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Abstract 

Aligning with the Paris agreement to combat climate change, the world is moving towards increasing 

renewable energy share in the energy mix. The utilization of large scale - Photovoltaic (PV) solar farms has 

grown significantly throughout the last decade making meteorological data analysis of the area become 

more crucial than ever in PV solar farm design. PV output is not only decided by solar irradiance but also 

other important factors such as cell temperature, because high temperature means lower PV efficiency and 

lifetime. For predicting cell temperature more accurately, analysis of both natural and forced convection are 

necessary. Studying wind both speed and direction will enrich analytical data for PV yield. Tennant Creek, 

Australia, is being chosen for this master thesis case location because the area is abundant in solar 

resources, has plenty of land availability, flat terrain, high ambient temperature and suitable wind data.  

This master thesis is presenting PV convection analysis related to solar irradiance, inclination angle, wind 

speed and wind direction by summarizing from various previous research papers in regard to convection 

modelling: natural and forced convection. The model factoring frontside and backside of the PV, up-wind 

or down-wind, flow condition: laminar, turbulent or mixed, and PV characteristic length to determine the 

convection coefficient. Lastly, calculation of efficiency which results in having higher efficiency of 0.83% 

compared if wind direction is disregarded and also utility scale PV solar farm design is proposed for case 

location.   

 

Key words: PV solar farm, Free convection, Wind direction, Forced convection, Convection coefficient, PV 

convection model. 
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Resumo 

Alinhando-se com o acordo de Paris para combater as mudanças climáticas, a humanidade tem-se 

posicionado no sentido de aumentar a participação das energias renováveis na matriz energética. A 

utilização em grande escala de centrais solares fotovoltaicas (FV) cresceu significativamente ao longo da 

última década, fazendo com que a análise de dados meteorológicos se tornasse mais crucial do que nunca 

no projeto de centrais solares FV. A produção fotovoltaica depende não só da irradiância solar, mas 

também da temperatura da célula, com influência direta na eficiência fotovoltaica e vida útil das células 

FV. Para prever a temperatura da célula com mais precisão, são necessárias análises de convecção 

natural e forçada. O estudo da velocidade e da direção do vento enriquecerá os dados analíticos para a 

produção de centrais FV. Tennant Creek, na Austrália, é o local de referência desta dissertação de 

mestrado porque a área é abundante em recursos solares, pode acolher novas centrais, tem temperatura 

ambiente bem caracterizada e dados de vento adequados. Esta dissertação de mestrado apresenta uma 

análise de convecção fotovoltaica correlacionada com a irradiância solar, ângulo de inclinação dos painéis 

FV, considerando convecção natural e convecção forçada. O modelo analisa o efeito nas faces frontal e 

posterior dos painéis, e o efeito do vento nas condições de fluxo laminar, turbulento ou misto e, 

comprimento característico dos painéis FV para determinar o coeficiente de convecção. Por último, o 

cálculo da eficiência que resulta em ter uma eficiência mais alta de 0,83% em comparação se a direção 

do vento for desconsiderada e também o projeto de parque solar fotovoltaico em escala de utilidade é 

proposto para a localização do caso. 

 

Palavras-chave: Central Solar Fotovoltaica, Convecção natural, Direção do vento, Convecção forçada, 

Coeficiente de convecção, Modelo de convecção fotovoltaico  
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1 Introduction 

1.1 Motivation 

Over the last decade, solar photovoltaic (PV) technology showed significant development in increasing its 

efficiency and cheaper price. These conditions align with world leaders' commitment to the Paris agreement 

in increasing their renewable energy shares to their country's energy mix for combating climate change, 

which made utility scale PV solar farm installation grow rapidly with close to 107 GW addition in 2020 and 

more than 700 GW total installed capacity globally (IEA, 2021). A utility scale PV solar farm is a solar farm 

capable of generating more than 1 MW (Seia, 2021). For a solar farm to generate 1 MW a land about 

20,000 m2 is needed. PV cell performance (efficiency and lifetime) is affected by its operating temperature 

which decreases along with the increase of temperature. Typical PV efficiency is 15% - 20% means that 

only that much of solar irradiation is converted into electric power while the rest is converted into heat. 1% 

increases or decreases in efficiency can be considered significant for above 1 MW solar farms. Thus, 

predicting PV temperature becomes more important than ever.  

 

Many PV solar farms are being built either on barren lands, mountains, desert or any flat terrain with plenty 

of wind as heat transfer medium for cooling down PV surfaces. Optimizing wind speed and direction for 

reducing heat on a PV module can be important factors to increase PV performance. Although the study of 

natural convection from plate with arbitrary inclination angle is dated back to 1972 (Fujii & Imura, 1972) and 

forced convection 1977 (Sparrow, 1977), current widely used “bankable” modelling softwares (PVSyst and 

Helioscope) only accommodate wind speed but not wind direction in their model. The purpose of this 

research is to propose a utility scale solar farm design factoring natural wind flow to improve PV 

performance through convective heat transfer. The impact of wind flow parameters such as wind velocity, 

temperature, direction, turbulence on PV module structure and tilt angle and orientation will be analyzed to 

model the solar farm output. An experiment for the similar topic has been conducted (Glick & Ali, 2020) but 

not yet implemented in a model where optimum output solution can be derived. 

 

Tennant Creek, Australia, is chosen as a case study because it has plenty of land availability, flat terrain, 

high ambient temperature and suitable wind data makes the location a good site for this research. Even 

though Australia has good solar irradiation, Figure 1, since the solar farm will be in a flat terrain barren area 

with low roughness length, means that while it has lower wind obstruction but also has high ambient 

temperature that will increase the PV cell operating temperature. Developing the model, the author 

collaborated with Sun Cable Pte Ltd which planned to construct a 13 GW solar farm in Australia to provide 

20% of Singapore Electricity, which mostly comes from natural gas, via HVDC (High Voltage Direct Current) 

submarine cable which will provide adequate information regarding solar irradiance and wind parameters 

data. 
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1.2 Research hypothesis and goals   

Utility-scale PV solar farms require large capex or investment, this is the reason why PV energy yield 

analysis for the solar farm location becomes most important. Since popular PV models only factor wind 

speed, a study for wind direction is needed to give a better approach determining PV performance. Thus, 

the research goals of this master thesis are: 

- Analyze location’s meteorological data that will be used for modelling such as: solar irradiance, 

solar zenith and azimuth angle, ambient temperature, and wind characteristics (speed and 

direction). 

- Summarizing equations being used for the model in the simplest way. 

- Developing a model to correlate between PV technical specification, inclination angle, wind speed 

and direction, flow characteristic for front and back PV surface, and convection coefficient to PV 

performance. 

 

1.3 Scope and limitation 

This master thesis scope is limited only to analyze convection heat transfer on ground fixed north/south 

faced PV solar farms. The study will be performed only by simulation using software, which is Microsoft 

Excel and Helioscope. The location chosen for the analysis is solely on Tennant Creek, Australia, with its 

specific meteorological profile.  

When evaluating the results, the thesis is focused on convection coefficients for predicting PV performance. 

Since there are many convection models from different research journals regarding natural convection and 

forced convection, this thesis tries to accommodate the most relevant with the location condition. 

Conductive heat transfer is neglected in this thesis since PV temperature for both front and backside is 

considered the same, while in reality the difference could be from 0 – 3oC. Radiative heat transfer and data 

analysis from on-site testing is also not included in this study and will be important for future work to further 

develop the model. 
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Figure 1Tennant Creek, Australia adapted from globalsolaratlas.info 

 

1.4 Thesis structure 

This master thesis structured as follows: 

- Chapter 2 provides literature review for models and equations that are being used along with other 

important information. 

- Chapter 3 presents methodology to formulate the PV model including site analysis, flowchart for 

model calculation and other parameters 

- Chapter 4 discusses the model and calculation result from meteorological data such as: solar 

irradiance, wind parameter, inclination angle against PV convection coefficient. 

- Chapter 5 contains the conclusion of the research and suggestions for future works that can be 

done for improving the model. 
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2 Literature Review  

2.1 Photovoltaic temperature effect 

Standard test (STC) for measuring PV I-V characteristic is inside a lab with irradiance of 1000 W/m2, air 

mass 1.5 spectrum (AM 1.5) and cell temperature of 25o C. PV power output is a combination of its voltage 

and current. Current is more affected by solar Irradiance with almost linear relation 𝐺1/𝐺2 ≈ 𝐼2/𝐼1 Where 

𝐺1 & 𝐺2 are different value of Irradiance (W/m2) and 𝐼1 & 𝐼2 are the corresponding electrical currents (A). PV 

voltage output is highly determined by the cell operating temperature. The nominal operating cell 

temperature (NOCT) for PV is measured by open circuiting the cell under Irradiance of 800 W/m2, air 

temperature of 20o C and 1 m/s wind velocity. For the same irradiance PV output can vary depending on 

its operating temperature. The PV I-V curve in the Figure 2 shows the change of the curve when cell 

temperature increases while receiving the same solar irradiance. 

  
Figure 2 Typical PV I-V curve for different operating temperature adapted from (Libra & Poulek, 2017) 

From the graph on the right side of Figure 2 we can see that the higher the temperature resulting in a 

smaller maximum power output. The curve depends on PV material and manufacturers usually provide 

technical specifications related to decreasing efficiency when PV operates at a higher temperature than its 

NOCT. 

 

2.2 Faiman model 

In reality, PV modules often operate more than its rated NOCT especially in locations where ambient 

temperature is high and from experiments higher irradiance translates to higher PV temperature. Since 

predicting PV temperature becomes the first task for predicting PV output accurately, a model which 

correlates PV temperature, ambient temperature, plane of array irradiance (POA) is being proposed by 

Faiman (Faiman, 2008). 

 

𝑇𝑝𝑣 = 𝑇𝑎𝑚𝑏 +
𝐻

𝑈′
0 + 𝑈′

1 × 𝑣𝑤

 
(Eq. 1) 
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Where 𝑇𝑝𝑣 and 𝑇𝑎𝑚𝑏  are PV and ambient temperature, H is total irradiance incident to PV surface during 

measurement, U’0 and U’1 are constants, and the value can vary between PV type and manufacturer from 

experiments. Even though in the Faiman paper the equation is written 𝑇𝑚𝑜𝑑 = 𝑇𝑚𝑜𝑑 + 𝐻/(𝑈′
0 + 𝑈′

1 × 𝑣𝑤) 

in eq (5) the rest of the paper calculation is aligned with (Eq.1) of this thesis. Offering a simple equation, 

most PV softwares currently only uses the Faiman model for predicting PV temperature which doesn’t take 

into account wind direction. But this simplicity has a drawback that is the model potentially under-estimating 

energy yield for solar farms with high wind velocity from the backside of PV module and over-estimating 

the one with low wind velocity from front-side of PV module. This will be discussed in further chapters. 

 

Table 1 Thermal constant for different module type from (Faiman, 2008) 

 
 
PV thermal constants being used in this thesis are U’0 = 25 W m-2 K-1 and U’0 = 1.2 W m-3 s K-1. The 

temperature coefficient to maximum power from the manufacturer is Pmax=-0.35%/oC meaning PV output 

power decreases 0.35% every 1oC increase. 

 

2.3 Experiment with wind direction 

Although wind speed is a very important factor, but experiment conducted by (Glick & Ali, 2020) in Figure 

3 stating that wind direction, PV inclination angle and PV arrangement can determine PV solar farm output. 

They studied the fluid flow that drives heat transfer and determined how much temperature can be reduced 

by improving the convection of the array. The experiment results showed a possible 30-45% significant 

increase in convective heat transfer coefficient, depending on the incoming wind direction and PV module 

inclination angle, leading to potential power efficiency increase of ~5% and solar panel degradation 

decrease of +0,2% 
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Figure 3 Wind tunnel experimental set up (Glick & Ali, 2020) 

 

The experiment was conducted in a wind tunnel experimental setup with 40 individual panels arranged into 

10 rows. The solar array experimental platform was designed to scale properly to utility scale. The 

convergence tests were taken to ensure the experimental platform has enough row spacing and flow 

convergence. The tests showed that the flow after 6-7 rows were fully developed, so the data taken between 

row 8-9. The results in Figure 4 and Figure 5 shows the highest turbulence flow happened when the wind 

flowing from the back of PV (h). 

 

Figure 4 Normalized mean velocity and Reynolds shear stress profiles (Glick & Ali, 2020) 

 

Two basic parameters used in this experiment were wind speed and inclination angle. PV inclination angle 

was chosen [15°, 30°, 45°, −30°] to represent arrangements of different latitudes. Negative inclination 

angles represent the same standard solar farm with a tilt of 30°, where the wind flows from the back side 
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of the PV because the wind source is only one and the flow is from left to right. Figure above shows the 

flow field in normalized, ensemble-averaged velocity magnitude spatial contours and Reynolds shear stress 

across four inclination angles plotted in particle image velocimetry (PIV) spatial window. 

 

Figure 5 Inclination angle and convective heat transfer (Glick & Ali, 2020) 

 

Experiments with tilt angles of -300 and +300 indicated the significant difference of heat transfer coefficient 

by 30% to 45%. The more wind flowing from the back side of PV the more turbulent the flow on front side 

as in Figure 5. This study suggested the PV array to be designed to take advantage of passive convective 

cooling.  If the incoming flow faces the rear surface or upwind backside of the PV panels, the significant 

increase in heat transfer coefficient occurred. This leads to a 5-90 C decrease in PV module temperature 

and potential power efficiency of ~5% and reduction of panel degradation. The wind direction in this 

experiment is only for two different angles, upwind frontside (0 degree) and upwind backside (180 degree). 

Even though there is no model for convection that is being proposed from the experiment, it shows an 

important result that wind direction can play a major role for increasing PV performance. 

 

2.4 Convection model 

To factor wind speed and wind direction in determining PV temperature, convective heat transfer between 

the fluid flowing (air and wind) with both frontside and backside of PV surface is being analyzed. In 

convective heat transfer, it is well known that Newton general expression for cooling can be referred 𝑄 =

ℎ ∙ (𝑇𝑠 − 𝑇∞) Where h is convection coefficient, T∞ and Ts are ambient and surface temperature.  While the 

convection model is not something being done only recently, many PV software developers pay little 

attention to it because the theoretical equation usually based on specific conditions and accommodating 

them for general use became more of a complex work since the Faiman model already provides a good 

prediction. But if we consider a utility-scale solar PV farm the energy yield difference between models can 
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be noticeable. Previous study and modelling were developed based on similar cases such as convection 

on inclined plate, solar collector, and even solar PV module. There are two types of convection happening 

on PV modules in open space solar farms: natural or free convection and forced convection. 

 

2.4.1 Natural / free convection  

Free convection happens when a different temperature of a surface interacts with fluid under gravity and in 

the absence of external force. The temperature difference between PV surfaces and surrounding fluid (air) 

causes the density to change resulting in the buoyancy force will start to take effect. This phenomenon 

makes the previously stagnant fluid begin to move and carry the heat. One important constant in convection 

heat transfer is Nusselt number (Nu) which relates convection coefficient with fluid thermal conductivity (k) 

and surface characteristic length (L) in this general expression 𝑁𝑢 ≡ ℎ ∙ 𝐿/𝑘. Flows of natural convection 

vary in accordance with the surface inclination angle and temperature (Fujii & Imura, 1972) since PV have 

front and back surfaces the flow behavior can be different. Thus, the Nusselt number for both sides need 

to be determined. Rayleigh number is calculated for predicting the fluid flow characteristics, whether it’s 

laminar or turbulent. The Rayleigh number for an inclined plate is expressed with the equation 2 (Eq. 2) 

(Tuncel & Akinoglu, 2018). 

 

𝑅𝑎𝐿 =
𝑔 ∙ 𝛽 ∙ (𝑇𝑝𝑣 − 𝑇𝑎𝑚𝑏) ∙ 𝑐𝑜𝑠𝜃 ∙ 𝐿3

𝛼 ∙ 𝑣
 

(Eq. 2) 

  

Where 𝑔 is gravity acceleration 𝛽 is fluid volumetric expansion coefficient or 2/(𝑇𝑝𝑣 + 𝑇𝑎𝑚𝑏) and the 

temperature unit is in Kelvin. Although in the paper 𝛽 is written as 1/(𝑇𝑝𝑣 + 𝑇𝑎𝑚𝑏) in eq. 4. but other 

reference papers are supporting this thesis of (Eq.2) (Bergman, 2011). 𝜃 is 90 – PV inclination angle in 

degree and L is the characteristic length of natural convection air flow in contact with the PV module, 𝛼 is 

air thermal diffusivity and 𝑣 is air kinematic viscosity. If the calculated Rayleigh number is higher than the 

critical Rayleigh number, the flow is considered turbulent and if lower the flow is laminar. For most cases, 

where the shape of the flow boundary layer is similar with natural convection on vertical plate which is 

showing a smooth shape of boundary layer, critical Rayleigh number is 109 but for a flow in certain condition 

such as on the frontside of high temperature PV which the flow tends to be turbulent, critical Rayleigh 

number is 𝑅𝑎𝑐 = 108.9−0.00178∗𝜃1.82
) (Mittag & Vogt, 2019). Related to free convection, there are two modes 

of PV operation: cold plate and hot plate. Hot plate mode is considered when PV surfaces temperature are 

higher than ambient temperature, which is mostly the case when PV is in a steady operation generating 

electricity. Cold plate mode is when PV surfaces are colder than ambient temperature while generating 

electricity. This situation can happen when solar irradiance is still low. 

 

When PV operates as a hot plate, the buoyancy flow on the frontside and backside can be referred to in 

the Figure 6 from (Bergman, 2011) and (Fujii & Imura, 1972) experiment. 
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Figure 6 Flow pattern of PV surfaces operating as hot plate (Bergman, 2011) & (Fujii & Imura, 1972) 

Figure 6 (a) and (b) showing the flow pattern for the PV frontside since flow tends to separate midway and 

the shape of the boundary layer is not smooth. In this condition the critical Rayleigh number equation from 

(Mittag & Vogt, 2019) is being used. From (a) and (c) it is shown that the flow on the backside of PV shows 

a similar pattern to the vertical plate, thus we can use 109 as the Rayleigh critical number for 0 ≤ 𝜃 < 60°. 

Since β or PV inclination angle to the horizon is more popular term, θ = 90 – β. Average Nusselt number of 

PV sides for different conditions are in correlation with Rayleigh number and 𝜃. This can be seen in the 

Table 2 & Table 3. 

 

Table 2 Free convection equations for PV frontside operates as a hot plate 

Frontside Average Nusselt Number  (𝑁𝑢𝐿_𝑓𝑠
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ) Reference Eq. 

𝑅𝑎𝐿 ≤  𝑅𝑎𝐶  0.56 𝑅𝑎𝐿
1/4 (Fujii & Imura, 1972) 3 

𝑅𝑎𝐿 >  𝑅𝑎𝐶  

& 

𝜃 ≥ 60° 

0.13 𝑅𝑎𝐿
1/3 (Fujii & Imura, 1972) 4 

𝑅𝑎𝐿 >  𝑅𝑎𝐶  

& 

𝜃 < 60° 

0.13 ∙ [(
𝑅𝑎𝐿

𝑐𝑜𝑠𝜃
)

1/3

− 𝑅𝑎𝐶
1/3] + 0.56 ∙ (𝑅𝑎𝐶 ∙ 𝑐𝑜𝑠𝜃)1/4 (Fujii & Imura, 1972) 5 

 
For PV frontside operates as a hot plate, If the Rayleigh number for a surface L (𝑅𝑎𝐿) is smaller than the 

calculated Rayleigh critical number (𝑅𝑎𝑐) the flow is laminar, hence the average Nusselt number (𝑁𝑢𝐿_𝑓𝑠
̅̅ ̅̅ ̅̅ ̅̅ ̅) 

is calculated by Eq.3. If 𝑅𝑎𝐿 is higher than 𝑅𝑎𝑐 the flow is considered turbulent. Another checking parameter 

for turbulent flow is the θ. For θ close to horizontal (> 60o) Eq.4 can be used and for θ angle less than 60o 

the average Nusselt number can be calculated by using Equation 5 (Eq. 5). 
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Table 3 Free convection equations for PV backside operates as a hot plate 

Backside Average Nusselt Number  (𝑁𝑢𝐿_𝑏𝑠
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ) Reference Eq. 

𝑅𝑎𝐿 ≤ 109 
& 

0 ≤ 𝜃 < 60° 
0.68 +

0.670𝑅𝑎𝐿
1/4

[1 + (0.492/𝑃𝑟)9/16]4/9
 (Bergman, 2011) 6.a 

𝑅𝑎𝐿 > 109 
& 

0 ≤ 𝜃 < 60° 
{0.825 +

0.387𝑅𝑎𝐿
1/6

[1 + (0.492/𝑃𝑟)9/16]8/27
}

2

 (Bergman, 2011) 6.b 

105 ≤ 𝑅𝑎𝐿 ≤ 1011 
& 

60° ≤ 𝜃 < 88° 
0.56 𝑅𝑎𝐿

1/4 (Fujii & Imura, 1972) 7 

106 ≤
𝑅𝑎𝐿

𝑐𝑜𝑠𝜃
≤ 1011 

& 
88° ≤ 𝜃 < 90° 

0.56 (
𝑅𝑎𝐿

𝑐𝑜𝑠𝜃
)

1/5

 (Fujii & Imura, 1972) 8 

 
When PV backside operates as a hot plate, for 0 ≤ 𝜃 < 60°, the boundary layer shape is like that of a 

vertical plate thus, the Rayleigh critical number of 109 can be used. If calculated 𝑅𝑎𝐿 > 109 the flow is 

turbulent and average Nusselt number (𝑁𝑢𝐿_𝑏𝑠
̅̅ ̅̅ ̅̅ ̅̅ ̅) calculation is based on Eq. 6.a. If 𝑅𝑎𝐿 ≤ 109 the flow is 

laminar and 𝑁𝑢𝐿_𝑏𝑠
̅̅ ̅̅ ̅̅ ̅̅ ̅  calculated by Eq 6.b where Pr is Prandtl number, and the value can be consulted in the 

air properties table. For most sites near the earth equator the optimum PV tilt angle is up to 30o or (60° ≤

𝜃 < 88°) thus, the Nusselt number is calculated by Eq.7. For an almost horizontal plate, 𝑁𝑢𝐿_𝑏𝑠
̅̅ ̅̅ ̅̅ ̅̅ ̅ is estimated 

by Eq. 8. 

During cold plate mode operation, the opposite happens. The frontside has a smoother flow layer while the 

backside tends to be more turbulent and the flow travels from top to bottom as can be seen in the Figure 

7. 

 
Figure 7 Flow pattern of PV surfaces operating as cold plate adapted from (Bergman, 2011) 

The behavior of air flow in natural convection when PV operates as a cold plate is the opposite to that of 

hot plate. The leading edge is the top of PV height and trailing edge is the bottom. PV frontside boundary 

layer shape has more regular transition from laminar to turbulent compared to the backside. Thus, the 
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average Nusselt number equation for frontside hot plate can be used to backside the cold plate and vice 

versa. Following table is equation for cold plate state 

 

Table 4 Free convection equations for PV operates as a cold plate 

Frontside Average Nusselt Number  (𝑁𝑢𝐿_𝑓𝑠
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ) Eq 

𝑅𝑎𝐿 ≤ 109 

& 

0 ≤ 𝜃 < 60° 

0.68 +
0.670𝑅𝑎𝐿

1/4

[1 + (0.492/𝑃𝑟)9/16]4/9
 6.a 

𝑅𝑎𝐿 > 109 

& 

0 ≤ 𝜃 < 60° 

{0.825 +
0.387𝑅𝑎𝐿

1/6

[1 + (0.492/𝑃𝑟)9/16]8/27
}

2

 6.b 

105 ≤ 𝑅𝑎𝐿 ≤ 1011 

& 

60° ≤ 𝜃 < 88° 

0.56 𝑅𝑎𝐿
1/4 7 

106 ≤
𝑅𝑎𝐿

𝑐𝑜𝑠𝜃
≤ 1011 

& 

88° ≤ 𝜃 < 90° 

0.56 (
𝑅𝑎𝐿

𝑐𝑜𝑠𝜃
)

1/5

 8 

Backside Average Nusselt Number  (𝑁𝑢𝐿_𝑏𝑠
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ) Eq 

𝑅𝑎𝐿 ≤  𝑅𝑎𝐶  0.56 𝑅𝑎𝐿
1/4 3 

𝑅𝑎𝐿 >  𝑅𝑎𝐶  

& 

𝜃 ≥ 60° 

0.13 𝑅𝑎𝐿
1/3 4 

𝑅𝑎𝐿 >  𝑅𝑎𝐶  

& 

𝜃 < 60° 

0.13 ∙ [(
𝑅𝑎𝐿

𝑐𝑜𝑠𝜃
)

1/3

− 𝑅𝑎𝐶
1/3] + 0.56 ∙ (𝑅𝑎𝐶 ∙ 𝑐𝑜𝑠𝜃)1/4 5 

 

From the above equation, the Nusselt number is higher when the flow is turbulent for both frontside and 

backside of the PV. Higher Nusselt means higher natural convection coefficient (h) since the fluid carrying 

the heat will move and be replaced faster. As the θ angle is closer to 90o, meaning close to horizontal, PV 

backside becomes more insulated and behaves similar to a solar collector which is common to be installed 

with one side thermally insulated. PV inclination angle from horizontal (β) in this thesis is not considered to 

be installed horizontally with zero slope. This is in consideration of that for rainwater and dirt to fall thus 

minimizing soiling. To maintain the PV ‘self-clean’ some degree of inclination needs to be adapted and, in 

this Thesis, the minimum β is above 2o. 
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2.4.2 Forced convection 

Forced convection happens when there is an external force driving the fluid flow, for PV case is the wind. 

Refer to (Glick & Ali, 2020) experiment for forced convection wind direction and PV module orientation can 

be a factor to determine flow characteristics for both PV sides because they are affecting one another. 

Similar with free convection, one important constant in forced convection is Reynolds number as fluid’s 

ratio of the inertia and viscous force (Bergman, 2011). 

    

𝑅𝑒𝐿 =
𝜌 ∙ 𝑣∞ ∙ 𝐿

𝜇
 

(Eq. 9) 

Where 𝜌, 𝑣∞, and 𝜇 are fluid density, velocity, and viscosity. L is the characteristic length of the surface that 

is in contact with the fluid flow. For upwind surface characteristic length represents the distance between 

from leading edge to trailing edge. If we consider 𝛾 as the angle difference between PV azimuth and wind 

direction where 0o represents North and act as reference, characteristic length for PV surfaces when upwind 

and |𝛾| ≤ 45° is the PV height and when |𝛾| > 45° the characteristic length is the PV width. Relation 

between PV Azimuth, wind direction, and inclination angle are in Figure 8. 

 

 
Figure 8 PV Azimuth vs Wind direction 

For downwind PV surface since wind speed and orientation is not relevant the characteristic length is 𝐿 =

4 ∙ 𝐴/𝑆 where A is PV module area and S is its perimeter (Kaplani & Kaplanis, 2014). The relation between 

𝛾 and L is in the following table.    

  

Table 5 Forced convection characteristic length 

ϒ (degree) Frontside Backside 

0 ≤ 𝛾 ≤ 45 

Or 

315 ≤ 𝛾 ≤ 360 

L = PV Height 𝐿 = 4 ∙ 𝐴/𝑆 

45 < 𝛾 ≤ 90 

Or 

270 ≤ 𝛾 < 315 

L = PV Width 𝐿 = 4 ∙ 𝐴/𝑆 
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90 < 𝛾 < 135 

Or 

225 < 𝛾 < 270 

𝐿 = 4 ∙ 𝐴/𝑆 L = PV Width 

135 ≤ 𝛾 ≤ 225 𝐿 = 4 ∙ 𝐴/𝑆 L = PV Height 

 

Synonymous with Rayleigh number to determine flow condition in natural convection, Reynolds number is 

used to determine the flow condition in forced convection. By using the ratio between critical length and 

characteristic length the condition can be predicted whether it’s a laminar, turbulent, or mixed. Rearranging 

Eq. 9 we can have 𝑥𝑐 =  𝑅𝑒𝑥,𝑐 ∙ 𝜐/𝑣𝑤 where 𝑥𝑐 is critical length, 𝑅𝑒𝑥,𝑐 is critical Reynolds number or 4 x 105, 

𝜐 𝑎𝑛𝑑 𝑣𝑤 are air kinematic viscosity and speed. From (Sartori, 2006) if 𝑥𝑐 ≪ 𝐿 it is considered the flow is 

fully turbulent and if 𝑥𝑐 ≥ 0.95 𝐿 indicating that the flow is laminar and if 𝑥𝑐 < 0.95 𝐿 the flow is in transition 

from laminar to turbulence or a mixed flow condition. 

 

Another equation to estimate forced convection is proposed by (Kendoush, 2009) by accommodating wind 

speed and direction incidence to the PV surface. Based on (Kaplani & Kaplanis, 2014) experiment, 

(Kendoush, 2009) general equation provides more accurate result for upwind PV surface and (Sartori, 

2006) is being used for downwind and backside PV surface. Figure 9 explained that the wind incidence 

angle (𝛼𝑤) is calculated from 𝛼𝑤 = 𝑐𝑜𝑠 (𝛾) ∗ cos (90 − 𝛽) 

 

 
Figure 9 Wind incidence angle by ϒ and β adapted from (Kaplani & Kaplanis, 2014) 

Full equations for calculating forced convection coefficient for both sides (ℎ𝑓𝑜𝑟𝑐𝑒𝑑_𝑓𝑠,ℎ𝑓𝑜𝑟𝑐𝑒𝑑_𝑏𝑠) factoring wind 

speed, direction, incidence angle, kinematic viscosity and characteristic length with parameters check of 

difference in PV azimuth angle vs wind direction (𝛾) and air flow condition (laminar, turbulent or mixed) can 

be referred in the Table 6. 
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Table 6 Forced convection coefficient equations for PV frontside 

Frontside Forced convection coefficient (hforced_fs) Ref Eq 

0 ≤ 𝛾 ≤ 90 

Or 

270 ≤  𝛾 ≤ 360 

0.848 ∙ 𝑘 ∙ (cos(𝛼𝑤) ∙ 𝑣𝑤 ∙ 𝑃𝑟/𝜐)0.5 ∙ (0.5 ∙ 𝐿)−0.5 (Kendoush, 2009) 10 

90 < 𝛾 < 270 

& 

𝑥𝑐

𝐿
≥ 0.95 

3.83 ∙ 𝑣𝑤
0.5 ∙ 𝐿−0.5 (Sartori, 2006) 11 

90 < 𝛾 < 270 

& 

0.05 <
𝑥𝑐

𝐿
< 0.95 

5.74 ∙ 𝑣𝑤
0.8 ∙ 𝐿−0.2 − 16.46 ∗ 𝐿−1 

 
(Sartori, 2006) 12 

90 < 𝛾 < 270 

& 

𝑥𝑐

𝐿
≤ 0.05 

5.74 ∙ 𝑣𝑤
0.8 ∙ 𝐿−0.2 (Sartori, 2006) 13 

 

If the ratio 𝑥𝑐/𝐿 ≥ 0.95 the flow is considered laminar, if 𝑥𝑐/𝐿 ≤ 0.05  the flow is fully turbulent and 0.05 <

𝑥𝑐/𝐿 < 0.95 the flow is considered mixed. All wind velocity from backside PV |𝛾| > 45° flowing on PV width 

with velocity greater than 3 m/s will be considered turbulent regardless the ratio of 𝑥𝑐/𝐿. Flow condition will 

determine the equation for calculating forced convection coefficient (ℎ𝑓𝑜𝑟𝑐𝑒𝑑). 

 

Table 7 Forced convection coefficient equations for PV backside 

Backside Forced convection coefficient (hforced_bs) Reference Eq 

0 ≤ 𝛾 ≤ 90 

Or 

270 ≤  𝛾 ≤ 360 

& 

𝑥𝑐

𝐿
≥ 0.95 

3.83 ∙ 𝑣𝑤
0.5 ∙ 𝐿−0.5 (Sartori, 2006) 11 

0 ≤ 𝛾 ≤ 90 

Or 

270 ≤  𝛾 ≤ 360 

& 

0.05 <
𝑥𝑐

𝐿
< 0.95 

5.74 ∙ 𝑣𝑤
0.8 ∙ 𝐿−0.2 − 16.46 ∗ 𝐿−1 (Sartori, 2006) 12 
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0 ≤ 𝛾 ≤ 90 
Or 

270 ≤  𝛾 ≤ 360 
& 

𝑥𝑐

𝐿
≤ 0.05 

5.74 ∙ 𝑣𝑤
0.8 ∙ 𝐿−0.2 (Sartori, 2006) 13 

90 < 𝛾 < 270 
& 

𝑣𝑤 ≥ 3𝑚/𝑠 
5.74 ∙ 𝑣𝑤

0.8 ∙ 𝐿−0.2 (Sartori, 2006) 13 

 
 

2.4.3 Combining the free and forced convection 

Combining both free and forced convection coefficient to get total convection coefficient is not a simple 

addition. Since both free and forced convective heat transfer happen at the same time, the ratio of the 

surface Grashof number (𝐺𝑟𝐿) and Reynolds number (𝑅𝑒𝐿) need to be estimated (Bergman, 2011). Grashof 

number is related to free convection as Rayleigh number multiplied by Prandtl number in the following 

equation 

  

𝐺𝑟𝐿 =
𝑅𝑎𝐿

𝑃𝑟
=

𝑔 ∙ 𝑐𝑜𝑠𝜃 ∙ 𝛽 ∙ (𝑇𝑝𝑣 − 𝑇𝑎𝑚𝑏) ∙ 𝐿3

𝑣2
 

(Eq. 14) 

 

Grashof number is related to free convection like Reynolds number is to forced convection. If 𝐺𝑟𝐿/𝑅𝑒𝐿
2 ≪ 1 

the free convection effect may be neglected and conversely, when  𝐺𝑟𝐿/𝑅𝑒𝐿
2 ≫ 1 the free convection effect 

can be neglected. Combining the free and forced convection can be considered when 0.01 < 𝐺𝑟𝐿/𝑅𝑒𝐿
2 ≤

100 (White, 1988) as cited in (Kaplani & Kaplanis, 2014). 

 

To combine the free and forced convection coefficient (hc_total) by following the expression from (McAdams, 

1942) as cited in (Churchill, 1977) experiment regarding the correlation between the combined average 

Nusselt number from forced convection and natural or free convection : 𝑁𝑢𝑛 =  𝑁𝑢𝐹
𝑛 + 𝑁𝑢𝑁

𝑛 with n = 3 for 

assisting or opposing fluid flow  it can be derived that ℎ𝑐_𝑡𝑜𝑡𝑎𝑙
3 =   ℎ𝑓𝑟𝑒𝑒

3 + ℎ𝑓𝑜𝑟𝑐𝑒𝑑
3
 since Nusselt number 

directly related to convection coefficient in general expression of ℎ ≡ 𝑁𝑢 ∙ 𝑘/𝐿. Since convective heat 

transfer happen for both PV surfaces at the same time, separate calculations for total convection coefficient 

are needed. Convection coefficient for PV surfaces can be written in table 8. 

 

Table 8 PV total convection coefficient equations 

PV frontside ℎ𝑐_𝑓𝑠
3 = ℎ𝑓𝑟𝑒𝑒_𝑓𝑠

3 ±  ℎ𝑓𝑜𝑟𝑐𝑒𝑑_𝑓𝑠
3 (Eq. 15.a) 
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PV backside ℎ𝑐_𝑏𝑠
3 = ℎ𝑓𝑟𝑒𝑒_𝑏𝑠

3 ±  ℎ𝑓𝑜𝑟𝑐𝑒𝑑_𝑏𝑠
3
 (Eq. 15.b) 

PV average ℎ𝑐_𝑝𝑣 =
ℎ𝑐_𝑓𝑠 + ℎ𝑐_𝑏𝑠

2
 (Eq. 16) 

 

The plus / minus (+) sign depends on whether the forced convection is assisting or opposing the natural 

free convection. Meaning that if the forced convection flow is assisting the free convection flow the sign is 

positive (+) and if the forced convection is opposing the free convection flow the sign is negative (-). The 

sign considers PV orientation vs wind direction (𝛾) upwind or downwind, and PV operating state whether 

as a hot plate or cold plate. The illustration is in the following figure. 

 
Figure 10 Combination of free and forced convection for upwind PV frontside as a hot plate 

The PV from Figure 10 operates as a hot plate (Tpv > Tamb), the free / natural convection flow (black arrows) 

will be from bottom (leading edge) to top (trailing edge) and since the frontside is upwind, the flow from 

forced convection which is wind (blue arrows) is assisting the free convection. On the same time, the 

backside of the PV is downwind (green arrows), the flow of the forced convection especially from the bottom 

and top of the PV is on the relatively same path with the free convection, this condition is the same even if 

the flow on PV backside is turbulent, thus the combined convection coefficient sign is plus (+). With the 

same concept, when PV in in a cold plate state (Tpv < Tamb) if the frontside is upwind the free convection 

flow from the top of the PV to the bottom and is against by the forced convection, hence the flow is opposing 

each other resulting the sign is minus (-). The relation of the sign for the PV front side can be referred to in 

the Table 9. 

 

Table 9 Combined convection coefficient sign for upwind PV frontside  

PV State PV Side Sign 

Hotplate Frontside + 

Hotplate Backside + 

Cold plate Frontside - 
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Cold plate Backside + 

 

Illustration for upwind PV backside as follows 

 

 
Figure 11 Combination of free and forced convection for upwind PV backside as a hot plate 

If the backside of the PV is upwind, Figure 11, the flow from free convection (black arrow) will be opposed 

by flow from forced convection (wind), thus the sign will be (-). Since the forced convection (wind obstructed 

by PV) is assisting the natural convection on the frontside the sign will be (+). Operating in cold plate state, 

with the same logic, when backside PV is upwind the sign will be (+). A note for upwind PV backside is if 

the velocity is greater than 3 m/s the flow of forced convection on the frontside is considered turbulence. A 

turbulence flow means the rate of moving fluid is faster resulting in a higher convection coefficient. Table 

10 is the sign for flow on upwind PV Backside 

 

Table 10 Combined convection coefficient sign for upwind PV backside 

PV State PV Side Sign 

Hot plate Backside - 

Hot plate Frontside + 

Cold plate Backside + 

Cold plate Frontside + 

 
Since we are assuming that both PV surfaces have the same temperature, which means no conductive 

heat transfer, the convection coefficient for the whole PV module can be estimated as the average of the 

frontside and backside convection coefficient (Eq 16).  
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3 Methodology 

 

3.1 Site data processing and software selection 

Planned to be built in Tennant Creek Australia, Sun Cable’s utility-scale solar farm with 13 GWp capacity 

can be considered as one of the largest PV solar farms in the world. The solar farm will be supplying 

approximately 20% of Singapore electricity which mainly comes from natural gas. Data processing for the 

solar farm location becomes an essential task to see whether the location is operational and financially 

feasible. Long term annual solar and weather data are provided by Sun Cable Pte. Ltd from (Solcast, 2021). 

From data processing it is expected to get the convection coefficient for predicting solar PV output including 

sensitivity analysis to get a more accurate energy yield forecast. Analyzing the convection coefficient can 

be very important since it can affect PV performance in terms of efficiency and lifetime.  

 

To model the PV convective heat transfer both ambient and PV temperature is needed thus, and because 

PV temperature is highly determined from solar irradiance, solar data processing becomes inevitable. Wind 

data characteristics are needed for factoring the wind speed and direction into convection coefficient 

equations. Data being analyzed in this thesis is a forecasted meteorological data such as hourly solar 

irradiance (DNI, GHI, DHI), solar zenith, solar azimuth, ambient temperature, wind speed and wind 

direction. Since the data is hourly based then there will be 8760 of data timestamps for one year and since 

the calculation is not too complex the software being used is Microsoft Excel which is an easy-to-use tool 

but quite capable for simple data processing and sensitivity analysis.  

 

The methodology for this thesis is divided into four parts: the first part is solar data processing to get the 

general condition of solar irradiance and for setting the right PV inclination angle. Second part is Wind 

parameter characteristics to get a clear picture of wind conditions in the area. Third part is PV convection 

modelling explaining the steps how the model is constructed by factoring every data and parameters that 

are being used. The last part is explaining an example of designing a utility-scale solar PV farm using 

Helioscope, a web-based PV application. 

 

3.2 Solar data processing & Optimum tilt angle 

3.2.1 DNI, DHI, GHI 

Solar and PV data processing main objectives are for estimating annual, average, daily solar irradiation, 

also maximum, and minimum solar irradiance in the farm location. This becomes an integrated factor for 

energy yield forecasting since more solar irradiances translate to more energy. High average Irradiance 

doesn’t always mean higher energy yield because if the irradiance goes very high but only for a relatively 

short time, this means that the location has a wide gap between maximum and minimum irradiance and 

has a bigger risk of more PV electrical power output being curtailed. For this type of location, a further 

investigation regarding shadowing, soiling, or other losses needs to be conducted.  
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The second objective of solar and PV data processing is because PV performance whether its power output 

and lifetime are highly related to PV operating temperature, and since high irradiance translates to higher 

temperature choosing the right PV will be beneficial for the solar farm. Selecting PV by matching the thermal 

constants with the location irradiance profile is to estimate the PV operating temperature, which will be 

related with the temperature to efficiency coefficient. After all PV parameters are being decided, combined 

calculation of PV and solar data become more relevant and will be site-specific. Important parameters for 

this data processing are DNI, DHI, GHI, EBH, GTI and ambient temperature. The above important 

terminologies from (Solcast, 2021) are Direct normal irradiance (DNI) is solar irradiance received on a 

surface perpendicular to the sun. DHI is irradiance from the sun scattered by the atmosphere as a horizontal 

component or diffuse horizontal irradiance. Global horizontal irradiance (GHI) is total irradiance received 

by horizontal surface, means a flat plate, and is a sum of DHI and EBH or direct beam horizontal irradiance. 

Even though these terminologies seem common, apparently many sources give different definitions, usually 

defining that GHI is the sum of DNI and DHI. 

 

3.2.2 Optimum tilt angle  

Annual solar data is grouped using Excel PivotTable function based on hourly average for every month to 

get solar irradiance profile in the area. Since in this thesis only consider fixed racking system angle of 

incidence (AOI) between PV plane of array (POA) and the sun need to be calculated with the following 

equation (Sandia, 2018). 

𝐴𝑂𝐼 = 𝑐𝑜𝑠−1[cos(𝜃𝑍) ∙ cos (𝛽) + sin(𝜃𝑍) ∙ sin (𝛽) ∙ cos(𝛾𝑆 − 𝛾𝑝𝑣) (Eq. 17) 

 

Where θZ is solar zenith angle, ϒS is solar azimuth and ϒpv is POA azimuth. From the above equation, in 

theory, optimum tilt angle can be calculated by finding maximum cos (𝐴𝑂𝐼). Fixed racking system only 

considers one value of β, which will be used during solar farm construction. Optimum tilt angle (βopt) is that 

it receives solar irradiance the most throughout the year. The optimum tilt angle, being calculated from 

series of data using (Eq. 17) since solar zenith and solar azimuth data is already being provided and POA 

azimuth is set to 0o or due north because the farm location is on the southern hemisphere. In this thesis 

multiple experiments for different inclination angles are being conducted in the series of sensitivity analysis 

(chapter 4) and the result is being compared with calculation and conformed with popular applications such 

as: (globalsolaratlas, 2021). Optimum tilt angle will be used to calculate total optimum POA irradiance or 

Global Tilt Irradiance (GTI) as the primary energy source for PV solar farms (World Bank, 2017). The GTI 

is calculated by using by the following equation (Sandia, 2018).  

𝐺𝑇𝐼 = 𝐷𝑁𝐼 × cos(𝐴𝑂𝐼) + 𝐷𝐻𝐼 + 𝐺𝑟𝑜𝑢𝑛𝑑 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 

 

(Eq. 18) 

The average hourly solar data for every month can be referred to in the Annex. The GTI in some timestamps 

provided by Solcast gives a solar zenith angle greater than 90 meaning that the sun is yet to rise, thus often 
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in this condition the solar irradiance is 0. For zenith angles close to 90, usually small irradiance from DHI 

or EBH are detected and being used for GTI calculation. 

 

3.3 Wind characteristics 

Two important wind parameters will be processed for convective heat transfer, that is wind speed and wind 

direction. In the same direction, wind has different speeds for different height and terrain roughness. Terrain 

roughness implies a vertical height that can obstruct the wind flow, the rougher the terrain the more 

protrusion of the wind in the area. Sun Cable proposed the PV solar farm to be in an open flat terrain with 

only a few obstacles.  

 

There is a height difference where the wind is measured with PV pole height. The wind is measured at 10 

m height while PV pole height is assumed to be 2.5 m. The wind speed equation for estimating wind speed 

at different altitudes (WMO, 2008). 

𝑣1 = 𝑣𝑟𝑒𝑓 ∙
ln (

ℎ1

𝑧0
)

ln(
ℎ𝑟𝑒𝑓

𝑧0
)

 

 

(Eq. 19) 

Where v1 is wind speed at PV height (h1) and vref is wind speed measured at href. z0 is location roughness 

length. For flat open terrain, see Figure 12, the roughness length estimated to be 0.03 (WMO, 2008) 

 

 
Figure 12 Terrain profile  of the proposed solar farm image by (ArcGIS, 2021) scale 1:200,000 
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After calculating the wind speed at PV height then the wind data is grouped by its direction angle in 16 

sectors with 0o as the north and charted in the wind rose diagram. The wind rose diagram shows the 

frequencies of occurrence for a range of wind with its magnitude and direction. The sector group range as 

referred by (NNDC, 2021) is on Table 11. 

 

Table 11 Wind sector grouping 

Abbreviation Description Angle (degrees) 

N North 349 – 011  

NNE North-Northeast 012 – 033  

NE Northeast 034 – 056  

ENE East-Northeast 057 – 078 

ESE East-Southeast 102 – 123  

SE Southeast 124 – 146 

SSE South-Southeast 147 – 168 

S South 169 – 191  

SSW South-Southwest 192 – 213 

SW Southwest 214 – 236 

WSW West-Southwest 237 – 258 

W West 259 – 281 

WNW West-Northwest 282 – 303 

NW Northwest 304 – 326 

NNW North-Northwest 327 – 348 

 

Grouping and creating the wind rose diagram for better data visual interpretation is by using Microsoft Excel 

Pivot Table and can be referred to in the annex. 

 

3.4 PV convection modelling 

In this section the convective heat transfer model is being constructed by calculating the free and forced 

convection and the combining process. 

  

3.4.1 PV free convection modelling 

In free convection, parameters to be checked are critical Rayleigh number, inclination angle (β), operating 

state (hot or cold plate), and flow characteristic (laminar or turbulent). The model output is the free 

convection coefficient for both PV sides by calculating average Nusselt number. PV temperature is 

necessary for calculating the Rayleigh number. The Estimation of PV temperature obtained by using 

(Faiman, 2008) equation (Eq. 1) with GTI (Eq. 18) as the H. The expression will be 
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𝑇𝑝𝑣_𝑡𝑠 = 𝑇𝑎𝑚𝑏_𝑡𝑠 +
𝐺𝑇𝐼𝑡𝑠

𝑈′
0 + 𝑈′

1 × 𝑣𝑤_𝑡𝑠

 
(Eq. 1.a) 

Where GTIts, Tpv_ts, Tamb_ts, and vw_ts are the corresponding time stamped Global Tilted Irradiance, PV, and 

ambient temperature. PV U value is provided by Sun Cable for PV with U’0 = 25 (W/m2 K) and U’1 = 1.2 

(W/m2 K / m/s). PV temperature determines the PV operating mode, thus determining the free convection 

flow. If Tpv > Tamb then the PV operates as a hot plate and conversely, if Tpv < Tamb then the PV is operating 

in cold plate mode. The PV Rayleigh number equation is calculated with (Eq. 2) with the air thermal 

diffusivity (α) and kinematic viscosity (v) corresponding with its temperature. The value for α and v can be 

consulted in the table of air properties at 1 atm pressure at the Annex A.3. The value of important air 

properties that are not mentioned in the table is approached by linear or polynomial regression using Excel 

trendline function. 

 

Critical Rayleigh number is calculated with θ = 90 – β thus, the expression as follows 

𝑅𝑎𝑐 = 108.9−0.00178∗(90−𝛽)1.82
 (Eq. 20) 

where β is in degree. The last step for free convection modelling is for estimating the average Nusselt 

number equation for both PV sides. Since all parameters are known, a suitable average Nusselt number 

equation can be chosen. With the assumption that the PV operates as a hot plate, turbulent flow, and low 

inclination angle (β < 30) then the average Nusselt number for PV front side can be obtained by using (Eq. 

5) and for back side uses (Eq. 7). Free convection coefficient is directly related to average Nusselt number 

by ℎ ≡ 𝑁𝑢 ∙ 𝑘/𝐿 where k is air thermal conductivity (W/m. K) at corresponding temperature. 

  

The flowchart for calculating free convection coefficient, as previously explained, can be referred in the 

Figure 13 
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Figure 13 Free convection flow chart
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3.4.2 PV forced convection modelling 

PV forced convection model checking parameters are wind direction (ϒw), wind speed (vw), PV azimuth 

(ϒpv), surface characteristic length (L), PV inclination angle (β). The value of L depends on angle between 

PV azimuth and wind direction (ϒ) is calculated by 𝛾 = |𝛾𝑝𝑣 − 𝛾𝑤|. Since the PV azimuth is due north (0 

degree), for upwind PV side if 45<ϒ <135 or 225<ϒ<315 then the L is the PV width since the wind is 

travelling on the width. Using the same concept, L equal to PV height If upwind PV side ϒ ≤45 or 135≤ϒ 

≤225 or 315≤ϒ≤360. For downwind PV side 𝐿 = 4 ∙ 𝐴/𝑆 where A is PV surface area (𝐴 = 𝐻𝑝𝑣 × 𝑊𝑝𝑣) and S 

is PV perimeter (𝑆 = 2 × (𝐻𝑝𝑣 + 𝑊𝑝𝑣)). For upwind calculation wind incidence angle (𝛼𝑤) needs to be 

calculated from 𝛼𝑤 = 𝑐𝑜𝑠 (𝛾) ∗ cos (90 − 𝛽).  

The flow characteristic for both PV sides can be check by calculating the surface critical length  

𝑥𝑐 =  𝑅𝑒𝑥,𝑐 ∙ 𝜐/𝑣𝑤. 

Where 𝜐 & 𝑣𝑤 are air kinematic viscosity and wind speed, Rex,c ≈ 4 x 105. Choosing forced convection 

coefficient (hforced) equation for both PV sides are depending on the ratio of xc / L. if (xc / L) ≥ 0.95 the 

calculation will be based on (Eq.11) and for 0.05 < (xc / L) < 0.95 (Eq.12) will be used and if (xc / L) ≤ 0.05 

the equation is (Eq.13). For upwind side (Eq 10) is used except for one special condition when PV backside 

is upwind, flow travelling on the width, and the wind speed is higher than 3 m/s then the convection flow is 

considered as turbulent regardless of xc / L ratio and (Eq. 13) is used. The flow chart for forced convection 

modelling can be referred in Figure 14 
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Figure 14 Forced convection flow chart
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Checking parameters for combining free convection and forced convection are the Grashof and the 

Reynolds number ratio. For 𝐺𝑟𝐿/𝑅𝑒𝐿
2 ≤ 0.01  the total convection coefficient (hc) is only determined by 

forced convection (hforced), and for 𝐺𝑟𝐿/𝑅𝑒𝐿
2 > 100 only free convection is considered. Mixing free and forced 

convection is when 0.01 < 𝐺𝑟𝐿/𝑅𝑒𝐿
2 ≤ 100.  

Complete combined convection coefficient with the checking parameters in Figure 15. 

 

 

Figure 15 Flowchart of combined convection 

 

3.5 Solar farm modelling in Helioscope 

Helioscope is a cloud-based software to design solar PV systems for small scale residential PV rooftop, 

commercial PV arrays systems, and utility-scale ground mount PV solar farms. Hourly annual energy 

production can also be simulated using Helioscope, including system performance and losses, which 

enable us to evaluate each detail design decisions.  

 

The modelling starts with initial input of location address or latitude and longitude of the solar PV farm, then 

specifies the designated area and the keep out zone. Helioscope has some default input parameters and 

will automatically generate PV arrangement layout, default recommendation PV module and inverter, and 
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wiring diagram. The information about tilt angle and azimuth angle of PV module, maximum installed PV 

system capacity, height, row spacing, PV module orientation layout, PV module frame size, racking, etc. 

can also be determined refer to preliminary design. Designers can choose the required PV module, inverter, 

and cabling size. Technical specifications of chosen equipment will be automatically adapted into the 

system model. Unlike other PV design tools. See Figure 16 for sample of 1 MWp modelling, the blue boxes 

are PV solar panes while the blue circle in the middle represents the inverter. 

 

Helioscope calculates mismatch losses, DC wiring losses depending on the designs, instead of using 

default values. In order to get maximum possible energy production and better performance ratio, system 

Losses report and shading report can be used to evaluate the technical design and layout arrangement. 

 

 

Figure 16 Sample of helioscope modelling 1MWp Solar Farm 
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4 Results & Discussion 

4.1 Solar data & PV analysis 

4.1.1 Solar data analysis 

Solar irradiance data provided by Sun Cable shows that the PV farm location has annual DNI solar potential 

of 2.49 MWh/m2 and GHI is 2.28 MWh/m2. With a ratio of GHI/DNI ≈ 0.92, it suggests that the location is 

suitable for lower PV inclination angle (β) < 30o. As mentioned before, the minimum β that will be considered 

in this thesis is 2o this is to combat soiling and increase PV self-cleaning. Optimum β is calculated by 

sensitivity analysis of the irradiance data using (Eq. 18) with Excel Data Table function. 

 

 

Figure 17 Sensitivity analysis of GTI vs PV inclination angle (β) 

The data chart on Figure 17 indicates that the POA will receive good solar irradiance for smaller β. Optimum 

inclination angle (βoptimum), which gives maximum GTI, is ≈ 22o this is aligned with Figure 1 from 

(globalsolaratlas, 2021). The chart also indicates that for 2 < β ≤ 30 the irradiance difference is less than 

5%. For β above 30 the GTI starts to decline suggesting that to operate the PV farm using these β is not 

favorable. Comparison between the model GTI and GTI from Sun Cable data in the figure below shows the 

model variance ≈ 2% for small irradiance (100 W/m2<) and less than 0.5% for higher Irradiance (250 

W/m2++) on Figure 18. 
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Figure 18 GTI Variance model vs POA 

4.1.2 PV Module Analysis 

The Assumed PV module to be installed in the solar farm is JAM72S10 400 PR from JA Solar with the 

range of operating temperature from -40o to 85oC and NOCT 45 ± 2oC. The PV module has a height of 

2.015 m, width of 0.996 m and temperature coefficient of maximum power -0.35%/oC. From data calculation, 

the POA will receive average GTI during daytime of 503 W/m2 with maximum GTI 1100 W/m2. Calculation 

result for PV temperature using (Eq. 1) indicating the maximum PV operating temperature estimated to be 

78oC which is still in the PV module operating range. The average TPV is 35.4oC. means on average the PV 

will lose -0.35 * (35.4 – 25) = 3.65% from its rated maximum power output. The cumulative probability of 

PV operating temperature is on Table 12. 

Table 12 Cumulative probability PV operating temperature 

Tpv > 
(oC) 

Cumulative 
probability 

25 72% 

30 52% 

35 40% 

40 33% 

45 28% 

50 22% 

60 11% 

70 2% 

   

The free convection coefficient (hfree) for both PV sides on Figure 19 suggested the PV mostly operates as 

a hotplate this is because the frontside free convection coefficient (hfree_fs), the grey line, is higher than 

backside (hfree_bs), the green line.   Along with the increasing inclination angle, the free convection flow 

behavior of PV is becoming more to that of vertical plate, thus having the same value for both sides. As 

previously mentioned, that β above 30o is not advisable, the chart is only for showing that the model is still 

consistent with the theory even when using different equation for frontside and backside.   
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Figure 19 Free convection coefficient PV front and backside vs inclination angle 

4.2 Wind analysis 

Wind data analysis is needed to see the general condition of the wind. Parameters being processed are 

wind speed and wind direction. By using (Eq. 19) The site average wind speed is 3.63 m/s at PV height of 

2.5m. Wind grouping along with the probability is charted on a wind rose diagram (Figure 20). 

 

 
Figure 20 Wind rose diagram of the PV solar farm 

 

Wind direction characteristic at PV height is dominant with wind flow from southeast and east-southeast 

direction. The forced convection for both PV frontside and back side (hforced_fs, hforced_bs) corresponds with 

the inclination angle as follows in Figure 21.  
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Figure 21 Forced convection on PV sides vs Inclination angle 

Backside forced convection is higher than the frontside since the dominant wind comes from PV backside. 

Higher inclination angle means more wind incidence to the surface and translates to higher convection. 

Higher inclination tends to obstruct the wind flow, thus tends more turbulent to downwind side, and for this 

case the downwind side is mostly the front (blue line) thus forced convection coefficient on frontside tends 

to be higher for high inclination angle. Comparing forced convection and free convection, from both charts 

the forced convection coefficient is higher than the free convection coefficient, thus playing a bigger role in 

the overall convective heat transfer. 

 

4.3 Convection coefficient sensitivity analysis: 

4.3.1 Convection coefficient vs PV Inclination angle 

Series of sensitivity analysis being conducted, in Figure 22 and Figure 23, with the main goal is to get the 

relation between overall convection coefficient (hc) with β and γ. Convection coefficient increases as β 

increases since both forced and free convection coefficients also increase. This model shows a relation 

that total convection coefficient hc ≈ hforced - hfree. This is because mostly PV is operating as a hot plate and 

PV backside is upwind since dominant wind comes from the backside. 
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Figure 22 Maximum, minimum and average convection coefficient vs β 

The average convection coefficient for optimum β is 5.1 W/m2 K 

 

 
Figure 23 Average convection coefficient 

 

4.3.2 The effect of wind direction to convection coefficient 

This sensitivity analysis, comparing hc vs γ in Figre 24 is being conducted by grouping the wind direction 

into a certain degree but keeping other parameters constant. From the chart the lowest hc is 2.8 W/m2K, 

happens when the wind is blowing in a small angle from west or east of the PV surface. This is possibly 

because the wind flow is not obstructed or tends to be laminar and has a smaller Nusselt number by having 

a short characteristic length (L). The highest average hc is 7.5 W/m2K obtained if all the wind comes from 

south (180 degree) or upwind PV backside. With the same wind speed hc can increase to almost 50% if the 

direction changes to the most optimum. 
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Figure 24 Wind direction vs convection coefficient 

 
 

4.3.3 Wind velocity and convection coefficient 

Another important parameter is the wind speed. The chart signals that the wind speed also affects 

convection coefficient significantly since the forced convection equation depends on wind speed. Below is 

the relation of wind speed and hc if the wind speed is changed while keeping other parameters constant hc 

will also increase almost exponentially especially when temperature is high (Figure 25). 

 
Figure 25 Windspeed vs convection heat transfer 

 
From series of sensitivity analysis and by using newton general expression on heat transfer (cooling) 𝑄 =

ℎ ∙ (𝑇𝑃𝑉 − 𝑇∞) if we compared the PV temperature difference between this thesis PV convection model with 

the same but disregarding the wind direction, the temperature difference estimated to be 2.37oC and since 
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the PV temperature coefficient for Pmax for the assumed PV is -0.35%/oC this temperature difference 

translates to 0.83% difference in efficiency. 

 

4.4 PV solar farm layout recommendation 

Passive convection cooling should be taken advantage of to design PV solar farm, by considering wind 

direction, without sacrificing optimum azimuth and tilt angle. Based on (Glick & Ali, 2020) experiment 

regarding PV arrangement, to maximize the wind direction that converges started from 8 – 9th row, an 

example of 1 MWp PV solar farm layout recommendation and designed by using Helioscope as in Figre 

26. 

 

Figure 26 Proposed 1 MWp solar farm layout 

The solar farm consists of approximately 2888 PV JAM72S10 400 PR modules, 1 MWp solar inverter, with 

maximum capacity of 1,1 MWp. If -2% soiling is considered, the annual energy yield at irradiance level 

forecasted to be 2,590 MWh, the Helioscope annual production report can be referred in Annex A.5. 

  

4.5 Economical & environmental impact 

The 0.83% difference in efficiency will be calculated to estimate PV solar farm output at cell temperature. If 

wind convection is disregarded the temperature will cost -7.7% from energy yield. By accommodating this 

model, the loss can be cut up to -6.87% or save 21.45 MWh of electrical energy. On a global scale, a typical 

household with standard appliances consumes 1,250 kWh annually (IEA, 2020) this means the saved 

energy can potentially provide for 17 households. Economically, Sun Cable will sell the electricity to 

Singapore, and by considering the selling price to Singapore is 0.1 USD / kWh (globalpetrolprices, 2021) 

or 0.086 Euro/kWh assuming ratio USD to Euro is 0.86. This energy saving can be up to 1,845 Euro. In 

terms of environmental effect, if the energy is supplied by natural gas power plants, which 80% of Singapore 

power plants, has an approximate CO2 emission of 488 gCO2eq/kWh (Parliament, 2011) then the annual 

emission will be 10,467 kg CO2eq. If the social cost of carbon, a measure of socio-economic harm because 

of damages from one ton carbon dioxide emission, is 50 USD or 43 Euro per ton (EDF, 2015) the annual 

social carbon cost will be 450 Euro. 
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This number scales up with the solar farm capacity. Sun Cable planned to build more than 13 GWp capacity 

of PV solar farm and send 2GW to Singapore. With the assumption that only for 2GWp with increased 

efficiency, the energy saving now will be more than 42,900 MWh, equal to almost 3.7 million Euro and can 

provide for more than 34,000 households also potentially reduced 20,934 kiloton CO2eq annually and the 

annual social cost of carbon that can be avoided will be more than 900,000 Euro. 
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5 Conclusion & Future Work 

The most ideal solar PV farm site should be in a location where there is abundant solar irradiance, lower 

ambient temperature, high wind speed from PV backside direction and has a high optimum inclination 

angle. It is quite an “impossible” task to find a location that ticks all the boxes, while the electricity demand 

is getting higher, and more utility-scale solar farms are being constructed every year to fill that demand. 

Therefore, the study of wind effect: speed and orientation in enhancing PV performance can be considered 

as an additional value in forecasting PV solar farms output. 

  

In terms of convection coefficient (hc), a location with higher hc means higher heat exchange from PV 

surface to the fluid (air), this resulting less temperature difference between PV temperature and ambient 

temperature thus, lower PV temperature and results in higher electrical power output. Both free and forced 

convection for PV front and backside with their respective flow characteristics need to be accommodated 

in hc calculation. Optimum PV tilt angle against solar irradiance and convection heat transfer need to be 

considered to obtain maximum energy yield. Prioritizing optimum PV tilt angle and azimuth is needed for 

obtaining best possible solar irradiance. Finding a solar farm with good wind speed and dominant wind 

direction from PV backside is preferred to get better PV performance. For this thesis location the efficiency 

is higher 0.83% compared if we disregard the wind direction. 

 

This convection model can benefit for PV solar farm developers in giving a more complete analysis 

compared to the traditional model especially in a farm located in high latitude which will have higher 

optimum inclination angle and strong wind. A small increase of efficiency and lower PV temperature in a 

utility-scale solar farm means a large additional electrical energy and longer PV lifespan thus, can reduce 

capital expenditure for deploying a lesser number of PV and reducing operational expenditure for operation 

and maintenance cost. For 1 MWp PV farm in this location annually can save to 21.45 MWh equal to 1,845 

Euro and can avoid 10,467 kg of CO2eq and 450 Euro social carbon cost and it scales up with solar farm 

capacity. 

 

It is for humanity best interest that this “extra efficiency” not only be viewed as monetary and LCOE profit 

but also for environmental impact. The saved energy from PV solar farms can replace that comes from 

more potentially harmful to the environment power plants. This environmental benefit comes from reducing 

pollution and greenhouse gasses emission, combating climate change, lowering the social cost of carbon 

and many more. 

 

For future work, a complete thermal heat transfer can provide even better accuracy thus, the model not 

only considers convective heat transfer but also conductive and radiative heat transfer. Implementation of 

the model in other racking systems will be interesting such as East – West racking system, one axis or two 

axis racking system where PV angles can be adjusted. 
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Onsite PV array testing can greatly improve this model. Because getting a complete data set of PV 

specification, electrical output, with corresponding meteorological data such as wind speed and wind 

direction are not easy to acquire. By conducting onsite testing, investors can benefit from different PV array 

arrangement and onsite measuring of the convection and then to be compared with the model. A deep 

study for utility scale PV solar farm business models can be an interesting topic as how optimizing and 

better model accuracy can impact the whole solar farm industry.
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 Annex 

A.1 Solar Irradiance Characteristics  

These data are provided by (globalsolaratlas, 2021) 
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A.2 Wind Speed & direction data table 

 

A.3 Table of air properties 

 

Wind 
Velocity 

0 - 
11 

12 - 
33 

34 - 
56 

57 - 
78 

79 - 
101 

102 - 
123 

124 - 
146 

147 - 
168 

169 - 
191 

192 - 
213 

214 - 
236 

237 - 
258 

259 - 
281 

282 - 
303 

304 - 
326 

327 - 
348 

349 - 
360 

<0.5 3 1 2 2 
 

2 2 1 1 1 3 4 1 2 1 1 1 

0.5-1.5 19 15 16 10 14 10 11 12 14 19 10 9 14 14 20 14 8 

1.5-2.5 18 43 64 98 76 50 37 10 25 10 21 12 32 26 24 31 27 

2.5-3.5 50 98 153 189 232 141 108 31 11 5 11 14 36 42 33 57 34 

3.5-4.5 58 137 180 209 348 441 307 43 9 2 
 

11 17 43 50 57 56 

4.5-5.5 67 117 60 88 234 517 474 36 
   

5 13 23 26 39 31 

5.5-6.5 25 57 30 68 137 460 401 8 
    

6 17 30 11 25 

6.5-7.5 9 3 5 44 46 329 410 
     

5 28 4 9 7 

7.5-8.5 
   

6 12 198 283 2 
     

3 
   

8.5-9.5 
     

104 126 2 
         

9.5-10.5 
     

18 21 
          

>10.5 
      

7 
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A.4 JAM72S10 400 PR Specifications 
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A.5 Helioscope annual production report 

 

 

 

 


