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ABSTRACT  

This study examines the performance of photovoltaic (PV) installations in different 

areas near Sydney (NSW) by analyzing meteorological data from ten weather stations. The 

Sandia PV array performance model is utilized to analyze the thermal and electrical 

performance of four distinct PV module installation conditions. Results indicate that 

extremely hot weather conditions significantly reduce module efficiency, with close roof 

mount and insulated back configurations exhibiting lower performance than the open-rack 

configuration. PV cell operating temperatures can reach hourly peaks ranging from 60°C, for 

the open rack mount, to more than 90°C for the insulated back. Temperature derating, defined 

as the deviation of PV power output from the standard test cell temperature conditions 

(Tc=25°C), can reach hourly peaks of about -40% for the insulated back configuration. A 

strong negative linear correlation (R-Pearson=-0.79) is observed between PV performance 

ratio and cooling degree hours, with extreme hot weather conditions having a significant 

impact on both PV performance and demand for cooling. The open rack configuration 

demonstrates the highest power production, while the insulated back configuration leads to 

decreased power production up to 9.5% in summer and 8.3% annually in relation to Sydney, 

NSW. 

 

Keywords: PV Performance, Urban Environment, Temperature Losses. 

Introduction 

Urbanization has led to the emergence of urban heat islands (UHIs) in cities, resulting 

in higher temperatures, particularly during heatwaves (Founda & Santamouris, 2017; 

Nadeem, Tariq, Haq, & Khan, 2022). This has negative implications for energy systems, 

especially photovoltaic (PV) installations on buildings (Berardi & Graham, 2020). PV 

systems are adversely affected by high temperatures, which are exacerbated by UHIs (Yupeng 

Wang, Berardi, & Akbari, 2016). UHIs can reach up to 4°C or more during the day, 

contributing to increased PV cell temperatures (Hibbard, Hoffman, Huntzinger, & West, 

2017). The limited space in urban areas forces PV modules to be installed on rooftops, where 

urban air temperatures are higher, leading to reduced performance (Yiping Wang et al., 2006). 

In this regard, of particular concern are insulated back (Building Integrated Photovoltaics 

BIPV) and close roof mount configurations, which are particularly vulnerable to increased 

temperatures (Sailor, Anand, & King, 2021). 

In Australia, rooftop PV dominates the market, with over 3 million installations by the 

end of 2021. PV systems power over 33% of standalone households (Koschier & Egan, 
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2021). Despite favorable insolation levels in Sydney, extreme summer temperatures create 

thermal discomfort for PV systems. Standard Test Conditions (STC) rate PV modules at 25°C 

ambient temperature, significantly lower than typical Australian summer conditions. 

Moreover, Sydney temperatures are rising (Livada et al., 2019), with projected increases in 

maximum air temperature (Matthew Adams, 2015). Previous studies demonstrate that Sydney 

metropolitan region experiences varying UHI intensities, with average maximum intensity 

exceeding 6°C (Santamouris et al., 2017). Additionally, elevated PV module surface 

temperatures can contribute to surface urban heat islands (SUHIs), exacerbating the urban 

heat issue (Barron-gafford et al., 2016). 

This study aims to investigate the impact of local climate conditions and mounting 

configurations on PV thermal response and efficiency, focusing on extreme hot weather and 

rooftop PV installations in the Sydney metropolitan region. Hourly temperature and wind 

speed data from ten nearby weather stations recorded by the Australian Bureau of 

Meteorology between 2016 and 2017 are analyzed using the Sandia PV array performance 

model (King, Boyson, & Kratochvil, 2004). 

Methodology 

This study aims to analyse the performance of photovoltaic installations located in 

different areas near the city of Sydney, NSW, Australia. Meteorological data recorded from 

the Australian Bureau of Meteorology (BOM) between 2016 and 2017 from ten weather 

stations (shown in Figure 1) are considered for the analysis. 

 

Figure 1. Analysed weather stations near Sydney 

To effectively analyze the performance of photovoltaic (PV) modules under various 

microclimatic conditions, it is essential to consider the electricity demand over the course of a 

day. One useful indicator of electricity demand for cooling purposes is Cooling Degree Hours 

(CDH). CDH is calculated as the sum of the positive hourly differences between the outdoor 

air temperature and a base temperature, which is typically set at 19.5°C based on the 
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Australian Energy Market Operator (AEMO) guidelines for New South Wales. The formula 

for calculating CDH is described in Eq. 1 

 
 

(1) 

Here, N is the number of hours over a selected time period (day, month, year), Tair is 

the hourly air temperature, and Tref is the reference base temperature.  

The Sandia PV array performance model (King et al., 2004) is used to analyze the 

thermal and electrical performance of four different photovoltaic module mounting 

possibilities: open rack (OR) with glass/cell/glass (gg) and glass/cell/polymer (gp) module 

type, close roof mount (CM) with glass/cell/glass (gg), and insulated back (IB) with 

glass/cell/polymer (gp). The photovoltaic modules considered in the analysis are inclined at 

an angle of 28 degrees and oriented towards north, being the selected tilt both close to the best 

angle for yearly energy yield and to the slope of roofs in the Sydney area.  

The Sandia model is used to calculate the operating temperature of the photovoltaic 

modules (Tc) as a function of the considered configuration in each weather station based on 

Eq. 2 

 𝑇𝑐 = 𝑇𝑚 +  
𝐺𝑃𝑂𝐴

𝐺𝑆𝑇𝐶
 ∙  ∆𝑇  (2) 

 Where GPOA is the plane of array (POA) irradiance incident on module surface 

[W/m2], GSTC is the irradiance at Standard Test Conditions (STC), namely 1000 W/m2, ΔT is 

the temperature difference [°C] between the cell and the back surface at GSTC irradiance level, 

and Tm is the back-surface module temperature [°C] which can be calculated based on Eq. 3 

 𝑇𝑚 = 𝐺𝑃𝑂𝐴 ∙  𝑒𝑎+𝑏∙𝑊𝑆 + 𝑇𝑎  
 

(3) 

Where WS is the wind speed [m/s], Ta is the ambient air temperature [°C], and a and b 

are empirically determined coefficients depending on the module type and the mounting 

configuration. ΔT, a, and b can be derived from Table 1 

 

Table 1. Modelling parameters based on module type and mounting configuration 

Module type Mount a b ΔT (°C) 

Glass/cell/glass Open rack -3.47 -0.0594 3 

Glass/cell/glass Close roof mount -2.98 -0.0471 1 

Glass/cell/polymer sheet Open rack -3.56 -0.0750 3 

Glass/cell/polymer sheet Insulated back -2.81 -0.0455 0 

 

The calculation of the DC power output at the maximum power point (Pmp) is 

composed of a set of equations, which are fully detailed in (King et al., 2004) and not reported 

here for the sake of brevity. 

The impact of high temperature conditions on the electrical performance of the 

considered PV installations is analyzed in terms of efficiency, normalized efficiency, 

temperature derating, performance ratio, and photovoltaic production.  

The PV module efficiency ηPV is calculated as in Eq. 4 

 η𝑃𝑉(t) =
𝑃𝑚𝑝 (𝑡)

𝐺𝑃𝑂𝐴(𝑡)
 
 

(4) 

𝐶𝐷𝐻 =   𝑇𝑎𝑖𝑟 − 𝑇𝑟𝑒𝑓              𝑓𝑜𝑟  𝑇𝑎𝑖𝑟 > 𝑇𝑟𝑒𝑓

𝑁

𝑖=1
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where Pmp is the DC power generated by the PV array system [W/m2] and GPOA is the 

plane of array (POA) irradiance received by the module [W/m2]. 

The normalized efficiency ηN is defined as in Eq. 5 

 η𝑁(t) =
𝑃𝑚𝑝 (𝑡) ∙

1
𝑃𝑆𝑇𝐶

𝐺𝑃𝑂𝐴(𝑡) ∙
1

𝐺𝑆𝑇𝐶

 

 

(5) 

Where PSTC is the rated PV power at Standard Test Conditions (STC) of GSTC=1000 

W/m2, Tc=25°C, and AMa=1.5.  

To quantify the impact of high temperatures on PV production the temperature 

derating (TD) is defined as in Eq. 6 

 𝑇𝐷 =
𝑃𝑚𝑝 (𝑡) − 𝑃25(𝑡)

𝑃𝑚𝑝 (𝑡)
 
 

(6) 

Where P25 is the theoretical DC power of the PV array system [W/m2] at STC cell 

temperature, namely Tc=25°C. 

Similarly to the normalized efficiency the performance ratio PR represents the ratio 

between the Final Yield Yf,τ and the Reference Yield Yr,τ over a time interval τ (typically a 

day) as in Eq. 7 

 𝑃𝑅𝜏 =
𝑌𝑓,𝜏

𝑌𝑟,𝜏
=

1
𝑃𝑆𝑇𝐶

∙  𝑃𝑚𝑝 (𝑡) ∙ ∆𝑡𝜏

1
𝐺𝑆𝑇𝐶

 𝐺𝑃𝑂𝐴(𝑡)𝜏 ∙ ∆𝑡
 

 

(7) 

Results and Discussion 

Weather conditions at the different weather stations 

Table 2 presents summary statistics of air temperature and wind speed values for each 

weather station. The data is collected from 11 different weather stations identified by their ID, 

namely Bankstown (BT), Camden Airport (CN), Campbelltown (CP), Canterbury (CT), 

Holsworthy (HW), Sydney Olympic Park (OP), Penrith Lakes (PL), Richmond (RM), Sydney 

Airport (SA), and Terrey Hills (TH). Looking at the mean air temperature values, it can be 

seen that the Sydney Airport (SA) weather station has the highest mean temperature of 

19.2°C, while the Campbelltown (CP) station has the lowest mean temperature of 17.1°C. The 

standard deviation of air temperature values also varies significantly among stations, ranging 

from 5.2°C for the Sydney Airport (SA) station to 7.2°C for the Richmond (RM) station. The 

maximum air temperature values range from 39.6°C for the Terrey Hills (TH) station to 

46.4°C for the Penrith Lakes (PL) station, while the minimum values range from -1.7°C for 

the Camden Airport (CN) station to 5.7°C for the Sydney Airport (SA) station. Regarding 

wind speed, the Sydney Airport (SA) station again shows the highest mean value of 5.7 m/s, 

while the Campbelltown (CP) station has the lowest mean value of 2.1 m/s. The maximum 

wind speed values range from 8.2 m/s for the CP station to 16.0 m/s for the Sydney Airport 

(SA) station. The influence of the sea breeze in the Sydney metropolitan region is important 

in cooling the coastal areas of the city. However, this cooling effect is limited in its reach, 

particularly in the western regions of the city located at the base of the mountains. As a result, 

these areas, such as Penrith Lakes (PL) can experience extremely high temperatures, which 

can exacerbate the negative impacts of UHIs on urban environments and PV systems. 
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Table 2. Summary statistics of air temperature and wind speed values for each weather 

station 

Weather station ID 

 
BT CN CP CT HW OP PL RM SA TH 

Air Temperature [°C] 

mean 18.4 17.3 17.1 18.1 17.6 18.5 18.5 18.1 19.2 17.5 

std 6.4 7.0 6.8 6.0 6.4 6.2 6.8 7.2 5.2 5.4 

min 1.4 -1.7 -0.4 1.2 0.1 2.3 1.5 -1.4 5.7 3.0 

max 43.8 44.9 44.7 42.9 44.1 43.5 46.4 46.0 40.8 39.6 

Wind speed [m/s] 

mean 3.3 2.5 2.1 3.1 3.2 2.4 2.2 2.8 5.7 2.8 

std 2.3 2.2 1.5 2.2 1.8 1.8 1.7 2.2 2.7 1.2 

min 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

max 12.1 11.7 8.2 11.1 11.8 10.0 11.0 12.1 16.0 11.2 

 

The annual CDH, namely the sum of the hourly values over the considered year, is 

represented in Figure 2 evidencing that the highest cooling demand is expected for Richmond 

(RM) and Penrith Lakes (PL), whereas Terrey Hills (TH) station has almost half the CDH 

value compared to the Richmond (RM) and Penrith Lakes (PL) stations. 

 

Figure 2. Annual CDH for each weather station 

PV cell operating temperatures at the different weather stations and as a function of the 

mounting configurations 

The median value for PV cell operating temperatures across all configurations ranges 

from about 30°C for the open-rack configurations to about 35°C for the close roof and 

insulated back mount. The maximum temperatures of the open rack configurations range 

between 65°C and 70°C, those of the close roof mount configuration are between 80°C and 

90°C, whereas the insulated back configuration can reach temperatures up to 90°C and 100°C. 

As expected, the highest PV operating cell temperatures are found in Penrith Lakes (PL) 

which is characterized by the highest maximum air temperature and by low wind speed 

values. On the contrary, despite having the highest average mean annual air temperature 
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value, Sydney Airport (SA) shows the lowest operating cell temperature values thanks to the 

beneficial cooling effect of the sea breeze. 

The normalized efficiency is calculated at an hourly timestep for each weather station 

and is plotted against the PV cell operating temperatures. Figure 3 illustrates the results for 

the Penrith Lakes (PL) weather station only for brevity, but similar results are obtained across 

the analysed weather stations. As it can be observed, for open rack configurations, the cell 

temperature values can reach up to 70°C, leading to a decrease in normalized efficiency down 

to 0.75. Conversely, for close roof mount and insulated back configurations, where cell 

temperatures can rise up to 90°C and about 100°C, respectively, the normalized efficiency 

may decline by up to less than 0.65.  

 

Figure 3. Normalized efficiency and PV cell operating temperature for PL weather station 

PV temperature derating at the different weather stations and as a function of the 

mounting configurations 

The temperature derating (TD) quantifies the deviation of PV power output from the 

standard test cell temperature conditions (Tc=25°C). As expected, the insulated back 

configuration (IB) displays the highest temperature derating, with an average annual value of 

approximately -0.10 compared to -0.08 for the close roof mount configuration (CM). In 

contrast, the open-rack configurations (OR) exhibit negligible temperature deratings, 

generally lower than -0.05. Among the different weather stations, the impact of temperature is 

more pronounced in western stations (PL, RM, and CP) and in Sydney Olympic Park (OP), 

which are characterized by lower wind speed values. Conversely, Sydney Airport (SA) is the 

least impacted by temperature derating. 

Observing the daily average values of TD in Penrith Lakes (PL) weather station, 

which are plotted in Figure 4, it can be seen that during extremely hot days occurring from 

November to February, the TD can reach values as low as about -0.40. 
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Figure 4. Daily average temperature derating in PL depending on the different mounting 

configurations 

PV Performance Ratio and Cooling Degree Hours 

 

To investigate the impact of high temperature conditions on PV efficiency as well as 

on cooling demand during the summer months (from December to February), the daily 

performance is calculated for each scenario to analyse its relationship with the cumulated 

daily values of Cooling Degree Hours (CDH). The results are shown in Figure 5 where the 

black line shows the linear correlation between the two variables and the related Pearson 

correlation coefficients (R-Pearson) are calculated for each case. All figures show an evident 

negative relationship between the daily performance ratio and CDH with R-Pearson values 

ranging from -0.67 for the insulated back configuration to -0.79 for the open rack 

configuration with glass/cell/polymer. A higher cooling demand corresponds to a decrease in 

PV performance ratio, which varies from a minimum value of about 0.80 for the open rack 

configuration to about 0.70 for the insulated back configuration. 

 

Figure 5. Daily performance ratio and cumulative daily Cooling Degree Hours as a function of 

the different mounting configurations 
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PV Efficiency and Power Production 

Figure 6 shows the hourly minimum, mean, and maximum values of PV efficiency 

during the month of February (red) and July (blue) for the worst case, namely insulated back 

mounting configuration in Penrith Lakes (PL) weather station. As it can be noticed, in 

February PV efficiency exhibits significantly lower values compared to July with differences 

ranging from 0.01 to 0.02. 

 

Figure 6. Hourly PV efficiency statistics (minimum, mean, and maximum values) in February 

(red) and in July (blue) for the insulated back mounting configuration in PL weather station. 

When analyzing the annual power production, the impact of different weather 

conditions on the total power production is not particularly significant. The highest power 

production values are achieved in Sydney Airport (SA), with a total yearly power production 

ranging from 219 kWh/m2 year for the ORgp configuration to 202 kWh/m2 year for the IBgp 

case. The lowest production values are observed in Penrith Lakes (PL), ranging from 214 

kWh/m2 year (ORgp) to 194 kWh/m2 year (IBgp). The results indicate that, on average, 

weather conditions have only a 2.7% impact on the annual power production. 

Regarding the impact on power production, the mounting configuration plays a more 

significant role, especially during the hottest months. To assess this impact, the monthly 

power production (average of all weather stations) is compared as a function of the mounting 

configuration. The mounting configuration with the highest power production is ORgp, which 

benefits from lower temperatures. Conversely, the least productive configuration is IBgp, 

which experiences a decrease in monthly power production ranging from a minimum of 7.0% 

in March to a maximum of 9.5% in November. 

Conclusions 

This study investigated the thermal and electrical performance of four different PV 

module installation conditions near Sydney using the Sandia PV array performance model and 

meteorological data from 11 nearby weather stations. Results indicate that extremely hot 

weather significantly reduces module performance, with the normalized PV efficiency 

decreasing from 0.75 for the open rack configuration to about 0.60 for the insulated back. The 

open-rack configuration exhibits the highest power production, while the insulated back 

configuration shows an 8% decrease in power production as a yearly average. The study 
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highlights the importance of sea breezes in cooling the coastal areas of the city, benefiting PV 

systems located in these areas such as the Sydney Airport. Conversely, PV systems located in 

western regions of the city, such as Penrith Lakes, experience extremely high temperatures 

that exacerbate the negative impacts of UHIs on urban environments and PV systems. 

However, the local climate differences only impact PV power production by 3%, but this 

effect could become more pronounced in the future due to urbanization and the increase in 

heatwave intensity and frequency. The study also finds that the insulated back configuration 

exhibits the highest temperature derating, with a potential decrease of up to -50% compared to 

standard test cell temperature conditions. In conclusion, this study provides important insights 

into the performance of PV systems in urban areas and highlights the need for further research 

to optimize their installation and operation in the face of changing climatic conditions. 
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