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ABSTRACT 

Solar photovoltaic (PV) technologies offer a renewable alternative to power generation that is 

based on fossil fuels; however, to meet the rising demand in electricity a substantial amount 

of surface area is required. This will inevitably lead to the installment of these systems on 

agricultural land, subsequently intensifying the land-use conflict and threatening food 

security. To alleviate this, the use of agrophotovoltaic (APV) systems is investigated, which 

enable the simultaneous production of food and renewable energy. More specifically, the aim 

of this thesis is to determine the optimal topology for a medium-scale and stationary bifacial 

APV array, which is simulated under the climate of Boston, USA (42.37˚N, 71.01˚W). 

Irradiance modelling is performed with Radiance’s raytracing algorithm in combination with 

the daylight coefficient approach of Daysim and the Perez All Weather sky model, which is 

then coupled to the crop and electrical yield models to determine the overall land 

productivity. The modelling approach used is robust, while offering flexible manipulation of 

the array’s deployment configuration, which is crucial for multivariable optimization. The 

integration of bifacial PV offers various synergistic effects mainly due to the amplified ground 

irradiance necessary for crop growth. Owing to the decreased PV density and high elevation 

from ground, rear irradiance homogeneity and bifacial gain are enhanced. Widening of the 

row spacing resulted in a logarithmic increase of the incident ground irradiation, while the 

overall energy yield portrayed a negative exponential trend, which is attributed to the use of 

bifacial modules. East-west (E-W) facing and vertically installed topologies are better suited 

for shade intolerant species, or permanent crops since they permit additional light 

penetration, especially during the winter months. In contrast, south-north (S-N) facing and 

latitude inclined arrays lead to intense and non-homogeneous shading that is unfavorable for 

growth during winter or for crops that cannot acclimate to shade; nonetheless, energy yield 

and land equivalent ratio (LER) are significantly enhanced. Unlike previous studies where 

only conventional modules were examined, here the potential of a customized one is 

inspected to assess whether blueberries can grow effectively under shade. By integrating such 

a module in an E-W hinged PV topology, which is associated with the most optimal shading 

patterns and schedule, the agrivoltaic performance is optimized. In comparison to the 

reference case, the land’s productivity is increased by 59% with a reduction in electrical yield 

by a third. Through this holistic approach that incorporates a multi-scale sensitivity analysis, 

it is possible to achieve a spherical understanding of the limitations and potential synergies 

associated with the dual use of land, ultimately encouraging the sustainability of the 

agricultural sector. 
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1  

INTRODUCTION 

1.1 Background & thesis motivation 

According to IRENA (2020) solar PV technologies experienced a rapid expansion between 

2010 to 2019 with a 14-fold increase in overall global capacity. This cumulative increase in 

installed power resulted in rapid cost reductions, reflected by the evolution of its learning 

curve. Combined with advances in solar energy conversion efficiency and significant 

reductions in the cost of manufacturing c-Si modules the associated levelized cost of electricity 

(LCOE) decreased remarkably [1]; consequently, promoting the economic competitiveness of 

this technology, which is already less expensive than conventional power generation in many 

regions [2]. Therefore, PV can provide an increasing fraction of the society’s  electricity 

demand in a renewable manner. This is essential as the global energy consumption is 

projected to rise by around 50% from 2018 to 2050 [3]. Naturally, to mitigate any further 

intensification of global climate change, this energy should be supplied by renewable sources, 

such as PV; however, as the solar resource is widely diffuse (depending on region) substantial 

land coverage is required to meet this demand.  This could be partially alleviated by 

aggressive installation of building integrated PV (BIPV); nonetheless, the rising demand for 

ground mounted PV (GMPV) will inevitably lead to the establishment of these systems on 

agricultural land [4]. This is especially true for regions with a dense population and/or 

restricted land availability. As a result, the land-use conflict between energy and food 

production is expected to be amplified. Previous attempts in converting arable land into 

energy through growing biomass crops gave rise to concerns regarding food security [5-6]. 

Thus, it is crucial to properly address this issue to prevent the repetition of another mistake. 

In fact, food security is already vulnerable, due to the impact of climate change and a rising 

world population. To make matters worse, cropland is projected to decrease significantly due 

to degradation of soil and potential desertification, as well as industrial estate development, 

leading to a global decrease in arable land ranging between 50-650 million hectares by 2100 

[7]. Therefore, it is crucial to mitigate any land-use conflict associated with the deployment of 

GMPV in agricultural land. 

One promising solution is the use of agrivoltaics or agrophotovoltaics (APV) that 

allows the simultaneous cultivation of crops as well as production of renewable electricity. It 

has recently been gaining a lot of attention, although the concept was conceived in 1981 [8]. 

As of January 2020, it has been estimated that a total of 2.8 GWp  of APV has been installed 

worldwide [9]. This cumulative capacity is expected to significantly increase, especially in 

Asia. For instance, South Korea has aimed for 10 GWp of APV by 2030 [10], while in China 
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between 2015-2018 1.7 GWp of APV was installed [11]. Furthermore, China aims to expand 

one of its largest APV facilities of 640 MWp to 1 GWp as reported in [12]. To illustrate how 

their design differs from the conventional GMPV Figure 1 is included. These systems are 

mounted on poles to permit the operation of agricultural machinery and deployed at lower 

densities to enhance light penetration over the crops. In essence, the solar resource is shared 

between crops and PV panels, also known as solar sharing [14]. To optimize this trade-off in 

light distribution, the shading ratio that is based on the array’s deployment configuration 

must be designed according to the corresponding crop cultivated and local climatic 

conditions. The influence of crop selection is quite grave, as various species have different 

light requirements and shade tolerances, thus, ideally, they require a different shading ratio. 

Furthermore, the crop will determine the farming practises followed and agricultural 

machinery used, consequently affecting the design of the support structure (i.e. elevation from 

ground). Similarly, the climatic conditions will also influence the shading ratio, as the solar 

potential varies with region. Naturally, areas with high solar insolation are more desirable, as 

the shading ratio can be increased without compromising light availability for the crops 

below. On the other hand, northern climates which usually have intermittent or overcast sky 

conditions, lead to a more homogeneous distribution of irradiance and thus crop growth 

uniformity. In addition, there are other incentives for selecting a region, such as governmental 

support. In MA, USA an agricultural solar tariff unit has been in effect since April 2018 [15]; 

consequently, in this research the design optimization of the APV system is simulated for a 

system located in Boston, USA (42.36˚ N). Amongst other guidelines, the required parameters 

to obtain the APV tariff are a maximum AC rated capacity of 2 MW and a reduction in sunlight 

(shading rate) of 50%, as well as a minimum elevation of 8 feet for static configurations.  

Figure 1 - Illustration of APV facilities where (a) and (b) are obtained from: www.remtec.energy 

and are located in Italy, while (c) and (d) display a large-scale project in France [13]. 
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The aim of this thesis is to investigate the optimal deployment configuration of an APV 

array with an installed peak power of around 1 MW, and a total farm size of 2.7 ha (165x165 

m2) that is kept constant throughout the analysis. By formulating a design strategy for such 

medium-scale systems, other APV plants can also benefit, due to economies of scale [9]. As 

for the panel management a static configuration is adopted, since PV trackers with an anti-

tracking mode (parallel to sun rays), are currently not widely available. Furthermore, it is 

compelling to examine the limitations of a static system, ultimately advancing all its 

derivatives. Logically, the PV technology selected will also influence the topology of the array. 

To satisfy crop specific needs, some innovative technologies have emerged. One example is 

the module in Figure 2 (a), where direct light is concentrated onto small cells, while the diffuse 

component transmits to the crops. Another option is the semi-transparent PV solution, as 

shown in Figure 2 (b), where the module’s transparency is increased either spectrally [16], or 

regionally [17]. The previous involves the absorption of light that is not used for 

photosynthesis, since it is transparent to the spectral region of photosynthetically active 

radiation (PAR). Finally, bifacial PV with conventional cells and a modified cell spacing, as 

depicted in Figure 2 (c). The main drawback of the first two is the cost and the difficulty in 

mass producing them, thus being premature for medium-to-large-scale applications, at least 

when compared to the c-Si giant. Furthermore, additional performance testing should be 

achieved to ensure compatibility with in-field conditions and various crops [18-20]. On the 

other hand, by using conventional bifacial cells, agrivoltaic systems can benefit from the 

learning curve associated with bifacial modules, which applies to all PV sectors utilizing them. 

Since agrivoltaics are growing fast, a solution should be envisioned that is reliable, while 

requiring only a few adjustments to the conventional module design; consequently, in this 

thesis the integration of bifacial PV in agrivoltaics will be investigated along with any 

synergistic effects with crop cultivation.  

Figure 2 - State-of-the-art agrivoltaic modules: (a) concentrator PV (source: insolight.ch), (b) semi-

transparent PV [16-17], (c) bifacial PV with modified cell-spacing (source: soltec.com). 
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1.2 Objectives & research questions 

The aim of this report is to investigate the integration of bifacial PV into the agricultural sector, 

and to determine which topology results in the most optimal agrivoltaic performance for a 

certain location and crop. Naturally, by selecting the most appropriate deployment 

configuration, the land’s productivity is maximized, thus effectively mitigating the land-use 

conflict in a sustainable manner. To achieve this, it is crucial to develop a robust model that 

can simulate irradiance on both sides of the bifacial module, as well as on the ground for a 

plethora of array topologies. Consequently, to obtain a comprehensive understanding of the 

potential benefits and limitations associated with the dual use of land, a multi-scale sensitivity 

analysis is necessary. Then, electrical and crop yield are derived to estimate the overall land 

productivity increase and the most promising topologies. Finally, a central drawback of static 

configurations is addressed, which is spatial light inhomogeneity on ground, through changes 

in the conventional module arrangement or the module itself. Essentially, to meet the 

objectives of this thesis the following research question must be tackled, which is broken down 

into sub-questions: 

‘’What is the optimal deployment configuration of a medium-scale and static bifacial 

agrivoltaic array in Boston, USA?” 

• Can crops be cultivated effectively in an agrivoltaic system where electricity is produced 

simultaneously? 

o Which factors affect the plant’s growth and ultimately its crop yield, and how 

does the introduction of the agrivoltaic array influence those?  

o How does crop selection influence the topology design and its performance?  

o What are the potential synergies between crop cultivation and electricity 

production related to the integration of bifacial PV? 

• Which of the parameters that characterize the deployment configuration of the PV array 

are most relevant in an optimization process? 

o How does the row spacing, orientation, and module arrangement influence the 

light intensity and distribution throughout space?   

o What are the limitations associated with the use of conventional arrangements 

and modules related to the performance of APV systems and can they be 

partially resolved by adopting modified modules? 

• What are the unique features of each APV topology and the conditions under which one 

is adopted? 

o How does the shading pattern and sequence vary from hourly to monthly 

timescales for each topology? 

o How is the trade-off between electricity and crop yield addressed, and what is 

the overall land productivity increase of each topology? 
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1.4 Thesis outline 

Before proceeding into the APV performance modelling, it is essential to examine what 

governs the productivity and growth of plants, as well as how the introduction of the array 

influences that. In addition, the benefits of diffuse light and crop shade tolerance are 

investigated to properly assess the impact on crop yield. A thorough inspection of the 

parameters that define the deployment configuration of a bifacial array are also included, 

along with the potential synergies when integrated in agrivoltaics. The literature review in 

Chapter 2, is concluded with the selection of the most appropriate irradiance modelling 

software for such systems. The methodology followed to obtain the performance of each 

topology is included in Chapter 3, where at first the Radiance model is developed, which is 

responsible for determining irradiance on both sides of the PV, and farm samples. Then, the 

energy yield model is disscused along the LER and other performance indicators. After the 

sensitivity analysis with regards to the array’s deployment cofiguration is introduced, crop 

compatibility along with the asssociated light requirements are also examined. The results are 

presented and discussed in Chapter 4,  which consists of the multi scale sensitivity analysis. 

Initially, the macro scale sensitivity with regards to conventional module arrangements is 

examined, with focus on the RS. Then, the limitations of conventional modules are adressed 

in the meso scale, followed by two generic case studies; summer and permanent crops, where 

various topologies are compared. The potential of utilizing a module that is modified for 

cultivation of blueberries along with the corresponding agrivoltaic performance finalize the 

chapter. The conclusion, and recommendations are described in Chapter 5, which is followed 

by the Appendix.  
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2  

LITERATURE REVIEW 

2.1 Plant productivity and growth 

There are essentially five main factors that influence plant productivity and growth: light, 

carbon dioxide, and water availability, ground and ambient temperature, as well as nutrients. 

These factors are interconnected and any deviation from what is optimal will lead to stresses 

that can heavily impact plant development. In this thesis the effect of light, water and 

temperature will be discussed, since the introduction of the PV array is expected to impact 

those. 

One of the primary processes related to plant productivity is the photosynthesis rate. 

Through photosynthesis, plants utilize the incident solar radiation to produce O2 and glucose. 

Glucose is then broken down through the process of respiration, which releases chemical 

energy that is crucial for the plant’s cellular activities. Therefore, light interception is crucial 

for plant growth. Leaf anatomy and its optical properties are constructed in such a way that 

light can be effectively absorbed and conducted to chloroplasts where photosynthesis occurs 

[21]. The structure of a leaf is analogous to that of a solar module, which is comprised of 

multiple photosynthetic cells. More specifically, due to its bifacial nature incident direct and 

diffuse irradiance are absorbed by the front side, while light that is reflected off the ground or 

scattered throughout the sky hemisphere is absorbed by the bottom side. The importance of 

the photosynthetic rate regarding plant growth is crucial, however the marketable value of a 

crop is also determined by a variety of other factors. This is especially true for fruit crops 

where the outcome is not just biomass. 

The amount of carbon assimilated by the plant describes the increase in biomass, or 

dry matter, which a fundamental parameter that defines crop productivity and yield. This net 

carbon gain depends on the balance between the process of photosynthesis and respiration as 

shown in Figure 3. While photosynthesis is responsible for the carbon uptake, respiration is 

essentially its counterbalance, where carbon dioxide is consumed to maintain and further 

increase biomass. To conceptualize the plant’s carbon management system, respiration is 

distinguished according to the use of the consumed carbon. Carbon that is used to produce 

energy, which results into growth and thus crop yield is termed as growth respiration. On the 

other hand, maintenance respiration is related to the carbon used for maintaining processes 

that do not influence the rate of photosynthesis, and eventually dry matter [22-23]. Although 

growth is the term we are mostly interested, maintenance respiration is essential for the 

plant’s overall health.  
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2.1.1 Factors influencing photosynthesis 

The rate of photosynthesis is influenced by a plethora of environmental factors that are 

interrelated. Some of them include light intensity and homogeneity, available carbon dioxide, 

ground and ambient temperature as well as humidity. At the same time, there are crop specific 

genetic factors such as plant architecture, and carbon assimilation pathway that determine 

photosynthesis rate across the various species [21]. These genetic factors that depend on crop 

selection will be examined afterwards.  

 To successfully photosynthesize, crops require carbon dioxide, which they obtain from 

the atmosphere through pores in the leaf, known as stomata as shown in Figure 4. These 

stomata are hydraulically operated valves that control the size of the opening according to the 

plant’s water availability and the external climatic conditions [25]. When there is enough 

water, these stomata become swollen and allow the uptake of carbon dioxide for 

photosynthesis. However, under conditions of water stress, either due to high irradiance and 

temperature, or low humidity, the stomata become flaccid and obstruct the flow of carbon 

dioxide and ultimately the process of photosynthesis. Such a mechanism is known as 

Figure 4 – Scanning electron microscopy micrographs of the stomatal complex [26]. On the left side 

the stoma and chloroplast are displayed. At the centre the stoma is open (flaccid), thus allowing the 

flow of CO2, while on the right it is closed and swollen. 

Figure 3 – Two fundamental metabolic activities of plants: photosynthesis 

and respiration [24]. 
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hydropassive closure, and it is the main reason why shading nets are applied over some crops 

during summer [27]. The available density of carbon dioxide in the atmosphere is relatively 

low, at least over the short term, consequently it is usually the one limiting the photosynthesis 

rate [21]. Although there are practices that can enrich the concentration of carbon dioxide in a 

controlled environment, such as in greenhouses, this is infeasible in open field conditions.  

Photosynthesis occurs within a plant’s cell in specialized structures called chloroplasts 

and similarly, to PV cells, absorptance depends on the spectral distribution of the incident 

light. What is useful for photosynthesis is known as photosynthetically active radiation (PAR) 

(μmol m-2 s-1) and it is only a portion (400-700 nm) of the solar radiation spectrum. To visualize 

how it affects the plant’s growth, we need to analyse the photosynthesis light response curve 

as shown in Figure 5. In this plot, light intensity is decoupled from the other environmental 

factors that influence growth rate. At low irradiance levels the development of CO2 due to 

dark respiration is higher than the rate used by photosynthesis, leading to a negative net CO2 

uptake (or release). As the photon flux is increased, the photosynthetic rate increases and thus 

CO2 uptake, until it is equal the amount released by dark respiration. The light intensity at 

which the opposing processes of respiration and photosynthesis are balanced is known as the 

light compensation point (LCP). Light incident on crops should be above this value to ensure 

growth. What follows is a linear relationship between PAR and photosynthesis rate, where 

photosynthesis is light limited. At 

sufficiently high irradiance the rate of 

growth saturates, and the 

corresponding light intensity is 

known as light saturation point (LSP). 

At this point, other factors such as 

CO2 availability become the limiting 

factor. Furthermore, incident 

irradiance above the LSP cannot be 

utilized to further increase CO2 

uptake, rather it is converted into heat 

that eventually leads to hydropassive 

closure.  

Similar to other biological processes, photosynthesis is sensitive to the crop’s 

temperature. As the temperature increases a higher metabolic activity is present in the leaf 

that reaches an optimum and then decreases. The opening and closing of the stomata follow 

a similar pattern [21]. The temperature response curve is divided according to the three 

cardinal points. These include the minimum and maximum crop temperatures that 

photosynthesis can occur, and an optimum one where the rate of growth is maximized. 

Consequently, temperature influences the balance between respiration and photosynthesis, 

where high values can impair latter. This is directly related to hydropassive closure, and it has 

Figure 5 – Light response curve example describing the 

variation of photosynthesis with incident PAR. The region 

shown in red corresponds to light intensities that lead to 

saturation, while any surplus is converted into heat that 

can be harmful for growth. 



 

9 

 

been observed in certain species where their stomata undergo a midday closure, leading to a 

transient reduction in their photosynthetic capability [28]. Opening of the stomata occurs 

around mid-afternoon where the water shortage has been fulfilled through the reduction of 

transpiration losses. The high direct irradiance during solar noon, results in higher ambient 

and ground temperatures that increase the transpiration rate of the crop. This ultimately leads 

to water stress, which is another factor influencing photosynthesis.  

The availability of water is crucial in determining crop productivity. The 

photosynthetic rate declines under conditions of water stress, and in severe cases it may 

completely stop. As previously discussed, stomatal closure imposes limitations to CO2 uptake 

due to water stress. The photosynthetic needs of the plant cannot be met because the stomata 

cut off the supply of atmospheric CO2 to the chloroplasts. As a result, the frequency of a 

stoma’s opening must be considered when determining productivity and crop yield. Note that 

under an acute water deficit, leaf expansion is reduced, and ultimately the photosynthetic 

surface area. Crops can be subjected to water stress when there is a swift drop in ambient 

humidity or when warm and dry mass of air passes through it. Depending on the ground and 

ambient temperatures the rate of transpiration rises, which leads to a higher vapor pressure 

gradient between crop and surrounding air. Under such conditions the soil becomes 

increasingly dry and this has a negative impact on water absorption especially for shallow-

rooted crops [21]. Control over the opening of the stomata is therefore used to balance 

transpirational water losses to the amount resupplied through the roots. In fact, for almost all 

plants studied, the movements of the stomata were found to be responsive to ambient 

humidity [29]. 

After having introduced the various environmental factors that influence the photosynthetic 

rate, we can now proceed to the genetic factors. At first, crops can be divided according to 

their carbon assimilation pathway; C3 and C4 crop species. Note that C3 and C4 refer to the 

corresponding pathway utilized for 

the dark reaction of photosynthesis. 

These can vary significantly in terms 

of their photosynthetic behaviour, as 

well as anatomical, biochemical, and 

physiological characteristics that 

establish what is known as C4 

syndrome [30]. C4 plants originate 

from tropical or subtropical regions, 

where irradiance and temperature 

are considerably higher [31]. These 

species have adapted to such 

conditions, and as a result their 

photosynthetic rate can be up to 

Figure 6 – Simulated light response curves for C3 and C4 

species at an ambient temperature of 25˚C and CO2 of 1000 

μmol m-2 s-1 [32]. The red lines approximate the LSP, 

although C4 species do not really saturate. 
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three times greater than C3. Furthermore, they can withstand drought and thus 

photosynthesize effectively even under water scarcity, that would lead to hydropassive 

closure in C3 species. To better grasp the differences in photosynthetic behaviour both species 

response to light is shown in Figure 6. In comparison to C3 crops, C4 have a considerably 

lower LCP (not shown in the plot). Furthermore, in C3 plants the supply of CO2 is usually the 

limiting factor of photosynthesis, leading to an LSP of around a fourth of the total incident 

solar radiation.  On the other hand, C4 species do not reach saturation. This, however, does 

not necessarily mean that C4 are more efficient at photosynthesizing. In fact, at temperatures 

below 30 ˚C, C3 plants display a higher quantum yield [21]. The opposite is true for 

temperature above 30 ˚C, since at high temperatures the solubility of CO2 decreases, leading 

to decreased quantum yield for C3 species. A distinct advantage of C4 plants is their capability 

to better withstand water stress, and thus maintain photosynthesis without initiating 

hydropassive closure. This can be measured using the transpiration ratio or the inverse of it 

known as water use efficiency [21].  

The discussion on genetic factors that influence photosynthesis is continued, with the 

focus on plant architecture. The amount of irradiance incident on a leaf is affected by its 

position on the plant canopy as well as the presence and dimensions of surrounding leaves. 

This effect is more pronounced in densely packed crop plantations, where partial shading 

from other plants can occur. Therefore, canopy structure including angle, morphology and 

spacing between leaves can greatly impact plant productivity. For certain crops, young leaves 

that develop at the top receive the full amount of sunlight, while leaves at the bottom are 

heavily shaded. The amount of irradiance received by the bottom can be reduced by 90%, 

depending on plant architecture [21]. Consequently, these leaves do not contribute to the 

process of photosynthesis, rather they negatively impact it through respiratory losses. Unlike 

solar cells; however, photosynthesis occurring at the top of the plant is not limited by shading 

at the bottom. 

 To assess crop productivity  in terms of light interception, the ratio of photosynthetic 

leaf area to the amount of ground covered area is used, which is known as the leaf area index 

(LAI), a dimensionless number [21]. Light incident on the ground does not contribute to 

photosynthesis, therefore a high LAI is desirable. Nevertheless, planting crops at very high 

densities can lead to a decrease of the photosynthetic rate, due to partial shading. In general, 

leaves that are horizontal are better oriented to absorb light and usually have a larger surface 

area. At the same time, they result in additional partial shading at the bottom of the canopy. 

On the other hand, leaves that are erect intercept less light, and ultimately lead to lower partial 

shading. Therefore, different crops species in the same environment can lead to a significantly 

different photosynthetic behaviour.  
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2.1.2 Effect of diffuse light 

According to the crop’s architecture, a more uniform horizontal and vertical distribution of 

light can enhance light interception, and thus carbon gain. This is of special importance to 

crops with a high LAI, where middle and lower leaves receive considerably lower irradiance, 

and thus contribute less to the overall production. To mitigate this inhomogeneity in light 

distribution, the effects of diffuse light are investigated. It has been shown that by increasing 

the amount of light throughout the crop’s canopy the photosynthetic behaviour is 

significantly enhanced [33]. A similar boost in productivity is observed when the fraction of 

diffuse light is higher, such as that found during cloudy sky conditions, or under forests [34-

37]. Therefore, diffuse light can penetrate deeper into the lower leaves of the canopy [38-39]. 

Furthermore, research indicates that crops have developed mechanisms that can absorb 

diffuse light in a more efficient manner [40-41]. To amplify the fraction of diffuse light over 

the crops diffuse covering materials could be employed like those used in greenhouses [42-

44]. The potential of these materials and their optical properties are examined in subsection 

3.1.2 Optical properties.  

 The integration of a light diffusion film can increase plant production by 5%, thus 

ensuring its profitability [45]. This was verified for various crops; cucumbers with 8% increase, 

roses with 10%, and tomato with 8-11% [46-48]. Such benefits in plant production lead to 

higher yields that justify the additional cost of such a diffuse covering. As will be discussed 

later, light homogeneity below an APV array can be greatly reduced, due to the casted 

shadows. These sharp gradients of irradiance could be smoothened out using such a cover. In 

Figure 7 the influence of a diffuse cover on the spatial distribution of light along the horizontal 

direction can be observed. Under the clear cover light transmission varies considerably, while 

under the diffuse it is made homogeneous. Additional benefits were observed such as 

increased light interception on clear days, especially in the middle layers of the canopy, 

Figure 7 – Horizontal light intensity and distribution throughout ground with and without the 

diffuse cover [46]. The measured data are obtained for a clear day on the 11th of October 2006. 
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leading to an enhancement of the photosynthesis rate [38, 46, 49]. This improvement in 

performance could also be explained by the decreased crop temperature (around half a 

degree) at the top of the canopy, that allows more optimal conditions for growth [46, 48].  For 

crops with tall canopies, the vertical light interception is reduced due to the partial shading 

effect. Naturally, this depends on the LAI as previously discussed. For cucumber, a crop with 

a high LAI, the influence of the 

diffuse cover on the vertical 

distribution of light was examined, 

as shown in Figure 8. The 

introduction of the diffuse cover 

resulted in an enhancement of the 

light interception, especially at the 

middle layers of the canopy [43]. 

Overall, a light diffusion film leads 

to a better spatial distribution of 

light over the crops, and 

depending on the plant’s 

architecture, species, and the local 

climatic conditions the increase in photosynthetic rate and thus productivity can be 

substantial. Consequently, such a cover could be greatly beneficial in APV systems.  

2.1.3 Shade tolerance 

The capability of a plant to tolerate low light intensities is known as shade tolerance. Shade 

tolerance is usually considered as an attribute of certain plant species, however, this 

compliance of plants to a certain light intensity is something that can be inherited [50-51]. 

Through genetic adaptation plants can modify their photosynthetic behavior according to 

their light environment.  Plants grown under shade are not able to achieve high rates of 

photosynthesis even when plentiful irradiance is present. On the other hand, due to their 

adaptation to shade, they perform efficiently at a low irradiance. Consequently, under 

overcast sky conditions they are expected to outperform crops grown under high light. The 

latter can maintain high photosynthetic capacities when light saturation is attained, but they 

are incapable of photosynthesizing effectively under shade [52-53]. This adaption to external 

light conditions is present for both sun and shade species, and thus depends not only on the 

species but also on the light intensity received throughout their growth. For example, a sun 

specie that is shade-grown will display resemblance to a shade-plant in terms of its 

photosynthetic behavior [54]. 

Studies indicate that the rate of photosynthesis in both C3 and C4 species, is 

significantly affected by their light environment throughout growth [53, 55-61]. For example, 

the photosynthetic behavior under varying light intensities throughout a crop’s growth is 

Figure 8 – Vertical light interception measured for a 

cucumber crop under a clear sky on the 23rd of May 2006 for 

two greenhouse covers [46]. 
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displayed in Figure 9. As the light intensity increases, so does the LSP and the maximum 

photosynthetic rate. Furthermore, at low light intensities the LCP decreases. The effect of 

grown light intensity on the quantum efficiency cannot be generalized. Some studies show 

that there are not any apparent changes in the initial slope of the curves, thus resulting in a 

constant quantum efficiency irrespective of growth conditions [55-56, 62-63]. Other studies 

claim that there is a change in the initial slope of the light response curve, that seems to portray 

quantum efficiency variations [58, 64]. Specifically, plants grown under shade displayed a 

higher efficiency, thus demonstrating adaptation to such environmental conditions.  

The magnitude of light present during growth can also alter the morphology of leaves. 

Sun-grown leaves were found to be thicker and with a smaller surface area, while shade-

grown leaves were thinner, larger, and more [55, 62, 65-72]. By increasing their surface area, 

leaves can intercept light more successfully. On the other hand, sun-leaves develop a higher 

stomatal density and thus are better equipped at dealing with elevated temperatures and high 

irradiance [73-75]. A thinner leaf implies a reduction in vascular tissue, which is essential for 

plants grown under shade, since the maintenance of the tissue is very energy intensive [76]. 

The capability of the leaf to absorb light is further reduced, since photosynthetic cells are 

replaced by non-photosynthetic tissue. One of the main functions of the vascular network is 

to transport water. In shade, a large network is unnecessary, because under such conditions 

transpiration losses are reduced. To visualize, the reduction in leaf thickness according to light 

intensity and crop species Figure 10 is included. The thickness of the C3 species reduced 

significantly more under shade in comparison to C4.  Note that the change in the leaf’s cross-

sectional area represents a change in tissue volume. This significant reduction in vascular 

tissue present in C3 species allows them to perform more efficiently under shade in contrast 

to C4 [77-79]. Therefore, the latter have intrinsic characteristics that result in ineffective 

Figure 9 – Light response curves of the A. patula crop for varying intensities 

during its growth [51]; low, intermediate, and high light environment. 
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acclimation to shade. 

2.2 Crop yield 

Multiple crop models exist that can determine crop yield for many species, however, they 

cannot be generalized to simulate the behavior of all species. They depend on crop-specific 

parameters that are not widely available. A simple generic crop model was recently developed 

that can be easily adjusted to simulate crop productivity, and yield for various species [80]. 

Radiation-use efficiency (RUE) is based on the process of photosynthesis and thus is 

fundamental to crop yield modelling. It quantifies the amount of resulted biomass according 

to the portion of the total incident PAR that is intercepted by the crop’s leaves [81-82] 

Essentially, it considers both the amount of light intercepted and the crop’s capability to utilize 

that and produce dry matter. Estimations of RUE values were examined for C3 and C4 species 

and it was determined that they can vary considerably. They were found to be in the range of 

1.5-2.0 g MJ-1 and 4.0-5.8 g MJ-1 for C3 and C4 species respectively [83]. As previously 

discussed, diffuse light can enhance light interception by homogenizing light distribution 

over the plant’s canopy. Furthermore, it was found that it has a positive impact on the RUE 

[84-85].  

Similar to photosynthesis, biomass is influenced by a variety of environmental and 

crop specific genetic factors. These include daily temperature, thermal, drought, and water 

stresses, as well as atmospheric CO2 concentration. In mathematical terms, the daily rate of 

biomass (kg/m2 day) can be found through [80]: 

Figure 10 – Cross-sectional area of Flaveria robusta (C3) and Flaveria 

australasica (C4) leaves, which are grown under two light intensities; full 

light (500 μmol/m2/s) and under shade (100 μmol/m2/s) [76]. 
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 Biomass rate = Idaily ∙ Fsolar ∙ RUE ∙ f(CO2, T, Q, σ)  (1) 

Idaily (Wh/m2 day) is the daily solar irradiation incident on a horizontal plane at crop level and 

Fsolar is the fraction of the irradiation intercepted by the plant. Note that f(CO2, T, Q, σ) 

represents the influence of carbon dioxide concentration, temperature, as well as thermal and 

water stresses on the crop’s productivity. Then the total biomass accumulated can be 

determined by [80]:  

 Biomasst+∆t = Biomasst + Biomass rate|∆t (2) 

where ∆t represents the time frame that the rate is calculated, which is usually daily. Finally, 

to obtain crop yield (kg/m2) the total biomass until maturity is multiplied by the Harvest Index 

(HI) [86]:  

 Yc = Biomasstotal ∙ HI (3) 

For the sake of simplicity, HI was assumed to be independent of the environmental and crop-

genetic factors.  

Estimating the fraction of light intercepted by the crop is not straightforward, since it depends 

on the canopy’s architecture; however, it can be estimated through Beer-Lambert’s law [87]: 

 I = I0e−k𝜁 (4) 

where I0 is the irradiation incident on the top of the canopy, while the light extinction 

coefficient is represented by k. The parameter ζ describes the cumulative LAI of the canopy 

along the vertical direction. Note that LAI varies along the plant’s height and throughout each 

layer. For most agricultural systems to be productive LAI values between 3-5 are used [21]. 

Specifically, for canopies with horizontal leaf orientation LAI lies below 2, while for vertical 

oriented between 3-7. The attenuation of light is more pronounced in canopies with horizontal 

leaves than with vertical [88]. The effect of leaf arrangement and orientation (tilt), is accounted 

for through the extinction coefficient [89], which was estimated by Monsi and Saeki to be 

between 0.7-1.0 and 0.3-0.5  for horizontal and vertical leaves respectively [87].  

Additional modifications to equation 4 are performed to represent a more realistic 

case. For example, in natural stands the lower leaves are oriented closer to horizontal, while 

in the upper layers they are more erect [89]. Since the calculated irradiation I in equation 4 is 

determined for a horizontal plane, the following adjustment is suggested to calculate 

irradiation I’ on the actual canopy plane [89]: 

 
I′ =

I0ke−k∙ζ

(1 − τleaf)
 (5) 

, where the leaf’s transmittance τleaf must also be considered [89]. By determining the amount 

of irradiation intercepted by the canopy and accounting for the photosynthetic response of a 

certain crop, photosynthesis Φ (μmol m-2 s-1) can be calculated through [87, 89-90]: 
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Φ =

b

ak
ln (

(1 − τleaf) + akI0

(1 − τleaf) + akI0e−kζ
) − rζ (6) 

, where a and b are constants that portray the crop’s photosynthetic behaviour. Along with 

the respiration rate r they characterize the crop’s physiology, while k and ζ define the canopy’s 

architecture. The equation describing photosynthesis was compared with experimental 

results for τleaf = 0 and k = 1, and it was determined that it closely resembles actual 

conditions [91]. By varying k and ζ one can conceptualize how to maximize photosynthesis 

through leave arrangement and orientation alone. In general, a low k in combination with 

high ζ will result in the maximum achievable photosynthesis for a given configuration. This 

is verified by crops grown under full sunlight where k and ζ were found to be approximately 

0.7 and 5 respectively [88]. Such values maximize the amount of intercepted irradiation by the 

canopy. A limitation to the use of this model arises from the assumption of overcast sky 

conditions [87]. However, this is partly resolved by the integration of a diffuse cover, which 

will be described in subsection 3.1.2 Optical properties. Note that the extent of light 

penetration throughout the canopy is dependent on the angle of the sun as well [92-93]. 

2.2.1 Influence of the PV array 

In this section, the influence of the PV array on the agronomic performance of the APV farm 

will be examined. The introduction of the array is expected to affect not only the microclimate 

and thus crop productivity, but also the corresponding farming practices [4]. To allow the 

operation of conventional agricultural machinery, the mounting structure of the APV array 

must be adjusted accordingly. Essentially, the clearance between lowest PV module edge and 

ground must be such that large harvesters or tractors can operate at ease. A clearance of 4-5 

m is assumed to be enough for most machinery [4]. A similar consideration must be made for 

the width between each of the support structure pillars. The expected loss in cultivation area, 

due to the unusable land that is occupied by the support structure was estimated to be at least 

2% in [94], while another source considered 10% losses of cultivatable land [95]; consequently, 

this loss should be determined according to the support structure and APV design. 

Various microclimatic alterations are anticipated with the integration of the PV array 

that can directly influence the photosynthetic rate of the canopy and ultimately its biomass 

production. These changes are dependent on the array’s configuration, as well as crop 

selection. Marrou et al. (2013) concluded that only a few adaptations are required to switch 

from open cropping to APV, instead one should concentrate on the reduction of light intensity 

and selection of crops that could adapt to such conditions. Furthermore, experimental results 

indicate that thermal time, mean daily air temperature relative did not vary significantly in 

comparison to full sun conditions [96]. On the other hand, soil temperature reduced under the 

shade of the APV array. Because of the shading crops were cooler throughout the day, 

especially around solar noon, while at night the opposite occurred [96-97]. This can be 

observed in Figure 11, where the daily variation of a crop’s temperature is plotted for a sunny 
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day in September . Full sun conditions are shown in blue, while the rest represent crops grown 

under the shade of the PV array. The reduction is most prominent around noon when harmful 

direct irradiance is blocked. At night there is a slight increase, due to the obstruction of the 

sky by the panels, which effectively reduces radiations losses. Frost can be detrimental to plant 

survival, so this is of equal importance. This along with the reduced evapotranspiration rate 

promoted improved conditions for photosynthesis and growth [96]. Through a decrease in 

soil evaporation increased yields in maize were observed for non-irrigated conditions [98]. 

However, these findings should not be generalized since they greatly depend on the local 

climate as well as PV array configuration. Further research is required to assess the impact of 

various PV orientations and densities. Moreover, as the size of the APV farm increases, the 

impact on the microclimate would be greater depending on the configuration. Nonetheless, 

the parameters mostly affected are light intensity and homogeneity, which are the one used 

in this study to model crop yield.  

As was discussed in subsection 2.1.3 Shade tolerance, most plants adapt to the 

corresponding light environment that they grow in. However, C3 plants can acclimate to 

shade more effectively, thus they are preferable. Crop species that are shade tolerant exhibited 

a series of adaptation strategies when grown underneath the PV array [99]. Shadow-grown 

leaves modify their morphology to be thinner and thus reduce respiration losses, while 

simultaneously increasing their surface area to better intercept light. Furthermore, leaf 

orientation was altered, while the total surface area of the canopy increased [99]. Based on 

these findings, it is crucial to examine whether the crop of interest can acclimate to shade well, 

thus being suitable for cultivation under the shade casted by the PV array.  

2.2.2 Sensitivity to shading 

Overall, there is a literature gap with regards to the impact of agrivoltaics on plant 

productivity and yield. Another path to conceptualize the effects of shading on crop growth, 

is to revise studies with artificial shade, such as shading nets, or those related to agroforestry 

Figure 11 – Temperature variation measurements at canopy level of a pear crop [97]. In blue, one can 

observe the temperature fluctuation for regular farming practises, while in red and green growth is 

facilitated under APV. 
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experiments [4]. Nonetheless, these conditions do not accurately represent the actual shading 

below the PV array. In APV systems, depending on the design, the reduction of solar radiation 

is dynamic and non-homogeneous, while under a shading cloth it is spatially homogeneous. 

For illustrative purposes, the schematic in Figure 12 displays the setup of a shading net 

experiment along with a simplified distribution of irradiance. A thorough re-view of studies 

related to the interplay between shading and crop yield is already published [4]. Whether 

yield increases, or decreases, and by how much is determined by the local climate, crop 

physiology, and shading intensity.  Fraunhofer ISE investigated the relation between PAR 

availability and crop yield for a plethora of plants and determined that crops can be divided 

according to their response to shading [101-102]. This sensitivity analysis is displayed in 

Figure 13, where three distinct responses to light can be observed. Both crop yield and PAR 

are expressed as a percentage of the actual values obtained under full sun (FS) conditions. In 

blue, the behavior of a shade tolerant crop is displayed, where yield is maximized at around 

75% of FS conditions. This is 

because shade tolerant species 

cannot acclimate well to high light 

conditions. Furthermore, their LSP 

is relatively low, thus they cannot 

utilize FS conditions efficiently. 

Shade tolerant crops do not 

experience yield reductions if the 

incident PAR is above 50% of FS 

conditions. In yellow shade 

intolerant species are shown, where 

crop yield depends almost linearly 

to incident PAR. For such crops 

substantial yield reductions can 

occur. Finally, in red the behavior of 

many commercial crops is plotted, 

Figure 12 – A shading net experiment [100], and the corresponding irradiance intensity and 

distribution on ground for full sun conditions (open field), under the shade of the net, and of the 

APV facility (not shown). These are not simulated values nor measured, rather they are included to 

illustrate the differences between the shading practise followed. 

Figure 13 – Crop yield sensitivity to incident PAR and crop 

shade tolerance [102]. Crops are divided according to their 

acclimation to shade into shade tolerant (blue), shade 

intolerant (yellow) and in between (red). The vertical and 

dotted lines indicate the minimum incident PAR to ensure 

sufficient yield. 
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which is probably the most realistic response. Crop productivity is relatively unaffected for a 

PAR reduction up to 30%. The light requirements of crops can vary significantly, and thus 

careful selection of shade tolerant species is preferred to allow high PV densities to be 

installed, and thus maximization of land productivity.  

 Light intensity is undeniably the factor that influences crop yield the most, however, 

the time-period of shading and the crop’s phenological stage during that shading period are 

crucial as well. The amount of light required to reach saturation varies throughout a crop’s 

growth phase: establishment, vegetative, and reproductive. Establishment occurs through the 

germination of the seed, which is then followed by the vegetative stage where stems and 

leaves are formed until they are full-grown. In the last stage, where reproduction initiates, 

sensitivity to light is highest. For instance, the following PAR intensities are recommended for 

cucumbers, peppers, and tomatoes: 100-300 (establishment), 300-600 (vegetative), and more 

than 600 μmol m-2 s-1 (reproductive) [103].  For winter wheat, the decrease in crop yield and 

number of grains per m2 was attributed to the amount of PAR reduction 7 days before 

anthesis, and throughout grain-filling [104]. Another study on wheat found that the reduction 

of yield was most sensitive to the shading intensity 30 days prior to flowering [105]. For maize, 

flowering and early-grain filling were found to be most sensitive [106]. Specifically, during 

pre and early-silking a reduction of solar radiation by 50% resulted in a 12.6% decrease in 

yield [107]. When the same shading was applied during post-silking the reduction in yield 

was 21.4%. Such findings were confirmed by other studies where crop yield sensitivity to 

shade was highest during flowering and grain filling [108-109]. A similar dependency of crop 

yield to phenological stage was found in sunflowers, where the number of grains was more 

sensitive to shading during post-anthesis, rather than pre-anthesis [110-111]. Based on these 

findings, a pattern is observed for many if not all crops where yield is highly sensitive to 

certain growing periods. This is another important issue to consider when designing an APV 

array.  

2.3 Synergy with bifacial PV 

Through the utilization of bifacial solar cells significant reductions in PV system levelized cost 

of energy (LCOE) are expected in comparison to their monofacial counterpart [112]. 

Furthermore, bifacial modules are currently available, in comparison to state-of-the-art multi-

junction modules or semi-transparent technologies that demand further laboratory research 

to ensure compatibility with various crops. Nonetheless, due to a lack of knowledge with 

regards to their design, bifacial specific benefits are not utilized appropriately. To overcome 

this barrier, a thorough investigation is required; a sensitivity analysis of the bifacial power 

output with regards to the module’s orientation, elevation, ground albedo, and packing 

density amongst others is necessary [112-115]. In agrivoltaic systems, plentiful irradiance 

must be incident on the ground to ensure a marketable crop yield, which bifacial modules can 

better capitalize on due to their rear side absorption. To conceptualize the potential synergistic 
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effects between crop cultivation and bifacial energy yield a thorough literature review on the 

influence of system deployment configuration is necessary.  

At first, some parameters regarding the performance of a bifacial PV module must be 

introduced. Rear side power generation, and thus overall energy yield is dependent on the 

efficiency of the rear side, which is considered through the bifaciality factor (BF). It is defined 

as the ratio of rear side to front side efficiency at standard test conditions (STC):  

 BF =
ηSTC,r

ηSTC,f
 ∙ 100% (7) 

As a result, the rear side can convert only a fraction (BF) of what would be generated by the 

front side. In general, the BF can vary according to the technology used from 75% in 

interdigitated back contact (IBC) solar cells, to over 95% in heterojunction with intrinsic thin-

layer (HIT) cells [116-121]. Consequently, through careful examination of the deployment 

configuration of the array, one can determine the appropriate BF that will maximize LCOE. 

For example, in an E-W facing and vertical bifacial array, a high BF is recommended to exploit 

the plentiful irradiance incident on the rear side. Logically, module configurations that permit 

high electrical gains from their rear side should preferably have a high BF.  

 In general, as bifacial modules deviate from their optimum orientation for light 

harvesting, the gain of the rear side increases [112]. To measure the relative energy yield gain 

of bifacial in comparison to monofacial the bifacial gain (BG) is used:  

 BG =
Ye,r

Ye,f
∙ 100% (8) 

For experimental or small demonstration systems the BG is expected to vary between 15 to 

25%, while for PV farms values are expected to lie around 5 to 15% [114]. Consequently, for 

APV systems where the PV density is expected to be considerably lower, higher bifacial gains 

can be achieved for the same configuration [112]. Other than the packing density of the array, 

the orientation is also crucial in determining the BG. For example, for an optimally inclined 

and south facing array the overall energy yield is maximized, however BG is minimized, since 

the front side is prioritized. On the other hand, for an E-W facing vertically installed array BG 

is prioritized attaining values around 80%, while energy yield is reduced [114]. This was 

verified by the simulation results obtained in this thesis that are described further in 

subsection 4.1.2 Azimuth, tilt and row spacing. As was discussed previously, the gain of the 

rear-side is dependent on the BF, thus for the vertically E-W array, the BG is essentially equal 

to the BF, assuming both sides receive equal irradiation. Although a high BG is desirable, it 

does not necessarily imply that energy yield is maximized, unless highly reflective surfaces 

are present with latitudes close to the equator [122].  

  To further conceptualize what limits BG and thus overall energy yield, the non-

uniformity of incident irradiance onto the rear side of the bifacial module must be analysed. 
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By determining irradiance G (W m-2) incident per cell on the rear side, one can determine the 

variation in irradiance distribution through: 

 Non − uniformity =
Gcell,r,max − Gcell,r,min

Gcell,r,max + Gcell,r,min
∙ 100% (9) 

where Gcell,r,max and Gcell,r,min are the maximum and minimum irradiance values incident onto 

the rear side of the bifacial cells. This non-homogeneous distribution of irradiance is a limiting 

factor to the performance of the module’s overall rear side [123-124]. Note that rear side 

inhomogeneity decreases for days with a  high diffuse fraction, since diffuse light results in 

smoothening of shadows casted on the ground [125]. Furthermore, it depends on the 

deployment configuration (tilt angle, elevation, etc.) as well as ground albedo, while 

measured values were found to lie between 7 to 35% [123-125]. Berrian et al. (2019) suggested 

that the overall module inhomogeneity has a bigger influence on the total power loss, since it 

is more sensitive to front irradiance for south and optimally inclined modules. A quadratic fit 

was found between the overall irradiance inhomogeneity and power loss mismatch [125]. 

Even though, less than 0.5% of power losses due to variation in irradiance throughout the 

module’s cells is expected [125]. The aforementioned parameters are necessary to assess the 

performance of the bifacial array, under various installation configurations.  

2.3.1 Deployment configuration 

To conceptualize the underlying trade-offs in the design of a bifacial PV array and the 

potential synergies with crop cultivation, a thorough review is performed on the parameters 

influencing bifacial performance. The factors addressed include but are not limited to module 

elevation and orientation, PV array density, module transparency, size of reflective ground 

surface, and albedo. These factors are interrelated to a certain degree, thus complicating the 

optimization of bifacial systems. Note that for additional information regarding crop albedo 

and its spectral properties the reader is referred to the next subsection 2.3.2 Crop albedo.  

As previously described, for ground mounted (GM) bifacial systems the distribution of rear 

irradiance is inhomogeneous. This can significantly impact rear and ultimately the overall 

energy yield; however, it can be alleviated by increasing the module’s elevation [112, 126-128]. 

Note that the module’s elevation is measured from its lowest edge to ground. In one study, it 

was determined that by raising a south facing module from 10 cm to 1 m, the standard 

deviation of rear side irradiance decreases from 28.4% to 2.8% for a given day at noon [126]. 

It was further discussed that this deviation in irradiance or inhomogeneity is time dependent. 

Similar results were found in another paper, where the spatial non-uniformity of irradiance 

equation 9 was below 2.5% for vertical clearances above 1 m [127]. However, in both papers 

only a single module was simulated, thus these findings do not necessarily reflect the actual 

irradiance inhomogeneity in a bifacial array.  

 Other than homogenising rear side irradiance, elevated modules benefit from an 
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overall increase in the magnitude of rear irradiance. As the mounting height increases the 

view factor (VF) from PV to unshaded ground increases, thus ground reflection and rear POA 

irradiance are enhanced. This relationship between rear irradiance and mounting height 

closely resembles a logarithmic trend – at least for setups with only one module or a string – 

and at a sufficient height saturation of the BG is expected [115, 122, 126-128]. Specifically, for 

an albedo of 0.2 a clearance of around 2 m from the ground is necessary to attain 95% of the 

maximum irradiance [127]. A similar study investigated the influence of latitude and climate 

and concluded that sensitivity to elevation was higher for locations closer to the equator [128]. 

For northern latitudes the sun rays have a higher Angle of Incidence (AOI) and usually in 

such regions the diffuse fraction is also larger. Therefore, the shading effect is mitigated, which 

leads to a reduced sensitivity with respect to elevation. This dependency of optimum 

elevation to latitude was verified by another study, in addition to the influence of albedo [122]. 

For ground surfaces with high albedo, the optimum elevation is higher to better utilize the 

plentiful ground reflected irradiance [115, 122, 126, 128-129]. Consequently, energy yield is 

more sensitive to elevation for highly reflective ground surfaces.  

This sensitivity to elevation is also dependent on the bifacial system’s size as shown in 

Figure 14 for clear days around the summer solstice, fall equinox, and winter solstice. The 

energy yield and BG are determined for each of these corresponding days, system sizes, and 

mounting heights, for an albedo of 0.21. Three system sizes were analysed; a single module, a 

single row with five modules, and a multi-row (5x5) where the results are representative of 

the centre module. Furthermore, for each day simulated, a different tilt angle is used that 

corresponds to the optimum for that season. This might cause some inconsistencies, in terms 

of generalizing the behaviour of sensitivity to elevation, since modules that are tilted suffer 

less from self-shading, thus reaching saturation in yield at lower heights. Note that self-

shading refers to effect where the shadow casted by the module shades the ground in its close 

vicinity, thus leading to a reduction in BG. Overall, the saturation height is approximately 

around a meter, depending on the day, and deployment configuration [115]. However, this 

Figure 14 – Influence of elevation on daily energy yield and BG (%) for various system sizes and 

seasons [115]. Note that all systems are facing due south and are tilted for optimal light harvesting in 

the corresponding season, while they are simulated for the climate of Albuquerque, USA (35.1˚N). 
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saturation effect is not present for bifacial arrays, instead the trend is linear as shown in Figure 

14 (a), which is a direct result of the intensified ground shading due to the system’s size. This 

behaviour is not as apparent on the other days, possible due to the increase in tilt angle, and/or 

increase in AOI, and/or decrease of clearness index as the analysis period is shifted towards 

winter. APV systems are expected to be elevated much higher than conventional GMPV 

systems to ensure operation of agricultural machinery, which in turn enhances the magnitude 

and homogeneity of rear side irradiance.  

When it comes to the tilt angle sensitivity of energy yield, literature indicates that bifacial 

modules will outperform monofacial for the same orientation (tilt & azimuth) [112]. Initially, 

it was claimed that latitude inclined bifacial modules would maximize annual energy yield 

[130], however a more rigorous approach is required to fine tune energy yield. Yusufoglu et 

al. (2014) examined the influence of elevation, ground albedo, and location on the optimum 

tilt angle. It was concluded that higher tilt angles are optimal for GM modules, and/or high 

ground albedo, and/or high latitude. Modules that are elevated higher do not suffer as much 

from self-shading, thus the optimum tilt becomes lower. On the other hand, when albedo is 

high, tilted modules gain more from ground reflected irradiance in comparison to the loss of 

Sky View Factor (SVF) and front beam irradiance. In a later study Yusufoglu et al. (2015) 

considered the influence of rear irradiance homogeneity to better assess the interplay between 

tilt, elevation, and albedo. The results mostly agree with those reported previously, but they 

diverged for the case of high albedo and module elevation as shown in Figure 15 (a, b). As the 

albedo increases the homogeneity of rear-side irradiance decreases with a growing rate [125]; 

consequently, to mitigate self-shading high tilt angles are compulsory for GM bifacial 

modules. The discrepancy arises at high elevations and ground albedo, where a decreasing 

trend in optimal tilt occurs [126]. Furthermore, it is claimed that lower tilt angles enhance rear 

homogeneity for elevated modules, thus increasing overall energy yield. Then again, rear 

homogeneity is already less than 3% for modules elevated above 1 m [126-127], thus 

Figure 15 – Annual optimal tilt angle versus elevation for various system sizes, locations, and 

albedos. The simulated values are representative of a single module located in (a) Oslo, NO (60˚N) 

and (b) Cairo, EG (30.1˚N) [126]. In (c) both single and multi-row systems are analysed located in 

Albuquerque, USA (35.1˚N) [115]. 
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additional research into the matter might prove otherwise. Another counter argument is that 

for high albedo and elevation, there is abundant ground reflected irradiance, which should be 

exploited by further tilting the modules in comparison to a lower albedo case. This argument 

is supported by the sensitivity analysis performed in [115], where the PV system’s optimal tilt 

was related to the system’s size, elevation height, and ground albedo included in Figure 15 

(c). For elevations above 1 m, the change in optimum tilt is almost minimized. Furthermore, 

the tilt that maximizes energy yield is higher for an array than a single or stringed system, 

where high albedos are present. For example, the optimal tilt is 36˚ and 40˚ for an array with 

ground albedos of 0.21 and 0.81 respectively [115]. This behaviour illustrates the additional 

complexity in modelling of bifacial arrays, thus justifying the need of an individual 

assessment per layout configuration.   

 Because of its capability to absorb rear side irradiance, an E-W facing vertical bifacial 

module is a viable option for power generation depending on the ground’s albedo and site’s 

latitude. Thus, the comparison is made between E-W vertical and S-N optimally inclined 

modules. For the case of a low ground albedo (0.25) a S-N module outperforms vertical E-W, 

generating up to 15% more energy yield [122]. On the other hand, for twice the albedo the E-

W orientation can outperform the S-N by up to 15% for latitudes below 30 degrees. In higher 

latitudes, the optimal inclination of S-N is increased, thus the shading effect is minimized and 

ultimately rear inhomogeneity. However, as modules are elevated from GM to 1 m above the 

ground, the S-N facing array develops into the optimal orientation globally [122].  

 

Until now, mainly single-row bifacial 

systems were discussed; however, it is 

crucial to understand how an array will 

perform under conditions of increased 

mutual and ground shading. It is clear by 

now that single bifacial modules or small 

systems will result in significantly higher 

BG in comparison to large scale systems. 

To conceptualize the influence of the 

array’s packing factor a bifacial system 

consisting of three rows with eleven 

modules per row was simulated under various ground albedos and row spacings as shown 

in Figure 16 [131]. The distance between rows was increased and the BG of the centre row was 

recorded. The behaviour is logarithmic, and as the row spacing (RS) is increased BG also 

increases, since additional ground reflected irradiance is incident on the rear side. Eventually, 

BG saturates depending on the ground’s albedo, since more light can be absorbed when a 

highly reflective ground surface is employed. These findings are representative of the centre 

row in a small bifacial system; thus, they do not necessarily portray the actual BG of larger 

Figure 16 – Modelled bifacial gain sensitivity to row 

spacing for an array with  two ground albedos [131]. 
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scale PV farms. Note that ground albedo is expected to decrease for larger systems, due to the 

additional shading by neighbouring rows. Another issue that must be addressed is that the 

BG per module varies throughout an array, depending on the PV density and orientation. 

Skoukry et al. (2016) investigated this variability in BG between modules in an array, 

consisting of five rows, with eleven modules each, set at a RS of 2.5 m. Simulation results that 

were validated indicate that modules at the edges of the array have a higher BG, since their 

view to the ground and sky is less obstructed [131]. On the other hand, modules at the centre 

receive the lowest rear irradiance, and thus BG. Overall, bifacial gain was found to vary 

between 27.7 and 31.4%. Note that in this study an albedo of 0.5 was used, while for lower 

albedos the variability in BG could be reduced considerably. Then again, in large-scale 

systems, this inhomogeneity in BG is expected to increase.   

 As the RS is widened, the packing factor or density of the array decreases, while the 

BG and rear irradiance benefit depending on the array’s orientation. Consequently, the 

specific yield (kWh/kWp) of the bifacial system increases; however, after a certain RS is 

attained saturation occurs. Furthermore, the overall energy yield per area decays with wider 

RS after a certain optimum spacing is attained. When compared to monofacial PV, bifacial can 

outperform them for the same orientation and density [112, 132]. As displayed in Figure 17, 

bifacial systems have a different sensitivity to the packing factor or GCR compared to 

monofacial, depending on the albedo. 

For all PV densities bifacial power output 

is higher, and the increase saturates at 

high densities [132]. As the RS is 

increased, the PV density decreases, 

allowing more light to be reflected 

depending on the ground’s albedo. This 

explains the difference in curvature from 

low to high albedo in comparison to 

monofacial. On the other hand, 

depending on the array’s orientation, 

monofacial modules can benefit from an 

increased albedo. Additional parameters 

must be considered to properly assess the 

influence of GCR and deployment 

configuration on the energy yield of a 

bifacial array.  

 The saturation effect when large row spacings are employed was also analysed by 

Appelbaum (2016) for vertically installed PV. It was verified that an increase in horizontal 

clearance from 2.9 to 3.9 m would increase the annual incident irradiation by only 1% for south 

facing and optimally inclined arrays. However, for an E-W facing and vertical array the same 

increase in clearance would significantly affect incident irradiation by 7.9% [133]. This is a 
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Figure 17 – Illustration of the relationship between 

power output and packing factor or GCR for both 

monofacial and bifacial (low and high albedo) [132]. 

The y-axis is normalized against the nominal power 

output of the monofacial module. 
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direct result of the higher sensitivity to shading when modules are placed vertically. 

Furthermore, as the row spacing is increased, the SVF and VF to the ground increase. 

Consequently, the deployment configuration of a vertical E-W facing bifacial system requires 

less packing to capitalize on the ground reflected and diffuse irradiance. The E-W vertical 

orientation was examined in-depth and a sensitivity analysis was performed for the annual 

energy yield per m2 and pitch to height ratio (p/h) [134]. The parameters considered include 

various latitudes and clearness indices at a ground albedo of 0.5. As was discussed previously, 

the E-W configuration is more sensitive to RS, and while specific yield is enhanced through a 

wider RS, the total production per farm area reaches an optimum and then declines with 

increasing RS. For such configurations the trade-off between specific yield and total yield per 

area is intensified in comparison to S/N and optimally titled arrays. It was found that as the 

DNI component dominates a low pitch to height ratio would be optimum, while the opposite 

is true for regions where DHI dominates [134]. Furthermore, up to 30 degrees latitude a lower 

p/h (~0.8) is optimum, while for northern latitudes optimum p/h increases [134]. This is in 

accordance with the clearness index, since in high latitudes sky conditions are frequently 

overcast or intermittent, thus DHI dominates. To utilize diffuse light appropriately, masking 

should be minimized, thus RS is increased under such conditions. Overall, APV systems are 

expected to be employed at wider RS to allow sufficient light for crop growth, thus increasing 

the specific yield of bifacial PV. 

In an attempt to increase rear side homogeneity and magnitude the influence of module 

transparency is investigated. Deline et al. (2017) examined this relationship and concluded 

that for close to GM configurations rear irradiance is increased by around 10%; however, for 

higher elevations rear irradiance is slightly impacted by the module’s transparency [127] as 

shown in Figure 18. In another paper, the influence of cell spacing on the panel’s electrical 

efficiency was explored and found out that there is a nonlinear response between efficiency 

and cell packing factor [135]. As the 

packing factor decreases, transparency 

increases, and thus more irradiance is 

incident on the ground (reflector in this 

case). Rear irradiance increases and 

consequently module efficiency as well. 

However, according to the reflector’s 

efficiency (albedo, orientation), module 

efficiency saturates at high packing 

factors. [135]. At high PV cell densities, 

there is additional shading on the 

reflective surface, thus saturating the 

overall module efficiency increase. 

Furthermore, as transparency increases, 

Figure 18 – Modelled rear irradiance as a function of 

module transparency [127]. The results are 

representative of a single module, that is facing due 

south, tilted at 37˚, with an albedo of 0.2. 
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specific yield is enhanced, while overall yield per area is reduced. Therefore, another trade-

off arises between specific and total yield.  

One more benefit of increasing bifacial transparency, is a reduction in the module’s 

operating temperature [136]. In general, due to the glass material and exposed rear surface, 

absorption of infrared light and operating temperature are reduced in comparison to a 

monofacial module [137-138]. Module temperature is expected to be further reduced when 

transparency increases, due to improved heat dissipation [136]. This in turn boosts the open-

circuit voltage, and thus the module’s electrical performance. In the context of APV, increasing 

the module’s transparency can be a viable solution for light demanding crops, especially when 

ground irradiance is saturated through widening of the RS. The potential of varying the cell’s 

spacing and the underlying trade-offs are examined further in section 4.5 Cell sensitivity – 

micro scale. 

2.3.2 Crop albedo 

The influence of albedo on the energy yield of bifacial systems is already discussed, along 

with its relation to the array’s configuration. In APV systems however, the ground albedo will 

be crop-specific, and consequently vary with season [139]. Furthermore, Ziar et al. (2019) 

concluded that albedo can also vary according to optical and morphological properties of the 

surface and surroundings, as well as time, location, climate, and PV configuration. By 

clustering all these parameters in a comprehensive model, the ground albedo of a complex 

environment was accurately determined [140].  The PV modules cast shadows on the ground, 

thus leading to a reduction of the overall albedo, since shaded patches reflect only diffuse 

light. The weather conditions can impact the contribution of DHI and DNI components, and 

in turn the amount reflected by the ground [141]. Furthermore, it is reported that the position 

of the Sun on the hemisphere can also influence albedo, thus verifying latitude dependency 

as well [142]. These parameters are entangled through time, and according to the Sun’s 

position, the geometry of the shadows casted by the PV modules will vary. However, in 

comparison to conventional GMPV arrays, an APV system’s power output will also be crop 

specific, based on the optical properties and the canopy’s architecture. Equation 6 in section 

2.2 Crop yield describes the amount of solar irradiation intercepted by a plant, which relies 

on its LAI, as well as leaf arrangement and orientation [89]. Furthermore, depending on the 

crop’s height, additional shading can occur, thus obstructing a portion of the reflected 

irradiation. On top of that, the planting density of the crop can significantly impact ground 

albedo since a portion of the ground will be covered by the crop dependent albedo. Overall, 

bifacial modules heavily rely on ground albedo [143-144], thus complicating their integration 

and modelling in agrivoltaic systems. Finally, additional implications arise by considering the 

spectral distribution of incident irradiation and its influence on the spectrally responsive 

albedo.  
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It has been established that the spectral distribution of reflected irradiation varies 

according to daily and seasonal shifts, as well as location [145-146]. To account for these 

changes, in addition to the crop’s reflectance per wavelength and angular distribution, the 

spectral response of the PV technology used is also required. In general, plant leaves show a 

similar behaviour in terms of their spectral reflectance characteristics; reflectance is minimized 

for ultraviolet, blue, and red wavelengths, with a small peak in green, and then gets 

maximized in near infrared  [147]. Naturally, there are differences in the magnitude of 

reflectance amongst species according to their optical properties, which are defined by 

important pigments such as chlorophylls and carotenoids [147]. On the other hand, c-Si solar 

cell absorbs most efficiently between 450 and 1050 nm, with a peak at around 900 nm [148], 

thus mostly benefiting from the near-infrared crop reflectance. Nonetheless, the spectral and 

anisotropic characteristics of albedo are beyond the scope of this report, while the interested 

reader is referred to [149] for a more in-depth analysis. Reflectance of thirty plant species for 

some wavelengths are included in [150], and two more in [151]. For a more detailed spectral 

distribution bean, avocado, sorghum, and pigweed are depicted in [152], potato, alfalfa, 

canola, and oat hay in [153], corn and soya bean in [154], while cotton, wheat, and rye in [155-

157] respectively. Reflectance values for wavelengths in the infrared region vary depending 

on the crop. For instance, 63% in lettuce and 87% in beans [150]. Additionally, up to 700 nm 

reflectance values lie below 20% for most crops, except for lettuce. To estimate the actual 

ground albedo, the crop’s reflectance and morphology – LAI, extinction coefficient, canopy 

height – as well as planting density must be factored. As previously discussed, the albedo of 

vegetation depends on season, and commercial crops are no exception. For example, during 

their early growth stages leaves and branches have not been properly developed to allow 

considerable contribution to the overall albedo. Finally, fruits can also impact albedo, as 

shown in [158], where reflectance values varied from 60-80% in the infrared region for apple, 

orange, nectarine, and pear. This results in additional complications in deriving the actual 

albedo, since fruits develop at a much later stage and occupy only a portion of the total 

plantation. For crops with high light requirements the potential of reflective mulches could be 

investigated to effectively increase ground albedo [159-160], and thus benefit both crops and 

bifacial PV simultaneously.  

2.4 Simulation software 

In this section a literature study is performed on the simulation techniques used for modelling 

irradiance in bifacial modules as well as for the ground. The purpose is not to exhaust all the 

potential options, rather to compare between techniques and determine the one that is most 

robust for agrivoltaic applications. To achieve the objectives of this thesis, the modelling 

approach must be flexible in terms of its capability to address various PV deployment 

configurations as well as detailed features of the design, such as module and cell spacing 

modifications.  
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2.4.1 Irradiance modelling 

In terms of modelling front side irradiance of bifacial modules, optical models developed for 

monofacial modules can be utilized with minimal adjustments [161]. However, due to the 

plethora of parameters that rear irradiance is sensitive to, modelling of the rear side can 

complicate the derivation of the overall energy yield. In other words, an individual 

assessment is required for each deployment configurations. A thorough analysis of simulation 

tools MoBiDiG, BIGEYE V3, and PVsyst was achieved in [162], while to assess their 

performance the output was compared to measured data. MoBiDiG was developed at ISC 

Konstantz [163] and incorporates a quasi 3D VF concept to determine ground reflected 

irradiance, while BIGEYE V3 at ECN.TNO [164] uses a fully 3D VF approach. They both utilize 

the Perez model for the contribution of diffuse irradiance. On the other hand, PVsyst [165] 

simplifies the analysis to a 2D VF model that assumes long rows, as they usually occur in large 

PV farms. The simulation results are representative of the central module in an array of 3x3 

modules, elevated by 0.75 m, with a ground albedo of 0.51. To determine the influence of the 

insolation conditions three days were selected, with different skies; clear sky, intermittent, 

and overcast. For all tools analysed, the results obtained for the front irradiance closely 

resemble the measured data, with some deviation for horizontal or vertical installations [162]. 

A similar behaviour was observed for the rear irradiance, however with an increasing 

deviation reaching a maximum of 10% under overcast conditions for a vertical orientation. 

Other than being sensitive to the module’s orientation, the error was also sensitive to sky 

conditions; a lower deviation with increasing share of direct irradiance was observed [162]. 

Nonetheless, since energy yield is primarily affected by days with clear sky conditions and by 

the contribution of the front side, the overall deviation decays in an annual scale. Therefore, 

results from the simulation tools coincide with the measured data.  

 A similar study investigated the potential of ray tracing (RT) for the determination of 

rear irradiance [166], using bifacial_radiance, an open-source tool developed by NREL [167]. 

It is based on an open-source backward ray tracer known as Radiance [168]. Here a distinction 

is made between forward and backward ray tracing, where in the latter rays are traced from 

the surface of interest to the source, while in the previous they are traced from source to the 

surface. Naturally, for rear irradiance determination backward RT is more efficient, as less 

rays are traced without compromising on accuracy. The results were obtained for an hourly 

time-step and then compared to MoBiDiG and subsequently validated by measurement data. 

For a mean measured albedo of 0.5, both RT and the VF approach displayed an agreement 

with the experimental values of irradiance apart from some inconsistencies during noon [166]. 

In addition, the sensitivity of deviation to climatic conditions discussed in [162], was also  

observed in [166]. By accumulating hourly data to daily to monthly, the deviation between 

simulated and measured data decays. Overall, both RT and the VF approach can model rear 

irradiance of bifacial modules with an accuracy varying between +-0.5% to +-2% [166]. For 

both articles discussed the modules are close to GM, with an elevation of 0.75 m in [162] and 
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0.15 m in [166]; consequently, the performance of the aforementioned tools for highly elevated 

modules must be examined.     

To allow the operation of agricultural machinery APV arrays are usually mounted 4 to 5 m 

above the ground, thus it is essential to examine the potential discrepancies in modelling of 

such bifacial systems. A comparison between three simulation tools is achieved in [169] to 

determine which modelling approach offers the least deviation to measured values of a large 

bifacial plant in La Silla, Chile [170]. Specifically, three distinct approaches were used to model 

irradiance; PVsyst and MoBiDiG that utilize VF for both front and rear, and a hybrid approach 

that consists of MoBiDiG VF for front and bifacial_radiance RT for rear side irradiance. By 

utilizing a hybrid approach, and thus applying VF for the front side, the overall computational 

time is reduced considerably. The results are representative of a bifacial array with unlimited 

rows and columns, a GCR of 33% and an albedo of 0.28. As expected, front irradiance remains 

almost constant with increasing elevation from ground [169]; however, rear-side irradiance 

considerably increases with elevation as shown in Figure 19. The VF approach leads to an 

underestimation of the rear side irradiance for elevations above a certain threshold [169]. 

Results accumulated for a four-month period verify this behaviour in BG, which are displayed 

in Figure 19. Overall, the MoBiDiG Hybrid approach represents the experimental values with 

the highest accuracy. Consequently, RT instead of the VF approach should be utilized to 

determine the contribution of the rear side in bifacial PV.  

  The increased reliability in determining rear irradiance through RT was also verified 

by [171], where the simulation results of two approaches: PVsyst (VF), and Fraunhofer ISE 

(RT) based on Radiance [172] were compared to measured data for two systems. System 1 

consists of a single string of eight bifacial modules, elevated at 1.5 m from the ground with 

albedo of 0.55, tilted at 37°, and facing southwest,  while system 2 consists of a larger bifacial 

array, elevated at 6.6 m with albedo of 0.2, tilted at 20°, and also facing southwest. The mean 

biased error (MBE) between simulated and measured values is summarized in Table 1. 

Although for the determination of the front irradiance both approaches yield similar results, 

the MBE of rear irradiance is considerably reduced when simulated using RT [171]. As a result, 

Figure 19 – Comparison in rear irradiance values obtained through different optical models [169]; RT 

approach with bifacial_radiance, VF with MoBiDiG, and VF with PVsyst. The table on the right 

includes the measured (La Silla) and simulated bifacial gain of the array for a four-month period 

based on the modelling approach used [169]. 
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based on the literature findings of 

[169, 171], RT will be utilized for 

irradiance modelling of the bifacial 

agrivoltaic array. 

Multiple research institutes and 

companies have employed the use of 

RT for the evaluation of bifacial 

performance as shown in Table 2. 

Électricité de France (EDF) developed 

their own RT approach, and by considering rear irradiance inhomogeneity, they evaluated 

the impact of the module’s frame and support structure on the overall distribution and 

magnitude of irradiance [173]. Overall, the error in estimating the energy yield for a 3-month 

period in a site located in Paris, was less than 1%. EDF’s RT and Fraunhofer ISE RT approach 

based on Radiance, were validated experimentally for a variety of climates, deployment 

configurations, sizes, as well as tracking systems [172]. The average total error in deriving 

energy yield and POA irradiance lies between 3-7%. The RT simulation tool developed by 

Fraunhofer ISE was also compared to PVsyst VF, for two distinct systems [171], whose results 

are summarized in Table 1. Another pre-described study [169] indicated that NREL’s 

bifacial_radiance tool based on Radiance can effectively estimate BG of a large-scale bifacial 

array for a 4-month period. Researchers in [174] compared the performance of a VF cell-level 

approach to Radiance, in addition to COMSOL, a forward ray tracer that uses the simplified 

isotropic sky diffuse model. For the determination of front irradiance, Radiance resulted in 

5% lower values in comparison to the other two approaches, while for the rear, it led to an 

overestimation. Consequently, RT is an accurate optical modelling approach that can be 

integrated in comprehensive energy yield models to ultimately derive the performance of a 

bifacial array. 

2.4.2 Raytracing with Radiance 

Many RT tools are based on Radiance which utilizes backward RT, thus offering increased 

computational efficiency for the derivation of rear-side irradiance. This is especially true for 

complex environments, or deployment configurations, since some of the rays emitted by the 

source do not reach the rear side, thus not contributing to energy yield. The accuracy of RT 

over the VF approach for modelling of agrivoltaic arrays that are highly elevated is already 

described. However, there are additional benefits such as the capability to model complex 

geometries [168] – influence of frame, support structure, SVF obstruction – and detailed 

design features (module and cell spacing) that are not easily addressed through the VF 

approach [172-174]. An increasing amount of studies have explored the use of Radiance RT 

software for the derivation of bifacial rear irradiance, thus proving its modelling robustness 

for various system sizes, deployment configurations, and climates as described in Table 2.  

Table 1 – View factor and ray tracing modelling approach 

performance for  agrivoltaic systems [171]. The values in 

percentage represent the MBE with respect to the 

measured values for both front and rear side irradiance. 
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Table 2 – Literature review of studies related to the use of ray tracing for irradiance modelling of 

bifacial PV systems. Information regarding PV topology, albedo, and analysis time-period are also 

included.  

 

Additional pre-described studies indicate that Radiance can accurately determine the 

magnitude [114] and distribution of rear irradiance [115, 127]. An increase in deviation occurs 

for high tilt angles, nonetheless the overall accuracy is not jeopardized [114]. Furthermore, 

uncertainty in estimating Pmpp was found to lie within 1-2% [127]. For an array modelled in 

[115] the root mean square deviation (RMSD) of front and rear irradiance of the centre module 

in each row was found to vary between 4.6-6.8% and 4.3-16.4%, respectively. It was further 

noted that the deviation increases for the rows that are closer to south. The simulation period 

Literature Description Deployment Configuration Other factors 

bifacial_radiance RT, 

MoBiDiG VF, PVsyst VF, 

experimental values [169] 

Unlimited rows & columns, 

GCR = 33%, hhub = 2.1m, 

varying tilt 

αGr = 0.28, 

hourly to annual 

data 

Fraunhofer ISE RT, 

PVsyst VF, 

experimental values [171] 

1) String of 8 modules, 

hM = 1.5m, θM = 37°, AM = 217° 

2) bifacial array, GCR = 40%, 

hM = 6.6m, θM = 20°, AM = 234° 

1) αGr = 0.20, 

2) αGr = 0.55, 

hourly to annual 

data 

Fraunhofer ISE RT, 

EDF RT, 

experimental values [172] 

1) single module, varying tilt 

2) small-scale array, θM = 30° 

3) small-scale E-W HSAT tracking 

4) large-scale array, θM = 12° 

1,2) αGr = 0.25, 0.30 

3,4) αGr = 0.30, 0.32 

various time scales 

and climates 

EDF RT, 

experimental values [173] 

small-scale array, 

GCR = 50%, θM = 30° 

αGr = 0.30, 

three-month period 

Cell-level VF, Radiance RT, 

COMSOL RT [174] 

2x4 modules, 

hM = 1m, θM = 40°, 

αGr = 0.20, 

hourly data 

Radiance RT, 

experimental values [175] 
single, varying tilt 

mirror, 

daily data 

Radiance RT, 

experimental values [114] 
single, varying tilt 

αGr = 0.64, 

hourly to annual 

data 

Radiance RT, 

experimental values [127] 

single, varying BF, 

hM = 1m, θM = 37° 

RGr = 0.21, 0.81, 

hourly data 

Radiance RT, 

experimental values [115] 

4x16 modules, 

varying tilt, hM = 1m 

αGr = 0.21, 

daily data 

Note: unless otherwise, all modules face due south and are ground mounted (<1 m elevation) 
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was a day in September, with clear sky conditions. Finally, a thorough validation of the results 

obtained through Radiance was examined in [175], where a root mean square error (RMSE) 

of 40% was obtained for the simulation of IV curves, under a clear sky. Based on these 

literature findings the modelling approach used to derive POA irradiance of the bifacial 

agrivoltaic array will be based on Radiance that has been extensively validated under various 

PV topologies and climates.  

Radiance is a physically-based rendering and illuminance mapping software, which 

recursively solves the rendering equation for most conditions, through the use of backward 

raytracing [168]. In specific, it describes the transport of light that includes specular, diffuse, 

and directional-diffuse reflection, as well as transmission for a given geometry and 

environment. The RT algorithm of Radiance simulates the propagation of electromagnetic 

waves as rays that travel in straight lines, while their paths and interactions are described 

through refraction and reflection at each boundary. Such models are known as ray optics, 

where the wavelength of light is considerably smaller than the minimum geometric detail. 

Radiance does not consider effect of diffraction, interference, or polarization effects [168], that 

can be modelled with wave optics, where light propagation is treated as a wave phenomenon. 

For a more rigorous optical model of PV performance, the reader is referred to [176] which 

describes GenPro4, developed at TU Delft.  

To model energy transfer flowing through a point in a specified direction, Kajiya’s 

rendering equation [177] is recursively solved by the RT algorithm in Radiance [168]. 

However, it would be impractical to estimate the solution of this equation using uniform 

stochastic sampling, for example Monte Carlo, due to the heavy computational burden in 

computing the contribution of the Sun. To optimize between speed and accuracy, the 

simulation combines deterministic and stochastic ray-tracing techniques [178]. To achieve fast 

convergence, it is essential to separately compute certain parts of the integral in [177] 

deterministically. For a point on a surface, when the sample ray reaches the sun unobstructed, 

then for that point a deterministic approach is followed to derive the total solar contribution. 

Direct and specular components are thus computed on a per-pixel basis for the whole scene, 

while hemispherical sampling is less frequent [168]. Random sample rays are then sent 

throughout the hemisphere, thus estimating the integral of the light transport equation, where  

stochastic sampling is super-imposed on the deterministic source. To assess the contribution 

of diffuse irradiance at any point in the scene, this sampling process is iterated for multiple 

reflections throughout the modelling environment.  

Radiance simulates irradiance distribution under one sky condition at a time, while the 

Radiance-based daylighting simulation tool, Daysim [179], can perform dynamic simulations 

for multiple sky conditions. It combines the algorithms found in Radiance, along with a 

validated daylight coefficient approach, as well as the Perez all weather sky model [180] to 

speed up the simulation without a significant loss of accuracy [181]. Daylight simulations 

determine irradiance distribution, as a result of daylight, through predicting daylight factors 
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(ratio of incident to available horizontal illuminance). To determine diffuse daylight 

coefficients the celestial hemisphere is completely discretized into 145 continuous and 

rectangular sky patches [182] while for the ground, 3 ground patches are selected according 

to [179]. The luminances of the diffuse sky patches are based on the Perez all weather model 

[180] according to the corresponding date, time, DNI and DHI. The daylight coefficients of the 

ground segments are modelled based on gendaylit program of Radiance [183]. On the other 

hand, to model the contribution of direct light the selection of sun positions is site dependent, 

and for example, for latitudes above 70˚, they vary from 61 to 65 positions [183]. Each sun 

position is represented by a direct daylight coefficient, which describes the solar contribution. 

In order to faithfully represent the actual contribution of the sun for a given point on a surface, 

the method of interpolation is coupled to a shadow testing procedure [183], where sample 

rays determine whether a point receives direct light (DNI), or whether it is under shadow 

(only DHI). Subsequently, the irradiance that a point receives is interpolated based on those 

sun positions that are incident on that point without being obstructed.  

 For overcast sky conditions, the simulated results based on Daysim coincide with 

those measured experimentally, while for clear sky conditions deviation between the two 

increases [183]. The performance of Daysim was compared to the measured data of internal 

illuminances in an office room that utilizes a dynamic venetian blind system, for more than 

10,000 sky conditions. The daylight coefficient approach in combination to the Perez all 

weather model, resulted in a relative error (MBE & RMSE) of less than 2% [183], and it was 

attributed almost equally to both the Radiance algorithm and Perez model. The use of Daysim 

was also validated in a later study [184], and it was verified that deviation is dependent on 

solar insolation conditions as well as scene complexity; values almost coincide for overcast 

conditions, while for clear sky error lies between 5-10%, and for intermittent it mostly lies 

within 10-15%. The deviation for partly cloudy sky conditions is mainly attributed to the 

limitations of the Perez model [183]. Overall, although the results obtained through Daysim 

are not as reliable as those from “classical Radiance” for clear or intermittent skies, its 

computational requirements are considerably reduced. Since the objective of this thesis is to 

simulate the effect of various PV topologies, it is deemed as a more practical modelling 

approach of irradiance, considering the time limitation. 
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3  

METHODOLOGY 

To optimize the deployment configuration of the APV array, various topologies will be 

analyzed, and their performance in terms of electricity and crop yield will be assessed. 

Consequently, the modelling approach used must be robust, yet flexible enough to allow 

manipulation of the design and efficient optimization.  

To perform simulations in Radiance, a CAD model describing the surrounding scene 

must be inserted. Rhinoceros, also known as Rhino, is a 3D geometrical modelling tool that 

can create and visualize complex geometries. In fact, to model the agrivoltaic array any CAD 

software will suffice; however, by using Rhino’s plug-in, Grasshopper, it is possible to attain 

precise parametric control over the installation configuration of the APV array. Grasshopper 

utilizes a visual programming language, where the user manipulates certain components 

(logic elements) graphically, instead of textually such as in C# [185]. Therefore, such a 

graphical interface allows the designer or engineer to focus on the “why” rather than the 

“how”. Although the surrounding environment of an agrivoltaic array is expected to be 

simple, due to the open-field conditions, the sensitivity analysis of yield to PV deployment 

configuration can be quite cumbersome without the use of a parametric model. In other 

words, through the combination of sliders, mathematical expressions, and scripting (Python 

based), the most influential parameters regarding the design of an agrivoltaic array can be 

defined and subsequently adjusted to perform the sensitivity analysis.  

To couple the geometric modelling performed in Grasshopper/Rhinoceros, with the 

irradiance modelling of Radiance/Daysim, another plug-in of Rhinoceros will be used, DIVA. 

It stands for Design Iterate Validate Adapt, and it is an environmental analysis tool [186] that 

can perform daylight analysis simulations based on Radiance/Daysim, for a given modelling 

scenario. Furthermore, due to the rapid visualization of daylight availability, a plethora of 

design parameters can be tested without the need of manually exporting a series of software 

[187]. Finally, by using DIVA, the user can easily select between a static irradiance simulation 

for a single sky condition at a certain time instant (Radiance), or a dynamic simulation for any 

chosen time period according to the given climatic conditions of the selected site (Daysim). 

To gain a better understanding of the modelling framework and how each tool is integrated 

in the overall workflow the reader is referred to Figure 20. The workflow is divided into three 

main stages: geometric, irradiance, and yield modelling. In the first stage, the CAD model is 

generated, which includes the APV array, as well as farm sample. The deployment 

configuration of the array can be characterized by a series of parameters depending on the 

design’s complexity such as tilt and azimuth angle, row and column spacing, mounting 
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height, module and cell arrangement, as well as cell spacing. On the other hand, the geometry 

of the farm sample is quite simple, since the impact of crop architecture is not considered. 

However, its size must be carefully selected, since it can significantly influence the overall 

ground reflected irradiance, and thus performance of the agrivoltaic array, depending on the 

array’s topology. By using Grasshopper, the plethora of parameters that characterize the APV 

array’s deployment configuration can be quantitatively defined, and subsequently adjusted 

with ease. Although it is not explored in this thesis, there are means to geometrically simulate 

the architecture of various crops in Grasshopper, which could offer great insight. For example, 

through the development of a 3D RT model various crop architectures, planting orientations 

and densities could be examined with regards to the crop’s overall growth rate [189]. After 

the site of interest is parameterized, and the CAD model is generated, material properties are 

then assigned to each geometry. This includes reflectance, transmittance, and surface 

roughness, as will be discussed in more detail in subsection 3.1.2 Optical Properties. 

 The second phase incorporates the use of Radiance’s RT algorithm, along with the 

daylight coefficient approach of Daysim and the Perez all weather model to determine 

irradiance or irradiation for the surfaces of interest; in specific, ground, as well as front and 

rear bifacial PV (POA irradiance). It is possible through one of the components available in 

DIVA to perform an illuminance distribution of the visible spectrum of light in specific, thus 

being able to quantify the amount of PAR incident on the ground. Since the core of irradiance 

modelling is based on Radiance, all the methods used – solar spectrum or visible, hourly to 

Figure 20 - APV system modelling framework consisting of three stages; geometric, irradiance, and 

yield modelling. The rigid lines display the flow of data, while the dotted and red lines couple the 

various stages through the DIVA and Python plug-ins. On the bottom right the AC electrical yield 

model is shown deconstructed. The overall process is iterated for several topologies to perform the 

sensitivity analysis and select the most optimal scenarios.  
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monthly to annual time-step – necessitate the same geometry, material, weather file, and 

radiance parameters [183]. The weather file consisting of solar irradiance potential for a given 

site, is in the form of an epw file, which can be easily obtained from the EnergyPlus database. 

With all the inputs included, the simulation is initiated, and then results of irradiance and its 

distribution across the surfaces of interest are observed in Rhino’s viewport. The POA 

irradiance incident on the bifacial array along with the PAR availability of the ground, will be 

used as inputs for the total yield of the APV farm.  

 The third phase utilizes the results obtained through Radiance, along with additional 

environmental parameters such as ground and ambient temperature, wind speed, as well as 

humidity. Note that although the electrical yield model accounts for the effect of temperature 

and wind speed, the crop yield model does not as it is assumed that the introduction of the 

array does not heavily impact those parameters. Irradiances or irradiation values are then 

utilized by the crop and AC electrical yield models to determine the overall performance of 

the APV system. The PV yield is comprised of the conversion of POA irradiance to DC power 

according to the operating temperature, efficiency, and bifaciality of the modules, which is 

further reduced due to inverter, soiling, current mismatch, and resistive losses. Scripting with 

Python can be easily integrated into the Grasshopper-Radiance model as a block component, 

thus automating the flow of calculations. This procedure is repeated for various PV 

topologies, and orientations, and the yield results are compared to assess the system’s 

performance. Through this process a sensitivity analysis is performed, thus information 

required to assess the optimal topology are obtained. This trial and error process could be 

handled by an evolutionary computing tool, such as Galapagos that is integrated in 

Grasshopper. However, due to the complexity of the scene, the size of the APV sample used, 

and number of topologies, such an option was not possible. By performing the simulations 

manually, vital information regarding the sensitivity analysis is obtained that can be used to 

assess regions of higher importance. 

3.1 Development of the Radiance model 

3.1.1 Geometric modelling 

The aim of the geometric model is to interrelate all the parameters that establish the APV 

topology. It is deconstructed into various levels, from cell, to module, to array level. Starting 

from the “micro” scale, cell shape, dimensions, spacing, and number of cells are all 

parametrically defined, and are shown in Figure 21 (a). It is essential to have flexibility over 

their adjustment to later perform the cell arrangement and spacing sensitivity. The 

conventional values are obtained from the data sheet in [190] for a PERC mono-c-Si bifacial 

module. Then, the front and rear cover (glass or translucent material), as well as the 

aluminium frame are defined according to their corresponding sizes, and in relation to the 

overall solar cell active area. This concludes the geometric modelling of a single bifacial 
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module.  By varying the inter-column-spacing (ICS) and inter-row-spacing (IRS), or through 

additional rows per row (RPR), it is possible to examine various module arrangements. This  

sensitivity analysis is part of the “meso” scale, as shown in Figure 21 (b), where a checkerboard 

Carrangement with three rows per  row is displayed. The pattern of modules can then be 

converted into an array, by considering the column and row spacing. For the conventional 

module arrangement, displayed in Figure 21 (c), the column spacing (CS) is equal to the 

module’s width, which depends on the module’s orientation (landscape, portrait). Finally, the 

array is elevated and oriented, according to its mounting height, tilt and azimuth angle. 

Specifically, for the hinged E-W configuration, a row consists of two inter-rows with the same 

tilt, one facing east and the other west. The hinged E-W, vertical E-W, and south facing with 

optimal tilt arrays are the main APV topologies examined in this thesis, as displayed in Figure 

22. This concludes the cell-module-array 3D parametrization procedure, and the CAD model 

used to set the environment in Radiance.  

Figure 21 – Geometric modelling of the PV array, which is decomposed into three levels: micro, 

meso, and macro-scale. After the cell’s dimensions and layout are established a single module can 

be simulated. By parametrically the module arrangement a string can be obtained, and after some 

additional parameters a whole array. 

Figure 22 – Illustration of the main topologies simulated in this thesis: a) south-north facing and 

optimally inclined (for light harvesting) b) east-west facing and vertically inclined c) east-west facing 

and tilted aka E-W hinged.  
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3.1.2 Optical properties 

To model the magnitude and distribution of irradiance throughout the scene, it is essential to 

accurately model the optical properties of all the geometries present. Radiance is well 

equipped to model the optical behavior of various materials; diffuse, specular, glazing [191]. 

Each material type requires a different set of inputs, for example plastic, and metal are 

characterized by the diffuse reflectance, while metal type also necessitate the spectral 

component of reflection. On the other hand, glass materials are described by their thin surface 

and direct (normal) transmittance. Cover materials that convert direct light into diffuse, also 

known as translucent materials, trans, require a series of parameters to be properly defined, 

which are not widely available.  

In Radiance translucent materials are simulated as ideal diffuse light transmitters with a fixed 

specular transmittance component. The fraction of light that is transmitted diffusely is defined 

as the haze factor HF, which depends on the microstructure of the material and presence of 

pigments. Covers with a high HF result in additional scattering, thus homogenizing the 

vertical and horizontal distribution of light, as was discussed in subsection 2.1.2 Effect of 

diffuse light. The amount of scattering is proportional to the cover’s optical properties; surface 

morphology, spectral and diffuse reflectance, absorptance, as well as spectral and diffuse 

transmittance as shown in Figure 23. In addition, diffuse reflectance and transmittance are 

characterized by their angular distribution, which is modelled as Lambertian. Note that the 

actual scatter angle of diffuse greenhouse cover materials is quite narrow in comparison to 

Lambertian [43].  

The integration of a PV array along with 

the support structure can result in sharp 

irradiance gradients throughout the agrivoltaic 

array. Such non-homogeneous distribution is 

greatly mitigated by utilizing a diffuse cover, 

while the amount of scattering or HF, should be 

selected according to the crop grown and local 

climate [42, 191]. The greatest benefit is to be 

gained under clear sky conditions, and thus the 

potential is higher for locations closer to the 

equator. Furthermore, the HF should be selected 

according to the crop’s architecture, where a 

dense canopy necessitates a lower HF [191].  

To model the translucent cover in Radiance, the material description is based on the 

calculation of certain formulas that will be presented here. The trans model approximates the 

incident angle dependency of transmission as constant, based on the perpendicular 

transmittance. For a more rigorous model that accounts for the AOI the reader is referred to 

Figure 23 – Optical properties that define the 

translucent cover’s performance. 
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[181], where goniophotometer data and integrating sphere measurements were combined to 

accurately estimate the optical behavior of the translucent material. The Radiance description 

of trans type materials is dictated by seven coefficients (A1 to A7) which can be determined 

from the following relations [168, 192]: 

 

, where Rd,red, Rd,green, and Rd,blue are the diffuse reflectance in the red, green, and blue 

wavelength regions. The translucent material examined, whose properties are shown in Table 

3, is a prismatic glass (SG80) with high diffusion that has been studied in the University of 

Wageningen for greenhouse applications [43]. To assess the overall transmission in the cover, 

it has been claimed that the hemispherical component is better suited, since incident light is 

rarely perpendicular in relation to the cover’s surface [42]. This was verified by another study 

[181], where the use of the hemispherical light transmission component led to a significant 

decrease in the RMSE and MBE of internal irradiance due to daylight in a room with a large 

translucent window. By applying conservation of energy on the thin translucent cover 

(assuming negligible absorption), it is possible to approximate the overall reflectance to: 

 A + T + R = 1 ⇒ R = 1 − Them (10) 

In general, the specular reflectance component of translucent materials is expected to be below 

7% [192], thus a value of 4% is anticipated for coated glasses. Next, the diffuse reflectance 

component can be calculated, which is assumed to be constant across the RGB wavelengths. 

Surface roughness values lie below 20% [193], thus a value of 5% is expected to be practical 

for the cover of interest. Finally, to derive the specular component of transmission, the HF is 

used [194], which is the ratio of diffuse to the overall transmittance or hemispherical 

transmittance for this case. The optical parameters necessary to model the translucent 

materials are obtained, thus coefficients A1 to A7 can be determined. The results are shown 

in Table 4 along with the other geometries that make up the scene.  

To accurately estimate the overall ground reflectance, one must consider the optical properties 

of the crop grown. In fact, the energy yield of bifacial PV is highly dependent on the ground’s 

albedo, which depends on a plethora of parameters ranging from climatic conditions, PV 

A7 = Ts (Td + Ts)⁄  

A6 = (Td + Ts) (Td + Ts + Rd)⁄  

A5 = Sr 

A4 = Rs 

A3 = Rd,red (Td + Ts)⁄  

A2 = Rd,green (Td + Ts)⁄  

A1 = Rd,blue (Td + Ts)⁄  

Perpendicular light transmittance T⊥ 95.2% [43] 

Hemispherical light transmittance Them 84.3% [43] 

Absorptance A 0 

Specular reflectance Rs 3% [192] 

Surface roughness Sr 5% [193] 

Haze factor HF 78% [43] 

Table 3 – List of optical properties for the prismatic glass 

(SG80); some were given, others were estimated, and the 

absorptance was assumed negligible. 
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configuration, season, as well as spectral distribution. Although in Radiance we have control 

over the reflectance of various materials, we cannot simply set a ground albedo. Instead, the 

software estimates the albedo, based on the climatic conditions, shading casted by the APV 

array, and optical properties of the surrounding materials. Seasonal effects are currently not 

considered, but they could be accounted for through adjusting the ground’s reflectance 

according to the crop’s growth stage. In essence, the derivation of the annual energy yield 

would be divided according to growth stage, where during the early stage ground reflectance 

is dominated by the optical properties of the soil, while from crop development to harvest it 

is greatly influenced by the presence of the crop, and it is thus species dependent.  

Table 4 – Summary of the optical properties of each geometry that defines the simulated scene.  

1 material type, R, G, B diffuse reflectance, specular reflectance, surface roughness 

2 material type, R, G, B specular transmittance 

Furthermore, soil spectral distribution and magnitude varies according to humidity, 

soil organic matter, iron oxide composition, and texture [195-196], which complicates the 

analysis even further. Soil spectral reflectance was found to vary between 5-35% [195-197] 

ranging from visible to near-infrared wavelengths. On the other, for various crops and 

vegetation in general, reflectance is relatively low in the visible range (5-15%), while it is 

considerably higher in the near-infrared as was examined in subsection 2.3.2 Crop albedo. To 

simulate the spectral distribution of optical properties, Radiance approximates the overall 

behavior through three wavelength regions in the visible range; 400-500 nm (blue), 500-600 

nm (green), and 600-700 nm (red). However, c-Si results in an effective absorber of light in the 

red and near-infrared wavelengths, where crop reflectance is also maximized. Consequently, 

the influence of the near-infrared region is superimposed onto the red wavelength region.  

The typical absorptance of encapsulated c-Si PV cells was found to be higher than 90% [198-

199], thus by neglecting transmission, the overall reflectance can be estimated to be around 

10%. Such values of reflectance are commonly used in other literature [200-201], as well as 

some lower values, 2.5-4.6%, that were measured in [202]. Note that reflection occurring from 

Geometry Optical properties Radiance material description 

Ground surface 
20% diffuse reflectance 

approximated [195-197] 
plastic1 0.25 0.25 0.10 0 0  

PV module 10% diffuse reflectance [198-202] plastic1 0.1 0.1 0.1 0 0 

Frame 
30% diffuse reflectance, assumed 

40% spectral reflectance [201-204] 
metal1 0.3 0.3 0.3 0.4 0 

Glass cover 88% normal transmittance [199,205] glazing2 0.88 0.88 0.88 

Translucent cover 

(SG80) 

84.3% hemispherical transmittance, 

78% haze factor [43] 
trans 1 1 1 0.04 0.05 0.869 0.22 
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the PV cell’s surface is expected to be semi-specular; however, this is not considered, due to 

the low overall reflectance. The aluminum frame used in the datasheet of [190], is a clear 

anodized aluminum, and expected values of reflectance are in the range of 65-85% [201-204]. 

The front and rear cover of bifacial PV is usually made of glass; however, the influence of a 

translucent cover that can convert direct into diffuse light is also investigated. For the glass 

cover, the transmittance is approximated based on the spectral behavior of soda-lime-silica-

low-iron glass, with values of transmittance around 92% [199, 205]. However, transmittance 

can decrease considerably because of soiling and aging, thus 88% is more realistic as was 

included by default in DIVA for single glazing windows.  

3.1.3 Sampling size 

After the APV topologies are parametrically defined and material properties are assigned to 

each geometry, sampling is initiated. There are three surfaces of interest where 

irradiance/irradiation must be calculated: front and rear side of bifacial PV array, as well as 

ground surface. Conventional monoculture farms occupy large areas, thus agrivoltaic systems 

are also expected to be quite large (at least when they’ve matured). It is not computationally 

feasible to model such large systems, therefore only a sample of the actual farm and APV array 

is modelled. The aim of this subsection is to provide justification for the selection of each 

sample, and whether it can faithfully represent the actual system. 

Farm sample 

The main consideration when selecting the size of the farm sample, is to ensure that it is 

representative of the actual light distribution present in an APV farm. Assuming that the APV 

farm is large enough, the distribution of irradiance at its centre is not expected to vary 

considerably , unlike the border regions. Depending on the deployment configuration of the 

array, and most importantly its mounting height, light penetration can occur during winter 

months, where solar elevation is low. The horizontal distance covered by light penetrating 

below the array, is defined as the penetration depth, which mostly depends on module and 

sun elevation. These border effects lead to sharp irradiance gradients, which can significantly 

impact the overall magnitude and distribution of light in an agrivoltaic farm. However, as the 

size of the APV farm increases, the border effect is minimized relative to the central farm area, 

which now occupies most of the land. Nonetheless, border effects in the east, south, and west 

sides should be further examined in future research, along with ways to mitigate them.  

 The APV farm modelled is meant to represent the central patch of a large system, thus 

the size and orientation of the farm sample is not of great importance, since irradiation 

gradients repeat over the length and width of the sample. Furthermore, as the size of the 

sample modelled increases, a higher computational burden is expected as well as loss of 

accuracy. Because of the imposed constraint (by DIVA) on the maximum number of grind 

cells per surface simulated, it is essential to reduce the farm’s size. By modelling a smaller 
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farm sample, 10x20 m2 (WxL), the mesh can be finer without computational exhaustion.  

APV array sample 

At this point, a distinction is made between the APV array sample, whose aim is to faithfully 

represent the actual shading conditions in a large agrivoltaic array, and the PV modelling 

sample, which defines the surfaces where front and rear irradiance is calculated. As a result, 

the sample of the APV array is chosen according to the shadow length casted in December 

21st, for Boston, MA, USA. Since the penetration depth depends on the array’s topology, the 

size of the sample is not constant. For arrays that are elevated higher, shadows are elongated 

further, thus necessitating a larger array to minimize border effects. Light penetration is more 

pronounced in the east and west sides since the sun’s elevation is lower in the 

morning/afternoon. However, during winter, light can also penetrate from the south, as 

shown in Figure 24. Furthermore, the north side of the array is also extended to mimic the 

SVF reduction and masking present in medium-to-large-scale systems. Note that any further 

increase of the APV array sample does not significantly impact irradiance on ground or PV, 

however it prolongs the simulation time.  

PV modelling sample 

It is computationally infeasible to determine the irradiance of front and rear side for the whole 

APV array sample considering that various configurations and topologies will be examined. 

Consequently, irradiance will be calculated only for a portion of that sample, which consists 

of the maximum number of rows that can be fit in the farm sample with one module per row 

as displayed in Figure 25. By minimizing the PV modelling sample, the ground shading and 

masking conditions at the centre of a medium-to-large-scale bifacial array are effectively 

mimicked. Naturally, the PV sample will then depend on the RS employed, where for a wide 

RS fewer rows will be simulated. Note that both samples are interlinked, since modelling of 

medium-scale PV arrays necessitates an even bigger number of surrounding modules to 

ensure adequate shading conditions.  The PV modelling sample shown in Figure 25 consists 

Figure 24 – Illustration of light penetration and border effect for a south facing and 

latitude inclined APV array (top view). Notice the size of the farm sample, which is 

significantly smaller than the surface occupied by the APV array, thus alleviating 

border effects. 



 

44 

 

of eleven rows of modules with one module per row. Since the array is facing E-W, one could 

argue that the sample consists of one row with eleven modules. It is a matter of perspective, 

and for the E-W orientation the latter is adopted.  

The sizing of both samples is justified by another study [169], where the decline in 

bifacial gain was examined for increasing number of modules (single row). The bifacial gain 

was calculated for the central module, while the row was tilted at 30˚, and elevated 2 m above 

ground, with an albedo of 0.51. A saturation in the decrease of BG occurred for a row of 5 

modules. In Figure 25 the number of additional modules per row that the APV sample has in 

comparison to the PV modelling sample is 11, thus satisfying the aforementioned condition. 

Researchers in [169] also investigated the effect of additional rows with 5 modules per row. 

The decrease in BG saturated for 5 rows in front and behind the central row [169], thus leading 

to a total of 11 rows. The number of rows to attain saturation is mostly dependent on the 

elevation and the row spacing itself. For instance, in Figure 25 the row spacing employed is 6 

m with a vertical clearance of 5 m above the ground. Nonetheless, shadows casted by rows 

that are further east or west than the ones displayed, do not reach the vicinity of ground  near 

the PV modelling sample. In other words, by increasing the APV array sample, the ground 

reflected irradiance close to the PV modelling sample does not reduce any further, thus 

leading to a converged BG.   

View field extension 

For bifacial arrays, the size of the ground impacts the overall energy yield considerably, 

depending on topology. Thus, a sensitivity analysis between the view field extension (ground 

surface increase) and the change in VF from ground to PV, displayed in Figure 26. Naturally, 

each array topology and configuration will result in a different view field extension. The aim 

is to select the dimensions of the ground patch (farm sample and view field extension) in such 

a way that any further increase of its area does not impact the overall energy yield. Therefore, 

it is essential to determine the topology that requires the largest ground patch to attain 

saturation in BG. Starting with the width extension the vertical and E-W facing PV modelling 

Figure 25 – Example of the PV modelling sample for a vertical and E-W oriented bifacial array, 

where the left plot depicts the top view.  
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sample is used, since it is the one that is most sensitive to ground reflection. As the patch is 

extended from below the modules towards the west direction, the VFGr→PV increases with a 

decreasing rate, attaining saturation at 17 m of total ground width. Any additional extension 

of the view field decreases the VF, since the long distance between the two surfaces overcomes 

any benefit obtained from the larger ground area. Moreover, computational cost is increased,  

thus a width of 15 m is selected, which results in 99% of the maximum VFGr→PV possible.  

 In a similar manner the view field extension along the south-north direction is also 

examined. However, for this case, the topology is switched to a south facing and latitude 

inclined array, since it is more sensitive to ground reflected irradiance along the length of the 

ground patch. As expected, the north side should be more extended than the south, because 

the rear bifacial side benefits more from ground reflection. On the other hand, by extending 

the ground patch further towards the north side and applying this view field extension on 

other topologies such as the vertical E-W, the north side of the PV modelling sample would 

perform better than the south. To deal with this discrepancy, the ground patch is elongated 

equally along the north-south direction with a total length increase of 12 m. Overall, the farm 

sample along with the view field extension occupy an area of 15x32 m2 (width by length).  

 The influence of reflective surface area on the energy yield of a single module was 

examined in another study [126], where a saturation in gain was observed with increasing 

ground area. The module was tilted at 25˚, and elevated 0.5 m above ground with an albedo 

of 0.2. A realistic ground patch to attain close to maximum energy yield was calculated to be 

69 times larger than the module area [126], while for the vertical E-W configuration studied 

here the ground patch is approximately 28 times larger than the PV modelling sample. Once 

again, due to the plethora of topologies analysed, a smaller ground area is sampled to 

optimize between accuracy and simulation speed. In another paper [206], a sensitivity analysis 

was performed with regards to view field extension and energy yield for an array consisting 

Figure 26 - View field extension for a vertical E-W facing string with 12 modules. At first the top 

view of the environment and then the ground extension are displayed. Followed by the VF from 

ground to PV sensitivity to ground surface area along the E-W direction.  
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of 4x18 modules, tilted at 30˚, and elevated 0.5 m above ground with reflectivity of 40%. It was 

concluded that a 50% increase in length was necessary to attain saturation in yield [206]. Thus, 

the field extension along the north-south gradient should be at least 50% longer than the PV 

modelling row. In specific, for the case analysed here the extension is 59% longer, thus 

satisfying the condition.  

3.1.4 Sky model  

After each geometry has been assigned with its corresponding optical properties, the sky 

model must be set. This can be in the form of an .epw file which contains hourly weather data 

for a selected site, or to generate a standard sky based on CIE (overcast and clear sky), or the 

Matsuura intermediate sky model. The latter is based on gensky, a sky model generator 

program, which produces the sky irradiance distribution of a certain location and sky 

condition [207]. This approach is mainly used to test the performance of the APV array in 

specified conditions, such as a worst-case scenario. For example, to simulate the magnitude 

of irradiance on the ground under a CIE overcast sky model, during the months of winter 

where solar availability is limited. Alternatively, one can utilize a weather file, which 

represents what the site experiences and consists of DNI and DHI measurements that are then 

fed into the Perez All-Weather model [180]. For this approach the gendaylit sky model 

generator is used. Mardaljevic (2000) examined the accuracy of each sky modelling approach, 

and determined that for both sky and internal illuminances, the Perez All-Weather and CIE 

Overcast performed best, followed by the Matsuura Intermediate, while the CIE Clear sky 

model performed the worst.  

 Most of the simulations performed involve the use of Daysim, which is based on Perez 

All-Weather model along with the corresponding weather file. After the time series of DNI 

and DHI measurements are inserted (Boston, MA), the daylight coefficients – 148 diffuse, 63 

direct, and three ground – are calculated for the samples of interest (PV modelling, and farm 

sample). The sky luminance of each patch is then related to the daylight coefficients in 

accordance with the Perez sky model [180]. This is iterated throughout the simulation period 

per time-step (hourly). Finally, the daylight coefficients and sky luminances are coupled to 

recreate the illuminance profile. 

3.1.5 Radiance parameters 

Before initializing the ray tracing algorithm, the Radiance parameters that govern it must be 

defined. The same set of parameters can be applied to both the classical Radiance approach as 

well as Daysim, which result in comparable accuracies for various geometries and sky 

conditions [183]. Selecting the appropriate Radiance parameters is not straightforward, since 

they greatly depend on the complexity of the scene, the corresponding material properties, 

and climatic conditions. There is a wide plethora of rendering parameters that describe 

simulation accuracy, while only a few of them are introduced here. For additional information 
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the reader is referred to [178, 207-210].  

Ambient bounces (-ab) 

It describes the number of diffuse inter-reflections that can occur before a ray is terminated. 

The minimum value that can be set is 0, where only DNI can be traced on unobstructed 

surfaces. By setting -ab to 1, the inter-reflection calculation is initiated [207], and hemispherical 

sampling (DHI) is possible. This is displayed in Figure 27 (a), where the red patch receives 

both DNI and DHI for -ab 1. On the other hand, shaded patches receive only DHI, thus 

necessitating a minimum of 1 bounce to assess illumination. The analysis becomes more 

involved for the derivation of rear PV side irradiance, shown in red, in Figure 27 (b).  At -ab 

1, only direct light reflected from the ground is considered, while with 2 bounces several other 

routes are analysed. For example, diffuse light reflected off the ground or from surrounding 

modules. In other words, for -ab 2, surfaces that are not directly visible to sun or sky are 

illumined (rear PV). Additional complexity arises when simulating the influence of the front 

and rear glass cover, Figure 27 (c). In essence, an extra bounce is required each time a ray 

transmits through a glazing or translucent surface, therefore requiring a minimum of 3 

bounces to consider the contribution of ground reflected DNI and DHI, as shown in grey and 

purple respectively. At -ab 4, as displayed in Figure 27 (d), it is possible to trace rays that 

transmit though both covers, subsequently reflected off the ground, and finally transmitted 

back to the rear PV side. Note that this contribution greatly depends on the overall 

transmittance of the cover, as well as module transparency, which is influenced by the cell 

spacing employed.  

Figure 27 - Necessary -ab (or inter-reflections)  to account for the various irradiance 

components on different surfaces: a) ground surface, b) rear PV cover, c) & d) rear PV cell. 

In (d) the inter-reflections occurring between the two covers are shown in more detail. 
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Ambient division (-ad) 

This parameter defines the number of hemispherical sampling rays that are sent out in search 

of the indirect source. A high value results in smoother irradiance gradients. This can be seen 

in Figure 28, where the spatial distribution of light in a simple room is examined for various -

ad values. In addition to smoother shading, the error associated to the Monte Carlo calculation 

of diffuse light is mitigated [178]. To determine the number of rays, -ad is multiplied by the 

number of pixels. For complicated scenes, such as the structure of an atrium a relatively large 

-ad, 1024, should be used [210]. 

Ambient samples (-as) 

Ambient samples or super-samples designate the number of additional rays sent out to 

sample regions in the hemisphere with high variance [209]. Thus, this parameter applies only 

to those ambient divisions where large deviations can occur. It is usually set to around half or 

a quarter of the -ad value [210]. A high value results in extra sampling rays towards those 

high variance regions, where sharp irradiance gradients are present, thus reducing the 

“patchiness” effect.  

Ambient accuracy (-aa)  

The ambient accuracy approximates the error from indirect illuminance interpolation [178]. 

When it is set to zero, the interpolation between pixels will be switched off. Radiance assumes 

that the magnitude of diffuse light does not significantly change throughout a scene, thus it 

estimates irradiance values between sampled pixels. Every point that has been sampled for 

ambient light represents the centre of a sphere of influence, where pixels that lie within its 

radius are not sampled rather, they are interpolated.   

Ambient resolution (-ar) 

The resolution signifies the maximum density of interpolated ambient values in each sphere 

of influence, thus giving the necessary criteria to refine. Along with the -aa parameter they 

define the minimum ambient value spacing or radius (sphere of influence) [210]:  

Figure 28 - Sensitivity of light distribution throughout space to -ad parameter for a simple room 

with a south-facing window [211]. 

]. 
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 Rmin =
dmax ∙ aa

ar
 (11) 

, where dmax represents the maximum scene dimension, which is around 37 m for the APV 

array sample. For pixels that lie within this radius, their values are interpolated, rather than 

sampled, thus greatly reducing computational effort. As will be examined in section 4.5 Cell 

sensitivity – micro scale, it is compelling to perform a sensitivity analysis on the module’s 

transparency to assess its influence on the ground’s light availability. One way to achieve this 

is through modifying the cell spacing, which should be compared to the value obtained from 

equation 11. To simulate light penetration through the bifacial module, -aa and -ar are selected 

according to trial and error with the aim to comprise between speed and accuracy.  

Although it is possible to use one single set of rendering parameters for all the various surfaces 

and topologies simulated, the “quality” setting, and consequently computational time would 

have to be high. For example, rear side irradiance determination requires additional bounces 

than the front side. Furthermore, the overall energy yield of a south facing array that is latitude 

inclined is mainly affected by irradiance incident on the front side. Consequently, coarser 

settings can be used to obtain reasonable results, which is not the case for an E-W vertical 

bifacial array that greatly depends on the irradiance reflected by the surroundings.  

Table 5 – Summary of the Radiance parameters used to simulate irradiance on each surface of 

interest: ground, as well as front and rear PV sides. The same set of parameters are used for all 

topologies modelled unless otherwise mentioned.   

Amb. bounces1 Amb. division Amb. sampling Amb. accuracy2 Amb. resolution 

4 1024 256 0.25 256 

1 -ab 4 for ground and front PV side, while -ab 5 for rear side (4, 5, 5 for E-W vertical) 

2 -aa 0.1 for the cell spacing sensitivity 

3.2 PV energy yield modelling 

In this section, the procedure of converting POA irradiance to annual AC electrical yield will 

be discussed. Initially, by considering the module’s operating temperature and the underlying 

environmental factors, as well as soiling conditions the corresponding DC power can be 

determined. Then, for the conversion to AC electrical yield, inverter and other losses must 

also be examined. Note that the optimization and comparison between each deployment 

configuration is based on annual POA results obtained through Daysim. Although Daysim 

performs the annual derivation of irradiance according to an hourly time-step, the hourly data 

was not available, thus the overall energy yield modelling is quite simplified. To accurately 

assess the influence of each topology on the PV module’s performance a more rigorous model 

should be developed that is based on electrical, fluid dynamic, and orientation dependent 

inverter models. 
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It is assumed that all modules in the array operate at the same efficiency, however, 

depending on the size of array, and its deployment configuration the efficiency can vary 

considerably due to the inhomogeneous distribution of irradiance throughout space. 

Furthermore, since the obtained results of irradiance are for the whole year (annual 

irradiation), an accurate determination of the module’s conversion efficiency is not possible. 

Consequently, efficiency is determined for two days per month; one that represents sunny 

and one for overcast conditions. This is performed for every month to obtain a better 

representation of the module’s actual efficiency variation throughout the year. Then, the 

average of the monthly results is used to obtain an estimate of the overall efficiency.  

There is a great number of losses associated with the conversion of solar energy into AC 

electricity. These sources of inefficiency can be divided into geometrical, optical, PV 

conversion, and PV system related. The geometrical losses are due to the array’s deployment 

configuration; tilt and orientation (azimuth), row spacing, elevation, as well as module 

dimensions. For instance, tilt and orientation determine the SVF and VF to ground that dictate 

the POA irradiation incident on both sides of the bifacial PV cover. The row spacing will 

determine the density of the PV array, and whether mutual shading or masking will occur. 

Along with the mounting height they can significantly impact light availability on the ground, 

and thus the magnitude and distribution of reflected irradiation. Optical losses arise from the 

morphology and material properties of the front and rear cover surfaces, in addition to the PV 

module’s reflectance. Both geometrical and optical losses are considered by default through 

Radiance, while its output, POA irradiation on both sides of the PV module, is further utilized 

to model DC and AC electrical yield as shown in Figure 29. Note that the dependency of 

optical properties (cover transmittance, cell reflectance) to incident angle (AOI), is not 

Figure 29 – Loss analysis related to the conversion of solar energy to AC electrical 

yield. Note: the reduction illustrated is not drawn to scale.  

1 vary according to PV topology; they are assumed as 1.7%, 1.5%, and 0% for E-W 

hinged, south facing and optimally inclined, and E-W vertical respectively.  

2 vary according to PV topology with increasing order of efficiency: south facing 

and optimally inclined, E-W hinged, E-W vertical 
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considered, rather it is approximated as a constant value. Soiling losses are due to dust 

deposition that occurs on the front PV cover, and contribute to the overall optical losses, since 

they reduce the transmittance of the cover. With soiling included, the actual POA irradiation 

incident on the PV module can calculated appropriately.  

  The biggest source of loss is due to the PV cell’s efficiency, which varies depending 

on environmental conditions; light intensity of incident light, ambient temperature, and wind 

speed. Those are accounted for through changes in maximum power point MPP power. The 

module’s operating temperature is determined through the SNL model. Note that each PV 

topology analyzed operates at a slightly different cell efficiency, due to changes in POA 

irradiation, which subsequently affect the module’s operating temperature. To determine the 

actual power output per module, mismatch losses due to non-homogeneous irradiance 

distribution across its cell’s must also be considered. With this, the conversion from solar 

energy to DC yield is concluded. For the conversion to AC electrical yield, MPPT algorithm 

losses, and those related to the operation of the inverter must be calculated. Finally, by 

including DC and AC cabling ohmic losses as one, the overall loss intrinsic to the PV system 

components can be identified. In the following subsections, these losses will be further 

examined, and their values will be justified.  

3.2.1 DC electrical yield 

Soiling losses 

Soiling of PV modules can be detrimental to their overall performance, depending on the 

deployment configuration [212-213], climate, as well as local environmental conditions [214]. 

Furthermore, researches in [215] proposed an empirical equation to assess the impact of 

soiling throughout the day, with highest losses during morning/afternoon. A thorough review 

of various research articles related to soiling of PV modules is described in [216]. However, 

there is a literature gap – at least up to the author’s knowledge – on the actual soiling 

conditions in an APV farm, which are expected to be influenced by agricultural activities 

during certain periods (tillage, harvesting). Naturally, such studies would necessitate an 

experimental setup to measure the dust deposition rate. Nonetheless, soiling could be greatly 

mitigated by integrating PV cleaning with an irrigation system [217]. They suggested the 

installation of a sprinkler to clean the module, while the run-off water could be used directly 

for the crops beneath.  

 Since the energy yield of the APV array is based on annual results of incident 

irradiance, a constant single value of soiling losses is applied. A three-month test consisting 

of a single PV panel with a tilt of 30˚ located close to Boston, MA, USA was performed in [218] 

to investigate the influence of soiling in an industrial area. It was concluded that dust 

deposition during that period resulted in an average reduction of incident solar radiation by 

1%. Although this value could reasonably estimate soiling for latitude inclined modules, it 
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cannot be applied to other orientations. For instance, in [212] the effect of dust deposition for 

various tilts was investigated and for a three-month period in Mesa, AZ, USA it was 

determined that losses decrease for higher tilt angles, while modules that were horizontal had 

the highest losses. Another study [213] examined the potential mitigation of soiling when 

bifacial modules are vertically installed, and experimental data indicated that soiling losses 

are insignificant. To meet the objectives of this thesis, three main APV topologies will be 

simulated and according to literature the soiling losses are approximated. For the vertical E-

W soiling losses are assumed to be zero, while for the hinged E-W, and optimally inclined 

south facing orientations the relation between tilt and soiling is based on the trend found in 

[212]. These values along with the influence of other parameters on the overall PV system 

efficiency were summarized in Figure 29. 

Irradiance-dependence 

After the optical losses due to soiling are quantified, it is essential to consider the actual 

irradiance conditions incident on the module, and the subsequent impact on its electrical 

performance; short circuit current Isc, open circuit voltage Voc, and maximum power point 

Pmpp. This is achieved through the following series of equations: 

 Isc(25℃, GPOA) = Isc(STC)
GPOA

GSTC
 (12) 

 Voc(25℃, GPOA) = Voc(STC) + ns

nkBT

q
ln (

GPOA

GSTC
)

|T=25℃

 (13) 

 Pmpp(25℃, GPOA) = FF ∙ Voc(25oC, GPOA) ∙ Isc(25oC, GPOA) (14) 

, where ns is the number of cells in series, and n is the ideality factor (assumed as one). These 

values along with the module’s STC characteristics are summarized in Table 9 included in the 

Appendix, which are derived from the data sheet in [190]. Next, it is possible to calculate the 

influence of incident irradiance on efficiency:  

 
η(25℃, GPOA) =

Pmpp(25℃, GPOA)

GAOI ∙ Am,act
 (15) 

, where Am,act  is the active surface area of the module. To account for the effect of temperature 

on efficiency, a thermal model must be integrated to determine the module’s operating 

temperature. 

Temperature-dependence 

The NOCT model is one of the most widely known and practical thermal models that can 

calculate the operating temperature of a PV module. It is based on the nominal operating cell 

temperature (NOCT) measured under the specific climatic conditions; solar irradiance of 800 

W/m2, ambient temperate of 20 ˚C, and wind speed of 1 m/s [219], which is usually provided 

by the manufacturer. The linear relation between Tm and GPOA proposed by the NOCT model 
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was compared to experimental data in [220], which reported that they are in good agreement. 

Nonetheless, a high deviation is expected for agrivoltaic systems, especially those located in 

areas with high wind speeds, since the effect of convective cooling is not considered.  

Additional deviation in module operating temperature is anticipated, due to the unique 

mounting configuration of an APV array, or the potential cooling caused by the microclimate 

below where crops are grown. In future studies, a fluid dynamic and heat transfer model 

should be developed for APV systems in specific that can account for all these changes, thus 

assessing potential synergies between crop cultivation and PV electricity production.   

To partially solve these inconsistencies, the thermal model used by US Sandia 

Laboratories (SNL) [221] is adopted, which considers wind-induced convection. The 

performance of the SNL model was compared to NOCT in [222] for a roof system with various 

mounting configurations and it was determined that the NOCT model overestimates energy 

production. This is verified by other studies [223-224], where both NOCT and SNL 

overestimate the module’s operating temperature for a tropical climate; however, the SNL 

model had a tendency towards more accurate results. Furthermore, researches in [224] 

concluded that the associated RMSE in the calculation of temperature was lowest with the 

SNL approach even compared to other models that account for the influence of wind (i.e 

Faiman [225]). 

 The SNL model is a simple empirically based thermal model, which has proven its 

flexibility in characterizing various deployment configurations with an estimated module 

operating temperature accuracy of around ±5˚C [221]. This in turn results in less than 3% 

deviation on the module’s power output. The following equation can be used to estimate the 

modules operating temperature, Tm, based on the SNL model [221]:  

 Tm = Tamb + GPOA ∙ e(a+b∙w) (16) 

, where the coefficients (a, b) are empirically determined and characterize the module’s 

construction and materials used, as well as mounting configuration. The latter has units of 

(s/m) and describes the drop of temperature with increasing wind speed. On the other hand, 

coefficient “a” is dimensionless and it establishes the maximum temperature that can be 

attained in the absence of wind and in combination with high irradiance. From the coefficients 

available in [221], those that are most relevant to bifacial agrivoltaic systems are the open rack 

mounting, with module type glass/cell/glass. For this case in specific, the coefficients “a” and 

“b” where estimated to be -3.47 and -0.0594 respectively. The environmental parameters, wind 

speed “w” (m/s), ambient temperature Tamb (˚C), and incident irradiance GPOA (W/m2) are 

determined for two days per month – one with clear and the other with overcast sky 

conditions – to approximate the annual behavior. The module’s operating temperature is then 

estimated as the average of the 24 values obtained for the whole year. Note that the wind 

speed is obtained for a standard height of 10 m. 

By considering the influence of light intensity as well as temperature, it is possible to define 
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the actual Pmpp as [226]:  

 Pmpp(Tm, GPOA) = Pmpp(25℃, GPOA)[1 + κP(TM − 25℃)] (17) 

, where κP is the temperature coefficient of the Pmpp (%/K) obtained from [190]. Now it is 

possible to determine the final module efficiency: 

 
η(Tm, GPOA) =

Pmpp(Tm, GPOA)

GPOA ∙ Am,act
 (18) 

Module mismatch 

Before proceeding into the losses associated with the conversion from DC to AC electricity, it 

is necessary to consider the mismatch losses due to non-uniform irradiance distribution 

throughout the PV module, or system. Since in agrivoltaic applications modules are elevated 

higher, the irradiance distribution throughout the module is homogenized considerably, thus 

alleviating  module mismatch losses as discussed in section 2.3 Synergy with bifacial PV. This 

is in accordance with the findings in [227], where the reduction of power due to mismatch 

was minimized with increasing clearance from ground. These results were simulated for a 

low-tilt bifacial array, with various climates and locations considered. It was concluded that 

losses in power output for highly elevated modules are expected to be below 0.5% [227], which 

was also verified by [125]. Note that rear irradiance distribution is greatly impacted by the 

module’s frame – at least for vertical oriented – and the design of the support structure. These, 

however, are not considered here.  

Furthermore, as it was analysed in [125], the module’s tilt can affect rear side 

homogeneity, where vertically inclined usually offers the lowest inhomogeneity depending 

on climatic conditions. Either way, these variations will probably diminish for the agrivoltaic 

array simulated, since the mounting height is typically above 4 m. In addition to irradiance 

inhomogeneity between cells, modules throughout an array also result in different BG as 

described by [131]. This is especially true when comparing the BG of modules in the corner to 

those at the centre of the array, with values of 27.7% to 31.4% respectively. Modules at the end 

sides of the array have their view to sky and ground unobstructed, unlike those residing at 

the centre. For agrivoltaic arrays, where lower PV densities are present, these mismatch losses 

between modules are then expected to be reduced. This was also verified through the 

simulations performed for this thesis, where rear irradiance slightly varied throughout a 

string of modules. Nevertheless, mismatch losses due to variation of rear side irradiance 

throughout the array are not separately considered, because the PV array modelled is 

relatively small. Moreover, microinverters and optimizers at the module-scale could be 

utilized instead of string-level MPPT to further reduced these mismatch losses [112]. 
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3.2.2 AC electrical yield 

After the DC yield is obtained, the losses associated with the conversion to AC electrical yield 

are discussed. Initially, the MMPT algorithm, and then the operation of the inverter itself – 

conversion from DC to AC – result in a certain loss of energy. Regarding the MPPT algorithm, 

the amount of energy lost depends on the tracking algorithm employed, and the climatic 

conditions (fluctuations in cloud cover can greatly affect efficiency). It is assumed that the 

overall annual efficiency decreases due to the MPPT tracking algorithm by around 1% [228]. 

Similarly, the operation of the inverter is also dependent on the irradiance incident on the PV 

modules, and thus the subjected environmental conditions. This is direct result of the 

inverter’s dependency on DC input power and voltage. When irradiance on modules is 

plentiful, the DC power is close to rated, thus allowing efficient use of the inverter; however, 

as light availability decreases, depending on the inverter’s sizing and characteristics, 

efficiency can drop sharply. On the other hand, if the DC power produced is higher than the 

rated power of the inverter, this surplus cannot be utilized. Consequently, it is crucial to 

optimize the trade-off between inefficient conversion at low irradiance (oversized inverter), 

and energy surplus cut-off at high irradiance (undersized).  

 Since the DC power output of the array varies depending on the climatic conditions, 

inverter efficiency will naturally follow a similar trend. A simple method to account for these 

variations is through adopting the weighted efficiency European model, which is based on 

empirical formulas for climates with low insolation [229]. Inverter efficiency is then calculated 

as a sum of efficiency values at each corresponding % of nominal inverter power, represented 

as η_%: 

 𝜂𝐸𝑢𝑟𝑜 = 0.03𝜂5% + 0.06𝜂10% + 0.13𝜂20% + 0.10𝜂30% + 0.48𝜂50% + 0.20𝜂100% (19) 

By having distinct coefficients for each DC input power level, the contribution of inverter 

efficiency per power level is accounted for more appropriately than a single value of peak 

efficiency. The EU efficiency for three-phase solar inverters, which are necessary for large-

scale systems, is around 98.5%, as shown in [230]. Nonetheless, this value underestimates the 

losses associated to the operation of the inverter, since more rigorous models that account for 

switching and semi-conductor losses have resulted in more than 5% reduction of efficiency 

[231]. In addition, the sizing approach is greatly influenced by the corresponding PV topology, 

where those that are oriented non-optimally would require an under-sided inverter [232], 

since the DC power production would be reduced. Because of the number of PV topologies 

analyzed in this thesis and the optimization process which scans through various deployment 

configurations, it would be quite complex to select and size the inverter properly. 

Consequently, a single annual value is used to approximate the losses for all topologies.  

Finally, by considering the ohmic losses due to DC and AC cabling, it is possible to 

obtain the AC electrical yield. Thermal dissipation in cabling of a PV array usually lies 

between 0.5-1.5% [233], while the value adopted is 1%. By considering all the previously 
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mentioned losses, the overall efficiency of converting annual solar irradiation to electrical AC 

yield can be calculated for each respective PV topology.   

3.3 Performance indicators & optimization 

To successfully perform any optimization process it is necessary to identify the most 

influential parameters and the desired outcome. Once again, the goal is to maximize energy 

yield, while maintaining or even boosting crop yield. However, by solely considering these 

two the agrivoltaic performance cannot be properly assessed, rather a merit should be used 

that quantifies the benefit in comparison to the refence case, which is standalone electricity 

and crop production. Therefore, it is crucial to examine the land productivity increase offered 

by an agrivoltaic system that cultivates crops and produces electricity simultaneously. 

Electricity and crop yield, and consequently land productivity, are proportional to the amount 

of irradiance incident on the front and rear side of the bifacial modules, as well as on the 

ground. As previously discussed, the POA irradiance of bifacial modules depends on a 

plethora of parameters; array deployment configuration, climatic conditions, as well as 

surrounding environment. In this thesis, emphasis is given primarily to the deployment 

configuration of the array. To assess the influence of each parameter that characterizes the 

deployment configuration, a sensitivity analysis is performed. In essence, each parameter is 

isolated to properly evaluate its impact on the light availability throughout space in the 

agrivoltaic system. The information provided by the sensitivity analysis is then utilized to 

make informed decisions regarding the selection of the most optimal agrivoltaic topology.  

3.3.1 Land productivity 

To measure the land productivity increase for the simultaneous production of crops and 

electricity the land equivalent ratio (LER) is adopted, which has been previously utilized to 

assess the potential of mixed cropping systems [234-235]. Through the LER, a comparison can 

be made between a monoculture and mixed cropping approach. Dupraz et al. (2011) proposed 

the use of the LER to quantify the benefits of integrating crop and electricity production, and 

since then it has been widely adopted in studies concerning agrivoltaics [95, 98, 236]. It was 

defined as a sum of two ratios; electrical AC APV yield to that of a conventional monofacial 

GMPV array, as well as the corresponding crop APV yield to that of a monoculture [95]:  

 LER = (Ye,APV Ye,ref⁄ ) + (Yc,APV Yc,ref⁄ ) (20) 

The LER is a dimensionless number, and values above unity imply that the examined APV 

system results in an increase of the land’s productivity. For mixed cropping or agroforestry 

systems LER usually lies below 1.5 [234-235], while for agrivoltaic systems LER varies 

considerably based on the deployment configuration, panel management and type of crop  

grown, with values reported as high as two [98]. To determine the land productivity increase 

it is necessary to quantify the amount of crop and electricity yield obtained from the APV 
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system, as well as the reference cases.  

 The procedure followed for the derivation of the APV’s electrical yield is already 

discussed, thus what remains is to assess the reference case (GMPV). Naturally, the design of 

the reference case should also be optimized, to ensure that the comparison is accurate and 

representative of the actual performance, thus resulting in a realistic LER. There are multiple 

optimization objective functions that can be considered; total kWh/m2 (total yield per area), 

and kWh/kWp (specific yield). When optimizing for the total yield per land area covered 

systems with dense arrays will dominate; however, the initial capital cost greatly increases. 

Furthermore, the array might be susceptible to shading during the winter months, leading to 

power losses. On the other hand, if the optimum is based solely on specific yield the result is 

a cost-effective design. At the same time, monofacial arrays do not suffer as much from high 

PV densities as bifacial arrays; consequently, the optimal design is closer to the one that 

maximizes total production and land productivity. The parameters that characterize the 

deployment configuration of the reference GMPV array are summarized in  

Table 6. The RS of the array is selected according to the shadow length casted in December, 

thus significantly reducing mutual shading. In large-scale PV farms high PV densities are 

expected, which results in some mutual shading between rows; however, in this thesis, the 

influence of partial shading on PV is not considered. Therefore, the RS employed in the refence 

case is slightly 

Table 6 – Deployment configuration parameters for the GMPV reference case, along with number of 

modules and electrical yield performance.  

Elevation Tilt Azimuth Row spacing # modules AC yield 1 Specific yield 

50 cm 18˚ 180˚ 270 cm 9900 3020 kWh/m2 1130 kWh/kWp 
1 This is the total AC electrical yield estimated for the whole 2.7 ha of land based on the results 

Figure 30 – The APV concept which permits the simultaneous production of crops 

and electricity. These systems are usually employed at lower PV densities to 

ensure enough growth for crops; thus, they are associated with significantly lower 

electrical yields and considerably decreased crop yields. Nonetheless, this 

behaviour can greatly vary based on the PV deployment configuration, crop 

specie cultivated, and local climate. 
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corresponding to the sample simulated. 

wider than conventional. Furthermore, the tilt angle deviates from the one that maximizes 

light harvesting to reduce the length of shadows, thereby allowing denser PV configurations 

to be installed. 

 Next, the ratio of APV to monoculture crop yield must be determined to obtain the 

LER. The derivation of crop yield greatly depends on the crop selection, thus varying across 

species. Furthermore, the amount of biomass produced has a complicated dependence on 

microclimatic factors as was described in section 2.2 Crop yield. It is beyond the scope of this 

thesis to formulate a rigorous crop yield model that accounts for all these variables. Instead, 

to determine LER, the ratio of crop yields is estimated according to the reduction of light 

intensity and homogeneity, since the introduction of the APV array is expected to significantly 

affect those. This justification was discussed in detail in subsection 2.2.1 Influence of the PV  

array. The biomass rate, and in turn crop yield are expected to linearly depend on the amount 

of incident light intensity, where the slope of the line is dictated by the crop’s genetic 

characteristics and the subjected environmental conditions as described in equation 1 

(Biomass). Since the comparison between APV and monoculture crop yield is made for the 

same species, and in the same location, these parameters can be omitted without greatly 

jeopardizing the validity of the crop yield modelling. Dupraz et al. (2011) examined the 

potential of growing winter wheat under the shade of agrivoltaics, and concluded that both 

biomass (dry matter) and crop yield had a good correlation to a linear fit for a wide range of 

incident PAR intensities and various PV densities. This is in agreement with the trend 

observed in Figure 13 for shade-intolerant crops. Furthermore, the linear relationship between 

crop yield and light intensity, was verified for a  mixed cropping system consisting of maize 

and cabbage, two shade-intolerant species [237]. On the other hand, crops that are not shade-

intolerant do not necessarily portray a linear trend, while the crop yield of shade-tolerant 

species, in specific, may be portrayed with a negative parabola. Due to lack of data with 

regards to this behaviour, the crop species examined in this thesis are modelled with a linear 

fit instead. To distinguish between different shade-tolerances the parameter m is introduced 

that defines the crop’s response to shade as suggested in [238]. Then the ratio of crop yields 

can be estimated through: 

 
Yc,APV

Yc,ref
= c [m

IGr,APV

IGr,FS
+ (1 − m)] (21) 

, where m varies from 0 to 1, with low values indicating a shade-tolerant crop. The parameter 

c represents the decrease in yield, due to loss of cultivatable land that is occupied by pillars. 

It depends on the design of the support structure, and it is assumed as 0.95 [4, 94] for most 

topologies apart from the E-W hinged. For the latter, blueberries are grown, and it is assumed 

that they are harvested manually; consequently, the region between pillars that would not be 

accessible with agricultural machinery can now be utilized, thereby increasing the area of 

cultivation. The assumed value for the c parameter is 0.98 based abides by the minimum loss 
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reported in [94]. The total amount of irradiation incident on the ground under the shade of 

the APV array IGr,APV and under full sun (FS) conditions IGr,FS (open field) must be simulated 

for the corresponding growing period. As will be further analysed in section 4.3 Generic case 

study, two growing periods are examined: summer crops (March to October) and permanent 

crops (annual). However, the crop yield ratio obtained through equation 21 can deviate from 

reality, since fundamental processes and potential synergies due to the introduction of the PV 

array are not integrated in the model [238].  

3.3.2 Ground irradiance homogeneity 

As previously discussed, the spatial homogeneity of irradiance on the ground is considerably 

influenced by the presence of the array. In essence, regions which are shaded during solar 

noon – especially in summer months – will receive considerably lower annual ground 

irradiation values. Consequently, certain crops will receive plentiful sunlight, while others 

will be heavily shaded. This can lead to non-homogeneous growth throughout the farm, 

which could jeopardize the overall marketable yield depending on the species grown and 

climatic conditions. In an APV system, the main source of irradiance inhomogeneity is the 

shade casted by the PV array, thus the deployment configuration is the main parameter 

influencing irradiance distribution. For a south facing array, fluctuations in ground irradiance 

are expected with a frequency that is dependent on the row spacing along the N-S direction, 

while for an E-W facing array the fluctuations occur along the E-W direction. Naturally, the 

magnitude of inhomogeneity also depends on PV topology; therefore, ground irradiance 

inhomogeneity is a “property” of the PV array. For this reason, it is necessary to use a merit 

that can quantify this variation in light intensity throughout the farm sample simulated for 

various deployment configurations and array topologies.  

 The statistical measure used to assess the homogeneity of incident light is the 

coefficient of variation CV, which is a dimensionless number that quantifies the magnitude of 

variability in relation to the mean [239]. It has been widely applied in many research areas 

including engineering [240]. The sample CV is defined as the ratio of sample standard 

deviation σ to sample mean μ:  

 CV = σ
μ⁄  (22) 

At this point it is important to consider the size of the farm sample simulated, as was 

determined in subsection 3.1.3 Sampling size. Ground irradiation is calculated for that surface 

only, which is represented as a mesh of rectangular grid cells with a spacing of 21 cm. A 

smaller value would be desirable; however, this is the constraint imposed by DIVA based on 

the maximum number of grid cells. Note that for the case of blueberries, which will be 

discussed further in subsection 3.4.2 Blueberry case study, a wide row spacing is employed. 

Consequently, only a portion of the farm sample is simulated, since the remaining surface 

consists of ground. This allows the use of a finer mesh, and a grid spacing of 10 cm is adopted. 
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In general, a larger sampling size results in a more reliable estimation of the “true” standard 

deviation (whole APV farm). However, shading conditions at the centre of a large-scale 

system are not expected to vary considerably, since light penetration below the array cannot 

reach. Therefore, at least for the central patch, there is no benefit to be gained from increasing 

the farm sample, since the irradiation distribution is constant along one direction and periodic 

in the other. To account for the influence of border effects, additional farm samples would be 

required. Furthermore, a confidence interval could be calculated, but that would require the 

actual standard deviation, which is not known. In fact, there is no standard with regards to 

ground irradiance homogeneity in APV systems, at least up the author’s knowledge.  

3.3.3 Sensitivity analysis  

To obtain a thorough understanding of the agrivoltaic system’s performance, which is based 

on its deployment configuration, it is essential to perform a sensitivity analysis with regards 

to the availability of irradiation throughout the array, and subsequently the influence on LER. 

A multi-level analysis is required to investigate the underlying trade-offs in the design of APV 

systems, which is divided into array, module, and cell sensitivity as shown in Figure 31. 

Starting from the array, which represents the macro-scale, the main parameters that 

characterize the deployment configuration are examined. The aim of this sensitivity is to 

inspect the limitations of conventional PV topologies, as well as explore modified ones (E-W 

vertical and E-W hinged), and to assess the optimal for a certain climate and crop. Due to the 

dual function of agrivoltaic systems, additional module arrangements are explored. This is 

part of the module sensitivity (meso-scale), where complex configurations are analysed to 

push the limits in light intensity and distribution that are imposed by conventional module 

Figure 31 – A holistic approach for evaluating the performance of APV systems that is 

deconstructed into array, module, and finally PV cell sensitivity. At first the main parameters 

characterizing the deployment configuration of the PV array are addressed, then by modifying the 

arrangement of modules and the module itself it is possible to fine-tune the APV design. 
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arrangements. Finally, by zooming into the micro-scale the parameters that characterize the 

cell layout are investigated. This is of special importance, since conventional modules lead to 

intense shading patterns that are non-homogeneous. Furthermore, APV systems that cultivate 

certain crops restrict the array’s row spacing to be equal to the crop’s, thus ensuring their 

alignment and permitting appropriate shading during solar noon. In such cases, the 

modification in cell layout can be used instead to optimize for ground irradiance. In other 

words, the transparency of the module can be set according to the crop’s light requirements, 

thus allowing photosynthesis to occur even under the shade casted by the PV module.  

Through this holistic approach that incorporates a multi-level sensitivity analysis, it is possible 

to achieve a spherical understanding of the limitations and potential synergies associated with 

the dual use of land.  

Macro-scale sensitivity 

Due to the plethora of parameters investigated and the heavy computational requirements of 

simulations performed in Radiance, it is essential to reduce the range of the sensitivity 

analysis. Each PV topology is expected to operate efficiently for a certain combination of 

deployment configuration parameters, which will become clearer through the following 

discussion. To allow the operation of agricultural machinery below the array, the lowest edge 

elevation from the ground is set to 5 m for most simulations, as shown in Figure 32 (a). 

However, the E-W vertical topology occupies considerably less space due to its orientation, 

thus lower elevations are examined as well. Furthermore, for the E-W hinged in specific, the 

cultivation of blueberries is explored, which do not necessitate the use of large machinery, 

thus the mounting height can be greatly reduced. The next parameter is the RS, which is of 

great importance, if not the greatest, when it comes to light availability below the array. 

Consequently, a large range is examined, with the lowest RS indicating the minimum distance 

required to mitigate partial shading effects, while the maximum RS is approximately four 

times larger to ensure that saturation of ground irradiation is achieved. Note that the 

minimum RS for the E-W vertical topology is slightly higher than the south facing and 

optimally inclined, since the vertical tilt results in longer shadows.  

Figure 32 – The drawing in (a) depicts the minimum elevation of the array, which 

is based on the maximum height of the agricultural machinery used. The diagram 

in (b) divides the azimuthal range of the PV array into four quadrants to 

determine which is the most promising for the sensitivity analysis. 
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Following, the parameters that identify the array’s orientation are examined, tilt and 

azimuth angle. The azimuth range can be reduced considerably, since modules (located in the 

northern hemisphere) that are facing due north cannot properly utilize DNI; consequently, 

north-west and north-east azimuths are omitted from the analysis as shown in Figure 32 (b) 

in red.  For an array that is oriented E-W the front side of the module should be facing east, 

since the BF is not 100%, thus allowing optimal light harvesting during the early hours of the 

day where ambient temperature is reduced. Ultimately this leads to enhanced efficiency and 

increased annual energy yield. Based on the above, one might be tempted to orient the array 

south-east; however, the deployment configuration of APV systems is mainly dictated by the 

crop’s light requirements. The shade casted during morning can be detrimental for growth, 

while shading during afternoon is beneficial since high temperatures and harmful irradiance 

are present. Ultimately, by setting the array to face south-west crops photosynthesize 

effectively throughout the day, with an increased light intensity in the morning and beneficial 

shading in the afternoon, thus increasing the accumulated biomass. As a result, the range of 

azimuths simulated includes due east and south (indicated by the green and dotted lines), 

and south-west as displayed in Figure 32 (b) with green. Similarly, the tilt angle can be 

reduced based on the topology analysed. South facing arrays are usually inclined for optimal 

light harvesting, consequently large tilt angles are not recommended, and the range used for 

the sensitivity analysis is between 0-60˚. On the other hand, for the E-W vertical topology, tilt 

angles ranging between 50-90˚ were simulated. To permit more control over the microclimate 

beneath the array, lower tilt angles were also examined. This concludes the discussion on the 

macro-scale sensitivity related to conventional module arrangements.  

Meso-scale sensitivity 

Ground availability is impacted the most by the array’s RS, which is verified by the results 

obtained in this thesis discussed in subsections 4.1.2 Azimuth, tilt and row spacing and 4.1.3 

Row spacing in-depth. However, it is intriguing to analyse the influence of the array’s CS, 

which can effectively increase light availability on crops especially when a saturation is 

obtained through widening of the RS. Consequently, the CS is varied from being equal to the 

module’s width (conventional string of modules), to three times the width in order to examine 

the potential saturating behaviour. Once an additional row-per-row RPR is included, while 

the CS and inter-column-spacing ICS are set to twice the module’s width the resulting module 

arrangement is termed as checkerboard. An illustration of the checkerboard arrangement with 

three RPR is shown in Figure 21 (b), along with the parameters that characterize it. The 

influence of the inter-row-spacing IRS is also investigated; however, it is limited by the 

increasing bending stresses that occur on the support structure, due to the longer moment 

arm. This effect is amplified when more than two rows are installed per mounting structure, 

and for this reason the maximum width per row – distance from lowest module edge at the 

start of the row to the upper edge of the last inter-row – is chosen as 3.5 m. In addition, various 

module sizes and subsequently arrangements are examined. Conventional bifacial modules 
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are quite large for agrivoltaic applications, since they result in extended shadows that can 

cover multiple plants simultaneously. It is thus compelling to decrease the module’s size and 

place multiple modules per PV panel that are spaced apart. Through such a modification, it is 

possible to mitigate shading of entire crops, which can significantly increase the rate of 

photosynthesis for the entire crop canopy. Note that the 3.5 m constraint for the width of each 

row applies here as well.  

Micro-scale sensitivity 

So far, the sensitivity with regards to conventional modules is discussed. Although the 

possibility of modifying the module’s size was introduced, the design is not significantly 

different, thus it is still termed as a conventional module. On the other hand, by considering 

the impact of cell spacing and arrangement it is possible to overcome the limitations related 

to conventional modules, and ultimately optimize the performance of the APV array. Note 

that bifacial modules usually have a transparency of 7%, while for the micro-scale sensitivity 

analysis higher values are investigated, up to 73%. In general, high transparencies are not 

recommended, since a large amount of cover material would be needed in comparison to the 

overall active surface area. Nonetheless, they can provide useful information by investigating 

potential saturation effects, similarly, to those obtained through widening of the array’s RS.  

Through varying the cell’s layout, an appropriate APV module can be designed that can 

effectively cultivate blueberries in the climate of Boston, MA, USA. In future studies, other 

crop specific modules could be designed to appropriately address the light requirements of 

the crop cultivated. This concludes the introduction to the sensitivity analysis, where a 

plethora of parameters are examined, due to the parameterized design that accelerates APV 

performance fine-tuning.  

3.4 Crop selection 

To optimize the deployment configuration of the array, it is essential to know the type of crop 

cultivated. In fact, the optimal APV topology will heavily depend on crop selection; 

consequently, an open-field agricultural system can be converted into APV, while a 

conventional PV array cannot. There might be some shade-tolerant crops (i.e. mushrooms), 

that could be grown with minimal adjustments; however, by promoting the cultivation of a 

variety of crops the global acceptance of APV systems is expected to be enhanced. The light 

requirements of crops can differ considerably across the species, due to their unique genetic 

factors that influence their morphology and carbon assimilation pathway. Owing to the 

introduction of the agrivoltaic array shade intensity and inhomogeneity are increased, which 

inevitably lead to the use of shade tolerant crops. This is a direct result of their shade 

acclimation and lower LSP. In addition, crop value and area potential should be considered 

as well to properly assess suitability with APV [241]. For instance, berries, lettuce, and 

tomatoes have a low area potential, yet they are deemed more appropriate for APV than 



 

64 

 

wheat and corn that have a large area potential. Furthermore, high value crops necessitate 

protection from harmful weather conditions such as hail, heavy rainfall, frost, and drought. 

Depending on the array’s deployment configuration, crops can be sheltered at least partially, 

and if necessary, hail nets can be easily incorporated. Such synergies are more pronounced 

for crops that require a support structure, thus partly justifying its cost. Finally, by cultivating 

crops that do not necessitate large machinery, support structure costs can be significantly 

reduced, thus promoting the economic feasibility of the APV system [4]. Ultimately, crop 

selection is based on wide variety of factors including light requirements and shade tolerance, 

value and area potential, as well as need for a support structure or protection, which result in 

complementary synergistic effects.  

3.4.1 Generic case study 

At first, the design of the APV system is based on a generic case where a minimum daily 

irradiation threshold is applied instead of selecting a crop. Naturally, this method ignores 

crop specific parameters that can greatly influence the deployment configuration of the array; 

however, it can provide insight with regards to the trade-off between light availability above 

and below the APV array. For example, to ensure enough growth tomatoes require a 

minimum of 2.6 MJ/m2/day of solar irradiation as indicated by [242-243]. On the other hand, 

researchers in [20, 244] claimed that 5 MJ/m2/day result in optimal growth of most 

horticultural crops, while in [245-247] 6 MJ/m2/day was used instead. Consequently, for the 

generic case study the latter is used as a constraint for daily ground irradiation availability, 

since any further reduction can significantly affect the quantity and quality of the harvested 

product in terms of colour, size as well as nutritional value [243]. Crops are expected to be 

planted in lines, parallel to the strips of the PV array, and to simplify the analysis it is assumed 

that they fully cover the farm sample simulated. Thus, the irradiation incident on the ground, 

obtained through Radiance, is directly applied to the crop yield ratio and the calculation of 

the LER.  

3.4.2 Blueberry case study 

To fine-tune the design of the APV system and optimize the cell-layout it is crucial to know 

the crop’s light requirement. As previously discussed, shade-tolerance and crop value are 

desirable traits for species cultivated in such applications. One crop that satisfies these 

requirements is the ’bluecrop’ highbush blueberry, Vaccinium corymbosum, which grows 

naturally in deciduous forests. The net CO2 assimilation rate, or the rate of photosynthesis, 

was inspected in [248] using a growth chamber for photosynthesis measurements and the 

incident light intensity (PAR or PPFD) was varied using light emitting diodes (LEDs). The 

results are shown in Figure 33 (a), while for this study irrigated conditions are assumed. The 

light intensity resulting in the maximum rate of photosynthesis or LSP is around 800 μmol m-

2 s-1, while considering the whole spectrum of light it is equivalent to 380 Wm-2. Because of the 
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logarithmic trend, lower light levels can still provide an adequate photosynthesis rate, 

simultaneously allowing high PV densities to be installed, which ultimately increases the LER. 

In other words, the range where growth is highly productive (>80% of max rate) lies above 

290 μmol m-2 s-1 or 145 Wm-2. However, values considerably higher than 380 Wm-2 can 

significantly reduce the rate of photosynthesis, potentially due to hydropassive closure. For 

this reason, Figure 33 (b) is included, to highlight the adverse effects of temperature on crop 

growth, under open field conditions as was examined in [249]. The differences between the 

two figures, mainly arise due to the distinct growth conditions, as well as local climate. Either 

way, crop cultivation under APV closely resembles open field conditions, thus it is crucial to 

set a maximum PAR intensity where any higher values would be detrimental to crop growth.  

 To determine the optimal shading ratio, Retamales et al. (2008) performed experiments 

with various coloured shading nets in Miraflores, Chile. It was concluded that although a 50% 

shading rate did not affect yield in the first season, it can significantly reduce yields in the 

following years. On the other hand, for smaller shading rates (35%), crop yield was enhanced 

by 26-91% in relation to the control treatment (no shading), through mitigating stressful 

environmental conditions present at midday [250]. Furthermore, under shade, canopy length 

and leaf size increased, while fruit weight remain unchanged. These finding were verified by 

[251], where acclimation to shade was examined in detail for the climate of Seoul, Korea. 

Blueberries can adapt to low light conditions by altering their morphology, increasing leaf 

length and size, yet reducing leaf thickness; thus, they effectively minimize respiration losses. 

However, as the intensity of light reduced, number of flowers, fruit number per bud, and fruit 

yield were significantly reduced [251]. In summary, for optimal plant productivity shading 

rates above 40% should be avoided. Lobos et al. (2013) also investigated the influence of 

incident PAR on blueberry productivity through an experiment conducted in Gobles, MI, 

USA. Their results indicate that shade levels between 40-60% of incident PAR do not 

Figure 33 – Light response curves for ‘bluecrop’ highbush blueberry: a) measured under artificial 

light in a greenhouse [248] b) measured under open field conditions [249]. Note that in graph (a) both 

irrigated (black circles) and non-irrigated conditions (white circles) are displayed. 
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significantly affect yield and fruit quality; however, they are responsible for harvest delays. 

Nonetheless, this delay could increase the product’s marketable value since fruit prices are 

usually highest towards the end of harvesting [253]. Overall, depending on the climatic 

conditions and shading rate, the yield of blueberries can increase, or remain relatively 

unaffected. The results presented by Lobos et al. (2013) are the most relevant as they were 

investigated in a similar climate to that of Boston, USA; however, note that Boston is relatively 

sunnier.  

 Unlike the general case study, for blueberries a considerable spacing is applied 

between crop rows that must be defined before proceeding into the design and optimization 

of the array. The most common crop row spacing (CRS) employed, which is adopted here, is 

around 3 m [254]. This CRS has been claimed to mitigate light competition between closely 

spaced rows, while maximizing the overall crop yield of the farm. For blueberries, in specific, 

dense crop plantations can significantly reduce light penetration within the plant’s canopy as 

reported by [255]. Due to the increased CRS, the farm sample simulated is reduced to the 

portion that is occupied by the crop. Thus, the farm sample for this case consists of three 

parallel strips offset at 3 m, with a width of 1.4 m each (assumed crop width).  
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4  

RESULTS & ANALYSIS 

4.1 Array sensitivity – macro scale 

4.1.1 Mounting height 

As it was previously discussed, the APV sample simulated is selected in such a way that light 

penetration below the array cannot reach the farm sample. Consequently, by further elevating 

modules ground irradiation is not expected to be influenced considerably. This can be verified 

by the plot in Figure 34, where the lowest edge height is varied to assess the impact on the 

average ground irradiation throughout the farm sample. Overall, the relationship between 

the two is approximated as linear, while the increase in annual irradiation is 3.4% when the 

array is raised from 2 to 7 m. These results are representative of a south and latitude inclined 

topology; and a similar trend was observed for the E-W topology as well. Additional benefits 

are expected from elevating modules, such as 

cooling due to increased wind speeds and free 

convection, as well as reduced dust deposition 

rates. Either way, to minimize support structure 

costs the lowest edge height is selected according 

to the maximum height of agricultural machinery 

used. For most crops, this is around 4-5 m, and 

thus 5 m is selected for the following simulations, 

with some exceptions in E-W orientated arrays 

that will be clarified later. Note that the array’s 

size (APV sample) for this sensitivity analysis is 

based on what is necessary to mitigate border 

effects for an elevation of 7 m. As the mounting 

height increases, the length of shadows increases 

proportionally, thus necessitating larger array 

sizes.  

4.1.2 Azimuth, tilt and row spacing 

After the mounting height has been set, a multi-dimensional sensitivity analysis for the array’s 

azimuth and tilt angle, as well as row spacing can be performed. These parameters are 

analysed separately for S-N and E-W topologies, and their influence on the distribution of 

light throughout the APV system is examined. Starting with the S-N, the sensitivity of the 

Figure 34 – Annual, average ground 

irradiation incident on the farm sample 

simulated for various PV array elevation 

heights. Ground irradiation is expressed as a 

percentage of what would be available under 

FS conditions. 
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annual average ground irradiation to deployment configuration is depicted in Figure 35 for 

the farm sample simulated. The main parameter that influences ground irradiation is the 

array’s RS, where wider spacings reduce shading on the ground considerably. In specific, 

when the RS is doubled, ground irradiation increases from 58.1% to 79.6% for an array tilted 

at 35˚ (optimally inclined) and facing due south. In general, tilting modules results in longer 

shadows, and consequently direct shading (no DNI) over a larger ground area. As expected, 

shading is maximized at around 30-35˚ tilt, depending on the RS. Tilt angles that deviate from 

this range enhance light availability below the array, with shorter shadows for lower tilts, and 

reduced shading at noon for higher tilts. The sensitivity to the azimuth angle is relatively 

higher, where a south-west facing array receives additional ground irradiation. However, the 

sensitivity to orientation greatly decreases for a wide RS due to the reduced number of rows, 

and thus ground shading. Naturally, varying the orientation of a dense array will significantly 

impact ground irradiation in comparison to an array with a large RS. For instance, at a RS of 

240 cm, when the array is tilted from 10˚ to 35˚ while facing due south, ground irradiation 

reduces by 2.2%, while for twice the RS the same tilt adjustment results in a reduction of 1.3%. 

Similarly, by modifying the array’s azimuth from 180˚ to 205˚, with a tilt of 35˚, irradiation 

increases by 3.9%, while for twice the RS it is enhanced by 1.5%. This is reasonable since a 

lower RS results in an increased GCR and proportional intensification of ground shading 

depending on orientation.  

 

 

 

 

 

 

 The analysis is continued for the annual POA irradiation on both sides of the bifacial 

PV module as shown in Figure 36. The influence of the RS is quite straightforward, since a 

wider RS results in additional POA irradiation for any combination of tilt and azimuth angles; 

however, the amount gained is highly dependent on orientation with the tilt angle being 

dominant. When the RS is doubled, a south facing array that is tilted by 10˚ receives a boost 

of 3.1%, while for a tilt of 50˚ the corresponding boost in POA irradiation is 5.6%. As the RS is 

Figure 35 – Annual, average ground irradiation sensitivity to tilt and 

azimuth angle, as well as row spacing for south-north facing topologies. 

The colour bar on the right displays the intensity of ground irradiation 

expressed as a percentage of full sun conditions. 
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increased ground reflected irradiance is enhanced, which subsequently increases BG 

depending on the array’s tilt angle, with higher tilts resulting in enhanced gains. Furthermore, 

for highly tilted modules, increasing the RS mitigates any partial shading that occurs between 

rows, thus allowing the front side to benefit considerably as well. In general, horizontally 

placed modules – at least for northern latitudes like Boston’s – are associated with low specific 

yields, due to the large AOI between sun and PV. As the tilt angle is increased, up to 30-35˚ 

depending on the RS, POA irradiation reaches a maximum, and then declines for higher tilts 

due to the increasing AOI. These findings agree with those reported previously, where ground 

irradiation is minimized for optimally inclined modules. In essence, due to the relatively low 

ground albedo, the optimal tilt is mainly dictated by the absorption of the front side, similar 

to monofacial modules. Furthermore, for a wider RS, the optimal tilt angle is slightly 

increased, due to the abundant ground reflected irradiance. This effect is expected to be more 

pronounced for highly reflective ground surfaces. Regarding the azimuth angle, south 

orientated arrays are associated with the highest POA irradiation, while any deviation, in this 

case south-west, results in a decay.  Interestingly, arrays with a large RS that are facing south-

west promote higher tilt angles. This could be explained by the additional ground reflected 

irradiance under such configurations, and the need to reduce the AOI for an array that is 

diverging from south, since the sun’s elevation is lower. In contrast to the findings regarding 

ground, POA irradiation is more sensitive to orientation for a wide RS. A dense array is 

accompanied by intense ground shading that deteriorates BG; consequently, modifications in 

the array’s orientation do not influence POA irradiation considerably. Contrary, as the RS is 

increased, the sensitivity to orientation is amplified, due to the plentiful ground reflected 

irradiance. For instance, an array that is facing due south, with a RS of 240 cm, gains 5.6% in 

POA irradiation when the tilt is adjusted from 10˚ to 30˚, while for double the RS the same 

modification in tilt results in an enhancement of 7.4%. A similar behaviour is observed for the 

Figure 36 – Annual, average plane of array irradiation sensitivity to tilt 

and azimuth angle, as well as row spacing for south-north facing 

topologies. The colour bar on the right displays the intensity of irradiation 

incident on both sides of the PV module in kWh/m2, with a bifaciality 

factor of 90% as described in [190]. 
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azimuth angle, where the decrease in POA irradiation is only 0.7% in comparison to 1.3% for 

double the RS. Note that the change in azimuth is from 180˚ to 205˚, while the tilt angle is 

constant at 35˚.  

 The same procedure is followed for an E-W facing array, nonetheless the  sensitivity 

analysis portrays a different behaviour for some parameters. Initially, the average ground 

irradiation is examined, as represented in Figure 37, which is considerably higher than the 

one available under a S-N facing array. This is logical, since the main incentive for adopting 

such orientations is to enhance light availability on the ground. However, in comparison to 

the S-N orientation, the gain of ground irradiation with wider RS is lesser. Specifically, for a 

RS of 270 cm a vertical and E-W facing array permits 75.9% of irradiation, while for double 

the RS ground irradiation increases to 88.6%; consequently, for such topologies, light 

availability throughout the farm sample is less sensitive to RS. Indeed, as the array’s 

configuration converges to what is conventional – south facing and optimally inclined – the 

gain in ground irradiation with increasing RS is amplified. For instance, an array with a tilt of 

50˚ and azimuth of 245˚ allows a gain in ground irradiation from 70.1% to 85.9% when the RS 

is doubled. Either way, vertically installations maximize ground irradiation, which is true for 

all RS and azimuth angles simulated. Any reduction in tilt diminishes ground irradiation 

depending on the azimuth angle. This decrease in irradiation is maximized as modules 

deviate from E-W and face south-west instead, which is further amplified for dense arrays. 

For example, at a RS of 270 cm with an azimuth of 90˚ (E-W), when the tilt angle is changed 

from 90˚ to 50˚ ground irradiation decreases from 75.9% to 74.5%, while for an azimuth of 245˚ 

(south-west facing) the same tilt variation results in a reduction from 76.1% to 70.1%. On the 

contrary, for twice the RS, the same set of adjustments result in reductions of 88.6% to 87.7% 

and 89% to 85.9% respectively. The additional decrease in ground irradiance for dense arrays 

is justified by the higher number of modules, which are accompanied by intensified ground 

Figure 37 - Annual, average ground irradiation sensitivity to tilt and azimuth 

angle, as well as row spacing for east-west facing topologies. The colour bar 

on the right displays the intensity of ground irradiation expressed as a 

percentage of full sun conditions. 
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shading. As a result, it can be concluded that for all topologies simulated, ground irradiation 

sensitivity to orientation is considerably higher for dense arrays.   

 Finally, the sensitivity analysis of POA irradiation to deployment configuration can be 

examined for the E-W facing and vertically inclined topology as shown in Figure 38. Initially, 

the influence of the RS is investigated, which is of crucial importance for such topologies. In 

fact, a vertically installed and E-W facing array gains 9% in POA irradiation when the RS is 

doubled (270-540cm), while an array that is tilted by 50˚ and has an azimuth of 245˚ receives 

a boost of only 5.1%. Vertically installed arrays, especially those that face E-W, heavily rely on 

ground reflected irradiance; consequently, they scale better with RS, even more so when high 

albedos are present. As the RS is increased, partial shading as well as masking between rows 

is effectively minimized. Even though vertical E-W topologies benefit more from widening of 

the RS, the overall POA irradiation is considerably lower than that of S-N and optimally 

inclined array for the same RS; therefore, a wider RS is required to obtain comparable results, 

at least for relatively low ground albedos. This is further justified by the following analysis. 

When the tilt angle is varied from 50˚ to 90˚, for an array that has a RS of 270 cm and is facing 

E-W, the POA irradiation reduces by 5.3%, while for an azimuth of 245˚ the same tilt 

modification results in a reduction of 12.5%. By doubling the RS and applying identical 

orientation modifications the POA irradiation reduces by 2.3% and 9.7% respectively; thus, 

for less dense arrays the differences between E-W vertical and S-N and optimally inclined 

topologies decay. In addition, the sensitivity to orientation diminishes with wider RS, which 

was verified previously for S-N topologies as well. Another important observation is that the 

sensitivity to tilt angle is more apparent for an array that is facing south-west, rather than E-

W, since the previous is better oriented for direct light harvesting, which is true regardless of 

the RS. For vertical installations any deviation in azimuth from E-W facing slightly reduces 

Figure 38 – Annual, average plane of array irradiation sensitivity to tilt and 

azimuth angle, as well as row spacing for east-west facing topologies. The 

colour bar on the right displays the intensity of irradiation incident on both 

sides of the PV module in kWh/m2, with a bifaciality factor of 90% as 

described in [190]. 

 



 

72 

 

POA irradiation (less than 1%), which was verified for various RS. It is thus intriguing to orient 

vertical arrays towards south of due west to allow a higher light penetration in the morning 

for crops, and increased shading in the afternoon without jeopardizing electricity yield. Note 

that this change in azimuth will shift the peak of power output to afternoon potentially 

providing a better match to electricity demand, which is maximized around that time as well.  

The RS range simulated for both E-W and S-N orientations is quite limited, in order to 

avoid computational exhaustion as additional simulations would be required to extend the 

4D plots. Since the RS is one of the most crucial parameters influencing light availability below 

the array, and consequently ground reflected irradiance it is examined in detail in the 

following subsection. Furthermore, it is essential to extend the width of the RS to examine any 

potential saturation effects with regards to irradiation throughout the APV array.  

4.1.3 Row spacing in-depth 

The macro-scale sensitivity analysis is continued for two specific deployment configurations; 

the S-N and E-W facing topologies with a tilt and azimuth angle of 33˚, 193˚ and 90˚, 260˚ 

respectively. Note that for both topologies the lowest edge height is chosen as 5 m and they 

are oriented to face south-west to permit optimal growth conditions for the crops below. The 

tilt angle of the S-N topology is selected based on the maximization of annual POA irradiation, 

while for the E-W the vertical tilt prioritizes crop growth.  

In the previous subsection, the sensitivity analysis for the annual average ground 

irradiation was examined. However, it is crucial to observe the influence of RS on minimum 

irradiation, to ensure light homogeneity and subsequently crop growth uniformity. For this 

reason, both minimum and average irradiation are plotted for a wide range of RS, 

incremented by 76 cm as shown in Figure 39. At first, any increase in the RS results in an 

abrupt gain of ground irradiation, especially for the S-N topology, and even more so for its 

minimum irradiation. Due to the tilt angle of the S-N topology the SVF of the ground is 

Figure 39 – Annual ground irradiation consisting of both average and 

minimum values in relation to the row spacing as well as PV array topology. 

Ground irradiation is expressed as a percentage of full sun conditions.  
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significantly reduced, which can be partially solved by increasing the RS. Essentially, by 

installing rows at a wider distance the shading of neighbouring rows on the ground patch 

below is effectively mitigated; consequently, allowing the SVF of the ground to be increased. 

However, as the RS is further increased the gain saturates, especially for the minimum ground 

irradiation of the S-N topology. The saturation occurs at a RS of around 7 m, with a minimum 

irradiation of 77%, which is based on the minimum SVF reduction of the specified PV 

topology. The trend can be approximated as logarithmic, which applies to the other curves as 

well, but to a lesser extent. It is unclear as to why the minimum irradiation does not attain 

saturation for the E-W topology, although the rate of the increase declines significantly. One 

explanation could be the vertical tilt, which expands the region of influence by further 

elongating shadows. Similarly, the rate of increase of the average ground irradiation reduces 

considerably with wide spacings for both topologies; however, saturation is not accomplished 

completely. This is a direct result of the shadows casted by neighbouring rows during times 

when the solar elevation is low, which greatly extends their length. Overall, the E-W topology 

offers supplementary ground irradiation, especially for dense arrays. The S-N topology is 

more sensitive to the RS, while as the spacing is increased the difference between the two 

topologies diminishes to a constant. That constant represents the difference in the ground’s 

SVF reduction between the two topologies. For the crop yield modelling the average ground 

irradiation is used; however, it is vital to set a constraint on the minimum ground irradiation 

to ensure a homogeneous light distribution without jeopardizing the marketable value of the 

crops. This will be examined further in section 4.3 Generic case study.  

To conceptualize the underlying trade-offs in the design of an APV system, a 

comparison between average ground irradiation and overall AC electrical yield is performed 

as shown in Figure 40. Both topologies follow a similar behaviour, where as the RS is widened 

Figure 40 – Sensitivity of the average ground irradiation and total AC electrical yield (both annual) 

to row spacing and PV topology. Note that the energy yield of the reference GMPV case is around 3 

MWh/m2. Although bifacial modules are used, which result in enhanced yield, they are placed in 

landscape orientation, thus reducing the GCR and subsequently the overall energy yield. 
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ground irradiation increases and electrical yield decreases. In fact, energy yield can be 

represented with a negative exponential trend, thus indicating that a saturation in the 

reduction can occur at a sufficient RS. This is justified by the plentiful ground reflected 

irradiance that amplifies POA irradiation, thus compensating for the reduction in electrical 

yield through increasing specific yield. In other words, a wide RS decreases the overall energy 

yield of the APV farm, since less rows are present, yet they permit maximum light availability 

for both PV and crops. Therefore, a trade-off arises between a sustainable or synergistic design 

where ground irradiation and yield per module is maximized (specific yield), and a design 

that exploits the land most effectively in terms of overall energy yield. Although the latter 

offers the highest possible AC electrical yield, it does not necessarily imply that the land’s 

productivity is maximized, since crop yield is greatly impinged under such conditions. 

Naturally, the latter will greatly depend on crop selection, as shade tolerant species could be 

cultivated under such conditions. Notice that the energy yield reduction of the S-N topology 

is more pronounced than that of the E-W, which implies that the latter scales better with RS. 

To summarize, the ground irradiation of an E-W topology scales worse with RS, while its 

energy yield benefits considerably more with RS in comparison to the S-N topology analysed. 

Note that the saturation effect in energy yield would be further intensified if a rigorous 

thermal model was applied that appropriately considers the influence of PV density on 

convective cooling and thus PV performance.  

 Although ground irradiation is a vital parameter in characterizing the productivity of 

crops, what is of greater interest is crop yield. Once again, to assess the performance of various 

APV topologies the crop yield ratio is used instead, which subsequently allows the calculation 

of the LER. To investigate the influence of various shade tolerant species on crop yield Figure 

Figure 41 – Crop yield sensitivity to shade tolerance and PV array row spacing. The letter m 

represents the crop’s acclimation to shade with high values representing a shade intolerant crop. 

For instance, a crop with m = 0.8 could represent the light response of maize, while m = 0.15 could 

be utilized for blackberries that require low light conditions to be cultivated effectively. 
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41 is included. It is of no surprise that shade tolerant species receive minimum yield 

reductions. Furthermore, the E-W topology results in a higher crop yield ratio than the S-N 

for all shade tolerance levels and RS, which is especially true for dense arrays. This is in 

accordance with the findings discussed previously for ground irradiation; however, as the RS 

increases the difference between the two topologies decays, even more so for crops that can 

tolerate shade. Consequently, it can be claimed that crop yield is less sensitive to the 

deployment configuration as the RS is widened.  As previously discussed, the relationship 

between ground irradiation and RS closely resembles a logarithmic trend, similarly to what is 

observed in Figure 41 for the crop yield ratio. Since crop yield is assumed to scale linearly 

with ground irradiation, this is to be expected. Overall, the E-W topology is better opted for 

shade intolerant crops, especially when dense arrays are employed. This concludes the macro 

scale sensitivity analysis with regards to conventional module arrangements.  

4.2 Module sensitivity – meso scale 

In conventional large-scale PV farms modules are usually placed in portrait orientation, where 

the lowest edge is the short one, thus maximizing the number of modules per given area. Since 

APV systems serve more than one function, it is intriguing to examine whether the landscape 

orientation is more appropriate. Conventional modules are quite large to be suitable for APV 

applications, since the casted shadows can cover a whole crop, or even multiple. This can 

heavily interrupt the rate of photosynthesis for the entire crop canopy, leading to non-uniform 

growth and an increase of the unmarketable yield. Furthermore, prospects for the bifacial PV 

market include sizing up of modules, which will aggravate the issue. To mitigate the 

intensified shading caused by such modules, they should at least be placed in landscape 

orientation; consequently, the length of shadows is reduced considerably and photosynthesis 

throughout the crop canopy is enhanced. On the other hand, the PV array is less dense, which 

results in a lower energy yield; however, this is a reasonable compromise to achieve the dual 

function of APV systems. For all simulation results reported previously as well as those that 

follow the landscape orientation is adopted, except for the reference case in the LER 

calculation, which is supposed to represent a conventional GMPV array.   

As previously examined, the gain in ground irradiation associated with increasing RS can 

saturate; consequently, for crops that require plenty of light, CS widening is inevitable. 

Naturally, the increase of the spacing between modules in the same row is of great interest to 

arrays that have more than one row per row RPR. To permit the operation of agricultural 

machinery, APV arrays are highly elevated, which leads to a substantial increase in support 

structure costs. In fact, as reported by [9], the capital expenditure associated to the mounting 

structure dominates the overall CAPEX of APV, but this should not be generalized, since the 

cost associated to the support structure greatly depends on the design; elevation, number of 

mounting pillars, PV array density. Although not investigated in this thesis, reduction of the 

materials associated to the construction of the mounting structure is crucial to ensure that the 
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levelized cost of electricity LCOE can compete with that of building integrated PV BIPV or 

GMPV. Arguably, one way to minimize the size of the support structure, is to increase the RS 

of the array; however, that would lead to a decreased energy yield and subsequent reduction 

of the LER. It is thus compelling to mount more than one RPR, and simultaneously increase 

the RS, thus allowing a reduction in the number of supporting pillars, while maintaining 

energy yield.  

 By increasing the number of RPR to two, the ground patch below the array experiences 

a considerably decrease in SVF, thus reducing light availability to levels that do not sustain 

growth for most crops. Widening of the RS partially resolves this; however, as it was shown 

in Figure 39 for the conventional module arrangement (one RPR), the minimum ground 

irradiation quickly saturates. This effect is further intensified for two RPR, thus this is the 

main incentive for increasing the CS between modules. The CS was varied from the 

conventional (equal to module width) to twice the module’s width for an array with two RPR, 

a RS of 9 m, and a S-N topology to examine the impact on the ground’s light availability for 

the 15th of July. As the CS was doubled, average daily ground irradiation increased by 10.4% 

in a linear fashion, therefore indicating that CS extension is a viable option for enhancing light 

penetration. More importantly, the number of grid cells NGC that receive low irradiation is 

decreased considerably. To quantify this, the ratio of the NGC (RNGC) is used, which can be 

obtained by dividing the NGC that receive irradiation below a certain fraction of FS conditions 

to the total NGC in the farm sample. The dependency of the RNGC for 70% and 60% of FS 

conditions is plotted in Figure 42 versus the CS. The RNGC quickly decays with increasing 

CS, thus mitigating non-uniform crop growth. 

For instance, when the CS is increased the 

RNGC with irradiation less than 60%FS reduces 

abruptly, and when the CS is doubled RNGC 

(<70%FS) reduces to 2.5%. In other words, 2.5% 

of the total farm sample simulated receives 

irradiation less than 70% of FS conditions, 

ultimately enhancing light distribution. 

Another parameter required to define the 

deployment configuration of such topologies is 

the IRS; however, any extension of this spacing 

does not influence ground irradiation or RNGC 

considerably. As a result, a short IRS should be 

adopted thus permitting efficient material 

utilization with regards to the support structure. 

Nonetheless, a large CS does not necessarily lead to an optimal design, since it reduces 

the density of the array and subsequently the energy yield in total. By introducing the ICS it 

is possible to modify the previous topology into one that is better suited for APV applications, 

Figure 42 – Ratio of grid cells receiving 

irradiation below 70% and 60% of FS 

conditions with respect to the column 

spacing. 
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known as the checkerboard arrangement. As the name suggests, it is comprised of two RPR, 

with a CS that is two times the conventional, and an ICS that is equal to the module’s width. 

Additional RPR can be included; however, it is important to note that an increasing number 

of rows per mounting rack can greatly diminish the ground’s SVF, which cannot be 

compensated by widening of the RS or CS. As previously discussed, conventional modules 

lead to extended shadowing on the ground that can potentially cover multiple crops. It is thus 

compelling to design modules specifically for APV applications, which is briefly explored 

here. For a more in-depth examination the reader is referred to section 4.5 Cell sensitivity – 

micro scale. At first, the size of the module is reduced with the intent of minimizing shading 

on crops, and thus allowing part of the canopy to photosynthesize even though a portion of it 

is shaded. Without adjusting the individual size of cells, or their arrangement, minimal 

adjustments in the design are required, consequently allowing ease in manufacturing. 

Multiple module sizes, and layouts were analysed, including the checkerboard arrangement; 

however, the gain in ground irradiation was not insignificant. If a rigorous crop yield model 

was applied that can account for light penetration throughout the plant’s canopy the benefits 

of such modules could be addressed more appropriately. 

4.3 Generic case study 

By completing the sensitivity analysis with regards to conventional modules it is possible to 

examine which topologies can appropriately address the trade-off between crop and 

electricity yield. All the suggested topologies are deployed at a significantly lower density 

than what is conventional, thus prioritizing crop productivity and subsequently specific 

electrical yield, due to the integration of bifacial PV. The latter is of importance for bifacial PV 

arrays as the optimal design is not necessarily the one that maximizes total energy yield. 

Dense arrays lead to significant reductions in BG, due to intensified ground shading. 

Furthermore, certain costs are proportionate to the total peak power of the installation [256], 

which can be mitigated through  maximizing the specific yield. On the other hand, the cost 

associated to the land, which promotes the maximization of energy yield, is not as dominant 

for APV due to its dual nature. From the plethora of deployment configurations simulated 

four topologies are selected, two with a S-N topology that permit cultivation of summer crops 

(mid-March to mid-October) and two with an E-W that are more appropriate for permanent 

crops (annual). Note that all the selected topologies are facing west due of south, and south 

due of west respectively; nonetheless, the previously mentioned description is used to 

distinguish them. Although E-W topologies can effectively cultivate summer crops as well, S-

N facing and close to optimally inclined arrays are better suited, since they lead to a higher 

specific and total yield (electrical) for the same number of modules. Furthermore, because of 

the orientation of S-N topologies, light intensity and distribution on the ground is greatly 

impinged, leading to unfavourable conditions for crop growth during winter – at least with 

conventional modules – which will become clear by the end of this section.  



 

78 

 

4.3.1 Summer crop 

Deployment configuration 

For the growth of summer crops two distinct deployment configurations are selected as 

shown in Figure 43. Both topologies differ considerably from conventional GMPV arrays, 

since they are highly elevated, installed at lower densities, and arranged differently. The S1 

topology has approximately double the RS of conventional arrays, while S2 is widened even 

further to mitigate partial shading on modules and overlapping shadows on ground, due to 

the extended shadows arising from the checkerboard arrangement. Naturally, for crops with 

high light requirements the design could be adjusted accordingly; however, it is crucial to 

consider whether the associated gain in ground irradiation with increasing RS compensates 

for the reduction in energy yield. If not other modifications in the deployment configuration 

should be explored to mitigate this trade-off.  

One such alternative is through the modification of the tilt angle. Although annual 

ground irradiation can be insensitive to tilt variations, depending on the RS, the daily amount 

of light incident on crops can be effectively fine-tuned. Consequently, to permit additional 

light penetration during spring and fall months the tilt is varied from optimal (for POA 

irradiation). In fact, lower tilts are preferable to avoid wind loads, ultimately reducing support 

structure costs and because of efficient light absorption when the sun is close to its zenith. The 

latter is based on the increase of direct light irradiance, and SVF of the bifacial module’s front 

side. Crops are prioritized when selecting the azimuth angle as well, where the array is set to 

face south-west to enhance the rate of photosynthesis in the morning and afternoon through 

displacing the accompanied shading pattern and its intensity. Note that this beneficial effect 

in crop productivity is not incorporated in the current model, potential leading to an under-

estimation of the crop yield ratio. Finally, the influence of the IRS of the checkerboard 

arrangement on ground irradiation is examined in Figure 44. In fact, it was determined that 

widening of the IRS does not influence daily ground irradiation (not shown in the plot); 

however, it can considerably reduce the RNGC for 70% of FS conditions, thus enhancing crop 

Figure 43 – Main parameters characterizing the deployment configuration of two APV topologies for 

the cultivation of summer crops; on the left the conventional module arrangement is used (labelled as 

S1), while on the right the checkerboard arrangement is utilized (labelled as S2). 
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growth uniformity. For the selected day in 

March, RNGC saturates at an IRS of 150 cm, 

while for July it is attained at 130 cm. RNGC 

with irradiation values below 60% of FS are 

relatively reduced as well, from 0.6% for March 

and 0.7% for July to 0.1% and 0.3% respectively, 

when the IRS is widened from 115 to 150 cm. 

Any further increase does not lead to a change; 

thus, 150 cm is adopted. Note that the influence 

of the support structure on module or ground 

shading is not accounted for; however, the 

previous could be resolved by integrating the 

support between the two inter-rows, thus 

enhancing the BG of the array.  

Ground irradiation 

To gain a better understanding of the light availability below the array for the various 

topologies analysed, both average and minimum daily ground irradiation are calculated for 

one day per month. Initially, the average is examined, which lies well above 70% of FS 

conditions, expect for December as shown in Figure 45 (a). During the winter months, the S-

N topologies lead to extended ground shadowing, due to the low solar elevation. The 

checkerboard arrangement permits increased light penetration below the array for all months 

simulated, which is justified by the increased RS, and module layout. The gain in ground 

irradiation when switching to the checkerboard is displayed in orange. Although the 

reduction in ground illuminances is not too grave, at least when compared to FS conditions, 

the actual daily irradiation for some of the winter days is considerably below 6 MJ/m2/day. 

For example, 5.3 and 5 MJ/m2/day was found for the simulated days in December and January 

respectively, indicating that even for an optimized array crop cultivation in the winter is not 

guaranteed. On the other hand, for summer days like those in June and July, the average daily 

irradiation was determined to be 21.4 and 23.5 MJ/m2/day, which is considerably above what 

is required, thus demonstrating the limitations of a fixed APV array.  

Next, the minimum daily ground irradiation is examined as shown in Figure 45 (b), 

which lies between 60-80% of FS conditions, except for December. Essentially, in winter days 

where the solar elevation is low, grid cells that are shaded during solar noon result in 

minimum daily ground irradiation values. As the sun moves over the hemisphere it 

illuminates previously shaded areas, thus increasing their average daily value, which is not 

as pronounced in the winter months. Unlike the results found previously for the average 

irradiation, the conventional arrangement leads to a gain of the minimum ground irradiation 

as depicted in blue. This could be due to the additional SVF reduction associated with the 

checkerboard arrangement, as the width per row is increased. On the other hand, the 

Figure 44 - Ratio of grid cells receiving 

irradiation below 70% of FS conditions with 

respect to the inter-row-spacing for two days 

with clear sky conditions. 
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conventional layout is oriented further to the west, which can also have an impact. The 

differences between the two topologies decay for days with overcast or intermittent sky 

conditions, as displayed for May and August. Under such conditions the diffuse fraction of 

the incident light is maximized leading to a more uniform distribution and subsequently 

higher minimum ground irradiation. In contrast, for the rest of the days which are relatively 

clear, the conventional arrangement permits more satisfactory results, depending on the 

clearness index. Ultimately, for the cultivation period of summer crops (March to October) 

ground irradiation – both minimum and average – is significantly higher that the set 

constraint. Even though the S2 topology leads to lower minimum values, the RNGC for 70% 

of FS conditions is less than 1%, apart from March (4.3%). Either way, 70% of FS conditions 

for the summer period is significantly higher than 6 MJ/m2/day, thus indicating that denser 

PV arrays can be employed without jeopardizing crop yield. 

4.3.2 Permanent crop 

Deployment configuration 

Logically, for the growth of permanent crops wider spacings will be necessary to permit 

sufficient light penetration during the winter months. The selected topologies (S3 and S4) can 

be seen in Figure 46. Both are oriented south due of west, while maintained at a vertical tilt to 

prioritize crop productivity. Note that as the array is oriented towards south, lower tilts 

become desirable from an electricity production point of view; however, the impact on LER 

Figure 45 – Daily average and minimum ground irradiation throughout the year for the selected 

topologies analysed. Graphs (a) and (b) represent a comparison between S1 (conventional) and S2 

(checkerboard) for summer crops (S-N), while graphs (c) and (d) display the differences between S3 

(conventional) and S4 (checkerboard) for permanent crops (E-W). 
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due to the reduced ground irradiation is not properly compensated. The front side of the 

bifacial modules is set to face south-west to allow for enhanced light harvesting. This is 

arguable, since it will be subjected to higher air and ground temperatures, which reduce the 

overall module efficiency. To examine this trade-off further, a more rigorous thermal model 

would be required, that accounts for hourly variations in the module’s operating temperature. 

On the other hand, by orienting the array south-west the peak power better matches electricity 

demand.  

For the S4 topology the RS is increased significantly to resolve partial shading or 

masking between rows, as well as overlapping shadows on the ground, due to the extended 

width of each row that consists of three RPR. Since a constraint is set of 3.5 m for the maximum 

width of each row, the IRS is chosen as 125 cm. A distinct advantage of this topology is the 

option to mount modules at a lower elevation (1.5 m), due to the extended RS and the minimal 

GCR offered by the vertical tilt. Although machinery operating will not be allowed to pass 

under the array, farming activities can still proceed due to the wide spacing between each 

row.  

Ground irradiation 

As permanent crops are grown annually, ground irradiation must be adequate throughout 

the year, which is the main incentive for utilizing an E-W orientation. Light availability is 

significantly amplified, especially during winter days as shown in Figure 45 (c). The latter is 

of great importance, since during these months solar potential is quite low, thus impinging 

crop growth. The differences between the two module arrangements are almost negligible, at 

least for the daily average ground irradiation. This is not the case for the minimum irradiation, 

where the conventional arrangement leads to a substantial gain, which is depicted in Figure 

45 (d), in blue. This amplification in ground irradiation is distinct for winter days, which is 

justified by the combination of low solar elevation and additional height of the S4 topology. 

Therefore, leading to extended DNI shadowing and DHI masking. For instance, in December 

and January, the S4 topology results in intensified shading and subsequent reduction of the 

Figure 46 – Main parameters characterizing the deployment configuration of two APV topologies 

for the cultivation of permanent crops; on the left the conventional module arrangement is used 

(labelled as S3), while on the right the checkerboard arrangement is utilized (labelled as S4). 
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minimum ground irradiation below 70% (< 5.3 MJ/m2/day) and 80% (< 5.2 MJ/m2/day) 

respectively. Consequently, in terms of light availability the S3 topology is preferable, at least 

for relative shade-intolerant crops. In addition, for both topologies, sunny days in March, July, 

and September lead to minimum irradiation values below 70% with 11.9,  21.2, and 13.7 

MJ/m2/day respectively. Since the solar potential for these days is already plentiful, the 

reduction is beneficial.  

4.3.3 Agrivoltaic performance comparison 

After introducing the optimal topologies for each cultivation period and examining the light 

availability on the ground throughout the year, additional APV performance indicators are 

compared to the reference case (GMPV). This includes loss in energy yield associated to the 

lower PV density, increase in specific yield due to the integration of bifacial PV, increase in 

land productivity related to the dual use of land, and increase in light inhomogeneity arising 

from the shadows casted by the array. These parameters are summarized in Table 7, which 

will be further discussed in the following subsections. In addition, to conceptualize the 

differences in light intensity and distribution throughout the various topologies analysed the 

shading patterns and schedule is also examined. By considering various timescales ranging 

from hourly to monthly it is possible to appropriately assess which orientation is optimal in 

terms of microclimatic control and overall synergy with crop cultivation.  

Table 7 – Summary of the agrivoltaic performance for the various topologies analysed. 

 AC yield1 Specific yield1 Land productivity  Number of modules 

S1 -54% 36% 32% 3332 

S2 -61% 41% 27% 2744 

S3 -68% 12% 22% 2842 

S4 -67% 10% 23% 2940 

1 loss in electrical AC yield and gain in specific yield in comparison to the GMPV case 

Land Equivalent Ratio 

Since the S-N topologies, S1 and S2, are more appropriate for summer crops where irradiance 

is plentiful, higher PV densities are expected; consequently, the overall AC electrical yield 

obtained is significantly enhanced. In contrast, growth in winter necessitates additional 

compromises, leading to a non-optimal orientation for direct light harvesting and widening 

of the RS. The previous is also reflected on the lower specific yield of S3 and S4 deployment 

configurations. Notice, that even though a wider RS is applied for E-W vertical, the yield 

produced per module is considerably lower. Although light availability is enhanced, leading 

to a higher crop yield – depending on the climate and species grown – the associated reduction 

in electrical yield cannot be compensated, ultimately reducing LER. Regarding the S-N 

topologies, the S2 is better oriented for front side light absorption; however, the energy yield 
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as well as LER is reduced due to the increased RS. Furthermore, the number of modules for 

S2 is significantly lower, thus promoting a cost-efficient design, without great compromises 

in energy yield. As for E-W oriented, S4 results in a slightly lower specific yield, potentially 

due to the additional masking that is caused by mounting three modules per row. Although 

the S4 topology has a wider RS, more modules can be mounted per row, thus increasing the 

overall PV density (number of modules), and subsequently the energy yield and LER.  Note 

that as the RS is increased, the number of pillars required is expected to be reduced along with 

the number of modules, which can ultimately lead to significantly lower initial capital costs. 

In specific, for the S4 topology, the array is elevated at a lower height (1.5 m), leading to 

substantial reductions in costs associated to the support structure, which could permit a 

higher LCOE in comparison to S3.   

Shading pattern and schedule 

To appropriately assess which topology is optimal for crop cultivation, it is essential to 

examine the underlying shading pattern and schedule, ranging from hourly to monthly 

timescales. Shading intensity throughout the year is already discussed; however, the average 

or minimum ground irradiation are not sufficient to describe the distribution of light below 

the array. At first the daily shading patterns are examined for every month, with only May, 

October, and December being displayed, including the annual shading distribution, as shown 

in Figure 47 and Figure 48 for topologies S1, S2, and S3, S4 respectively. Then, the hourly 

shading patterns are examined for the three main topologies; S-N, E-W vertical, and E-W 

hinged, thus concluding the shading schedule analysis. 

 When comparing the shading distribution and intensity of the S-N topologies, it is 

clear that the arrangment of modules can have a significant impact. The conventional 

arrangment casts striped patterns that result in fluctuating ground irradiation values, whose 

frequency depends on the RS employed. A compelling alternative that arises due to this 

repetitive striped shading patterns, is the application of intercropping, which can promote 

sustainable agriculture through efficient use of resources, mitigation of pests, diseases, and 

other potential risks such as drought and frost [257]. Essentially, the regions which are usually 

shaded at solar noon can be utilized to cultivate shade-tolerant species, while the remaining 

farm can incorporate shade-intolerant. On the other hand, by employing the array in a 

checkerboard layout shading patterns become patchier and modules that are placed on the 

second RPR lead to less intense shading, due to their slightly higher elevation. Furthermore, 

owing to the increased RS and closer to south azimuth of S2 topology, irradiation gradients 

become sharper, which is easily observed in the 15th of December.   

  Naturally, for days with overcast or intermittent sky conditions, like the one in May, 

the minimum irradiation is significantly increased, and subsequently the homogeneity of 

light. For clearer days, inhomogeneity is enhanced through the intensified shading, leading 

to a considerably higher CV. Nonetheless, the climate of Boston is frequently intermittent, 
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resulting in an annual CV from 3-4%. During winter, and for days with clear sky conditions, 

shading on the ground is extended due to the lower solar elevation, thus increasing the area 

of potential insufficient crop growth. The area of the casted shadows decreases as the AOI 

attains zero, which is during the late spring and early fall months.  

Figure 47 – Shading intensity and distribution for  S-N topologies, where S1 has the conventional 

arrangement as shown from (a) to (d), and S2 the checkerboard from (e) to (h). Three days are 

selected: one in May with intermittent to overcast, while from October to December the sky 

conditions are relatively clear. The daily average light availability on ground is expressed as a 

percentage of FS conditions, along with the coefficient of variation, which are included for each 

corresponding simulation period.  Seasonal patterns are representative of the period between mid-

March and mid-October. 
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The intensity and distribution of light for the E-W topologies can portray similarities 

to that of the S-N, which is true for various module arrangement as well. The strips or patches 

of shadows are just shifted to the E-W direction, depending on the azimuth change between 

the two topologies. Overall, the daily and annual average irradiation as well as light 

homogeneity is considerably increased, since vertically tilted modules result in minimal 

Figure 48 –  Shading intensity and distribution for  E-W vertical topologies, where S3 has the 

conventional arrangement as shown from (a) to (d), and S4 the checkerboard from (e) to (h). Three 

days are selected; one in May with intermittent to overcast, while the ones from October and 

December have relatively clear sky conditions. The daily average light availability on ground is 

expressed as a percentage of FS conditions, along with the coefficient of variation, which are included 

for each corresponding simulation period. Note that the same irradiation range is used for both 

topologies, which is included at the bottom.  
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shading during solar noon where the solar potential is usually maximized. This is further 

amplified during the winter months, where the sun does not diverge as much from south, 

thus allowing maximum light penetration throughout the day for vertical and E-W facing  

deployment configurations. When the checkerboard arrangement is employed, displayed 

from Figure 48 (e) to (h) ground irradiation does not change considerably, yet the distribution 

is made more inhomogeneous as justified by the increased CV. This is a direct result of the 

multiple rows per mounting rack (RPR), that lead to additional SVF reduction for the ground, 

and subsequently intensified irradiation gradients. The latter is also amplified by the wider 

RS of the S4 topology, which increases light availability between the shaded regions; however, 

it does not lead to a considerable increase of the minimum irradiation in shade due to the 

potential saturation effect. Finally, the differences in CV between topologies decays as the 

timescale is increased, which is direct consequence of Boston’s relatively high diffuse fraction. 

For climates where skies are predominantly clear, the unique characteristics of each topology 

would be more distinct. 

 To select the most appropriate topology for a certain crop and climate, it is essential to 

examine the shading patterns in all timescales including hourly, as displayed in Figure 49. For 

a south facing array that is optimally inclined the shading patterns are non-homogenous, 

because they accumulate at a certain region as shown for both the 21st of June and December. 

During the latter, the area occupied by the shadows is extended due to the lower sun 

elevation, while the region at the centre is darker, since it is shaded throughout the day. In 

June, there are regions that receive full-sun exposure, which justifies the application of 

intercropping with species of varying shade tolerances. For the E-W vertical the patterns 

become more homogeneous, since there are no overlapping shadows throughout the day, 

rather they vary in space. The highest light penetration occurs at solar noon, while the lowest 

Figure 49 – Hourly shading distribution for the three main topologies analysed: (a, b) south-north 

facing and latitude inclined, (c, d) east-west facing and vertical, and (e, f) east-west hinged. The 

shading patterns are accumulated for three time-instants: morning, solar noon, and afternoon. Two 

days are simulated: 21st of June as depicted in (a, c, and e) and 21st of December (b, d, and f). 
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during morning and afternoon. This is undesirable, since at noon solar irradiance can be 

harmful for crop growth, while in the morning it is beneficial. As previously discussed, by 

maximizing light penetration at solar noon, light availability on the ground is maximized for 

longer timescales as well. A compelling alternative to the aforementioned topologies is the E-

W hinged as shown in Figure 49 (e) and (f), which permits an optimal shading schedule. 

Because of its low tilt, crops are effectively shaded during solar noon, without accumulating 

at certain regions due to the E-W orientation. Consequently, homogeneity of shading is 

ensured, thus combining the best traits of the previous topologies. Note that as longer 

timescales are considered the distinct characteristics of each topology decay, since the sky 

conditions in Boston are frequently intermittent. 

Overall, the agrivoltaic performance for each of the main APV topologies simulated is 

qualitatively summarized in Figure 50. At first, they can be divided according to growing 

season. The EW orientation offers additional light penetration, and even more so during 

winter, thus permanent or winter crops are preferred. In terms of shading schedule, or spatial 

homogeneity of light, the hinged is the most optimal, while the S-N leads to intense and non-

homogeneous shading. Furthermore, vertical E-W topologies do not shade at noon, which is 

undesirable. As a result, the S-N orientation necessitates the use of shade-tolerant crops, while 

vertical E-W is the only one that can maintain shade-intolerant crops. The E-W hinged 

configuration permits the cultivation of wide variety of shade-tolerant crops, due to its 

superior shading schedule. When it comes specific yield, the S-N is the most optimal, while 

the vertical E-W offers the lowest, due to its orientation. Electrical yield and subsequently land 

productivity are maximized for S-N topologies; however, the hinged E-W configuration 

optimizes the trade-off between crop and electricity yield. Additional synergies arise for crops 

that require a support structure. The vertical E-W scales better with wide row spacings, and 

it is also less prone to soiling. While the hinged E-W, allows semi-indoor farming and thus 

protection from harmful weather conditions. 

 

 

Figure 50 – Agrivoltaic performance comparison for the three main 

topologies analysed: south-north facing and latitude inclined, east-west 

facing and vertically inclined, as well as the east-west hinged. 
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4.5 Cell sensitivity – micro scale 

So far, the sensitivity analysis with regards to conventional modules is performed and the 

associated limitations in APV performance are discussed. These include insufficient ground 

irradiation for shaded crops, non-homogeneous irradiance distribution (hourly-daily 

timescales), and decreased PV density. By designing a module for APV applications, it is 

possible to overcome these limitations and offer more appropriate microclimate control for 

the crops below. At first, the potential benefits of utilizing a translucent cover are investigated, 

along with its dimensioning. Then, various cell layouts are examined, as well as cell spacings 

to determine their influence on the intensity and distribution of shading. 

Unlike the previous sensitivity analyses, the micro scale sensitivity applies to a specific 

deployment configuration and crop. By selecting a crop, it is possible to fine-tune the PV 

module’s transparency according to the crop’s LCP and LSP. Furthermore, certain crops, like 

blueberries, are planted in rows with a considerably crop RS. To ensure that they are shaded 

during solar noon, the PV array is installed right above it with a certain vertical clearance. As 

a result, mid-day closure of stomata is mitigated, and the photosynthetic rate of the crop is 

increased. For this case, the RS of the array is constrained by the crop’s RS; consequently, an 

alternative should be explored that can enhance light penetration other than the RS, which 

will be elaborated in the following subsections. The topology adopted is the E-W hinged, due 

to its superior shading schedule and compromise between crop and electricity yield, which is 

shown in Figure 51. The vertical clearance selected along with the opening at the top should 

be such that permit free and natural convection between crops and the surrounding air. Note 

that the lowest edge height is chosen as 3.2 m, which is assumed to be sufficient for the 

operation of small agricultural machinery. To amplify light penetration on crops, the array’s 

tilt is quite low. Furthermore, it extends the area of 

the casted shadows during solar noon, while 

offering protection for other harmful weather 

conditions, such as hail, heavy rainfall, drought, and 

frost. This is of equal importance as high value 

crops, like blueberries, require protection, which 

could be met by the suggested APV topology. Note 

that frameless modules are used that permit higher 

light penetration on crops, while reducing the 

overall weight of the array and subsequently the 

cost of the support structure.  

4.5.1 Glass extension 

After the deployment configuration of the E-W hinged topology is selected, it is possible to 

proceed with the cell optimization. Various cell spacings and arrangements were examined; 

however, although light homogeneity on the ground was enhanced the gain in ground 

Figure 51 - Front view of E-W hinged 

configuration (observer is positioned due 

south). The dimensions are given in cm. 
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irradiation was not considerable. It can be argued whether the increase in light homogeneity 

can increase crop growth uniformity and balance the loss of energy yield due to the increased 

cell spacing. To avoid such a trade-off, other cover materials are examined such as the 

prismatic glass SG80 whose properties were introduced in subsection 3.1.2 Optical properties. 

Through the integration of such a translucent cover, the overall fraction of diffuse light 

incident on crops increases significantly, thus softening the shadows casted by the PV cells. 

To further increase light availability below the array and mitigate sharp irradiation gradients 

that can be harmful for crop growth the top cover is extended as shown in Figure 52. If both 

top and bottom covers were to be extended, the gain in ground irradiance would not be as 

significant, while the overall material requirements would be doubled. As the length of the 

cover is extended, the ground’s irradiance right below the panel increases linearly. However, 

after a certain length is achieved it is expected that the gain in PAR would diminish, as most 

of the light that is transmitted diffusely from the outer portion of the cover would not be able 

to reach the central patch. Since the translucent material is treated by Radiance as a 

Lambertian scatterer, this effect is not observed; nonetheless, it could be investigated through 

modifying the cover’s scatter angle. After performing a trial and error process the necessary 

extension of the top cover was found to be 35 cm along both directions, leading to 70 cm. Note 

that this additional glass cover could considerably increase the overall cost of the support 

structure, by increasing the module’s weight. This, along with the elongation of the moment 

arm could intensify bending stresses in the support, thus requiring additional material to be 

addressed.  

4.5.1 Cell spacing & arrangement 

Since the translucent cover simulated has a high HF, a significant fraction of the incoming 

light is converted into diffuse, thus illuminating regions under shade more appropriately. 

Consequently, the influence of cell arrangement on ground irradiance uniformity is lessened, 

Figure 52 – Top cover extension shown in red for the given cell layout. The plot on 

the right describes  the relationship between total cover extension along both sides 

and the ground’s PAR availability for the 21st of December (clear sky) at solar noon. 

Note that a maximum of 90 cm is employed as any further increase could lead to 

inappropriate ventilation for crops.   
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which is verified by the simulations performed in Radiance. Nonetheless, the checkerboard 

cell arrangement provides the highest uniformity; however, this layout could complicate the 

wire interconnection. Since the issue of light inhomogeneity is already resolved by the diffuse 

cover, it is sufficient to just increase the spacing between cells, thus permitting more light to 

be transmitted and ultimately converted into diffuse. Yet again, another trade-off arises, 

between energy yield, PAR availability on crops, and module transparency as shown in Figure 

53. Similarity to the RS, as the transparency increases PAR experiences a considerable gain, 

with a decreasing rate; consequently, for highly transparent modules PAR gain saturates. A 

hypothesis was formed, based on what was observed for the RS, that at high transparencies 

the loss in electricity yield would diminish significantly, resulting in a negative exponential 

trend as depicted with the dotted line in Figure 39; however, the trend was found to be linear. 

A rigorous thermal model that accounts for the better heat dissipation associated to high 

transparencies could show otherwise. Since a wider cell spacing enhances irradiance on the 

ground, it is natural to expect an increase in the module’s BG. Indeed, rear irradiance is 

increased by 4%, when the transparency is changed from 7% to 73%; however, this is probably 

optimistic, since the AOI modifier for the PV cover is not modelled leading to an 

overestimation of the cover’s transmittance. Furthermore, for the same module transparency 

change, the CV decreased from 7.6% to 3.3% during solar noon. The CV is already quite low 

for both layouts, while the difference between the two is expected to decay as the timescale 

increases. The recommended transparency for the climate of Boston, given APV 

configuration, and crop was determined as 38%, while the transparency of the conventional 

bifacial module is around 7% as it was estimated from the datasheet in [190].  

 

 

Figure 53 – Sensitivity of the average photosynthetically active radiation (PAR) incident on 

ground during solar noon and total AC electrical yield (annual) to the module’s transparency. 

Note that the energy yield of the reference GMPV case is around 3 MWh/m2. Although bifacial 

modules are used, which result in enhanced yield, they are placed in landscape orientation, thus 

reducing the GCR and subsequently the overall energy yield. 
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4.6 Blueberries case study 

For the optimal growth of blueberries an APV module is designed that can transmit enough 

light for high photosynthetic rates, even under shade. In the following subsections, the 

performance of the E-W hinged configuration will be examined, which includes ground 

irradiance at solar noon for two days per month, one with clear and the other with overcast 

sky conditions, as well as the increase in the land’s productivity. 

4.6.1 Ground irradiance under shade 

To ensure that crops can photosynthesize effectively throughout the year, the incident light 

must permit a growth rate above 80% of the saturated value. Naturally, there will be days, for 

instance during overcast conditions in winter, where irradiance over crops is insufficient as 

the SVF reduction due to the integration of the array can lead to a considerable obstruction of 

the sky. The irradiance incident on the ground for two days per month, throughout the year, 

is shown in Figure 54 (a). In orange, one can observe the additional solar irradiance under FS 

conditions, and in blue the irradiance under the shade of the APV. The difference between the 

two is highest for clear days, especially during the summer months. In fact, the reduction in 

Figure 54 – Graph (a) depicts the light availability under shade casted by the APV array during 

solar noon, throughout the year. Two days per month are shown, one with clear and the other with 

overcast sky conditions. The upper horizontal and dotted black line indicates the crop’s light 

saturation point, while the lower one sets the minimum light intensity necessary to attain a 

photosynthetic rate of at least 80% in comparison to the saturated value. Plot (b) is included to 

illustrate the solar potential: diffuse horizontal irradiance (DHI) in blue, and the added gain in 

irradiance due to global horizontal irradiance (GHI) in yellow. 
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irradiance or the shading rate can vary from 20% in overcast up to 65% in clear sky conditions. 

This is desirable, as in clear days the solar potential is plentiful to allow saturation to occur, 

thus a high shading rate is employed. On the other hand, for overcast days shading should be 

minimized to ensure enough growth. Indeed, the average ground irradiance under shade lies 

between the two dotted lines that indicate the range for effective photosynthesis. This is not 

the case for some of the winter days; however, at least for overcast conditions this is inevitable 

as the solar potential under such conditions would not allow optimum crop growth even in 

an open field, as verified by the diffuse horizontal irradiance (DHI) in blue. In contrast, for a 

sunny day in January, although the solar potential in sufficient for crops to attain saturation 

in an open field, it is not enough to properly illuminate regions under shade. This is an 

extreme case of a clear day, as observed by its DHI. It is precisely for this reason that researches 

have been exploring the potential of dynamic panels. The APV system is expected to perform 

better during cloudy skies, where the diffuse fraction is high. For comparison, observe the 

difference in DHI between May and July, for a sunny day. Although the total solar potential 

is approximately the same, the irradiance under the shade of the APV is considerably higher 

for May. This is a direct consequence of the higher diffuse fraction in May, which permits 

enhanced light penetration. In general, crops are effectively shaded and protected by harmful 

irradiance without impinging their growth; however, this boost is not quantified in the crop 

yield modelling. 

4.6.2 Agrivoltaic performance 

After examining the variation of irradiance throughout the year, it is essential to discuss some 

additional APV performance indicators, as depicted in Table 8. In comparison to the generic 

case studies, where conventional modules are used, the electrical yield is significantly 

enhanced. By utilizing a shade tolerant crop, like blueberries, higher PV densities can be 

installed, leading to a reduction of around 33% compared to the reference GMPV case. The 

difference between the two could be further reduced for southern climates where the solar 

potential is higher. In addition, an increase in electrical yield would be expected if the effect 

of the microclimate on the operating temperature of the PV module was considered. This of 

course would also impact the specific yield, which is already higher due to the use of bifacial 

modules. Nonetheless, the increase is not significant, since the tilt is quite low to minimize 

partial shading, and to effectively protect crops from harmful weather conditions. On the 

other hand, the effect of shading caused by the support structure and the interception of 

reflected irradiance by the leaves could negatively affect specific yield, and subsequently the 

Table 8 – APV performance of the E-W hinged topology that incorporates crop 

specific modules. The values (other than the coefficient of variation) represent the 

loss or gain in performance compared to the GMPV reference case and separate 

production of biomass and electricity. 
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overall energy yield. The crop yield ratio was determined as 92%, although a relative high PV 

density is installed. Since the LER is based on the comparison between APV and under an 

open field crop yield, the previous has the clear advantage of shading and protecting the crop 

from damaging weather conditions. This along with maximized electricity yield promotes the 

overall land productivity to be increased by 59%, which is in the upper range of stationary 

APV systems found in literature [95, 98, 236]. Note that a more detailed crop yield model 

could lead to an increase of the overall biomass produced, as the potential benefits of crop 

cooling on the rate of photosynthesis would be properly addressed. Finally, annual 

homogeneity of irradiance over the crops is guaranteed with an annual CV of 1.9%, and a 

daily CV range of 2.5-7.9%, and 1% for relatively clear, and overcast sky conditions 

respectively. With the introduction of the diffuse cover, the gradients of irradiance are also 

smoothened.  
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5  

CONCLUSION & RECOMMENDATIONS 

5.1 Conclusion 

APV systems are proposed as an alternative that can lead to the alleviation of the land-use 

conflict associated with the installation of GMPV on agricultural land. In this thesis, a series 

of guidelines and design strategies are provided to promote the medium-to-large-scale 

deployment of these systems. Furthermore, the integration of bifacial PV is investigated along 

with any potential synergies that ultimately lead to the maximization of the land’s 

productivity. To address the objectives of this thesis, the modelling approach utilized is 

robust, yet flexible enough to allow manipulation of the deployment configuration and 

subsequently efficient optimization. By carrying out a multi-scale sensitivity analysis which 

includes modifications ranging from cell-to-module-to-array level, the most influential 

parameters in an optimization process are defined. Essentially, each parameter is isolated to 

evaluate its impact on the availability of light throughout space, which is then utilized by the 

crop and electrical yield models to determine the APV performance, and ultimately the LER. 

At first, it is crucial to examine which crops can be effectively cultivated in an agrivoltaic 

system without greatly compromising electricity production. This was addressed through the 

literature review on the plethora of environmental and genetic factors that govern the 

photosynthetic rate and cumulative production of biomass. Logically, shade tolerant species 

(mainly C3 crops) are preferable as they can acclimate to shade effectively and simultaneously 

allow higher PV densities to be installed. It is therefore crucial to know the type of crop 

cultivated and its appropriate shading rate, before proceeding with the APV design. The 

introduction of the PV array is expected to influence the microclimate below depending on 

the deployment configuration; however, the main parameters affected are light intensity and 

homogeneity, which are subsequently used to model crop yield. 

Since the amount of irradiance incident on the ground must be sufficient for crop 

growth, the integration of bifacial PV in agrivoltaic systems becomes desirable. In addition, 

APV arrays are highly elevated to allow the operation of agricultural machinery and 

employed at lower densities to maximize crop yield; consequently, rear irradiance 

homogeneity and BG are enhanced, thereby providing additional synergies. Because of this 

synergy between rear PV side and ground irradiance, the reduction in the total electrical yield 

is partially mitigated for wide RS, which is characterized by a negative exponential trend. Due 

to their unique topology, irradiance modelling is performed with Radiance’s RT algorithm in 

combination with the daylight coefficient approach of Daysim and the Perez All Weather sky 

model. To couple irradiance modelling with geometric, a plug-in of Rhinoceros is utilized, 
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DIVA. By applying material properties to each object of the parameterized scene, and 

selecting the samples where irradiance is calculated – front and rear PV sides, as well as 

ground – the sky model can be chosen and finally, RT can be initiated. The resulting irradiance 

is then linked to the crop and electricity yield models, which are coupled through the LER.   

Next, it is essential to examine how the deployment configuration of the PV array affects the 

performance of the system, and which parameters lead to the highest sensitivity. To meet 

crop-specific needs, the APV topology can vary significantly from the one found in GMPV 

arrays. The row spacing and tilt angle are chosen according to the crop’s light requirements, 

while the orientation is towards southwest for increased light penetration in the morning and 

afternoon shading. For all topologies analysed the sensitivity of ground irradiation to tilt and 

azimuth angle rises with increasing PV density, while the opposite is true for the sensitivity 

of POA. Even though POA irradiation of the E-W topology scales better with RS, its ground 

irradiation is not as sensitive. Nonetheless, to achieve a comparable POA irradiation to a S-N 

topology, a wide RS is necessary. Both minimum and average ground irradiation portrayed a 

saturating behaviour with increasing RS, with the previous being more pronounced, 

especially for S-N oriented topologies; consequently, to further enhance light intensity and 

homogeneity other modifications should be explored.  

To address the limits in light intensity and distribution that are imposed by the 

conventional design, as well as reduce support structure costs additional module 

arrangements were explored. Due to its superior shading schedule the E-W hinged topology 

is adopted for the micro-scale sensitivity, where the PV glass cover and layout of cells are 

modified to investigate whether blueberries can photosynthesize effectively under shade. A 

great variety of cell spacings and arrangements were analysed; however, the increase in 

ground irradiation was not considerable. This was resolved by the adoption of a translucent 

cover, whose front side was extended to increase the fraction of transmitted diffuse light, 

which can penetrate deeper into the crop canopy. By extending the front cover, the PAR 

availability under the shade of the module increased linearly. Similar to the RS, as the 

module’s transparency increased a gain in transmitted PAR was observed; however, at high 

transparencies the gain saturates leading to a logarithmic trend. On the other hand, unlike the 

RS, the influence of transparency on energy yield was found to be linear. 

Finally, the unique characteristics of each APV topology are discussed, along with the 

conditions under which one is adopted. By examining the impact of shade tolerance on crop 

yield for various RS, it can be concluded that the E-W topology is better suited for shade 

intolerant crops, especially when the array is deployed at a high density. On the other hand, 

as the RS increases, the sensitivity of crop yield ratio to deployment configuration decreases, 

which is further amplified for shaded tolerant crops. In general, E-W facing, and vertical 

topologies offer additional light penetration, especially during winter months; consequently, 

such deployment configurations are better opted for permanent crops. On the other hand, S-

N topologies lead to unfavourable conditions for growth during winter as the magnitude and 
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distribution of irradiance is greatly impinged, thus they are preferred for cultivation during 

summer. The statistical measure used to define homogeneity of incident light is the CV, which 

was found to vary based on PV deployment configuration, and sky conditions. Naturally, for 

days with intermittent or overcast sky conditions ground homogeneity is enhanced, thus the 

sensitivity to deployment configuration decreases, while the opposite is true for clear days. 

By adopting an E-W topology, light availability is amplified leading to a higher crop yield; 

however, the associated reduction in electrical yield is not compensated, ultimately reducing 

the LER. In contrast, S-N topologies are characterized by significantly higher specific yields, 

and subsequently AC electrical yields; therefore, maximizing the land’s productivity which is 

dominated by the impact of energy yield.  

In addition, the shading patterns and sequence in an hourly timescale were examined 

to determine the most appropriate for crop cultivation. Shading was intensified and 

distributed non-homogeneously for the S-N topologies, while E-W and vertical arrays partly 

resolved these issues, especially during solar noon. Since shading during noon is beneficial, 

the E-W hinged topology was introduced, which combines the best traits in terms of shading 

schedule. This along with the integration of a bifacial PV module with a customised 

transparency and glass cover, resulted in effective crop shading from harmful irradiance 

without jeopardizing crop yield. Therefore, higher PV densities can be installed, which is 

partly due to the cultivation of a shade tolerant crop (blueberries). Compared to the refence 

GMPV case the reduction in electrical yield is a third, while the land’s productivity is 

increased by 59%.   

The above illustrated the potential benefits and challenges of modelling bifacial PV that are 

integrated in agrivoltaic systems. An individual assessment per selected deployment 

configuration should be performed based on the shading patterns and sequence, as well as 

electrical performance. However, when addressed properly, an APV system can provide a 

plethora of functions; generate electricity, act as a shading element, offer protection against 

harmful weather conditions, partially control the microclimate, and could be used as a 

support structure for certain crops. These functions, along with the simultaneous and 

synergistic production of food and renewable energy promote its adoption as a valuable 

alternative to a sustainable agriculture, therefore alleviating the land-use conflict. 
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5.2 Recommendations 

Research on agrivoltaic systems is still ongoing, and this report serves as an introduction to 

their design. For the successful implementation of APV systems and future optimization the 

following research pathways are listed.  

• Formulate a rigorous thermal model that can account for the unique deployment 

configuration of APV systems as well as the influence of the microclimate and the 

potential cooling effect on PV modules.  

• Assess the influence of agricultural activity on the soiling rate of the APV array. 

• Design the support structure and assess the impact on ground shading as well as 

partial shading on the bifacial PV rear side.  

• Account for border effects and examine  

• Investigate the influence of the translucent cover on the electrical performance of the 

PV array and account for the corresponding scatter angle.  

• Perform a cell sensitivity analysis for the S-N facing and latitude inclined topologies, 

as well as E-W and vertically inclined. Then, these customized APV modules can be 

compared to the one obtained for the E-W hinged topology.  

• Calculate the LCOE of the APV system and compare it to BIPV and GMPV.  

• Investigate the application of intercropping for S-N facing and latitude inclined 

arrays, due to its underlying striped shading patterns.  

• Examine whether the cultivation of shade intolerant species is feasible, which would 

require lower PV densities, consequently permitting high specific electrical yields for 

bifacial APV systems.  

• Examine the influence of various climates on the optimal APV topology and 

agrivoltaic performance. 

Note that a great amount of work should be performed to ensure the accuracy of crop yield 

modelling in APV systems, which would necessitate verification through experimentally 

obtained results.  
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APPENDIX 

Table 9 – Bifacial PV module performance under standard test conditions (STC) obtained from the 

data sheet in [190]. 

Module efficiency η 18.5% 

Maximum power Pmpp 270 Wp 

Open circuit voltage Voc 39.0 V 

Short circuit current Isc 9.28 A 

Maximum power point voltage Vmpp 31.3 V 

Maximum power point current Impp 8.68 A 

 

Table 10 – Bifacial PV module temperature characteristics and dimensions obtained from the data 

sheet in [190]. 

Thermal characteristics 

NOCT 48 ℃ 

Thermal coefficient 𝜅P  -0.43 %/K 

Dimensions 

Length 1675 mm 

Width 1001 mm 

Height 33 mm 

Cell 156x156 mm2 

Cells per module 60 
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Abstract uploaded in AgriVoltaics conference 2021: 

The recent expansion of solar photovoltaic (PV) technologies coupled with rapid cost 

reductions and advances in conversion efficiency have resulted in a remarkable decrease of 

the levelized cost of electricity (LCOE) of ground mounted PV (GMPV) [1]. This is desirable 

as the global energy consumption is projected to increase by 50% from 2018 to 2050 [2]; 

however, due to the diffuse nature of light a significant land-coverage is anticipated. This can 

intensify the land-use conflict associated with the installation of GMPV on agricultural land 

[3]. One promising solution is the simultaneous cultivation of crops and production of 

electricity through the concept of agrivoltaics [4] or agrophotovoltaics (APV) [5]. In specific, 

the aim of this study is to investigate the optimal topology for a medium-to-large-scale and 

fixed bifacial APV array, which is simulated for the climate of Boston, USA (42.37˚N, 71.01˚W). 

Previous studies explored the potential of utilizing tracking – either solar or controlled 

tracking for optimal crop growth – nonetheless, it is compelling to explore the limitations of 

static configurations, ultimately benefiting all its derivatives. Bifacial PV, which are already 

part of the standard technologies for GMPV applications, are examined as they are associated 

with various synergistic effects when integrated in agrivoltaics. By carrying out a multi-scale 

sensitivity analysis that includes adjustments ranging from cell-to-module-to-array the most 

influential parameters in an optimization process can be defined. Therefore, the unique 

features of each APV topology and the conditions under which one is adopted can be properly 

addressed. To model irradiance incident on both sides of the bifacial PV module and ground, 

the raytracing algorithm of Radiance was combined with the daylight coefficient approach of 

Daysim along with the Perez All Weather sky model. The resulting data were then coupled to 

the crop and electrical yield models to determine the overall land productivity increase and 

ultimately assess which topology optimizes the trade-off between crop and electricity yield. 

For the effective cultivation of crops irradiance incident on the ground must adequate for 

growth; consequently, it is desirable to integrate bifacial PV as their rear side power output 

scales with ground reflected irradiance. As APV arrays are highly elevated – depending on 

crop and farming practice – to ensure the operation of agricultural machinery, rear side 

irradiance homogeneity and consequently bifacial gain (BG) were enhanced. The latter was 

further amplified through the decrease in PV density that was necessary for sufficient light 

penetration over the crops. In fact, the row spacing (RS) and tilt angle of the array were 

selected according to the crop’s light requirements, while the orientation was set towards 

south-west to enhance light penetration in the morning and shade in the afternoon. For the 

deployment configurations analyzed as the PV density increased the sensitivity of ground 

irradiation to azimuth and tilt angle was augmented, as displayed in Fig. 56. In contrast, the 

opposite occurred for the sensitivity of plane of array (POA) irradiation. Due to the 

significance of the RS, it was examined in more detail as shown in Fig. 55. Widening of the RS 

led to a logarithmic increase of ground irradiation, whereas the total energy yield reduced in 

a negative exponential fashion underlying the synergistic behavior with bifacial rear side. 

Essentially, scarce arrays permit a higher BG, thus mitigating the overall reduction in energy 

yield with increased RS. This effect was more apparent for vertical and E-W facing topologies; 

nonetheless, to achieve the same POA irradiation with latitude inclined and S-N facing 

topologies a wider RS was obligatory. To address the limitations of conventional modules, a 

customized one was investigated to assess whether blueberries can photosynthesize under 

shade. By integrating such a module in an E-W hinged PV topology, that permitted the most 
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optimal shading patterns and sequence, the performance was optimized. Relative to the 

reference case, energy yield reduced by a third, while the land’s productivity increased by 

59%. Through this holistic approach that encompasses a multi-scale sensitivity analysis, a 

spherical understanding of the limitations and synergies related to the dual use of land can be 

attained, ultimately reassuring a sustainable future for agriculture. 

 

 

 

 

Fig. 56: Annual POA irradiation and average ground irradiation sensitivity to deployment 

configuration for S-N and E-W facing PV topologies. The color bar displays the intensity of POA 

on both sides of the module and ground irradiation with respect to full sun conditions 

respectively. 

Fig. 55: Sensitivity of annual average ground irradiation and overall AC 

electrical yield to row spacing and PV topology. 
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