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Abstract

The study evaluates the thermal and energy performance of photovoltaic modules in
an agrivoltaic system in Benin, west Africa. This was done by employing three sets of
heat transfer coefficients: Faiman, Benin, and Blren into the Faiman module-
temperature prediction model. The dataset for this study extends from April to July
2023, marked by high ambient temperatures exceeding 30°C. According to the
findings, the cooling effect was significant for the results of Biren coefficients, and
the agrivoltaic system generated up to 3.0% more energy than the non-agrivoltaic,
especially at higher module temperature ranges of 40 °C - 55 °C. The Benin
coefficients demonstrated a moderate cooling effect, evidenced by a positive energy
yield difference of up to 1.0% in the month of May. However, the cooling effect
reduced in the hotter month of July resulting in a -1.0% energy difference between the
two systems. The Faiman coefficient, on the other hand, demonstrated no cooling
effect, as shown by consistently yielding negative energy differences, especially in

May (-1.0%).

The statistical analysis indicates that the Faiman coefficients provided a closer fit to
the actual Benin-derived temperatures (R* 0.99 and MAE: 0.54 °C). Whereas the
results from the Biren coefficients showed the strongest cooling effect, achieving a
reduction in module temperatures of up to 4°C relative to the non-agrivoltaic system.
The findings highlight the need for site-specific coefficient tuning to enhance the
accuracy and the reliability of the findings.

Keywords: Agrivoltaic (APV), Photovoltaic (PV), Thermal Analysis, Cooling Effects,
Integrated PV
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Chapter 1: Introduction

1.1.  Background of the study

The world population increases each year and is projected to continue increasing in the
next decades [1,2]. This results into land-use conflict for agriculture, power plants and
other infrastructures due to an increase in basic needs such as energy, shelter, and food.
Over the years, the energy sector has been dominated by fossil fuels which contribute to
global warming [3]. In addition, the International Energy Agency (IEA) [4] and other
sources [5,6] indicated that the energy sector contributes around 73% to the global
greenhouse gas (GHG) emission. Therefore, there is a need to transition to cleaner sources

of energy such as the photovoltaic (PV) technology.

PV technology is a widely adopted renewable energy solution that directly convert
sunlight into electricity, providing a sustainable substitute of fossil fuels [7]. As nations
strive for renewable energy adoption goals to combat climate change, the large-scale
deployment of PV systems has grown significantly. In addition, the IEA has projected that
about 6000TWh will be generated from PV by 2050 [8]. Nonetheless, a primary problem
linked to the widespread PV installation is the enormous land requirement [9], which
sometimes results in land-use conflicts, especially in countries where arable land is limited
[10]. This issue is exacerbated by the heat island effect, wherein, large-scale PV
installations may cause raised local temperature due to heat absorption and restricted

cooling mechanisms, as per the findings of Barron-Gafford et al. [11].

Innovative strategies are being explored to enhance land use efficiency by integrating PV

systems with alternative land uses, including agriculture. This method, referred to as
1



agrivoltaic, entails the simultaneous use of PV panels and crops on the same piece of land
for energy generation and crop production as shown in Figure 1.1. This dual-use strategy
IS becoming increasingly significant as it has the potential to minimise land-use conflicts,
enhance land productivity, and promote the sustainability objectives of various sectors

e.g. the energy and agriculture sectors.

Figure 1.1: Agrivoltaic system in Kressbonn, Germany [12]

A notable undesirable property of PV technology is the temperature sensitivity of solar
panels. As solar cells / PV panels increase in temperature, their power generation capacity
considerably reduces. The reduction in the power output can go up to 0.5% for every
degree rise in temperature, when the temperatures are above 25°C [13,14]. This reduction
in efficiency is typically due to the thermal properties of the PV materials, wherein the
higher temperatures result in increased resistive losses and a decrease in output voltage.
Consequently, regulating the thermal conditions of PV panels is essential for sustaining

their performance, especially in areas with high ambient temperatures.



The temperature sensitivity issue of PV modules could potentially be improved by the
concept of agrivoltaic. This unique arrangement results in a shared light environment
where the solar panels positioned above a portion of the crop, cast shadows, and
subsequently create a distinct microclimate in the growing area [15,16]. This shift in
microclimatic conditions can have implications on the operating temperature of PV panels
[17]. Therefore, it is important to determine the effect of the microclimate changes on the

operating temperatures of PV modules in agrivoltaic systems.

For example a study Williams et al. [18] in the United States found that the temperature
of PV modules in an agrivoltaic system mounted at 4m high were found to be 10°C cooler
compared to PV modules mounted at 0.5m on bare soil. Similarly, another study in the
United States by Barron et al. found that the air temperature within the microclimate of
Agrivoltaic system were about 1.2°C cooler during the day compared to the air
temperature in non-Agrivoltaic systems [15]. More studies such as [15-17,19] were also
able to show how strongly crops and modules can influence the microclimate in

Agrivoltaic systems.

Although a few studies have recognized the potential cooling effect of Agrivoltaic systems
on PV modules in one type of conditions such as the USA, these findings may not be valid
in other conditions. In addition, the degree of cooling has not been extensively
investigated yet especially in conditions such as tropical climates. A significant number
of research is focused more on assessing the impact of microclimate on crop yield and less
focus on the yield of PV modules in agrivoltaic systems. It is important to investigate the
thermal performance of modules in agrivoltaic systems due to the significant effect it has

on the power output of PV modules. To achieve this aim, it is necessary to understand the



photovoltaic theory, module temperature prediction models and most importantly the

microclimatic changes in Agrivoltaic systems.

Therefore, the study aims to assess whether PV modules in agrivoltaic systems experience

lower temperatures due to the influence of plants as hypothesised by numerous studies.

1.2.  Statement of the problem / Motivation

The temperature of PV panels increases during operation, which significantly reduce the
output power of the panels by up to 0.5% for each degree increase in temperature above
25°C. The presence of crops in agrivoltaic systems could potentially lead to cooler PV
panels which could result in improved energy production. However, this cooling effect
remains uncertain in most of the studies as it has not been extensively investigated,

especially in various climate conditions.

In addition, there are not many agrivoltaic plants globally that can provide experimental
data to assess the effectiveness of the cooling effect due to the presence of crops
underneath the PV panels. It is also possible that the heat flux mechanisms and
microclimate formation in some climates may not replicate the cooling benefits as

observed in some regions.

1.3.  Objectives of the study / Purpose

The goal of the study was to assess whether the integration of crops underneath the PV
panels in agrivoltaic systems potentially results in any cooling effect in comparison to

non-agrivoltaic systems. The term non-agrivoltaic system in this study refers to the



conventionally installed PV plants without crops underneath the panels. The study also
aims to quantify the extend of the cooling effect (if any) and analyse the resulting energy
performance of the panels within the two systems. The analysis was done using the
reference dataset obtained from an agrivoltaic system in Benin, West Africa, which has a

tropical climate condition. This goal was achieved by realising the following objectives:

a. Predict the operating temperature of PV modules in agrivoltaic systems and non-
agrivoltaic installations using a suitable model for predicting module
temperatures.

b. Analyse the thermal performance of PV modules in agrivoltaic systems compared
to PV modules in non-agrivoltaic systems.

c. Investigate whether PV modules in agrivoltaic systems experience lower
temperatures and quantify the extent of any cooling effect.

d. Assess and compare the impact of thermal performance on the energy output of

PV modules in both Agrivoltaic and non-Agrivoltaic systems.

1.4.  Thesis layout

Chapter 2 provides a comprehensive overview of the Agrivoltaic concept, including the
potential opportunities, and constraints associated with the implementation of Agrivoltaic
systems. The photovoltaic theory, which explains how electricity is produced in a solar
cell, is covered in chapter 3. The variations on the I-V curve are used in this section to
further illustrate how the external factor (the microclimate in this case) affect the
performance of PV module. This section also analyses the causes and heating effects in
solar modules. Chapter 4 compares various module temperature prediction models. The

causes and impacts of heat in a module are also analysed and the possible cooling

5



techniques are outlined. Chapter 5 outlines the location where data was collected, the type
of data collected and how it was collected. It also describes the tools used to analyse and
how the data was analysed. The modelling of PV panel temperature and tuning heat
transfer coefficients are discussed in Chapter 6. Furthermore, Chapter 7 lists and discusses
the results obtained. It connects the findings of the literature and scientific theories to
analyse the data. Lastly, chapter 8 draws conclusion and make recommendation

respectively.



Chapter 2: Agrivoltaics systems

2.1.  Overview and development of agrivoltaic

Agrivoltaic involves the simultaneous use of land for both agricultural practices and the
generation of PV solar energy [12]. As illustrated in Figure 2.1, agrivoltaic systems are
categorised as either open or closed systems, with structures that range from interspace
PV to opaque buildings. Typical applications include aquaculture, horticulture, arable

farming, and grassland which produce staple foods and animal feed.

AGRIVOLTAICS

System

Structure Interspace PV Stilted, overhead

Fixed, single axis,

Typical PV module tilt tracking BUEEERELE LTI STl

Classification

Typical agricultural
products

Animal feed, meat

m e
il o Graln,
L N ¥ oleaginous crops
and agricultural e of Ia
machinery

Examples

*Mao agrivaltaic application in the strictest sense

Figure 2.1:Classification of agrivoltaic systems [12]

Historically, the concept of Agrivoltaic was first proposed by Prof. Goetzberger (founder
of Fraunhofer ISE) and Dr. Zastrow in 1981 as shown in Figure 2.2(A) [20]. The concept

involves the elevation of PV modules up to 5m to allow crops to grow below the modules



as illustrated in Figure 2.2 (B) [12]. The vertical clearance of the module structures is
typically determined by the type of crops to be grown and the agricultural machinery to
be used [12]. The progression of agrivoltaic from limited trials to extensive initiatives has
been influence by technological advancements, favourable polices, and an increasing
demand for sustainable land management practices [21]. According to various reviews
and reports, the technology has increased globally from 5MW, in 2012 to more than

15GW, in 2021 [12].

Figure 2.2: Sketch of the agrivoltaic idea in 1981 by Prof Goetzberger et al (A) [20].
Implementation of the agrivoltaic idea in real life systems (B) [12]

Advantages and possibilities of Agrivoltaic

Agrivoltaic presents a range of advantages and possibilities, positioning itself as an
effective approach for maximizing land utilization, improving agricultural output, and
producing renewable energy. The integration of solar energy generation with agricultural
practices presents a strategic solution to the concurrent issues of fulfilling global energy
requirements and maintaining sustainable food production. This section examines the
ways in which Agrivoltaic can optimize land productivity, enhance resource efficiency,

and contribute to the performance of PV modules.



e Improving land productivity and resource utilisation

As illustraed in Figure 2.3, agrivoltaic systems are engineered to optimize land
productivity by facilitating concurrent agricultural activities and solar energy production.
This dual-use approach optimizes land productivity and serves as a strategic solution for

areas experiencing land-use conflicts or scarcity [12,21].

f | Y

100 % potato cultivation and 100 % solar power generation 103 % potato cultivation and _
. = 186 % land-use efficiency
83 % solar power generation

Figure 2.3: Dual use of land to promote land use efficiency [12].

¢ Enhancing Land Equivalent Ratios (LER)

The Land Equivalent Ratio (LER) quantifies the overall productivity of agricultural and
energy outputs in agrivoltaic systems, relative to utilizing the same land area for a singular
purpose [22]. An LER exceeding 1.0 signifies that the combined utilization of the land
yields higher productivity compared to its individual use for agriculture or solar energy
[12]. In a study conducted by Dupraz et al. [22] in southern France, it was observed that
Agrivoltaic systems attained a Land Equivalent Ratio (LER) ranging from 1.35 to 1.70.
This suggests that the overall productivity of the land increased by as much as 70% when
crops and solar panels were used in conjunction. The precise value of the LER is

contingent upon various factors, including:



v The performance of various crop types varies significantly based on light exposure.
Leafy vegetables, including lettuce and spinach, generally thrive in partial shade,
leading to increased Land Equivalent Ratios (LERS). In contrast, sun-loving crops like
wheat and corn typically show reduced LERSs under similar conditions.

v The configuration of the system, including the spacing, tilt angle, and height of the PV
panels, plays a crucial role in determining the amount of light that reaches the crops
and the resulting shading effects. These factors can have a substantial effect on both

agricultural yields and energy generation [23].

Alongside the LER, the notion of solar sharing efficiency can be examined to assess the
performance of agrivoltaic systems. The efficiency of solar sharing quantifies how
effectively crops harness sunlight that is not directly transformed into electricity by solar
panels. For example, agrivoltaic projects that utilize elevated PV arrays or adjustable
panels can enhance solar sharing by modifying panel positions in response to crop

requirements, thereby improving land productivity.

e Enhancing Water Conservation and Optimizing Water Utilization

Agrivoltaic systems offer a significant advantage in conserving water and enhancing water
use efficiency within agricultural practices. The installation of solar panels establishes a
microclimate that effectively lowers evapotranspiration rates by offering shade to the
crops and keeping soil temperatures cooler. The decrease in evaporation is especially
advantageous in arid and semi-arid areas, where the challenge of water scarcity is

pronounced.

10



Research indicates that agrivoltaic systems can lead to a reduction in evapotranspiration
rates up to 20% , influenced by factors such as climate, crop type, and panel configuration
[15,21,24]. In dryland farming regions of Arizona, research indicated that the installation
of PV panels led to a decrease in soil moisture loss. This facilitated the growth of crops
like chili peppers and tomatoes, which required less irrigation than those grown in non-
agrivoltaic fields. The capacity to conserve water via agrivoltaic effectively lowers
agricultural production costs while simultaneously promoting sustainable farming
practices by reducing the environmental consequences associated with water

consumption.

e Improved agricultural productivity and adaptability to changing climatic

conditions

Beyond conserving water, the partial shading effect of agrivoltaic systems offers
advantages for crops by mitigating heat stress and safeguarding them from severe weather
conditions, including hail, high winds, and intense solar radiation [12]. In areas
characterized by elevated temperatures, the presence of solar panels provides shade that
can reduce the surrounding ambient temperature for crops [25]. This reduction plays a
significant role in alleviating heat stress and enhancing the crops' resilience to fluctuations
in climate. This microclimate has the potential to establish a more advantageous
environment for specific crops, which may result in increased yields and enhanced crop

quality.

11



2.2.  Microclimates in Agrivoltaic systems

As illustrated in Figure 2.4, microclimate refers to a localised climate conditions, such as
temperature, humidity, wind speed and light levels, created under and around the solar
modules in agrivoltaic systems [26]. Analysing the factors that affect microclimate
formation and the subsequent advantages is crucial for enhancing the design and

management of agrivoltaic systems.

Macroclimate Less
Variable

—

More
Variable

Microclimate

-

100m"

Figure 2.4: lllustration of a microclimate in an Agrivoltaic system [26]

Factors affecting the development of microclimates.

Various environmental factors play a significant role in the development of microclimates
within agrivoltaic systems, such as humidity, soil moisture, wind speed, and
evapotranspiration. The interaction of these factors beneath the partial shade of PV panels
results in cooler and more humid conditions relative to open fields, which subsequently

affects agricultural productivity and solar panel efficiency [15].

12



e Moisture content in the air

The presence of PV panels creates partial shading, which diminishes the direct sunlight
exposure on the soil surface. This results in a decrease in soil temperatures and a reduction
in the evaporation of soil water. The relative humidity beneath the panels is generally

elevated compared to that in open fields [15].

e Soil moisture

The presence of shading from solar panels effectively reduces the rate at which soil water
evaporates, leading to enhanced conservation of soil moisture levels. In areas where water
resources are scarce, sustaining elevated soil moisture levels can significantly benefit crop

development [16,27].

e Velocity of Wind

The installation of panels has the potential to decrease wind speeds at ground level by
serving as a physical barrier. This interference with airflow results in the formation of a
more stable air layer beneath the panels. The decrease in wind speed may yield varying

impacts on crop growth [15].

e Evapotranspiration

Evapotranspiration is the process by which water is transferred from the land to the

atmosphere through evaporation and transpiration. Research indicates that
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evapotranspiration rates in agrivoltaic systems can be diminished by over 20% relative to
open fields, influenced by factors such as climate, crop type, and the arrangement of solar
panels [15]. Reduced evapotranspiration may lead to lower ambient temperatures,
potentially enhancing the efficiency of PV modules by minimizing energy production

losses associated with elevated temperatures.

Heat flux assessment in agrivoltaic microclimates

Soll moisture

O +0QF=0H+ 0t +AQs + AQw (Wit )
Q@ = net all-wave radiation (solar and terrestrial)
& OF = anthropogenic heat flux

t Q+ = sensle heat flux (atmospheric heating)

t Qe = latent heat flux (or evapotranspiration)

‘ AQs = net storage heat fux

Qv = energy transferred through
energy production

Figure 2.5: Changes in the exchange of heat fluxes with transition from a vegetated
ecosystem (a), traditional PV installation (b) and finally to an Agrivoltaic system (c)
[15].
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Figure 2.5 compares the heat fluxes in a vegetated ecosystem and non-vegetated
ecosystem (which are the majority of PV systems). Theoretically, the presence of
vegetation under PV modules could potentially alter the exchange of the heat fluxes within
the microclimate and contribute to a cooler module temperature [15]. Assuming identical
rates of incoming solar energy (dashed yellow arrows), when a vegetated ecosystem (a)
transitions to a solar PV installation (b), the energy flux dynamics of the area will be
dramatically altered due to the loss of vegetation and the resulting latent heat fluxes (blue
arrows). Increased fluxes of sensible heat (indicated by the red and orange arrows) result
from transitioning to non-agrivoltaic systems, raising localised temperatures. The
restoration of latent heat fluxes and sensible heat loss to the atmosphere are achieved by
reintroducing vegetation (c), in this instance agricultural plants. Additionally displayed
are the amounts of energy that PV panels convert to electricity (green arrows) and
reradiate (teal arrows) and. The extent of each effect is correlated with the size and

abundance of arrows [15].

Therefore, theoretically, it can be hypothesised that the microclimate in agrivoltaic
systems provides cooler air temperature than air temperature between the ground and PV

panels.
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Summary of the microclimate findings:

The influence of crops on the panels was studied by Marrou et al. [16,17] and by Jung
[27] who measured how the air temperature, wind speed, soil temperature, solar radiation,
soil moisture and evapotranspiration change within the microclimate compared to a

traditional agricultural setting.

Marrou et al. [16] found that neither the microclimate air temperature nor the wind speed
was greatly influenced by the presence of crops which was in contrast with the findings
of Trommsdorff et al. [12] and Barron et al. [15]. The contrasting findings can be
attributed mainly to the design of the system, particularly the height of the PV modules.
On the other hand, all the studies found significant reduction in water loss through

evapotranspiration in the agrivoltaic system than in the normal agricultural control setting.

Similarly, a study by Kuleape et al. [26] modelled the heat fluxes and evapotranspiration
within the microclimate and found that the soil temperature reduced by 17% while the
evapotranspiration reduced by 10-15%. A significant number of these studies, except for
Barron et al. [15], compared their findings to those of a typical agricultural system
"control,” but not always to those of a standard PV system. Consequently, it is necessary
to evaluate how well PV modules function in an agrivoltaic setting in comparison to PV
modules installed traditionally. This will give farmers and PV developers insights into
what to anticipate in terms of energy yield from the modules when integrated into

agricultural setting as opposed to a typical installation.
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2.3. Examination of the challenges and limitations of Agrivoltaic systems:

Technology and Finance

The potential benefits of agrivoltaic are evident; however, the adoption of this technology
faces significant technological and financial barriers that complicate large-scale

implementation. These challenges are such as:

e High capital costs

The initial investment required for agrivoltaic systems tends to exceed that of conventional
solar or agricultural configurations. The increased expense is linked to the installation of
elevated PV arrays, which need to be positioned at a height that permits crop growth and
the operation of agricultural machinery while also ensuring adequate sunlight exposure

for the crops [12].

A study conducted by Trommsdorff et al. [12] indicated that agrivoltaic systems may incur
installation costs that are over 20% higher than those associated with standard ground-
mounted solar installations. The presence of these additional costs could discourage
potential adopters, particularly among small-scale farmers who have constrained financial
resources. Thus, the profitability of these investments is contingent upon the integration
of revenue generated from both agricultural products and electricity sales [28]. The
fluctuations in crop prices and energy tariffs introduce additional complexities to the

financial planning of agrivoltaic projects.

e Design Considerations for Various Crop Categories

Designing PV structures to support a diverse range of crops presents a multifaceted

challenge, given that each crop possesses unique requirements for light, water, and space.
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Crops that exhibit significant height, such as corn or sugarcane, necessitate greater panel
elevations in contrast to shorter crops like lettuce or herbs. The differences in crop heights
require adaptable designs that can be modified to accommodate various farming methods

[23].

e Examination of Policy and Regulatory Issues

The absence of well-defined regulatory frameworks for dual-use land practices in various
countries, impedes the implementation of agrivoltaic systems. In numerous areas, there is
a lack of established policies concerning zoning regulations, land-use permits, and tax
incentives relevant to agrivoltaic installations [12]. To facilitate the growth of agrivoltaic
adoption, it is essential for governments to implement clear policies that promote dual-use

practices and offer financial incentives to mitigate the elevated initial costs.
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Chapter 3: Photovoltaic Technology

3.1. Fundamentals of photovoltaic energy transformation

The sun provides 99% of the energy on earth in the form of solar radiation [29]. However,
due to atmospheric absorption and scattering, only a small percentage (<50%) reaches the
earth surface [30]. Solar radiation is composed of tiny energy packets known as photons.

The energy of these photons can be determined using Planck’s law, expressed as:

Eph=h><v 3.1

Where E,, is the energy of the photon, v is the frequency of light and h is Planck’s

constant.

The intensity of solar energy received at a specific area on the earth surface is known as
the solar irradiance, expressed in watts per square meter (W/m?). Solar irradiance is

typically measured three ways, known as:

e Direct Normal Irradiance (DNI), which is the solar radiation received directly on a
surface that is oriented perpendicular to the incoming rays.

e Diffuse Horizontal Irradiance (DHI), which refers to the amount of solar radiation
received per unit area on a horizontal surface from the earth's atmosphere, excluding
direct radiation.

e Global Horizontal Irradiance (GHI), defined as the total of Direct Normal Irradiance

(DNI) and Diffuse Horizontal Irradiance (DHI) received on a horizontal surface.
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The albedo effect

The albedo effect describes the amount of sunlight a surface (e.g. grass, crops etc.) is able
to reflect back into the atmosphere. The albedo coefficient varies between 0, indicating a
perfect absorber, and 1, representing a perfect reflector. In agrivoltaic systems, the albedo
varies between 0.2 and 0.3, influenced by factors such as vegetation and soil moisture,

which affects the overall energy captured by bifacial PV modules [31].

3.2. Photovoltaic effect

The process of generating electricity in a solar cell is based on the photovoltaic effect,
which involves the direct conversion of light energy into electrical energy [32,33].
Photovoltaic panels are composed of numerous solar cells, which are fundamentally p-n
junctions created by the combination of p-type and n-type semiconductor materials. In a
p-n junction, the p-type material is formed by doping a semiconductor material e.g. silicon
with elements from group 11 of the periodic table, which creates holes as positive charge
carriers. On the other hand, the n-type material is formed by doping a semiconductor
material e.g. silicon with elements from group IV of the periodic table, which creates
electrons as negative charge carriers. This junction establishes an electric field at the

interface, which is essential for charge separation [34].

When photons hit the solar cell, they can impart their energy to electrons in the valence
band, enabling these electrons to transition to the conduction band if the energy of the

photon is greater than or equal to the bandgap energy (Eg), of the cell. This process
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generates electron-hole pairs. Electrons are excited into the conduction band while
corresponding holes are left in the valence band. The electric field established at the p-n
junction causes electrons to migrate towards the n-type region while holes move towards
the p-type region, resulting in a potential difference across the junction [35]. When the
cell interfaces with an external circuit, the separated charges migrate, producing an electric

current that can be utilized for power generation.
The band gap energy of a solar cell is given by:

E, =E.—E, 3.2

Where Ej is the bang gap energy, E. is the conduction band energy and E, is the valence

band energy.

(a) (b)
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E. E
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E@ generation of +
an electron-hole pair thermalization, £ > E_

Figure 3.1: Illustration of the generation of an electron-hole pair when E,,,, = E; (a).
While (b) demonstrates thermalisation which happens when a photon with enrgy E,, >
E,4, excites an electron above the conduction band edge [36].

When an external circuit is connected to a solar cell, the potential difference generates an
electric current, transforming absorbed light energy into usable electrical energy. The

effectiveness of this process is determined by several factors, including the incident
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photons' energy in relation to the band gap, doping levels, material quality, and cell design.
Photons with energies less than the band gap do not generate electricity, but those with
energies much higher than the band gap lose extra energy as heat. This process continues
if light strikes the solar cell, allowing for the continued creation of electrical energy from

sunlight [29].

3.3.  Categories of PV Technologies

There are various types of PV technologies, including:

e Monocrystalline Silicon Solar Cells

Monocrystalline silicon cells exhibit a single, continuous crystal structure, contributing to
their notable efficiency, which can surpass 22% in commercially available products [37].
The manufacturing process requires significant energy due to the necessity of growing
single crystal ingots and subsequently slicing them into wafers. Monocrystalline cells
incur higher costs in comparison to alternative types. Their high efficiency makes them
appropriate for scenarios with spatial constraints, including rooftops and small-scale

residential setups.

e Polycrystalline Silicon Solar Cells

On the other hand, polycrystalline cells consist of silicon crystals that have been fused
through a melting process. The efficiencies typically fall within the range of 15-18%,

primarily due to grain boundaries that obstruct electron flow [35]. The manufacturing
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process for these cells is less energy-intensive, resulting in lower production costs
compared to monocrystalline cells. Thus, this technology is most suitable for farms where

space constraints are minimal, primarily because of their cost-effectiveness.

e Thin-Film Solar Cells

These cells utilize a minimal layer of semiconductor material, including cadmium telluride
(CdTe) or copper indium gallium selenide (CIGS), which is applied onto a substrate.
Efficiencies generally fall between 12-18%, yet recent innovations have brought certain
thin-film technologies nearer to 20% [38]. Thin-film cells typically have lower
manufacturing expenses due to their reduced semiconductor material requirements and
the ability to utilize roll-to-roll manufacturing techniques. Their applications include
large-scale implementations, building-integrated photovoltaics (BIPV), and portable solar

products, attributed to their flexibility and lightweight characteristics.

e Perovskite Solar Cells

The crystal structure of perovskite cells, akin to that of calcium titanium oxide, enables
efficiencies that exceed 29% when utilized in tandem configurations with silicon. The
material exhibits a broad absorption spectrum and demonstrates significant potential for
attaining efficiencies that surpass those of silicon [37]. Their notable advantage lies in the
potential for cost-effective manufacturing, given that perovskites can be synthesized
through solution-based processes. Nonetheless, concerns regarding long-term stability
and toxicity, particularly related to lead content, require further attention. Therefore,
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research is focused on the use of perovskites in tandem solar cells, where they are
integrated with silicon to enhance overall efficiency, as well as in the development of

flexible solar panels.

3.4, I-V curve of a solar cell
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Figure 3.2: I-V characteristic of a solar cell [29]
Figure 3.2 illustrates an 1-V curve, which is a graphical representation of the relationship
between the total output current, I and the output voltage, V of a solar cell. The I-V curve
of a solar cell describes the performance of a solar cell under varying operating conditions.
To plot the I-V curve of a solar cell, the load voltage, V is varied from zero to a maximum

value, and at each voltage point a corresponding external output current, I is obtained [33].
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Some of the important points on an |-V curve under any operation conditions are short
circuit current, I, open circuit voltage, V,. and Maximum Power Point, MPP or Pyp as

labelled on the curve.

The I, is the maximum output current obtained from the solar cell when the voltage is
zero (short circuit condition). It indicates the maximum current a cell can generate under
illumination. The short circuit current significantly depends on the area of the solar cell,
solar irradiance and the properties of the solar cell material. While V. is the maximum
output current and is obtained when the current is zero (open circuit condition). It indicates
the maximum voltage that can result across the cell under illumination. The V. depends
on the quality of the material, specifically the value of the dark saturation current, I,. The
lower the value of I,, the higher the quality of the material and therefore the higher the
V,.. Lastly, MPP, is a point on the I-V curve where the product of current and voltage is

maximum [29].

The values of the I, V,. and MPP are specified by the manufacturers at standard test
conditions (STC) and written on the data sheet. The standard test is done at 1000 W /m?

normal irradiance, 25°C cell temperature and air mass 1.5 solar spectrum.

Another performance parameter of a solar cell or module is the fill factor, which is a ratio
of the maximum power (Pmpp) to the product of the open circuit voltage and short circuit
current. It indicates how closely the operating voltage and current of cell approach the
theoretical maximum. A good quality module typically has a fill factor above 0.75,

signifying more efficient power extraction.
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3.5.  Impact of climate condition on the IV curve

Climatic conditions have a significant effect on the performance of a solar module. These
influences are typically depicted on the I-V curve. The main environmental conditions are

temperature and solar radiation intensity.

3.5.1. Effect of temperature

The temperature of a solar cell depends on the ambient temperature, the intensity of the
incident light and the heat exchange capabilities of the cell material. The ambient
temperature is also one of the major environmental factors that influence the operating
temperature and the performance of solar modules. The effect of the operating temperature
is shown in Figure 3.3. The I-V curve was plotted for a 255 W solar panel with 60 solar
cells in series at a constant irradiance of 1000 W /m? and an air mass of 1.5 at different
operating temperatures. The temperature is varied between 5 °C - 65°C and the

corresponding |-V characteristic is plotted.

As the temperature of the panel increases, the bandgap decreases which results in a larger
part of the spectrum to be absorbed. This causes a slight increase in the short circuit current
Is.. The slight increase in I.. with temperature is also due to the enhancement of thermal
generation of charge carriers. As depicted by the curves in Figure 3.3, increasing the
temperature of a solar module decreases the V. dramatically. This is because at high
temperatures the concentration of intrinsic charge carriers of a semiconductor increases
which results in high recombination rates and a decrease in V. [39]. A decrease in V. is

also mainly due to an increase in I, which increases with temperature [29,33].
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Overall, an increase in I, is relatively small compared to a decrease in V., therefore the

maximum power output of the panel decreases as the temperature increase.
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Figure 3.3: Illustration of the 1-V and Power curves under varying temperature [40]

3.5.2. Effect of solar irradiance

Figure 3.4Figure 3.4 illustrates the 1-V curve of a 255 W solar panel with 60 cells in series
at a constant operating temperature of 25 °C and air mass of 1.5 with a variation in the
irradiance levels. The irradiance is varied between 400 W/m? and 1000 W/m? and the
corresponding 1-V curve is plotted. The effect of temperature on the power curve is also

shown on the right-hand curve [40].

As it can be seen in Figure 3.4, current decreases significantly with a decrease in solar
radiation. Short circuit current, I;. varies linearly with the level of irradiance. This is

because as solar radiation increases, the number of photons hitting the solar panel also
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increases, resulting in the generation of more charge carriers and thus increasing the

current [33].

On the other hand, the open circuit voltage increases logarithmically with an increase in
irradiance, however the effect is very minimal and can be neglected in most cases [33]. In
summary, high solar radiation results in increased current and negligible rise in voltage

which consequently results in increased output power of the solar panel.
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Figure 3.4:Illustration of the I-V and Power curves under varying solar irradiance [40]

3.6.  Causes and impacts of the heating effect in PV modules

The heating effect of PV modules remains a huge concern despite technological
advancement in PV systems [41]. Research continues to explore ways to mitigate this
important concern. There are several factors that causes PV module to heat up during

operation [42,43].

The primary contributor is the inability of PV modules to absorb all the incident radiation

regardless of its spectral properties. Only about 20% of incident light is converted to
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electricity in a PV module and part of the remaining 80% may be dissipated as heat raising
the temperature of the module [44]. Other causes may include very hot weather conditions,
high packing density of solar cells within a module and the properties of the module

materials [29].

High temperatures have detrimental impacts on the performance and degradation rate of
PV modules. PV modules have a negative temperature power coefficient of about
0.5%/°C. This means its power decreases by about 0.5% for each degree Celsius above
the standard temperature of 25°C. Higher temperatures reduce the power output and

efficiency of PV modules [44].

Additionally, long-term exposure to high temperatures can result in accelerated
degradation, thermal stress and cracking, hot spots, increased resistance, and safety

concerns. Therefore, it is crucial to mitigate this effect [44].

3.7.  Methods for reducing PV temperature

There are various methods of cooling PV panels, which can be categorised as either
passive cooling or active cooling. Passive cooling are cooling methods that do not require
additional mechanical equipment and external sources for cooling [45]. This method uses
evaporation, natural convection, radiation to dissipate stored heat from the panel [46-49].
Passive cooling mechanisms are typically less costly. Active cooling, on the other hand,
involves mechanisms that involve the design modification of the solar cells or modules

[50]. It may also include the incorporation external source of energy and additional

29



mechanical equipment to circulate the cooling medium. Active cooling methods are

relatively more effective, but they are also more costly.

3.7.1. Passive cooling methods

The methods of passive cooling include:

e Tilted Panel Configurations

Here the angle of the PV panels is adjusted to an optimal position to facilitate natural
convection, which effectively cools the surface of the module. The tilt angle is adjusted
according to geographic location and seasonal variations, optimizing airflow beneath the

panel and minimizing heat accumulation [51].

e Ventilated Photovoltaic Installations

Ventilated designs consist of the installation of PV modules with a space between the
module and the mounting surface, such as a rooftop, which facilitates unobstructed airflow
beneath the panel. The natural airflow facilitates a more efficient heat dissipation

compared to panels that are mounted directly [45].

e Materials and Coatings that Reflect

This involves the application of reflective materials or coatings to the surface of PV
modules can decrease the heat absorption by reflecting a portion of the sunlight away from

the module [45].
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3.7.2. Active cooling methods

e Water Application

Water spraying is a method that consists of periodically applying water to the surface of
photovoltaic modules to facilitate heat removal. This method demonstrates notable
effectiveness in regions characterized by high ambient temperatures and limited water

availability, particularly in hot and arid climates [52].

Phase Change Materials (PCMs)

PCMs function by absorbing surplus heat through a phase change, such as transitioning
from solid to liquid, at designated temperatures. The integration of these components into
the back of the PV modules facilitates the absorption and storage of thermal energy

throughout the day, followed by its release during periods of temperature decline [52].

Forced air cooling

Forced air cooling employs fans or blowers to move air over the surface of the PV
modules, thereby improving convective heat transfer. This approach proves to be
especially effective for extensive solar farms, where natural convection alone may fail to

ensure optimal temperature regulation [42].
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Chapter 4: Models for predicting module temperature

Studies have indicated that it is challenging to find one model that describes the module
operating temperature for all PV modules installed in different climatic conditions and
installation methods. For example, the temperature coefficients for PV modules installed
via the ground-mounted method (non-agrivoltaic) will be different from those PV modules
installed in an agrivoltaic method (for example). This is due to differences in heat
exchange mechanisms. Similarly, the heat exchange mechanisms for a PV system in arid
climate will be different to a system in a humid climate condition. Therefore, there are
various models employed to predict the operating temperatures of PV panels in various

climatic conditions and installation types.

These models range in complexity from simplified equations with few variables to
complex 3-dimensional computational fluid dynamics (CFD) simulations that account for
heat exchange across module layers and interactions with the environment. The complex
models consider both dynamic and steady-state energy balances, which are influenced by
climatic variables like wind and irradiance. However, due to the challenge of acquiring
extensive data and the computing complexity involved, existing models often make
simpler assumptions. Comparative studies such as [53,54] , which have mostly focused
on ground-based systems, have carefully analysed these models, highlighting their
reliance on elements such as incident irradiance, ambient temperature and, in some cases,

wind speed to improve precision.

Therefore, this section reviews common module temperature prediction models and

identify their reliance on different input parameters.
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4.1. Faiman Model

The Faiman model is based on basic principles of heat transfer principles to predict the
temperature for outdoor PV modules as detailed in [55]. It uses the heat loss coefficients
U, and U, to simplify the complex thermal dynamics within a PV module. The coefficient
U, is related to heat losses from radiation and convection, while U, is related to convective
heat transfer due to wind. The model has gained wide acceptance in the PV industry and
has been integrated into the IEC 61853 standard. This model is also adopted for use in the

leading PV simulation software such as PVsyst.
The Faiman model is expressed as:

Gr 4.1

Troa = Tamp + ——————

Where:

e Tmoa — Module temperature (°C)

e T,mp —ambient temperature (°C)

e G —solar irradiance on the solar module (POA) (W/m?)

e WS —wind speed (m/s)

e U, is the heat-loss coefficient due to natural heat exchange (W/m?2°C).

e U, is the convective heat-loss coefficient due to the influence of the wind

(W /m2°C).
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The parameters of U, and U; are tuned or fit based on experimental data. The default
values for an open rack installation in a desert condition are U, = 25 W /m?°C and U, =

6.84 W /m?2°C.

The Faiman model relies on the solar irradiance incident on the panel, ambient
temperature, wind speed and site-specific coefficients, which makes the module simple
and yet effective. By adjusting the coefficients to local conditions, the model is adaptable
across diverse climates. Faiman model is widely used mainly due to its adaptability even

in the absence of precise heat transfer data.

Although the model is effective for fundamental applications, it does not sufficiently
account for all heat transfer complexities such as infrared radiative losses, which could
result in an underestimation or overestimation in extreme climates. Nevertheless, the
accuracy of the model can be optimised by fine-tuning the Uo and Us through field data

calibration.

4.2. Sandia Model

The Sandia model is a more complex temperature prediction model that incorporates
various environmental factors such as mounting configuration, air mass, module tilt and
wind cooling effects in more detail. This model requires extensive computational

approach and module-specific details to compute the dimensionless coefficients a and b.
The Sandia model is expressed as:

Tmoa = Tamp + Gr * e@+hWs 4.2
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Where:

e T0a — Module temperature (°C)

e T,mp — ambient temperature (°C)

e G —solar irradiance on the solar module (POA) (W/m?)
e a describes the radiation effect on the module.

e b describes the cooling effect due to wind influence.

The model is developed by the Sandia National Laboratories as detailed in [56] and has
been validated using multiple field data points, which makes it appropriate for high
precision applications. Sandia model has also gained significant acceptance within the PV
industry due to its high accuracy for specific installations attributable to its comprehensive

consideration of environmental parameters.

The necessity for detailed inputs results in the process to be data-intensive, posing
constraints when certain parameters, such as module configuration or incident angle are
not readily accessible. Due to the constraints of standard field data in this study, the usage

of the complex Sandia model for this study would be impractical.

4.3. Zenit Model

Zenit model is a Python package for PV system simulation developed by the Fraunhofer
ISE [57]. It is designed for annual average simulations and comes with yield evaluation
tools. Zenit provides a comprehensive and extremely flexible simulation suite, but it

places a higher priority on speed than accuracy [54].
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Zenit model is given by:

Tmoa = Tamp + Ts X

1000

Where:

e T0a — Module temperature (°C)

e T,mp —ambient temperature (°C)

e G —solar irradiance on the solar module (POA) (W/m?)

o T, represents the influence environmental factors such as wind. It is independent
of the PV technology, but it depends on the mounting methods such as integrated

PV and ground-mounted PV.

4.4.  Standard Model (Nominal Operating Cell Temperature (NOCT)

NOCT is a standard for predicting the operating temperature of solar cells under the
following standard conditions: ambient temperature of 20 °C, irradiance of 800 W/m?,
wind speed of 1 m/s [54]. This method is commonly employed for preliminary feasibility
evaluations. It is simple to implement, offering a general estimation of module
temperature and facilitating basic performance predictions in absence of detailed

environmental data.

The model exhibits limitations in its adaptability to varying weather patterns and site-

specific predictions.

NOCT is given by:
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4.4

Tmoa = Tamp + * (Tyocr — Tamp.nocr)

GNOCT

Where:

e T0a — Module temperature (°C)

e T,mp — ambient temperature (°C)

e G —solar irradiance on the solar module (POA) (W/m?)
e Gpocr is the irradiance at NOCT condition (800 W/m?)

e Tyocr IS the cell temperature at NOCT (°C)

o  T.mpnocr IS the ambient temperature at NOCT (°C)

4.5. PVsyst Model

The PVsyst temperature prediction model is widely used in the PVsyst software to
estimate the cell temperature of PV modules by using an empirical heat loss factor model
[58]. The model is fundamentally based on the Faiman model, and it is widely accepted
in the PV industry, making it suitable for feasibility studies and general performance
estimates. It integrates effectively with commercial simulation software, enhancing user-
friendliness for project planning. The values of the coefficients U, and U,, are dependent
on the module technology and installation methodology. For a typical ground-mounted

PV systems the values are typically; U, = 29.0 W /m?2°C and U,, = 0.0 W/m?°C.
The PVsyst model is expressed as:

GT * (1 - T]m) 4.5

Troa = Tamp + ————=
mod amb Uc+Uv * WS
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Where:

e T0a — Module temperature (°C)

e T,mp — ambient temperature (°C)

e G —solar irradiance on the solar module (POA) (W/m?)

e WS —wind speed (m/s)

e U, represents the effect of radiation on the module temperature (W/m?2°C).
e U, represents the convective heat transfer (W/m?2°C).

* 1, represents the efficiency of the module.

However, the reliance of PVsyst on generalised NOCT assumptions constraints its
accuracy, as NOCT is not well-suited to varying climates. Thus, the generalised approach
of PVsyst could introduce inaccuracies due to specific environmental factors involved in

this study.

4.6. Skoplaki Model 1

Skoplaki developed two separate models, which were considered. The models emphasize
convective and radiative heat losses through a simplified expression that incorporates
ambient temperature, irradiance, and convective losses [59]. The first model, here as 1, is
simpler and does not account for specific factors that are dependent on the PV module,
resulting in temperature predictions that are independent of the PV technology and

mounting style.

This model is given by:
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s 0.32 c 4.6
*
mb T 891 +20xWS T

Tmod = Ta
Where:

e T0a — Module temperature (°C)
e T,mp — ambient temperature (°C)
e Gy —solar irradiance on the solar module (POA) (W/m?)

e WS —wind speed (m/s)

4.7.  Skoplaki 2 Model

The second Skoplaki model is more complex and considers module specific parameters
such as temperature coefficient of the maximum power and efficiency [60], as it extends
the first Skoplaki model by incorporating supplementary factors associated with radiative

cooling.
This model is expressed as:

u 4.7
— (1 = Bsrc — Tsrc))

hw.NOCT % (1

Gr
Toa = Tamp + % * (TNOCT —20) * h, 0.9

Where:

e Tpnocr 1S the nominal operating cell temperature
e h, isthe heat transfer coefficient due to wind calculated as: h,, = 5.7 + 2.8 * WS
e h, nocr IS Obtained using the wind speed at NOCT conditions

® ugrc is the efficiency of the module at STC conditions
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o Berc is the temperature coefficient of maximum power at STC

o Tsrc IS the temperature at STC condition (°C)

The Skoplaki models yield accurate temperature predictions for ground-mounted systems
in standard conditions and are esteemed in academic research for their moderate data
requirements. However, these models rely on specific constants for radiative and
convective losses, which may not be applicable across varying climatic conditions. The
absence of comprehensive heat transfer data in this study deems the application of
Skoplaki models possibly challenging, as their simplifications may lead to inaccurate

predictions.
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Chapter 5: Research Methodology

5.1. Data acquisition and preparation

To accurately assess the thermal performance of photovoltaic modules in agrivoltaic
(APV) systems, it is necessary to have both an APV test site and a typical non-APV control
site. Non-APV systems in this context are PV modules installed in the standard
configuration, without any crops beneath them. Both systems should ideally be situated
within the same geographical region to guarantee equivalent exposure to climate variables,

including sun irradiance, temperature, humidity, and wind speed.

The data for this study was gathered from two agrivoltaic sites, one of which is situated
in Benin and the other in Blren, Germany. Nevertheless, neither site was equipped with
an adjacent non-APV system that could serve as a direct control. In order to overcome this
limitation, the meteorological data from the Benin APV site were utilized to model and
predict the expected thermal performance of a similar non-APV system within the same

region.

On the other hand, the data from Biliren APV was used to fine-tune the heat transfer
coefficients in Faiman's model to ensure that it accurately reflects the microclimate
conditions unique to APV systems. Similarly, the data from Benin APV was also used to
fine-tune the heat transfer coefficients to ensure accurate reflection of both the climatic
and APV conditions in Benin. The fine-tuned coefficients were then independently
applied to the Faiman model using similar Benin dataset to predict the thermal behaviour

of the APV system in Benin. The detailed procedure is outline in this section.
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Description of the Agrivoltaic project sites:

Benin Agrivoltaic site:

The site is known as the Agrivoltaic Songhai project, located in the southern area of Benin
in West Africa at coordinates (6.499490°N, 2.61477°E) [61]. This site was selected
because, during the study period, it was the only research project in Africa that provided
a complete dataset for an entire crop season, suitable for analysis and that whose dataset
was accessible for the study. A network of six Temperature & Moisture Sensors (TMSs)
was utilized to collect data, with the sensors positioned randomly throughout the site. The
site included two separate APV systems, with each system having an installed capacity of
15 KWhp. Figure 5.1 illustrates that one system employed a strip layout, whereas the other
utilized a checkerboard pattern. Each system contained three TMS sensors, which were

distributed randomly throughout the designated area.

The APV systems cultivated mixed crops, with a focus on vegetables like peppers and
onions. The sensors recorded multiple parameters, such as soil temperature, soil moisture,
and ambient temperature, at three distinct layers. This study concentrated on ambient
temperature data, which was recorded every 10 minutes over a period of 83 days, from

April 21 to July 14, 2023, covering an entire crop season.
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Figure 5.1: Benin Agrivoltaic systems: checkboard (left) and strip setup (right) [©
Songhai]

Meteorological data from Solar-GIS for control purposes

The meteorological data, on the other hand, was sourced from the Solar Geographical
Information System (Solar-GIS) database. Solar-GIS supplied meteorological data,
including ambient temperature, solar radiation, wind speed, and soil moisture, at hourly
intervals. The geographical coordinates of the Songhai Agrivoltaic project site were
utilized to acquire the meteorological data set from Solar GIS. The data were utilized to
hypothetically forecast the module temperature for PV modules in a non-Agrivoltaic

setting, serving as a control data set.

Germany Agrivoltaic site

A dataset was acquired from an Agrivoltaic system in Germany, specifically the Biren
Agrivoltaic, situated in Biren at the coordinates 51.586626°N, 8.543833°E. This
Agrivoltaic system cultivates raspberries, as illustrated in Figure 5.2. The parameters of

interest measured for this system include the microclimate ambient temperature beneath
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the modules, microclimate wind speed, plane of array (POA) irradiance, and the module

temperature.

Figure 5.2: Illustration of the Buiren agrivoltaic system [© Fraunhofer ISE]

5.2.  Procedure

The overview of the procedure for this study is presented in the flowchart in Figure 5.3,
with the following steps outlined to ensure a clear methodological approach. The detailed

modelling procedure is elaborated in detail in chapter Chapter 6:.
1. Initial estimation of the module temperature:

The initial estimation of module temperature was conducted utilizing the Faiman model
along with the standard heat transfer coefficients: U, = 25 W/m?°C and U; =

6.84 W/m?. The model was implemented independently for the Benin APV system and
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a theoretical non-APV system used for comparison. Microclimate ambient temperatures
were utilized for the APV modules, whereas meteorological ambient temperatures were
applied for the non-APV system. Both estimations were based on data obtained from the

Benin APV site.

2. Fine tuning the heat transfer coefficients

To enhance the model's precision, the heat transfer coefficients were refined using the
Quasi-Newton optimization method, employing measured data from the Benin and
Biiren APV sites. Following the estimation of the initial module temperature for the
Benin APV, a subsequent adjustment of the Faiman model coefficients was performed
utilizing microclimate data from an alternative temperature sensor located within the
Benin APV site. This step was intended to enhance the model for both APV conditions
and the unique climatic conditions present in Benin, which are not entirely addressed by

the standard Faiman coefficients.

In a similar manner, the Bliren APV dataset was utilized for further fine-tuning of the
Faiman coefficients. The Blren dataset, in contrast to the Benin dataset, incorporated
direct measurements of module temperature. The refinement using Biren data was
instrumental in ensuring that the model effectively captured APV microclimates, as it
had access to measured module temperatures, unlike in Benin, where module

temperatures were only predicted.

3. Final PV module temperature calculation

The final temperature of the PV module was calculated for both APV and non-APV

conditions using the newly fine-tuned coefficients, applying the Faiman model. This step
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included the modified coefficients from both the Benin and Biiren sites, enhancing the

model to align with the specific microclimate characteristics of APV.

4. Model accuracy assessment

The evaluation of the accuracy of the module temperature predictions involved a
comparison of results obtained from three distinct sets of heat transfer coefficients—
standard Faiman, Benin-tuned, and Biiren-tuned—utilizing the Benin dataset as the input
for analysis. Four metrics were utilized to evaluate the performance of the model: R-
squared, Mean Squared Error (MSE), Mean Absolute Error (MAE), and Root Mean
Squared Error (RMSE). This analysis offered a clear understanding of how effectively
each coefficient set models PV module temperatures in the specific conditions of the

Benin APV site.
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Chapter 6: Modelling of PV panel temperature and tuning heat transfer

coefficients

6.1. Estimating module temperature for Benin agrivoltaic system using the

standard Faiman heat transfer coefficients

To estimate the temperature of PV modules in the Benin agrivoltaic system, the Faiman
model (Equation 4.1) was used, applying initial standard Faiman values for the heat
transfer coefficients U, = 25 W/m?°C and U; = 6.84 W/m?. The model can be

expressed as follows:

Gr

Tooa = Tamp + ——————

Where:

o T,mp IS the ambient temperature
e Gy is the irradiance on the plane of array (POA)

e WS is the wind speed

Ambient temperature (T,,,p) Was measured using ground-mounted sensors that were
placed randomly throughout the agrivoltaic site. Conversely, the solar irradiance on the
module surface (G)) and wind speed (W S) were obtained from the Solar GIS dataset. The
model assumes that G; is POA irradiance; however, the Solar GIS dataset provides
irradiance in the forms of Direct Normal Irradiance (DNI), Diffuse Horizontal Irradiance

(DHI), and Global Horizontal Irradiance (GHI). Therefore, the POA irradiance for the

48



modules, positioned at a tilt of 7° (which corresponds to the latitude of Benin), was

determined by utilizing the DNI, DHI, and GHI values.

The wind speed data obtained from Solar GIS were measured at a standard height of 10
meters. To modify this to the module height of 2 meters, the wind profile power law was
utilized (Equation 6.1), facilitating a more precise depiction of wind conditions at the

module level [62]:

h, 6.1

Where:

e WS, is the adjusted wind speed at the module height h,=2 m
e WS, is the wind speed at the reference height ;=10 m

e 7, isthe roughness length, as outlined in Table 6.1.

The logarithmic wind profile offers a precise estimation of how vertical wind speed varies,
particularly in flat terrain with neutral air stratification, by modifying the wind speed data

from a 10 m reference height to correspond with the position of the PV module.
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Table 6.1: Roughness classes and lengths [62]

Roughness Roughness length z, = Types of land cover

class
0 0.0002 m Surfaces of water e.g. lakes and seas
0.5 0.0024 m Open terrain with a smooth surface, e.g.
mown grass, airport runways, concrete etc.
1 0.03m Open agricultural land without hedges and
fences
1.5 0.055m Agricultural land with a few buildings and
8 m high hedges with a separation of more
than 1 km
2 0.1m Agricultural land with a few buildings and
8 m high hedges with a separation of about
500m
2.5 0.2m Agricultural land with many plants, trees,
and bushes
3 0.4m Villages, small towns, agricultural land
with forests, many or high hedges and
uneven terrain
35 0.3m Big towns with high buildings
4 1.6m Big cities with high skyscrapers and tall

buildings.
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6.2.  Estimating module temperature for Benin non-Agrivoltaic system using the

standard Faiman heat transfer coefficients

The exact same method was utilized to calculate the anticipated temperature of a PV
module in an anticipated non-agrivoltaic system at the Benin site. In this non-APV system,
the ambient temperature input was obtained directly from meteorological data supplied by
Solar GIS, as opposed to the microclimate measurements utilized for the agrivoltaic
system. Therefore, the sole distinction in the calculation of module temperature between
the two systems was the source of ambient temperature. All other factors, such as the plane
of array (POA\) irradiance, wind speed, and the standard Faiman heat transfer coefficients,

were consistent in both models. The following plots were obtained.

Daytime Module Temperature Variation (06:00 AM - 18:00 PM) - Using Faiman coefficients Nighttime Module Temperature Variation (18:00 PM - 06:00 AM) - Using Faiman coefficients

— T_mod (APV) - Daytime — T_mod (APV) - Nighttime
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Figure 6.1:Daytime and nighttime module temperature variation over time using the
standard Faiman heat transfer coefficients (U, = 25 W/m?2°C and U, =
6.84 W /m?°C). The blue plots represent the agrivoltaic module temperature values
while the red plots are for the non-agrivoltaic module temperature values.
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6.3.  Tuning Benin heat transfer coefficient from Benin Agrivoltaic dataset

After estimating the PV module temperature for the Benin agrivoltaic system using the
initial standard heat transfer coefficients in the Faiman model, data from an additional
sensor within the same system was utilized to refine the model, resulting in a new Benin-

specific coefficient for enhanced accuracy.

The Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm [63], which is a Quasi-
Newton optimization method, was used to adjust these site-specific coefficients. This
optimization algorithm reduces the discrepancy between actual and predicted
temperatures through a process of iterative adjustment of the coefficients. The process is
carried out using an objective function, as illustrated in Equation 6.2, which seeks to
minimize the residual error, specifically the mean squared error (MSE), between the

observed and predicted temperature values.

The BFGS algorithm starts with initial coefficient estimates that serve as the basis for
calculating predicted module temperatures. The process involves iteratively updating the
coefficients to achieve convergence through the continuous minimization of the MSE. As
a result of the optimization process, the site-specific Benin coefficients were established
as: Uy = 24.4 W/m?°C and U; = 11.8 W/m?°C, which provides a more precise
representation of the heat transfer dynamics in the context of Benin's agrivoltaic

conditions.

6.2

n
. . . 2
Ob]ectwe Function: f(UO: Ul) = Z(Tmod,actual,i - Tmod,predicted,i)
i=1
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Where:

e Trmodactuar; 1S the actual measured module temperature value of the i" data point

®  Tmoapreaictea,i 1S the predicted value of the i" data point.

6.4.  Tuning Biren heat transfer coefficient from Buren Agrivoltaic dataset

The dataset obtained from the Biren agrivoltaic facility was utilised to calibrate the heat
transfer coefficients for the Faiman model. The Biiren dataset, in contrast to the Benin
agrivoltaic dataset, provided direct measurements of module temperature, which
facilitated a more accurate calibration of the heat transfer coefficients. The calibration was
crucial for developing coefficients that could be utilised to predict module temperatures
in the Benin agrivoltaic system through a consistent methodology. After completing the
calibration process, the heat transfer coefficients specific to Blren were found to be U, =
35.8 W/m?°C and U; = 3.9 W/m?°C, which allows for precise predictions of module

temperatures in Benin when utilised within the Faiman model.

6.5. Evaluation metrics for the performance of the three sets of heat transfer

coefficient

The three sets of heat transfer coefficients; Faiman’s standard coefficients, the Benin-
tuned coefficients, and the Buren-tuned coefficients, were applied independently to the
Faiman model to estimate PV module temperatures based on the Benin dataset. The

module temperature estimates derived from each set of coefficients were subsequently
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assessed using various quantitative metrics to evaluate model fit and facilitate comparison

among the different coefficient sets. The evaluation metrics offer a clear understanding of

the accuracy and predictive performance associated with each coefficient configuration.

The metrics that have been applied are as follows:

The R-squared (R?) value: It is also known as the coefficient of determination, is a
statistical measure that indicate how well the predicted values of the regression model
fit the actual data. It ranges between 0 and 1. A value of 0 indicates a poor fit revealing
that the model does not explain any variability in the data. While a value of 1 indicates

a perfect fit showing that the model fully explains all the variability in the data [64].

YL — %) 6.3

R?=1-— ~ —
Zi=1(Yi -y)

Mean Squared Error (MSE): This metric measures the average squared difference
between the actual and the predicted values. It is computed by averaging the squared
the squared errors, or the variations between the values that had been and the actual

values. A model that fits the data better is indicated by a lower MSE [64].

1 & 6.4
MSE == (01 = 9%
i=1

Mean Absolute error (MAE): This measure signifies the mean of the absolute

discrepancies between expected and actual values. In contrast to MSE, its does not
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square the errors, thus offering a more direct assessment of the inaccuracy. It is
frequently more interpretable as it reveals the average size of errors in the same unit

as the data [64].

1 n 6.5
MAE = _Z _5
-y 1|y1 il
l=

Root Mean Squared Error (RMSE): The RMSE metric is widely used for assessing
the accuracy of a model prediction. It is the square root of the Mean Squared Error
(MSE) and offers an estimation of the average magnitude of prediction errors in the
same units as the original data. In simplified terms, RMSE provides an indication of
the average gap between predictions and the actual values, with larger errors having a

greater impact than in metrics such as MAE [64].

- 6.6
1
RMSE = |=() (1 = 5)%)
i=1

Calculation of the energy output

One of the objectives of the study is to perform an energy assessment of both agrivoltaic

(APV) systems and hypothetical non-APV systems. A temperature-corrected power

equation (equation 6.7) [33] was utilized to accomplish this.

Ptemp = Psrc * (1 + v * (Toa — TSTC)) 6.7
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Where P .y, (W) represents the power output of the module, adjusted for temperature, at
a specific module temperature , T,,,q (°C) is the temperature of the module, Psrc (W)
denotes the module power under standard test conditions (STC), the symbol y (%/°C)
indicates the temperature coefficient of power, while Ty (°C) refers to the standard

module temperature at STC, which is typically established at 25°C.

To find the temperature-corrected power output for the entire system, Equation 6.7 was
modified to incorporate system capacity, as illustrated in Equation 6.8. Where the capacity

of the Benin APV system was 15kWp.

Psystem = Pgrc * (1 + ¥ * (Tmoq — TSTC)) 6.8

The equation was utilised at every time interval to forecast the temperature-adjusted
power output for each group of module temperatures obtained from the three sets of

coefficients: Faiman, Benin-tuned, and Bliren-tuned.

The formula was applied at each time interval to predict the temperature-corrected power
output of the systems. This was done for all the module temperature results derived from

the three coefficients.
The calculation of energy generation was performed using Equation 6.9.

Emoa = themp * hours 6.9
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Where E,,,,q represents the energy produced during a specific timeframe in KWh, such as
daily or monthly, P, represents the module power adjusted for temperature, while

“hours” indicates the total duration in hours during which energy is calculated.

Given that the dataset was provided at 10-minute intervals, these intervals were converted
to hours by dividing each 10-minute segment by 60 minutes per hour, yielding a factor of

0.167 hours.
The total system energy was calculated using Equation 6.10.

Esystem = Psystem * hours 6.10

A poly silicon module with the following specifications was utilised for calculations

related to both power and energy for the agrivoltaic and non-agrivoltaic systems.

e Poly Silicon module
e Power=255W
e Temperature coefficient = -0.4%/°C
e Efficiency =15 %

e Area=16m?

The datasheet is attached to appendix A.
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6.7.  Data analysis graphs

These performance of the two systems—agrivoltaic and non-agrivoltaic—was analysed
and compared using Python scripts in a Kaggle notebook. The following evaluation

metrics were employed.

Performance and comparative evaluation metrics

1. Time Series Plots

In order to identify seasonal patterns and trends, time series graphs were generated for
ambient temperature, module temperatures, and energy outputs throughout the study

period.
2. Average monthly plots

The demonstrate seasonal fluctuations and central tendencies, the mean module

temperature and energy output of each system were depicted on a monthly basis.

3. Daytime and Nighttime plots

The ambient and module temperature data were categorized into daytime (6:00 AM to
6:00 PM) and nighttime (6:00 PM to 6:00 AM) intervals. The diurnal trends and patterns
in temperature variation were analysed by plotting each subset separately. Furthermore,
the system's efficacy during the crop growth period was evaluated by plotting daytime

energy outputs on a monthly basis.
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4. Comparative analysis

The thermal and energy performance of each system was assessed in a variety of
conditions by comparing the mean temperatures and energy outputs of both systems over

time.

5. Scatter plots

In order to facilitate a visual evaluation of the relationship between module temperature
and energy yield, scatter plots were generated to illustrate the variation in energy output

as a function of module temperature.

These analyses were performed on each module temperature dataset that was derived from

the three heat transfer coefficients—Faiman, Benin-tuned, and Bliren-tuned.
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Chapter 7: Results and Discussion

7.1.  Module temperature predictions for the non-agrivoltaic system — standard

Faiman coefficients

As explained under section Chapter 5:, the module temperature for the non-agrivoltaic
system was predicted using the meteorological ambient temperature obtained from solar
GIS. This was done by applying the standard Faiman coefficients to the Faiman model
using meteorological ambient temperature data as well as other parameters like POA and

wind speed.

The plots for the module temperature variation over time, as well as daytime and nighttime
averages are presented under subsection 7.2 together with the results from the agrivoltaic

system.

7.2.  Module temperature predictions for the agrivoltaic system using Faiman,

Benin-tuned and Biren-tuned coefficients

Table 7.1 tabulates the values for the three heat transfer coefficients used in this study to

predict the temperatures of the panels in Benin agrivoltaic system.
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Table 7.1: Heat transfer coefficients utilised to predict the module temperature for the
agrivoltaic system.

Heat transfer Coefficient Uo (W/m?°C) U1 (W/m?°C)
Standard Faiman 25 6.84
Benin-tuned 24.4 11.8
Blren-tuned 35.8 3.9

7.2.1. Module temperature results from standard Faiman heat transfer coefficients

The Faiman model was used to predict the temperature of PV modules in the agrivoltaic
system by applying standard Faiman coefficients, as originally defined by Faiman [55].
These coefficients U, = 25 W/m?°C and U; = 6.84 W/m?°C, were employed in
conjunction with site-specific parameters. The microclimate ambient temperature, solar
irradiance on the plane of array (POA), and wind speed values adjusted to a height of 2

meters were used to model the temperature for the agrivoltaic modules.

The temperature predictions for the agrivoltaic modules were subsequently compared to
the estimated temperature of PV modules that would be expected if a conventional (non-
agrivoltaic) PV system had been installed in the same region as the Benin agrivoltaic
system. This comparison offers an understanding into the thermal behavior differences
between the agrivoltaic and hypothetical non-agrivoltaic systems in similar climatic

conditions.
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Figure 7.1:Daytime and nighttime module temperature variation over time using the
standard Faiman heat transfer coefficients (U, = 25 W/m?2°C and U, =
6.84 W /m?°C). The blue plots represent the agrivoltaic module temperature values
while the red plots are for the non-agrivoltaic module temperature values.

Figure 7.1 presents how the module temperature for the agrivoltaic system and non-
agrivoltaic system fluctuate over the 83 days of the complete crop growth period. As it
can be seen, the results show a similar trend to the results of the ambient temperature in
Figure 6.1. The agrivoltaic module temperature fluctuates between 25°C and 65°C during
the day while the non-agrivoltaic fluctuates between 25°C and 60°C. In addition, solar
panels in the agrivoltaic system show higher temperatures and lower temperatures

compared to the solar panels in the non-agrivoltaic during the day as shown in Figure 7.2.
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Figure 7.2:Variation of module temperature for the following statistical parameters:
mean, median, minimum, and maximum values for daytime (left) and nighttime (right)
values.

At night, on the hand, the solar modules in the agrivoltaic system experience the lowest
temperature values for the first 40 days and later experienced high maximum temperatures
from day 40 to day 83 of the crop growth period as clearly presented in Figure 7.2. The
mean and median module temperature values for the two systems were comparable during
the day. However, at night, the mean and median temperatures for agrivoltaic solar panels

were noticeably low between day 0 and 40.

The agrivoltaic system exhibits increased temperature fluctuation, as evidenced by
broader interquartile ranges (IQRs) and extended whiskers in the box plots (Figure 7.3
and Figure 7.4). This indicates that the microclimate formed beneath the PV modules in
the agrivoltaic system experiences greater temperature variability. The non-agrivoltaic
system exhibits comparatively more consistent temperatures, as anticipated, since it relies

on meteorological data that reflect ambient conditions in open field.

The high daytime temperatures of the agrivoltaic system may result from heat retention

beneath the PV modules. The modules capture solar radiation and obstruct wind flow,
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resulting in a microclimate beneath the panels that experience higher temperatures

compared to the open field conditions observed for the non-agrivoltaic system.

A further aspect contributing to elevated module temperatures is restricted heat dissipation
within the agrivoltaic system. The agrivoltaic panels likely experience limited wind

exposure because of their design and arrangement, which decreases convective cooling.

The higher nighttime module temperature in the agrivoltaic system may result from
thermal inertia. The photovoltaic modules in the agrivoltaic system absorb heat during the
day and gradually dissipate it at night. This results in the agrivoltaic system cooling at a

slower rate than the non-agrivoltaic system.

The soil and crops beneath the agrivoltaic modules may facilitate heat retention, which is
subsequently released gradually at night, so affecting the ambient temperature
surrounding the modules. The non-agrivoltaic system, due to its increased exposure to
open conditions, cools down more effectively at night because of enhanced wind exposure

and reduced thermal mass relative to the agrivoltaic system.

The standard Faiman coefficients are site-and-installation-specific, thus, are likely not
ideal for this analysis. To enhance precision, it is essential to conduct site-specific
calibration of the Faiman coefficients, particularly in an Agrivoltaic configuration where
the microclimate is influenced by elements such as shading, vegetation, and wind
obstructions. Tuning Ug and Uz according to local conditions would probably yield a more
precise depiction of the module temperatures. Therefore, in that regard, the Benin and

Buren agrivoltaics-tuned coefficients were used to improve the precision of the results.
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Figure 7.3: Box plot of the daytime average and mean module temperature variation
over the 83 days of crop growth period using standard Faiman coefficients.
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Figure 7.4: Box plot of the nighttime average and mean module temperature variation
over the 83 days of crop growth period using standard Faiman coefficients.
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Figure 7.5: Average monthly daytime (yellow) and nighttime (purple) module
temperature differences calculated as: agrivoltaic monthly average module temperature
minus non-agrivoltaic monthly average module temperature (Tmod, agrivoltaic — Tmod, non-

agrivoltaic)-

As shown in Figure 7.5, the results of the standard Faiman coefficient did not show any
cooling effect throughout the crop growth period. The temperature of the solar modules
in the agrivoltaic system were all around 1°C hotter than the modules in non-agrivoltaic
system between the 215 April and 14" July 2023. However, April and May observed some
cooling effect of over 0.75°C during the night hours. While the night hours in the month
of June and July did not record any cooling effect for the solar modules with the non-

agrivoltaic system. The cooling effect at night in April and May can be attributed to the
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low ambient temperatures for non-agrivoltaic system record for the two months as shown

in Figure 7.5.

The elevated daytime temperatures of the agrivoltaic system may result from heat
retention beneath the PV modules. The modules capture solar radiation and obstruct wind
flow, resulting in a microclimate beneath the panels that experience higher temperatures

compared to the open field conditions observed for the non-agrivoltaic system.

A further aspect contributing to elevated module temperatures is restricted heat dissipation
within the agrivoltaic system. The agrivoltaic panels likely experience limited wind

exposure because of their design and arrangement, which decreases convective cooling.

The higher nighttime module temperature in the agrivoltaic system may result from
thermal inertia. The photovoltaic modules in the agrivoltaic system absorb heat during the
day and gradually dissipate it at night. This results in the agrivoltaic system cooling at a

slower rate than the non-agrivoltaic system.

The soil and crops beneath the agrivoltaic modules may facilitate heat retention, which is
subsequently released gradually at night, so affecting the ambient temperature
surrounding the modules. The non-agrivoltaic system, due to its increased exposure to
open conditions, cools down more effectively at night because of enhanced wind exposure

and reduced thermal mass relative to the agrivoltaic system.

The standard Faiman coefficients are site-and-installation-specific, thus, are likely not be
ideal for this analysis. To enhance precision, it is essential to conduct site-specific
calibration of the Faiman coefficients, particularly in an Agrivoltaic configuration where

the microclimate is influenced by elements such as shading, vegetation, and wind
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obstructions. Tuning Ug and Uy according to local conditions would probably yield a more
precise depiction of the module temperatures. Therefore, in that regard, the Benin and

Buren agrivoltaics-tuned coefficients were used to improve the precision of the results.

7.2.2. Benin heat transfer coefficient

The following section reveals the module temperatures for the agrivoltaic system,
computed using coefficients specially obtained from the Benin dataset, in conjunction
with the projected temperatures for an assumed non-agrivoltaic system. The coefficients
specific to Benin were derived from local data gathered within the agrivoltaic system that

cultivates multiple vegetables, thereby precisely representing the site's distinct

characteristics.

As shown in Figure 7.6 the agrivoltaic system (blue) exhibit lower module temperatures
than the non-agrivoltaic system (red) on most of the days during daytime hours. However,
during the night hours, the agrivoltaic system show higher module temperatures for almost

the entire period of crop growth.
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Figure 7.6: Daytime and nighttime module temperature variation over time using the
Benin-tuned heat transfer coefficients (U, = 24.4 W/m?°C and U; = 11.8 W /m?°C).
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The blue plots represent the agrivoltaic module temperature values while the red plots
are for the non-agrivoltaic module temperature values.

In addition, Figure 7.7 show that the average module temperature (yellow dots) for the
agrivoltaic system is generally lower, suggesting that Benin-derived coefficients result in
a cooling effect during the day. However, the nighttime results indicate the opposite as

Figure 7.8 presents.

During the day, the agrivoltaic system exhibits a narrower interquartile range (IQR) than
the non-agrivoltaic system, indicating more uniform and stable module temperatures. The
non-agrivoltaic system demonstrates greater temperature variability, characterized by
more extreme temperature outliers and broader interquartile ranges, possibly attributable

to elevated Faiman coefficient values that are not ideal for Benin’s climate.
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Figure 7.7: Box plots for 10-minutes averages for daytime module-temperature

variation over the 83 days of crop growth period using Benin-tuned coefficients.

The Benin-derived coefficients effectively results in lower module temperature during the

day, but not at night as shown in Figure 7.8.

Figure 7.9 also clearly demonstrates that during the day, the cooling effect of 0.22°C to
1.03°C was observed between April and June in the agrivoltaic system. However, in July
there was no cooling effect at all. On the other hand, at night, the agrivoltaic system

experienced higher temperatures than the non-agrivoltaic system between April to July.
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Box Plot for Average T_mod APV and T_mod_non APV for Nighttime (06:00 PM to 06:00 AM) - Using Benin coefficients
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Figure 7.8: Box plots for 10-minutes averages for nighttime module-temperature
variation over the 83 days of crop growth period using Benin-tuned coefficients.
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Figure 7.9: Average monthly daytime and nighttime module temperature differences
calculated as: agrivoltaic monthly average module temperature minus non-agrivoltaic
m0nth|y average mOdUIe tempel’atu re (Tmod, agrivoltaic — Tmod, non-agrivoltaic).
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7.2.3. Bilren heat transfer coefficient

Lastly, the Blren-derived coefficients, were utilised to forecast the thermal performance
of solar panels in the Benin Agrivoltaic system. The derived coefficients were U, =

24.4W/m2°C and U; = 11.8 W/m?°C.

Unlike the results from the standard Faiman coefficients, Bliren coefficients indicate a
cooling effect in agrivoltaic solar modules for the entire crop growth period during the
day. However, the nighttime results demonstrate that the module temperatures within the
agrivoltaic system were significantly higher than in the non-agrivoltaic system. These can

be observed in Figure 7.10.
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Figure 7.10: Daytime and nighttime module temperature variation over time using the

Benin-tuned heat transfer coefficients (U, = 24.4 W /m?°C and U; = 11.8 W /m?°C).

The blue plots represent the Agrivoltaic module temperature values while the red plots
are for the non-Agrivoltaic module temperature values.

In addition, Figure 7.11 indicate that the average module temperatures (yellow dots) for
the agrivoltaic system are consistently lower, indicating that Buren coefficients forecast
superior cooling for the agrivoltaic system, even in the hotter climate of Benin. However,

the non-agrivoltaic system exhibits higher stability at night characterised by narrower
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temperature fluctuations and overall lower temperatures, indicating cooling in the non-

agrivoltaic system.
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Figure 7.11: Box plot of the daily daytime average and mean module temperature
variation over the 83 days of crop growth period using Buiren -tuned coefficients.
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Figure 7.12: Box plot of the daily nighttime average and mean module temperature
variation over the 83 days of crop growth period using Biren-tuned coefficients.

Overall, the Biren-derived coefficients resulted in cooler solar modules within the
agrivoltaic system for the entire crop growth period as presented by negative module
temperature differences in Figure 7.13. May appeared to have the highest cooling effect
of 4.30°C, while July had the least cooling effect of 0.3°C. However, at night, the solar
modules within the agrivoltaic system demonstrate high module temperature of over

1.75°C for April to June, with the least difference of 0.23°C to be in July.

Daytime Monthly Module Temperature Difference (APV - non-APV) Nighttime Monthly Module Temperature Difference (APV - non-APV)
Using Buren coefficients Using Buren coefficients

P - - - -
el @ ~ o S
b 8 ] = "]

Average Temperature Difference (°C)
)
)

Average Temperature Difference (°C)

)

°
o
s

H H H 3

Month Month

Figure 7.13: Average monthly daytime and nighttime module temperature differences
calculated as: Agrivoltaic monthly average module temperature minus non-Agrivoltaic
monthly average module temperature (Tmod, agrivoltaic — T mod, non-agrivoltaic)-
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7.2.4. Summary of the module temperature differences.

Table 7.2: Average daytime monthly module temperature difference (agrivoltaic - non-
agrivoltaic) for various heat transfer coefficients (Uo and U;) using Faiman Model

Months T_mod (Faiman) | T_mod (Benin) °C | T_mod (Buren) °C
°C
April 1.10 -0.49 -3.31
May 1.08 -1.03 -4.30
June 0.85 -0.22 -2.99
July 1.33 2.48 -0.43

Table 7.3: Daytime monthly % module temperature difference ((agrivoltaic - non-
agrivoltaic)/non-agrivoltaic) *100% for various heat transfer coefficients (Uo and U,)
using Faiman Model

Months T_mod (Faiman) T_mod (Benin) T_mod (Buren)
April 1.70% -0.03% -6.66%
May 1.68% -0.20% -8.29%
June 2.39% -0.15% -6.10%
July 3.70% -0.00% -0.16%
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Table 7.4: Average-nighttime monthly module temperature difference (agrivoltaic - non-
agrivoltaic) for various heat transfer coefficients (Uo and U1) using Faiman Model

Months T_mod (Faiman) | T_mod (Benin) °C | T_mod (Buren) °C
°C
April -0.83 1.88 1.87
May -0.86 1.76 1.75
June 0.21 1.78 1.78
July 0.98 0.23 0.23

7.3.  Assessment of the Energy output

Table 7.5: Average daytime monthly module energy difference (agrivoltaic - non-

agrivoltaic)
Months T_mod (Faiman) T_mod (Benin) T_mod (Buren)
(kwh) (kwWh) (kWh)
April -25.3 12.3 58.2
May -83.1 77.0 254.0
June -23.8 31.1 163.3
July -18.1 -39.1 22.3
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Table 7.6: Average daytime monthly % module energy difference ((agrivoltaic - non-
agrivoltaic)/non-agrivoltaic) *100%

Months T_mod (Faiman) T_mod (Benin) T_mod (Buren)
April -1.07% 0.51% 2.46%
May - 0.99% 0.91% 3.03%
June -0.32% 0.41% 2.19%
July - 0.55% -1.19% 0.68%

Table 7.5 above tabulates the average daytime energy differences between the agrivoltaic
system and the non-AP system from April to July using three sets of heat transfer

coefficients: Faiman, Benin and Biren. The energy difference was computed as follows:

Energy difference = Energy agrivoltaic system — Energy non-agrivoltaic system. The
energy difference is presented in Table 7.6 as a percentage with reference to the Energy

of the non-agrivoltaic system.

A positive energy differential (Energy_agrivoltaic > Energy_non-agrivoltaic) implies a
cooling effect that led to increased energy output in the agrivoltaic system. In contrast, a
negative value indicates that the agrivoltaic system produced less energy than the non-

agrivoltaic system, possibly due to greater module temperatures in the agrivoltaic system.

Standard Faiman coefficients

e From April to June, the agrivoltaic system has a negative energy difference, with May

having the highest difference of -83.1kWh. Thus, the solar modules in the agrivoltaic
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system got hotter during these months which led to less energy being generated in
comparison to the non-agrivoltaic system.

In July, the energy difference is marginally negative (-18.1kWh), however, the decline
is less pronounced than in May. This indicates a slight enhancement in the
performance of the agrivoltaic system, potentially attributable to high solar irradiance

during the month.

Benin coefficients

In April, the agrivoltaic system produced slightly more energy than the non-agrivoltaic
system (25kwh), likely due to early crop cooling.

May, the energy difference increases to 77kWh, indicating the strong cooling effect
which can be attributed to fully grown crops.

The energy difference diminishes in June (31.1kWh), indicating a reduction in the
cooling effect from May to June.

In July, the Energy differential drops to -39.1kWh, indicating that there was no cooling
effect in this month which could be due to higher temperatures in within the agrivoltaic

system.

Biren coefficients

The energy difference for Biiren show a similar trend as the Benin-coefficient results.
However, Blren results also demonstrate a positive energy difference in July of

22.3kWh which was negative for Benin coefficient.

78



e Therefore, Blren coefficient also reveal that the cooling affect was strong in May, as
indicated by a positive difference of 254.0kWh. The effect of cooling slightly
weakened from May to June (163.3) as shown in Table 7.5.

e In July, the impact of cooling strongly decreased but it was still observant as

demonstrated by a low positive difference of 22.3kWh.

7.4.  Scatter plots for the correlation between module temperature and energy

yield

Module Temperature vs Energy Yield vs - Using Faiman coefficients
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Module Temperature vs Energy Yield - Using Benin coefficients
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Figure 7.14: Energy output relative to module temperature for APV and non-APV
systems utilising (a) standard Faiman coefficients, (b) Benin coefficients, and (c) Biiren
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coefficients, illustrating the influence of optimization on capturing cooling effects in
AgriPV configurations.

The three graphs (a), (b), and (c) in Figure 7.14 depict the correlation between module

temperature (computed using various heat transfer coefficients) and energy yield for APV

(blue) and non-APV (red) systems. The temperature models depicted in each plot indicate

that adjusting the heat transfer coefficients influences the discrepancies in energy

production between APV and non-APV systems, underscoring the effect of certain

climatic and configuration factors on PV performance.

Graph (a) - Faiman Standard Coefficients: Utilizing the untuned standard Faiman
coefficients, both APV and non-APV systems demonstrate comparable energy yield
performance across the temperature spectrum, with a minor divergence between the
two groups. The overlap in energy output indicates that the model may inadequately
represent the particular cooling effects of the APV configuration, as the Faiman
coefficients are generalized and may not accurately reflect the local variables pertinent
to the APV environment.

Graph (b) - Benin Coefficients: The Benin coefficients, obtained from the
environmental data of an AgriPV system in Benin, enhance the distinction between
APV and non-APV energy production. The APV system (blue) regularly demonstrates
superior energy Yyield relative to the non-APV system (red) at comparable
temperatures. The augmented separation indicates that the Benin coefficients more
precisely reflect the cooling effect in the APV system, potentially enhanced by

localized shade and microclimatic conditions resulting from crop transpiration. This
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graph highlights how adapting the model to site-specific data might uncover energy
yield benefits of the APV system.

e Graph (c) - Buren Coefficients: The Buren coefficients, obtained from data in a
temperate environment AgriPV system in Buren, Germany, reveal a more pronounced
distinction in energy yield between APV and non-APV systems, particularly at
elevated module temperatures. The increased differentiation suggests that the Buren
coefficients reflect a more pronounced cooling effect, probably attributable to
variations in wind, crop density, and shade patterns in a temperate environment. The
distinct disparity in energy output between APV and non-APV systems indicates that
the precise adjustment of coefficients to align with local climatic circumstances

facilitates a more accurate representation of the cooling benefits in AgriPV systems.

The study of these three graphs indicates that fine-tuning temperature prediction models
with site-specific coefficients (Benin and Buren) yields a more precise representation of
the energy output disparities between APV and non-APV systems. The generalized
Faiman model inadequately captures these distinctions, suggesting that localized
coefficients provide a more accurate comprehension of the cooling effects in APV systems
and their influence on energy yield. This fine-tuning is essential for precisely assessing

and enhancing the performance of AgriPV systems under varied climatic conditions.
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7.5.  Temperature variation
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Figure 7.15: Variation of the difference in energy yield over different temperature
ranges.

The graphs in Figure 7.15: illustrate the average energy yield difference over several
temperature ranges utilising the results from standard Faiman, Benin and Biiren
coefficients. The Biren coefficients reveal a distinct trend in which the difference in
energy yield is constantly positive, particularly at higher temperatures (exceeding 35°C),

signifying a strong cooling effect that enables the agrivoltaic system to surpass the non-

agrivoltaic system.
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Conversely, the Faiman, Benin and Buren coefficients demonstrate larger variability, with
some negative energy yield discrepancies at lower temperature ranges, indicating

diminished cooling efficacy in the agrivoltaic system.

7.6. Correlation of the heat transfer coefficients

Table 7.7: Correlation of results obtained from Faiman and Biiren coefficients to results
obtained from Benin coefficient.

Comparison MAE (°C) MSE (°C?) RMSE (°C) R2
Benin (true) vs Faiman (pred) 0.540833  0.927247  0.962937 0.991693
Benin (true) vs Buren (pred) 0.972480  3.012090 1.735537 0.973017

Table 7.7: juxtaposes the precision of temperature estimates utilising the Faiman and
Buren coefficient with the Benin-tuned coefficient derived from Benin-agrivoltaic-dataset
(actual). The comparison between Benin and Faiman reveals reduced error metrics
(MAE=0.54 °C, RMSE=0.96 °C AND MSE=0.93 °C) and elevated R? value of 0.99,
signifying superior concordance with the authentic Benin data. The comparison between
Benin and Biren exhibits higher error metrics MAE=0.97 °C, RMSE=3.01 °C AND
MSE=1.74 °C) and elevated R? value of 0.98, indicating that Faiman coefficients align,
ore closely with Benin data than with Biren coefficients. This suggest that although the
Biren coefficients may be superior for cooling in energy yield assessments, the Faiman

coefficients correspond more accurately with the actual temperature data from Benin.
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Chapter 8: Summary for the discussion of the results

The effects of geographical location, weather conditions, crop growth seasons on the

results

The agrivoltaic system in Benin, which cultivates a variety of vegetables during the crop
season from 215 April to 14™ July 2023, was the source of data for this study. The thermal
performance of the PV modules could possibly be significantly influenced by several
factors including but not limited to the geographical location, meteorological conditions
and agricultural practices of Benin, thus these factors should be considered when

interpreting the results.
1. Weather condition in Benin between April and July:

Benin has a tropical climate with a distinct wet season from April to October [65]. During
the early rainy season, which spans from April to July, the data collection period is marked
by warmer temperatures, humidity, and an increase in cloud cover as well as precipitation

[66].

During this time (April to July), the daytime temperature can exceed 30°C, and the
humidity levels are high [67]. The performance of both agrivoltaic and non-agrivoltaic
systems can be substantially impacted by these conditions, as they reduce the effectiveness
of convective cooling and increase the likelihood of heat retention in the modules,

especially during the night.

The agrivoltaic system may have experienced a more pronounced cooling effect during

the day due to the comparatively cooler period, particularly in April and May. The heat
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dissipation from the PV modules may have been improved due to the combined effect of

reduced air temperatures and the shade provided by the panels themselves.

The decreasing cooling effect observed in the agrivoltaic system is likely due to the
increased humidity levels and rising temperatures in July [66], as the capacity of the

module to dissipate heat reduces.

2. Geographical location

Benin is situated in the tropical zone at a latitude of around 6°N. The energy absorbed by
the PV modules is influenced by the higher levels of solar irradiance that the country

experiences throughout the entire the year [65].

During the period of April to July, the solar modules would be more susceptible to

overheating during the day due to the increased heat burden caused by high GHI.

The effectiveness of wind-based cooling is restricted by the tropical conditions, which are
characterised by high humidity and low wind speeds. This is particularly problematic in
the agrivoltaic system, as the modules gradually release heat after sunset, contributing to

nighttime heat retention.

3. The influence of vegetation and crop growth season

The mixed crops cultivated in the agrivoltaic system necessitate specific conditions to
achieve optimal growth. The microclimate may have been influenced by the canopy of
these crops, as it may have provided additional shading under the PV modules, thereby

reducing the ambient temperature during the day.
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The daytime cooling effect observed in April to June was likely influenced by the shading
from the crops. The plants could have acted as a buffer against direct solar radiation,

thereby reducing the heat burden on the solar panels.

The microclimatic cooling under the PV modules during the earlier months of the crop
growth season may have been influenced by the increased soil moisture and

evapotranspiration from the crops.

In addition, the crops would have reached maturity by July, resulting in higher biomass
and more demand for water. As the air beneath the solar panels becomes saturated with
moisture, it reduces the effectiveness of evapotranspiration as a cooling mechanism. This

could be the reason for the reduced cooling effect within the agrivoltaic system for July.

4. Agricultural practices and seasonal variations

In Benin, rainfall is critical factor during the rainy season. As a result of the increased
cloud cover and precipitation in May and June [65], the solar irradiance would have been
reduced, resulting in lower temperatures and the potential to amplify the cooling effect in
the agrivoltaic system. By July, however, when the precipitation would have somewhat

lessened, module heating would have been made worse by more solar radiation.

The microclimate under the agrivoltaic system may have been affected by agricultural
practices, such as irrigation. Consistent irrigation would have resulted in increased soil
moisture, which would have contributed to cooling through evaporation. The evaporative
cooling effect, however, may lessen during high-humidity months, which would further

lessen the cooling that was observed in the month of July.
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5. Thermal inertia

The agrivoltaic system retain more heat at night, as evidenced by the nighttime results.
This could be attributed to the thermal inertia of both the PV modules and the impact of
the microclimate in agrivoltaic systems. The likely cause of the temperature difference
could be the transpiratory activity of plants beneath the PV modules, which absorb heat

during the day and release it at night.

The effectiveness of the cooling mechanisms at night is reduced in tropical climates such
as Benin, where diurnal temperature ranges (the difference between day and night
temperatures) are smaller. This could be the reason why the agrivoltaic system has trouble

dissipating heat at night, especially when the crops are more mature.

6. Microclimatic consequences of the Agrivoltaic system

The microclimate generated beneath the modules can have both beneficial and detrimental
effects on crop growth. Although it is probable that crop heat stress may be mitigated by
daytime cooling, the retention of heat during the night may result in a heated environment
that impacts crop physiology. This equilibrium between heat retention and chilling is
essential for comprehending the impact of the agrivoltaic system on agricultural

productivity and PV efficiency.
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Conclusion

The study evaluates the thermal and energy performance of photovoltaic modules in an
Agrivoltaic system in Benin, employing three sets of heat transfer coefficients: Faiman,
Benin and Biren. The findings indicated that the Biiren coefficients consistently provided
the strongest cooling effect, even though all coefficients showed some correlation between
energy yield and module temperature. The agrivoltaic system in particular, demonstrated
significantly lower temperatures and higher energy yield than the non-agrivoltaic system,
especially at higher temperature ranges. The Faiman coefficients revealed minimal
differences among the systems, suggesting a restricted capacity to reflect the cooling
advantages of the agrivoltaic configuration. The Benin coefficients showed a moderate
cooling effects that decreased during warmer months, indicating a need to for further

adjustment to accurately represent local conditions.

In addition, statistical analysis of temperature predictions indicated that the standard
Faiman coefficients were more closely aligned with the actual temperatures derived from
Benin, whereas the Biren coefficients proved to be more effective in improving energy
performance. This underscores the trade-off between precise temperature modelling and

optimisation of cooling advantages.

The findings of the study highlight the necessity of employing site-specific heat-transfer
coefficients and optimising system design, such as ventilation and module spacing, to

improve the cooling effect tropical agrivoltaic systems.
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Recommendations

Future studies could focus on enhancing temperature prediction models by integrating
dynamic, site-specific environmental variables, including crop type, soil moisture,
humidity, evapotranspiration, and local wind patterns. Conducting long-term studies in a
variety of climates and AgriPV configurations would assist in the validation and
generalization of the findings regarding the cooling effects of AgriPV systems in
temperate and tropical regions. Subsequent investigations may examine hybrid cooling
methodologies, using phase change materials (PCMs) or adjustable panel orientations, to
improve module cooling and energy output. Examining the effects of various crop
configurations and shading differences on microclimate development and photovoltaic
performance may vyield enhanced agricultural and energy outputs. Furthermore,
integrating machine learning techniques for real-time parameter modifications and field
validating temperature coefficients could greatly improve the predicted accuracy and

adaptability of AgriPV models, offering a reliable tool for worldwide deployment.
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PERFORMANCE UNDER STANDARD TEST CONDITIONS (STC)* PERFORMANCE AT 800 W/m?2, NOCT, AM 1.5
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Open circuit voltage V.. 375V Open circuit voltage A 337V
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E z =200 W/m* Max. system voltage USA NEC 600V
i =A100 W/ Maximum reverse current 16A
0 \ Max. mechanical load 5.4 kN/m2
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3) The output identified by SolarWorld (P;,,,,) is always higher than the nominal output (P,,,,) of the module. PFlash is the power rating flashed at a SolarWorld manufacturing facility.

4) All units provided are imperial. Sl units provided in parentheses
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Appendix D: List of nomenclature

Abbreviations

AgriPVv Agrivoltaics

APV Agri-PV (Agricultural Photovoltaics)
DHI Diffuse Horizontal Irradiance

DNI Direct Normal Irradiance

FF Fill Factor (dimensionless)

GHI Global Horizontal Irradiance

GH Green Hydrogen

IEA International Energy Agency

LER Land Equivalent Ratio

NOCT Nominal Operating Cell Temperature
PCMs Phase Change Materials

PERC Passivated Emitter and Rear Cell

PV Photovoltaic

SDGs Sustainable Development Goals

Voc Open-Circuit Voltage

WS Wind Speed
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Y4GH2 Youth for Green Hydrogen

Acronyms
IRENA International Renewable Energy Agency
JCol Joint Communique of Intent

SASSCAL  Southern African Science Service Centre for Climate Change and Adaptive

Land Management

Symbols

Eph Photon energy (J)

GHI Global Horizontal Irradiance (W/m?)
DNI Direct Normal Irradiance (W/m?)
DHI Diffuse Horizontal Irradiance (W/m?2)
Tmod Module temperature (°C)

Tamb Ambient temperature (°C)

NOCT Nominal Operating Cell Temperature (°C)
Isc Short-Circuit Current (A)

Voc Open-Circuit Voltage (V)

Pmpp Maximum Power Point (W)
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I Current (A)

V Voltage (V)

n Efficiency (%)

a Temperature coefficient of current
B Temperature coefficient of voltage
Subscripts

amb Ambient

mod Module

APV AgriPV (agrivoltaic) System

non-APV non-AgriPV (non-agrivoltaic) system

NOCT Nominal Operating Cell Temperature
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