the champions of the cause. The COP27
held in November 2022 in Egypt is an additional vehicle that will draw more support for
green electricity.

To date, the largest solar PV “Mallard” farm is in the development stage in Lincoln,
England [1]. The farm will have a 350 MW capacity and will use a combination of tracking
and fixed-slope monofacial and bifacial modules. After providing a review of the annual
irradiation of five tracking modes, this article presents an analysis of the two tracking
modes that are most profitable and a fixed-slope system. Results are presented for the
above Lincoln farm and a farm near the tropics with clearer skies and higher irradiation.
This work took into account the loss of the sky view factor due to the shading of modules
from neighbouring constructs and the potential for enhanced energy gain offered by
high-reflectivity materials that may be laid on the ground. It was inferred that a fixed
slope system provides an optimal solution once the problems associated with the tracking
systems are taken into account. Furthermore, PVsyst software was used to model a 1 MW
farm facility in each of the two locations mentioned above and annual energy generation
estimates were provided. The latter estimates may be used to predict the performance
of solar farms of any capacity by scaling up or down. The article is organised as follows.
Section 2 provides an overview of the PV system parameters investigated in this study.
Section 3 presents the solar farm case study used in the calculations. Section 4 provides the
modelling details and Section 5 presents simulation results. The concluding Section 6 sums
up the key outcomes of this study.
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2. System Parameters under Investigation
2.1. Mode of Operation: Fixed versus East—West Tracking and Location Dependence

It was argued that to harness the maximum amount of solar radiation, the PV modules
may use tracking. A tracking system may be oriented either in the east-west (E-W) or
north-south (N-S) direction. In the E-W orientation, the focal axis is horizontal, while in the
north-south orientation, the focal axis may be horizontal or inclined. Five different modes
of tracking are discussed in the literature [21]; all mathematical equations that are relevant
to this section are provided in this reference.

Mode I

In this mode, the collector is rotated about a horizontal E-W axis with a daily adjust-
ment required to ensure that noon beam irradiation is normal to the collector aperture. In
this mode, the aperture plane is an imaginary surface with either the aspect being true
south or true north.

The slope of the module for the maximisation of energy collection is obtained from

B = (P — 9) for a south-facing array (y = 0°) and (6 — ®) for a north-facing array
(v = 180°).

The angle of incidence of the beam radiation on the module throughout the day is
obtained from

Cos 0 = sin? § + cos? § cos w 1)

where 3 is the slope or tilt angle of the PV module, y the surface azimuth angle from true
south, b the solar declination angle, 0 the solar incidence angle, w the solar hour angle and
® the geographical latitude of the location.

Mode II

This is similar to mode I but with a continuous adjustment of the collector such that
the beam irradiation is incident on the collector aperture with a minimum angle throughout
the day.

The slope of the module is obtained from

tan (® — ) =[tan d/cos w] fory =0 )

tan (® + ) = [tan 0/cos w] for y =180 3)

The angle of incidence of the beam radiation on the module is then @)
cos 0 = (1 — cos? & sin? w)%>

Mode III

In this mode, the focal axis is N-S and horizontal. The collector is rotated about a
horizontal N-S axis and adjusted continuously so that the solar beam makes the minimum
angle of incidence with the aperture plane at all times.

The slope of the module and the incidence angle of the solar beam are respectively

obtained from .
cos b sin w

-1
= tan - -
B sin ¢ sin & + cos ¢ cos O cos w

©)

Cos 0 = [(sin @ sin & + cos D cos & cos w)? + cos? & sin? w]*> (6)

Mode IV

In this mode of operation, the focal axis is N-S and inclined at a fixed angle equal to the
latitude. Thus, it is parallel to the Earth’s axis. The collector is rotated about an axis parallel
to the Earth’s axis at an angular velocity that is equal and opposite to the Earth’s rotational
rate; it is adjusted such that at solar noon, the aperture plane is an inclined surface facing
due south. The module slope and beam incidence angle then reduce to

B=Pand =5

Mode V
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Mode V is similar to mode IV but with the collector now subjected to two-dimensional
motion, i.e., the collector is rotated about the focal axis as well as about a horizontal axis
perpendicular to this axis. The beam irradiation is thus always normal to the collector
aperture. The module slope at noon is then given by

B=[b — 3| @)
Note that Equations (1) to (7) are from reference [21].

2.2. Near-Horizon Energy Gain with High or Low Reflectance

The ground albedo or ground reflectance is defined as the ratio between the ground-
reflected radiation and the global radiation incident on the ground [22], measured on a
scale from 0 to 1. An albedo of 0 indicates a black surface where all the incident radiation
is absorbed, and an albedo of 1 indicates a highly reflective material. Kotak et al. [20]
investigated the impact of reflectivity on a PV system to conclude that a good estimate of
the albedo of the terrain surrounding a PV installation is a prerequisite for determining
the radiation balance of a PV system. Kotak et al. [23] used a case study to demonstrate
that emerging building materials technology, such as paints of high reflectance, when used
to cover 25% of the near horizon would increase the energy gain by up to 48%. When
comparing conventional materials to non-conventional materials, Gul et al. [24] concluded
that the albedo value of white pebbles and paint was between 0.5 and 0.7, which is 25%
higher than the albedo value of conventional surfaces, such as grass or cement/concrete.
The usage of white pebbles has a similar advantage to tiles and paints and is less prone
to weathering.

2.3. Monofacial versus Bifacial Modules

Three forms of solar radiation are received by an inclined PV panel: direct, diffuse
and reflected radiation. The reflected radiation component for conventional monofacial
modules makes up no more than 10% of the total incoming radiation [25]. The most recent
bifacial PV technology is promising for generating higher energy yields, as they collect
radiation on the front as well as on the rear side by capturing light reflected from the surface
beneath the panel and the surroundings [6]. Bifaciality (i.e., the difference between the
energy produced from a bifacial module and the reference monofacial module) can improve
PV system energy generation by 10-25% compared with monofacial PV and is expected
to be the market standard in 5-10 years with a market share of over 35% [7]. Monofacial
PV farms are commonplace in the UK and data on their performance and profitability is
readily available; this is not the case for bifacial PV farms, thereby incurring a higher risk
to the investor. This work shall attempt to address the latter shortcoming.

3. Case Study—The Mallard Pass Solar Farm Project

Mallard Pass Solar Farm, based in the county of Lincolnshire, England, is a project
under consultation [1]. This farm aims to deliver 350 MW of solar energy. The total
proposed area of the site is approximately 906 ha. The developed area is to contain PV
arrays and infrastructure on an area of 463 ha. The proposed development lies within
two administrative boundaries of Rutland Country Council and South Kesteven District
Council. This project was explored in detail as a case study that offers good potential for the
UK to achieve its carbon-reduction-related commitment. Given below are the specifications
proposed for the farm that were used in this study.

Fixed south-facing arrays: The indicative dimensions of modules will measure
2400 mm x 1350 mm x 35 mm. Individual panels consist of a series of bifacial, monocrys-
talline cells, which make up an individual PV module. The mounting structures will be
orientated E-W and shall be installed between 18 and 25 degrees to the horizontal facing
south to optimise daylight absorption.

Single-axis tracker arrays: The indicative dimensions of single-axis tracking modules
will measure 2400 mm x 1350 mm x 35 mm. Individual panels consist of a series of bifacial,
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monocrystalline cells, which make up an individual panel. The mounting structures
will be orientated north/south and will operate between 60 degrees from the horizontal
(facing east in the morning), moving towards 0 degrees (horizontal) at midday and up
to 60 degrees from the horizontal (facing west in the evening). The PV modules will
track from east to west throughout the day and will return to their resting position of
60 degrees (facing east) overnight.

4. Modelling
4.1. Modelling of PV Module Tracking Modes

Sukhatme [21] provided a comparison of the incident solar energy for Delhi for the
five modes of operation described in Section 2.1 for any given PV module. The India
Meteorological Department provided twenty years of measured beam irradiation data
for Delhi (latitude = 28.58° N), the capital city of India [26]. Delhi represents a semi-arid
location with predominantly clear skies, and hence, has the potential for a good capture of
solar energy. A tracking system would be advantageous in such a climate. Delhi is also the
largest population centre with a large demand for electricity.

The aim of this section was to review the five modes to shortlist the key ones for this
study for comparing the PV module irradiation. Sukhtame’s comparison [21] is shown
here in terms of the ratio of the incident energy for any given mode to the energy received
under mode I. The ratios for modes II to mode V are, respectively, 1.03, 1.36, 1.26 and 1.37.
We observed that mode III, despite having single-axis tracking, provided a near identical
performance to mode V. Note that mode V has to have a two-dimensional tracking system,
and hence, it is near impractical in design and operation. Hence, in this study, only tracking
modes III and V were compared against a fixed slope system that was inclined at an angle
of 25° from the horizontal and had a southern aspect. The 25° to 30° approach has been
adopted in UK-wide projects, as it offers a near shade-free operation of the modules that
would otherwise be under the shadow of adjacent rows of modules.

In the remainder of this section, a comparison is made of the irradiations of PV
modules that were operated under the conditions of modes IIl and V and a fixed slope of
modules facing south. Table 1 shows those results, and a discussion is presented in the next
few sections.

Table 1. Solar radiation received when using mode III, mode V and a south-facing fixed slope for
Lincoln and Bhavnagar.

. M
LINCOLN ML, MIL v Beam MV, Total 7% 1/Fixed
Beam Total Slope S
ope
January 449 811 1071 1349 1069 0.76
March 1982 3219 2717 3792 3295 0.98
May 4070 6120 4427 6385 5493 1.11
July 3508 5718 3765 5892 5211 1.10
September 2248 3692 2882 4173 3731 0.99
November 532 962 1177 1513 1245 0.77
2132 3420 2673 3851 3341 1.02
BHAVNAGAR ML Nl Tot MV, Beam MV, Tot Fixed
Beam Slope
January 4300 5709 5426 6694 5633 1.01
March 6088 7740 3446 8051 6824 1.13
May 2067 4445 2083 4457 3964 1.12
July 2791 5025 2880 5076 4568 1.10
September 3830 5364 4689 6087 5265 1.02
November 5847 6828 7146 8047 6536 1.04

4154 5852 4278 6402 5465 1.07
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Modelling the Effect of Location—Tropics versus Higher Latitudes

The aim of this section was to assess the energy delivery of fixed slope and tracking
systems for near-tropic locations (such as Indian locations) and those locations that are
much higher in latitude (such as UK locations). Monthly averaged data over twenty years
for six months (January, March, May, July, September, November) from two locations,
namely, Lincoln in England and Bhavnagar in India, were used for the analysis. With
the potential of large-distance electricity transmission via high-voltage cables and green
hydrogen transport via large marine vessels, it is now feasible to use solar energy capture
near the tropics. Indeed, it may be economically advantageous to deploy such strategies
for providing sustainable energy-hungry north European markets. In this section, the
modelling results for fixed slope and tracking systems are presented, using the Mallard
Pass Solar Farm case study (Section 3); for Bhavnagar (a near-tropic, Indian location with
a latitude of 21.75 degrees north; and Lincoln, England, with a latitude of 53.5 degrees
north. Hawas and Muneer [27] showed that for the tropics, the ratio of annual global to
extra-terrestrial irradiation varies between 0.53 and 0.61. However, the ratio of annual
diffuse to extra-terrestrial irradiation varies within a very narrow range of 0.22-0.25, with
an average of 0.233 [27].

A third parameter that characterises the cloudiness index of any given location is
diffuse-to-global irradiation. This index for our two locations of interest, namely, Bhavnagar
in India and Lincoln in England, has respective values of 0.36 and 0.61. In approximate
terms, we deduced that Lincoln is roughly twice more likely to be cloudy than Bhavnagar.

Table 1 presents an interesting set of data that enabled us to compare the performance
of two types of tracking systems, namely, modes III and V, against fixed-slope systems.
The bottom row for each location shows the energy averages in Wh/m? for the six chosen
months. We note that there was only a marginal improvement in energy gain if we moved
up the ladder from mode III to mode V. The mechanism complexity of mode V thus made
it impractical, as the energy gain it offered was only 9% to 13% more than that of mode IIL
Note that mode V requires a two-dimensional tracking mechanism, as opposed to mode
III's movement in a single plane.

The last column of Table 1 shows that for a cloudy location, such as Lincoln, the energy
gain between a fixed-slope module to mode III is only 2%. This was primarily due to a
tracking module viewing only a much smaller portion of the sky with the consequence of a
loss of diffuse irradiance. Even for the clear-sky location of Bhavnagar, the gain was only 7%.

The above narrow difference between a fixed-slope and a mode IlI tracking system
will further reduce if we consider shading issues for the tracking system, which is discussed
in the section that immediately follows.

4.2. Modelling the Near-Horizon Energy Gain with High or Low Reflectance
4.2.1. Energy Exchange from the Ground to PV Modules of Fixed Inclination

The aim of this section was to use the findings of Kotak et al. [23] and Gul et al. [24]
provided in Section 2.2 to quantify the irradiance gain that is made possible by those
surfaces of high reflectance. For this study, the view factor calculation to obtain the radiance
reflected from the ground that is incident upon a PV module is detailed as follows.

Feingold [28] provided a web-based calculator for the view factor computations
that are required for radiant energy exchange between the ground and flat PV modules
that may be inclined at any given angle from the horizontal. The general link is http:
//www.thermalradiation.net/tablecon.html (accessed on 15 September 2022).

For the case of two rectangles with one common edge and an included angle of
@, the link is http:/ /www.thermalradiation.net/calc/sectionc/C-16.html (accessed on
20 September 2022).

Referring to Figure 1, the objective is to obtain the view factor that enables us to
obtain the energy reflected from surface 1 (ground) that is incident upon surface 22, which
represents a given PV module. For a given included angle of ® between surfaces 1 and 2 of
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120 degrees, with a =2 m, b = 0.5 m and ¢ = 2 m, the following results were obtained using
the latter mentioned web link.

A22

A22

d A c

b

Figure 1. Schematic for the computation of view factor A, to be incorporated for radiance from
surface 1 to surface 22. Note: surface 1 represents the ground and surface 22 the PV module. A; =1,
Fio = 0.169, Fo1 = 0.151, Fy0 = Fy.y — Fy.1 = 0.018.

Hence, the ground-reflected radiance GRR;.», that leaves surface 1 and is incident
upon the PV module (surface 22) is

GRR1.2; = pg Ig A1 Fr. (8)

where pg and Ig are, respectively, the ground reflectance and global irradiation. If we
assume an average global irradiation of 600 W/m? and use reflectance values of 0.7 for
white pebbles and 0.24 for grass, we obtain GRR1.y; values of 7.6 and 2.6 W, respectively,
which is a difference of only 5 W.

If the length of the ground surface facing the PV module was increased to b = 4 instead
of 0.5 m, the values for the two cases of using white pebbles and grass change to 36.5 and
12.5 W, with the difference between the two cases being 24 W. The latter case may thus
justify the use of pebbles instead of grass. However, the spacing of 4 m between any two
rows of PV modules may not be justifiable on economic grounds.

Note that Appendix A presents a detailed calculation procedure that is needed for
obtaining a view factor between the ground and PV modules that are represented by
surfaces 4’ and 4"'.

4.2.2. Energy Exchange from the Sky to East-West Tracking PV Modules

In this section, the effective view factor calculation that represents the actual fraction
of the sky viewed by a tracking module is presented. An explanation of this procedure
is appropriate at this stage. An unobstructed, horizontal PV module can view the entire
hemispherical sky dome. However, due to the presence of other modules nearby, the
sky view factor will sharply drop. The effective view factor is herein defined as the
difference between an unobstructed sky view factor and the view factor between two
adjacent modules.
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Let us consider the case of a row of E-W tracking modules. The spacing between the
modules is very limited, and hence, for a large inclination from the ground, a significant
portion of any given module is hidden from the sky. This will lead to a significant reduction
in sky-diffuse irradiance. An assessment of the latter quantity can be made by obtaining
the view factor between any two adjacent modules. Table 2 presents such computations for
a view factor between two parallel surfaces, each of which is inclined from the horizontal
at an angle of {3.

®=180—-p

Table 2. a. View factor between two parallel PV modules. The length and width of the module are 2
and 1 m, respectively, and the distance between the modules is 2 m. b. Effective view factor between
the sky and the module.

a
3, Degrees View Factor
15 0.040
30 0.070
45 0.090
60 0.105
75 0.115
90 0.120
b
B VF1 Effective VF
15 0.040 0.943
30 0.070 0.863
45 0.090 0.764
60 0.105 0.645
75 0.115 0.514
90 0.120 0.380

Notes:  is the inclination from the horizontal in degrees.

VF1 is the view factor between any two parallel modules that are inclined at an angle
(3 from the horizontal. ® is the supplementary angle, as shown in the above equation.

The effective VF is the net sky view factor that takes into account the blockage effect of
parallel PV modules that are separated by a distance that is close to the width of the module.

For the case of isotropic sky-diffuse radiance, the view factor between an unobstructed
sky and a horizontal PV module is 1. For a vertical module, the view factor drops to a
value of 0.5. Thus, for tracking modules, there will be a significant drop in the view factor
once the module inclination from the horizontal exceeds 45 degrees. For example, in the
case of 3 = 90 degrees, the sky view factor will drop from 0.5 to 0.5-0.12 = 0.38, resulting
in a significant loss of energy, particularly for the case of higher latitude locations that get
most of their solar energy in the form of diffuse irradiation. Figure 2 shows the relationship
between the effective view factor and the inclination angle of the module from the ground.
The effective view factor is defined as the net view factor, that is, the difference in the sky
view factor and the shading caused by the adjacent PV module.
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Figure 2. Relationship between the effective view factor and angle of inclination § of the PV module.
This relationship is valid only for the given geometry.

4.3. Modelling and Comparison of Monofacial and Bifacial Modules

This section of the article provides the results of the modelling related to the parameters
highlighted in Sections 2.2 and 2.3.

An energy yield assessment summary for a 1 MW solar project for two designated
locations is presented. The two locations are the Mallard Solar Farm in Lincoln, UK
(53.26 degrees north, 0.52 degrees east), and a potential PV site in Bhavnagar, India
(21.75 degrees north, 72.16 degrees east), as shown in Figure 3. The energy yield study was
conducted using the solar PV simulation software PVSyst for a fixed-tilt system using both
bifacial and monofacial modules.

Figure 3. Image for Lincoln (top) and Bhavnagar solar farms (bottom).
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4.3.1. Simulation Platform

PVSyst is proprietary software that is widely used in the industry and research sectors.
One of the authors of the present article was engaged by the PV installation industry to use
this software for the design of large solar farms.

PVSyst uses a 2D view factor model for a bifacial PV system, which assumes an infinite
length of array [29]. The model considers the direct and diffuse irradiance component on
the front and back sides and the reflected irradiance component reaching the rear side of
the PV. Bifacial PV can be potentially advantageous if a highly reflective ground surface
is used. This reflectivity of the ground surface is also termed albedo, which is the ratio of
reflected upward irradiance from the surface to the incident downward irradiance on the
surface [30]. It can be defined as

Horizontal reflected irradiance (HRI)

Albedo, p = Global horizontal Irradiance (GHI)

The simulation is run based on the reflecting surface of white pebbles, which has a
ground reflectivity of 0.5-0.6 [24]. The results were compared with the energy production
using a grass surface as the horizon, with a reflectivity of 0.20. Four key performance
indicators of solar PV systems are discussed here: (a) annual energy generation, (b) specific
yield, (c) bifacial energy gain and (d) performance ratio (PR), which are defined in the
following paragraphs.

4.3.2. Assessment of Solar Resource

The energy production for any given location depends on the available solar resource
in the designated area. The solar resource includes the global horizontal irradiance (GHI),
diffuse horizontal irradiance, and global tilted irradiance on the front (GTIr) and rear sides
(GTIR). The GHI is the total amount of solar energy received on a horizontal surface. This
can be calculated using

GHI = DHI + DNI. cos(9,)

Here, DNI is the direct solar irradiance from the sun and DHI is the diffuse horizontal
irradiance. The global tilted front side is the solar radiation that falls on the module’s plane
of array (POA). PVSyst uses the Perez transposition model to determine irradiance on a
tilted plane (GTI) [31]. Meteonorm version 8.0 weather data provided by PVSyst were used
for the simulation. Meteonorm is a global climate database that has a temporal resolution
of 10-20 years and a spatial resolution of approximately 3 km.

4.3.3. Simulation Parameters

Three essential parameters in defining a PV field are the pitch, inter-row distance and
ground coverage ratio. The pitch is the front-to-front or back-to-back distance between
rows in a PV field. The inter-row distance is the front-to-back distance between rows. The
row width and pitch ratio define the ground coverage ratio (GCR). As the ground coverage
ratio increases, the energy generation per module will decrease due to the shading from
adjacent rows of modules. The simulations were run for a module incline of 25°, 0.6 m
ground clearance height and pitch of 8.35m. The inner row distance was considered to be
4 m. One essential parameter is the bifaciality factor of the module. The bifaciality factor
can be defined as the rear-side-to-front-side module efficiency ratio [32]. This work used
the PV manufacturer (JA Solar)-specified bifaciality factor of 0.7.

5. Simulation Output

The simulation results are presented in Table 3. We can see that the total available GHI
in Lincoln was 1.8 times less than the GHI in India. The annual GTI was 1207 kWh/m?
for Lincoln and 1991 kWh/m? for Bhavnagar, corresponding to gains of 17.6% and 7.9%,
respectively, above the GHI in the two locations. The average temperature in Bhavnagar
was much higher than in Lincoln by as much as 17.2 °C.
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Table 3. Simulation parameters and output for the ground albedo of 0.5.
Site Location Lincoln Bhavnagar
Available solar resources
Global horizontal irradiance (kWh/m?) 1026 1846
Diffuse horizontal irradiance (kWh/m?) 549 878
Global tilted irradiance (kWh/m?) 1207 1991
Ground reflection on the rear side (kWh/m?) 109 200
Average ambient temperature (°C) 10.13 27.33
PV system components
Module manufacturer JA Solar JA Solar
Module power (kWp) 540 540
No. of modules 1856 1856
Inverter manufacturer SMA SMA
Inverter capacity (kWp) 100 100
No. of inverters 9 9
Simulation output
Total installed capacity (kWp) 1002 1002
Declared net capacity (kW) 900 900
Specific yield (kWh/kWp/year) 1132 1778
Generation (MWh/year) 1134 1782
Performance ratio (PR) 93.80% 89.28%
P10 * (MWh) 1184.1 1852.7
P50 (MWh) 1134 1,782
P90 (MWh) 1084.7 1,712

888

120

g

Energy [MWh]
[+2]
Q

[ R
(===l

JAN

* Refers to 10 as a percentile.

The outcomes of these simulations were as follows.

The bifacial energy gain (Bg) increased with the ground albedo. At a module tilt of
25°, the gain for a ground albedo of 0.5 (albedo of white pebbles) was 6.5%. For a ground
albedo of 0.2 (grass), the bifacial energy gain was 2.8%.

As seen in Table 3, the annual specific yield of the Bhavnagar PV plant was found to
be much higher than Lincoln by 646 kWh/kWp/year. The specific yield is the amount
of energy (kWh) produced for every kWp of the module over a particular time. The P50
showed that the probability was 50% that the annual energy production exceeded 1134 and
1782 MWh for Lincoln and Bhavnagar, respectively. This value certainly decreased for
the P90 to 1085 and 1712 MWh. The overall performance ratio of the Lincoln Solar Farm
was higher (94%) than Bhavnagar (89%). This can be understood from the definition of
PR, which is the ratio of cumulative specific energy yield and the available plane of array
irradiance over 1000 W/m? (standard test condition). However, the monthly performance
ratio remained almost the same for both locations. Figure 4a,b present the output.

Energy_Lincoln Energy_Bhavnagar
250

Energy [MWh]

MAY JUN JUL AUG SEP OCT NOV DEC JAN  FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

FEB MAR APR
Month Month
1E_array_Mono ®E_array 0.2 ®E_array 0.5 ®E_array_Mono ®E_array 0.2 ®E_array 0.5
(a) (b)

Figure 4. Monthly energy generation of the (a) Lincoln Solar Farm and (b) Bhavnagar Solar Farm.
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Regardless of the ground surface, the total energy produced in Bhavnagar was
1.5 times more than the energy produced at Lincoln. The energy production decreased
during summer at Bhavnagar due to higher turbidity and a higher ambient temperature,
which causes reduced PV cell efficiency. The typical temperature at this location was
higher during summer, and the overall ambient temperature was around 30 °C. An energy
reduction during summer can be observed in Figure 4b, whereas for Lincoln, the energy
yield was optimised for the summer (Figure 4a). This can be explained by the total available
irradiance at the location. For example, in the UK, the in-plane irradiance was significantly
lower during fall and spring (17-50 kWh/m?). However, during summer, the temperature
at Lincoln was much lower (11-17 °C) than at Bhavnagar. The irradiance rose, which
caused the power output to increase.

Figure 5 shows the performance ratio for the two farms. The analysis presented for
a 1 MW farm facility to estimate annual energy generation may be used to predict the
performance of solar farms of any capacity by scaling up or down.

PR_Bhavnagar PR_Lincoln

100%
90%
80%
0%

50%
40
30%
20%
10%

PR [%]

0%

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC JAN  FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
Month Month

WPR_Mono MPR_Bi_0.2 mPR_Bi_0.5 WPR_Mono MWPR_BIi_0.2 mPR_Bi_05

(@)

(b)
Figure 5. Monthly performance ratio of the (a) Lincoln Solar Farm and (b) Bhavnagar Solar Farm.

6. Economic Assessment

In an attempt to compare the economics of monofacial versus bifacial modules, a PV
industry analyst, namely, R Balyon, presented a report called LCOE of Monofacial vs Bifacial
Modules: Are Bifacials Worth the Extra Cost? [33].

The above article mentioned that bifacials have a higher energy yield of 6% to 10%
compared with traditional monofacial modules. Table 4 presents the analysis of Balyon.
We note that the capital cost of bifacial modules is only 3.3% higher and the levelised cost
of energy 0.9% lower for the bifacial-module-based power plant.

Table 4. Economic comparison of Bifacial against monofacial PV power plants.

Monofacial Bifacial
Module cost, USD/W 0.305 0.315
Energy index, kWh/kW /year 1629 1650
Generated energy over 25 years, GWh 191 193.4
LCOE, USD/kWh 0.0224 0.0222

The present authors also undertook a brief economic assessment of the above two
systems based on a 1 MW plant that was simulated in PVsyst software and using the
current industry price quotes. The following analysis was prepared that compared a
monofacial plant with a grass horizon against a bifacial plant that alternatively used grass
(reflectance = 0.2) and white pebbles (reflectance = 0.5) for the horizon. The aim was to
enhance the reflected irradiance on both the front and back sides of the PV module. It was
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found that for the 1 MW plant, the annual energy generation for the above three cases
were, respectively, 1092, 1133 and 1174 MWh/year. Using the cost data from Balyon’s work
mentioned above, the above LCOE for a bifacial module with grass as the horizon was
found to be 2% lower than a monofacial module with the same horizon. However, with
white pebbles being used for the horizon for bifacial modules, the cost dropped by 6%
when compared with monofacial modules with grass as the horizon.

7. Conclusions

Within the past decade, the effects of the rapidly changing climate and its devastating
effect on humans, animals, plants, buildings, structures and shorelines have been strongly
felt. Governments are therefore finally reacting to this challenge and policy measures are
being introduced across the globe. Furthermore, in the year 2022, the war in Ukraine has
resulted in an unprecedented rise in the cost of gas that is the backbone of heating systems
in Europe. That cause has also led to an urgent review of energy policy, with proposals for
a shift to solar and wind energy. The present study assessed the energy generation of fixed-
slope bifacial and monofacial PV module technology in terms of energetic performance
and a brief economic analysis. This work also included a comparison of the irradiation of
fixed versus tracking modes.

A review of five modes of PV module tracking of the beam solar energy receipt was
undertaken. In this article, very early on, it was shown that one-dimensional tracking in
the east-west plane provided a performance that was close to a two-dimensional tracking
system. Furthermore, using a twenty-year dataset from two locations, namely, Lincoln in
England and Bhavnagar in India, it was demonstrated that a fixed-slope system facing the
equator provided a healthy energy receipt that was a high fraction of the energy receipt
of a tracking system. The fixed-slope system has the advantage that it is not subject to
shading issues that are to be experienced in a tracking system, with the shade being caused
by modules being nearby.

The energy gain influence of using higher reflectance near the horizon was also carried
out using a detailed view factor analysis. It was shown that for a near-horizon of 4 m,
which is a commonly used parameter in the design of solar PV farms, the replacement of
grass that had an albedo of 0.24 with white pebbles that had an albedo of 0.7 resulted in an
energy gain of 24 W under average irradiance conditions.

Bifacial modules were modelled using commercial PV design software (PVsyst). It
was found that for a higher latitude, such as Lincoln in England, the annual fraction of
solar energy that may be converted to electricity was 0.253. The corresponding fraction
for a low-latitude location, such as Bhavnagar in India, was 0.241; the lower figure was
due to the much higher ambient temperature, which reduced the cell efficiency. Note,
however, that the amount of annual electrical generation was much higher for Bhavnagar,
i.e., 1782 MWh instead of 1134 MWh for Lincoln. The latter was due to the much higher
solar energy income for Bhavnagar.

Based on the results, it can be concluded that regardless of the PV system installation
location, the benefit of bifacial PV was quite apparent. The energy gain achieved compared
with monofacial PV might appear to be a small value (2.8-6.5%); however, in the long run,
the investor can take advantage of a lower payback period and higher return on investment
from the large-scale deployment of bifacial PV. A case study conducted by the present
research group showed that the UK’s levelised cost of electricity (LCOE) of the bifacial PV
system can be 7% lower than monofacial PV, even for a grass-based horizon. Currently, the
bifacial PV offers a 30-year lifetime, which is also an added benefit. As shown in Table 1,
both the Lincoln and Bhavnagar PV sites attained the benefits of reflective irradiance at
the rear side of the module, and the Bhavnagar site received two times more reflected
irradiance (200 kWh/m?) than Lincoln (109 kWh/m?). This fact justifies the use of a higher
reflective ground surface underneath the module to utilise the full potential of bifacial
PV. For countries such as the UK, which receive more diffuse than direct solar irradiance,
bifacial PV can provide a valuable opportunity.
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The current literature is suggesting that bifacial modules offer a higher energy yield
of 6% to 10% compared with traditional monofacial modules. Using data provided in the
literature, the LCOE for a bifacial module with grass as a horizon was found to be 2% lower
than a monofacial module with the same horizon. However, with white pebbles being
used for the horizon for bifacial modules, the cost dropped by 6% when compared with
monofacial modules with grass as the horizon.

In conclusion, it can be said that the deployment of large-scale solar farms can bring a
positive change towards sustainable development in society and contribute to the circular
economy. Most importantly, the growth of solar farms will drive a remarkable drop in
solar energy prices, and thus, eradicate energy poverty around the globe. This can lead
to attaining Sustainable Development Goal 7 (SDG 7), which aims to achieve low-cost
clean energy for everyone by 2030 [34]. Another benefit of solar farm deployment worth
mentioning is its economic value. Apart from creating employment opportunities, micro-
enterprise growth in developing countries can bring potential community benefits. Some
examples are cost-effective electricity in health facilities, education centres and lighting
people’s houses. These facilities will eventually provide access towards a healthy life for
underprivileged people, thus achieving the SDG’s first goal (SDG 1), i.e., reducing poverty.
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Appendix A

View factor analysis for radiance exchange between the ground and PV modules 4/
and 4 (see Figure Al):

1

Fip_y = 245, [A12-Fip_34 — Ay Fo_3+ A1 -Fi_4] (A1)
1
Fio_4y = E[A12’F12—33’44’ — Ay Fy_s3 + A1-Fi_yy] (A2)
1
Fip_gyryr = A1 [A12-Fip_ayaraargr — Ax-Fy_sgan + Ar-Fy_yygr] (A3)
Fip 34 = 0.0098475, Fy_5 — 0.0096123, F;_4 — 0.0035225 (A4)
F12_33/44/ - 0015225 F2_33/ = 00146906, F1_44/ = 00043127 (A5)
F12_33/3//44/4// = 001754:1, F2_33/3// = 0016835, F1_44/4// = 000459 (A6)
Ay =20, Ay =18, A} =2 (A7)
which leads to

Fioy =Fppgw —Fp g = (A8)
Fio_gr = Fip_ggyn — Fip gy = (A9)

The view factor between the ground and 4’ and between the ground and 4" will be
double the above respective values.
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Figure Al. Configuration of two PV modules (half module shown as 4’ and 4'’) and the support-
ing stand (shown as 4). The foreground is represented by areas 1 and 2. Dimensions: al = 1.42,
a2=2,a3=2,b=4,cl =0.5and c2 =4.5. All dimensions are in metres. The chosen PV module had
Prax, stc = 410 W and dimensions of 2 x 1 m.
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