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This study is aimed to assess the performance of green roof-PV system; and determine the optimum
installation height of green roof. In this study, two units PV panels of 1 kW each were setup at building
rooftop level. Modular green roofs were established at three different heights of 0.3 m, 0.6 m and 0.9 m
from rooftop floor level, respectively. The effects of each green roof height on the PV module temperature,
ambient temperature and daily power yield were monitored for 6 months’ period. The results showed
that green roof-PV system exhibited lower ambient and PV module temperatures of 3.36% and 17% com-
pared to bare roof-PV system. Other than that, green roof enhanced the power generation efficiency aver-
agely by 1.6%. It is found that green roof installed at 0.3 m has increased the power generation
performance by 3% and 11% compared to that of 0.6 m and 0.9 m, respectively.
� 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams University
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).
1. Introduction

Urbanization process is taking place rapidly in many developing
countries including Malaysia. Development of urban infrastruc-
tures and buildings have increased the impervious surfaces and
thus resulted in higher ambient temperatures in the urban cities
which also known as urban heat island (UHI) effect. Increases of
heat-absorbent structures, depletion of vegetation and expanding
of city densities are the root causes of UHI. Manufactured materials
and pavements that made from asphalt have larger heat storage
capacity and lower albedo which causes the UHI effects [1,2].
UHI effect leads to increase in energy consumption for air condi-
tioning in urban buildings [3]. Existing urban buildings are mainly
consisting of concrete roof that releases high energy flux and tem-
perature to the surrounding environment. The expansion of urban
area and increasing energy demands have caused many environ-
mental impacts. As a result, green roofs have been widely used
in the sustainable development of urban city in the past few dec-
ades as it provides many environmental benefits such as stormwa-
ter retention, peak flow reduction, urban heat island mitigation,
reduce energy consumption for cooling and heating of building,
reduce noise pollution, increase life expectancy of building,
improving aesthetic values, mitigating air pollution, increase biodi-
versity and provide habitat. [4–7]. By providing cooling benefits,
green roof can serve to counterbalance the UHI effect that is gener-
ated by the concrete surface and waste heat generated by building,
industrial activity, transportation and their energy use [8].

Renewable energy technologies such as solar photovoltaics (PV)
system have been widely implemented in the recent years due to
dramatic fall in costs of solar PV panel. solar PV system are typi-
cally installed at building rooftop in urban cities for meeting the
increasing energy demand. However, high temperature associated
with strong solar irradiances at the concrete roof will significantly
reduce the voltage of solar cell and therefore resulted in lower effi-
ciencies of solar energy generation [9–10]. Makrides, et al. [11]
found that high temperatures can decrease PV panel efficiency by
up to 25%, and a value of �0.45% per �C can be applied for crys-
talline silicon PV cells. The environmental conditions, particularly
the ambient temperature, contributes to the rise of operating
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temperature of the solar cell. PV modules installed on the flat con-
crete roof experiences a high temperature increase in mid-day. The
concrete roof radiates high energy flux to the surrounding environ-
ment because of its low albedo coefficient. Material with such low
albedo will absorb large amounts of solar radiation and lead to a
high surface temperature which then re-radiates the heat to the
surrounding, including the ambient of the PV module. Therefore,
cooling of PV panel is necessary since PV conversion efficiency
relies on its temperature [12–13]. Many studies have found that
evapotranspiration process from green roof would cool down the
temperature of PV panel, reduces the ambient temperature and
protects buildings from solar irradiation [14–17].

Previous studies demonstrated that combining green roof with
PV panels can provide multiple benefits which including increasing
the PV energy generation efficiency, lowering down the operating
temperature of PV panel surface by evaporative cooling effect of
plants, effective stormwater management and enhancing the
urban aesthetic values [18–20]. However, the reported results by
various researchers on the performance of integrated green roof-
PV system are varies due to different climate condition, experi-
mental setup and study scales. For instance, Koühler et al. [19]
found that the combination of PV system with green roofs
increased the power output by an average of 6% over a 5-year per-
iod in Berlin. Likewise, Perez et al. [21] in New York City found
power output improvement of about 2.6%. Chemisana and Lamna-
tou [22] in Spain also reported a maximum power generation
increase of roughly 1–3% for PV-green roofs. However, the studies
conducted by Witmer and Brownson [23] only found little
improvement of 0.08–0.55% for power output in PV-green roof sys-
tem in U.S. Furthermore, the inconsistency performance was
observed in power output which the PV-green roof system
recorded increment of 0.5% in summer but produced 2% less power
than the PV-black roof in winter. Schindler et al. [24] found no
improvement in energy production for PV-green roof system in
Mediterranean climate conditions in Haifa, Israel. The aforemen-
tioned studies were mostly for temperate and Mediterranean cli-
mates and there are limited studies conducted in tropical regions
where the climate is characterized as hot and humid with frequent
and intense storm events during the late afternoon period. Based
on the literature search, Hendarti [25] conducted a simulation
study of the influence of green roof on PV modules under tropical
condition in Singapore and his study reported that green roofs can
improve the energy output of PV panels by 1–2%. Recently, Kaew-
praek et al. [26] conducted a study in the Bo Yang District of
Songkhla, Thailand and found that growing plants beneath PV pan-
els would increase the electricity production efficiency by around
2%. Despite majority of previous studies have indicated that inte-
grated PV-green roof system can increase the PV output energy
generation as compared to that installed on conventional roofs, a
more comprehensive study is needed in tropical region to analyse
the green roof design parameters in order to enhance the energy
generation performance of PV panels. Thus, this study is aimed
to determine the effects of installation height of green roofs on
the PV surface panel temperatures and power generation efficien-
cies of PV-green roof system in the tropics.
2. Materials and methods

2.1. Study area

The study area for this research project is located at the Putra-
jaya campus of Universiti Tenaga Nasional (UNITEN), Selangor,
Malaysia. The daily temperature at the study site ranges from
25 �C to 34 �C. The mean annual rainfall is estimated as
2234 mm based on the historical rainfall dataset [27]. The relative
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humidity, solar irradiation and wind speed are range from 44% to
91%, 63 W/m2 – 507 W/m2 and 0 km/h – 4.8 km/h, respectively.
It is observed that February, March and April are classified as dry
periods with high temperature, low relative humidity and high
solar radiation. The green roof-PV experiment was carried out at
the rooftop level of administration building UNITEN as shown in
Fig. 1.

2.2. Experimental setup of solar PV system and green roof testbeds

Two (2) units solar PV panel system with 1 kW each were setup
for green roof and bare roof as shown in Fig. 2(A) and 2(B) at the
experimental site (Latitude 2� 580 2200 N, Longitude 101� 430 800),
respectively. 1 kW of solar PV panel consists of four PV modules
which each size of 1.65 m (L) and 1.0 m (W). The PV panel was
set at 1.06 m height from the building roof level and the tilt angle
of PV panels was set at 3�. This setup was followed the rule-of-
thumb setting where the solar panel is tilted from the horizontal
by an angle equal to the latitude of the panel’s location [28–29].
Inverters were installed at both solar PV panel systems that sup-
ported by six (6) concrete blocks. Extensive green roof system
was chosen and integrated with the PV panel system in this study.
Extensive green roof has a thin layer of substrate, roughly less than
200 mm deep, and planted with low lying vegetation that are able
to survive on the low-nutrient, shallow substrates and drought
conditions [30]. Twenty green roof test beds with each size of
30 cm (Width) � 45 cm (Length) � 20 cm (depth) were setup as
the green roof system under the solar PV panels as shown in
Fig. 2(B). Each green roof test bed consists of same components
which are drainage, filter fabric, substrate and vegetation (sedum
plant). 25 mm depth of drainage cell which was made from poly-
ethylene was used as the drainage layer. Substrate and drainage
layer were separated by filter layer and its main function is to
avoid fine soil particles to be clogged or entering the drainage layer
[31]. 1 mm of non-woven geotextile fabric which was made from
polyethylene was used as filter layer [32].

Few criteria such as resistance to extreme weather condition,
low growing plant and compact plant canopy must be taken into
consideration in selecting plant species for extensive green roof.
Based on these findings from previous studies, sedum plant was
proved as the most suitable type of plant species to be imple-
mented in extensive green roof due to its high resistance to
extreme weather and low growing characteristics as it doesn’t
grow above the implemented PV panel [18,27]. Another important
characteristic of sedum plant species is high solar radiation toler-
ance. Since green roof testbeds are placed at the rooftop which
subjected to direct sunlight, it is important for the plants to with-
stand high solar radiation [33]. In this study, Portulaca Grandiflora
as shown in Fig. 3 was chosen as the sedum plant species for all
modular green roofs. These sedum plants can be easily obtained
from the local nursery in the form of cuttings. Earlier study con-
ducted on the suitability of plant species for green roof in Malaysia
has confirmed that sedum performed better than grass plant spe-
cies in term of survival rate and rainwater retention capacity
[27]. Portulaca Grandiflora is able to survive in the harsh environ-
ment conditions and has the ability of rapid multiplication, less
maintenance, have short and soft roots, and provides good ground
coverage.

In order to investigate the effect of air gap between green roof
and solar PV panels, three (3) different heights of green roof test
beds were set up at the experimented rooftop site. The modular
green roof test beds were installed at 0.3 m, 0.6 m and 0.9 m from
roof floor level respectively, as shown in Fig. 4. The maximum
height of green roof was set at 0.9 m because the height difference
between solar PV panel and building rooftop level is 1.01 m. The
effects of each green roof’s installation height on the PV panels’



tion of study area 
Fig. 1. Location of study area.

Fig. 2. (A) PV- bare roof and (B) PV- green roof systems. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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surface temperature, ambient temperature, inverter’s efficiency
and daily total yield (kWh) were monitored for 6 months’ period.

2.3. Field data measurement and analysis

Field data such as ambient air temperature, surface tempera-
ture of PV panel and daily solar irradiation were measured by using
different sensors that were installed at the solar PV panels. The
thermocouples were mounted on the back surface of the solar PV
panels to measure the surface temperature of PV panel as shown
in Fig. 5(A). The ambient temperature sensors (PT1000) were
installed at the solar PV panels to measure the ambient air
3

temperature data. Irradiation data at the experimental site was
measured by using irradiation sensor that mounted at the solar
PV panels (Fig. 5B). The monitoring duration for each height of
green roof is 6 months where green roof installed at 0.3 m, 0.9 m
and 0.6 m heights were monitored from January 2019 until June
2019, July 2019 to Dec 2019, and Jan 2020 to June 2020, respec-
tively. All the field data such as ambient air temperature, PV mod-
ule temperature, solar irradiation, inverter temperature and daily
power yield was monitored at 15 min-interval basis and stored
by using Solar-Log system.

Data analysis was performed on the 15 min-interval datasets
that averaged into daily measurements from the period of Jan



Fig. 3. Sedum plant species (Portulaca Grandiflora) used in modular green roof
testbeds. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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2019 until June 2020. Descriptive statistics, including range, mean,
median, and standard deviation were calculated for all tempera-
tures and power generation dataset. Time series plots were
employed to present the temporal variation of ambient and mod-
ule temperatures of solar PV panels. The differences in PV surface
temperatures and ambient air temperatures between PVs installed
above bare and green roofs were calculated for each month. Box-
plots were used to examine the differences in temperatures and
power generation for different green roof-PV separation heights
and roofing types. PV power generation (kWh) was classified
according to the heights of green roof which were 0.3 m, 0.6 m
an 0.9 m, respectively. PV power generated was further classified
into average production for each green roof’s height. Based on
the classification, suitable height of green roof for the most effi-
cient PV power generation was able to be determined. T-tests were
used to determine if differences in the datasets were statistically
significant based on 95% confidence level. All statistical analysis
was performed by using IBM SPSS Statistics software version 17.0.

3. Results and discussion

3.1. Control test results for solar PV panel

The two (2) units of solar PV panels used in this study were
evaluated for the inter-panel performance variations under the
same test situations prior to deployment for actual field data
Fig. 4. Different heights setup for modular green roofs. (For interpretation of the referen
article.)
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monitoring. Both tested solar panels were operating for two weeks
starting from 17 November 2018 until 30 November 2018. The
ambient temperature, PV module temperature, solar irradiation
and PV power output were monitored from the period of 7 a.m.
to 7p.m. The statistical summary results for both PV panels are pre-
sented in Table 1. The time series of PV power output are plotted
for both PV panels as shown in Fig. 6. It is observed that the mon-
itoring data for solar panel 1 and 2 in the control test were approx-
imately alike. Based on these results, it can be claimed that both PV
panel systems performed similarly under the same environmental
conditions.

3.2. Variations of ambient and PV module temperatures

Field weather condition at the experimental site has been mon-
itored throughout the study period. The time series of ambient
temperatures have been plotted as shown in Fig. 7 while the
monthly average PV module temperatures for both bare roof and
green roof-PV systems are summarized in Fig. 8, respectively. The
ambient temperatures are typically ranged from 24 �C to 35 �C. The
maximum ambient temperature is usually occurring around 1.00p.
m � 2.00p.m during mid-day. Comparison of bare roof-PV and
green roof-PV systems showed mean temperature difference of
approximately 1.2 �C for ambient temperatures. This result proves
that integration of green roof with solar PV system will have lower
ambient temperatures of 3.36% differences if compared to bare
roof-PV system.

Based on the findings in previous studies, green roof has shown
significant ambient temperature reduction performance in differ-
ent regions of the world. For instance, MacIvor et al. [34] found that
an average temperature reduction of 2 �C was observed for the
green roof. Other studies found a decrement of ambient tempera-
ture between 0.3 ℃ � 2.5 �C was obtained through green roof
implementation [35–36]. Lin et al. [37] reported that green roof
would provide higher cooling effect when the outdoor temperature
increases. Extensive green roof reduces the outdoor temperature
by 42% and during rainy day it decreased to 28%. Morau et al.
[38] in Reunion Island also found that green roof with sedum plant
cover and substrate depth of 120 mm had reduced the ambient
temperature of 6.7 �C. They concluded that sedum had higher rate
of heat compensation compared to other plant species.

Based on the monthly-average data, the lowest mean PV mod-
ule temperature was recorded as 48 �C for green roof-PV system
in November 2019 while 55 �C was recorded for bare roof-PV sys-
tem in the month of October. On the other hand, the maximum PV
module temperature was recorded as 63 �C for bare roof and 53 �C
ces to colour in this figure legend, the reader is referred to the web version of this



Fig. 5. (A) Thermocouples and (B) irradiation sensor that installed at the solar PV panels.

Table 1
Statistical summary for the control test results of solar panel 1 and 2.

Parameter Panel 1 Panel 2

Mean Max Std. Dev. Mean Max Std. Dev.

Ambient temperature (�C) 29.2 36 1.08 29 36 1.09
Module temperature (�C) 42.4 68 3.38 42.3 68 3.4
Solar irradiation (W/m2) 455 1100 66.5 455 1100 66.5
PV power output (W) 3400 4500 813.4 3430 4600 858.8

Fig. 6. Daily solar PV power output for panel 1 and panel 2 during the control test.
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for green roof in February, respectively. The highest PV module
temperature observed in February is most probably due to the pro-
long dry period of February. February is typically the driest and
hottest month that recorded in Malaysia. The ambient temperature
and solar irradiation can reach up to 39 �C and 1.1 kW/m2 during
noon time in February. Meanwhile, the lowest PV module temper-
ature was observed in October 2019 which could be due to the
beginning of monsoon season that normally associated with fre-
quent rainfall event. Mean PV module temperature is obtained as
58.8 �C for bare roof and 50.2 �C for green roof. In contrast to bare
roof, PV module temperature for green roof is lower by 17%. Tem-
perature difference of 8.6 �C is observed with the integration of
green roof-solar PV system.

The boxplots of ambient and PV module temperatures for bare
roof-PV and green roof- PV panel system with different heights are
plotted as shown in Fig. 9 and Fig. 10, respectively. Based on the
boxplot results, it is clearly showing that the ambient temperature
5

and PV module temperatures of bare roof-PV system is higher than
that of green roof-PV system with all different heights. The statis-
tical t-test was conducted to compare the mean temperatures of
bare and green roofs and the results showed that the difference
is statistically significant with p value less than 0.05. This has
proved that the cooling effect from the evapotranspiration process
of green roof plants can reduce the PV module temperature signif-
icantly. Statistical t-test was further conducted to compare the
mean temperatures between bare roof and green roof at heights
of 0.3 m, 0.6 m and 0.9 m, respectively. The statistical t-test results
are summarized in Table 2. Based on the t-test results, it was found
that p-value was significant which less than 0.05 for all heights of
green roof. From this result, it can be concluded that integrating
green roof with solar PV system can reduce the PV module temper-
ature significantly.

With the implementation of green roof, evapotranspiration
from the sedum plants have cool down the PV module tempera-



Fig. 7. Time series of ambient temperature for bare and green roofs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 8. Monthly averaged PV surface temperatures of bare and green roof- PV panels. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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ture. Similar finding was reported by Cascone et al. [31] where they
found that decrement of bare roof’s temperature was noticed about
7 �C with the implementation of green roof. Some studies reported
that surface temperature of green roof was reduced by 5 �C – 10 �C
compared to concrete roof [39–40]. In a study conducted by Helow
[41] also found that green roof established at 4 ft. and 2 ft. under
the PV panel were 5% and 2% cooler than white roof-PV system,
respectively. Kaewpraek et al. [26] also found that the integrated
green roof photovoltaic systemwith Calico plant species (Alternan-
thera bettzickiana) had lower average surface PV temperature
readings compared to conventional photovoltaic system. Similar
finding was reported by Schindler et al. [24] that green roof has
the cooling ability thru evapotranspiration process which reduces
the surface temperature of the solar PV panel.

3.3. PV power generation (kWh) performance

The PV power generation performance under bare and green
roofs are analyzed in details. The monthly averaged PV power pro-
duction for bare roof-PV system and green roof-PV system is plot-
6

ted in Fig. 11. The highest PV power generation for conventional
roof is 132.5 kWh in March 2019 while the lowest PV power gen-
eration is recorded as 91.5 kWh in July 2019. Highest PV power
generation recorded in the month of March probably due to the
high solar irradiation through the month. On the other hand, the
lowest PV power generations is recorded in July 2019. Green
roof-PV system also recorded the highest power yield of 133.1
kWh during the month of March 2019. Whereas, the lowest PV
power generation was recorded as 100.8 kWh in November 2019.
Total power yield production of bare roof- PV system is 1.99 MW
whereas total yield for green roof- PV system is 2.02 MW. Differ-
ence in yield production of 30 kWh is observed between bare
roof- PV and green roof- PV systems. Meanmonthly PV power yield
generated under bare roof and green roof was 110.4 kWh and
112.2 kWh, respectively. The results show that green roof
enhances the PV power generation by 1.6% compared to bare roof.

Efficiency of solar PV cell increases when the surface tempera-
ture decreases. PV module temperature of bare roof can reach up
to 63 �C but green roof PV system recorded the highest PV surface
temperature as 53 �C only in this study. When PV power genera-



Fig. 9. Boxplots of ambient temperatures for bare roof-PV and green roof- PV panel
system with different heights. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 10. Boxplots of PV module temperatures for bare roof-PV and green roof- PV
panel system with different heights. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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tion is compared between bare roof and green roof- solar PV sys-
tems, higher power generation is observed for green roof- solar
PV system. Since higher temperature was recorded on bare roof-
PV system, it is therefore reducing its efficiency in PV power gen-
eration. In contrast, green roof helps to maintain the PV module
temperature thus resulting in high PV power generation.

Previous findings also demonstrated that combining green roof
with PV system can reduce the operating temperature of PV panel
and improve the PV energy generation efficiency [42–43]. For
Table 2
T-test statistics for PV module temperature for green roofs with different heights.

Green roof height (m) t-test for Equality of Means

t-value

0.3 8.476
0.6 10.817
0.9 10.495

7

instance, Alshayeb and Chang [18] found that Black- PV roof pro-
duced 0.62% lower energy than green- PV roof. On the other hand,
Ogaili and Sailor [44] observed that 1.0%- 1.2% higher power output
was produced by green- PV compared to black- PV and 0.70%-
0.75% extra power than white- PV roof. Osma-Pinto and
Ordonez-Plata [39] and Alshayeb and Chang [18] both stated that
PV-green roof produced 0.4% � 1.3% and 1.4% more energy com-
pared to PV panel installed on bare concrete roof, respectively. In
addition, Lamnatou and Chemisana [45] reported that sedum plant
in green roof could kept the soil’s temperature to be 5.95% cooler
and power output increment by 2.24%. Kaewpraek et al. [26] also
found that growing plants beneath PV panels would increase the
electricity production efficiency by around 2%. Our results were
found to be similar with the findings reported by Kaewpraek
et al. [26] in Thailand.

Efficiency of PV power generation was examined for green roof-
PV system with installation heights of 0.3 m, 0.6 m and 0.9 m,
respectively. The results show that monthly PV power generation
of green roof-solar PV system was maintained above 100 kWh
throughout the monitoring period. The PV power generation ran-
ged between 101.8 kWh and 133.1 kWh for green roof installed
at 0.3 m height. For green roof installed at 0.6 m, PV power gener-
ation ranges between 87.6 kWh and 127.4 kWh whereas 100.8
kWh – 111.7 kWh was observed for green roof installed at 0.9 m
height. Comparison of PV power output (kWh) for different heights
of green roofs is plotted in boxplots as shown in Fig. 12.

Based on the results, green roof established at 0.3 m height
shows higher PV power generation performance compared to other
green roof heights. This could be related to the surface temperature
of solar PV panel and ample space between solar PV panels and
green roof. Average PV module temperature of 50 �C and mean
PV power generation of 117.4 kWh were recorded for green roof
established at 0.3 m height. On the other hand, average PV module
temperature and power generation of solar PV panel for green roof
established at 0.6 m height are 51.5 �C and 113.9 kWh, respec-
tively. Whereas, green roof installed at 0.9 m height exhibits aver-
age PV module temperature of 48.7 �C and mean PV power
generation of 105.3 kWh. Reducing the height of green roof to
0.3 m has increased the PV energy generation performance by an
average of 3% and 11% compared to that of 0.6 m and 0.9 m,
respectively.

As proven in many previous studies, PV power generation effi-
ciency may drop when the surface temperature of solar PV panel
is very hot or cool [46–50]. Higher surface temperature of PV panel
could cause the band gap becomes very occupied with energy
which lowers the efficiency of solar cell performance. Therefore,
it is very important to maintain a balanced surface temperature
of PV panel. Interestingly, it is noted that green roof installed at
0.9 m height which has a nearer distance with solar PV panels
did not increase the PV power generation performance. The gap
between solar PV panel and green roof at 0.9 m height was only
0.2 m. When there is limited ample space between green roof
and solar PV panel, heat transfer process is restricted. The results
suggested that the suitable height for green roof-PV system is
95% confidence interval of the difference

p-value
(2-tailed)

Lower Upper

0.000 6.266 10.734
0.000 7.411 11.256
0.000 6.433 9.900



Fig. 11. Monthly averaged PV power production of bare and green roof- solar PV panels. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 12. Comparison of PV power output (kWh) for different heights of green roofs. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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0.3 m from roof ground level. The airflow under the PV panel
becomes less restricted due to a larger air gap, possibly eliminating
trapped heat between the panels and green roof. This also allowing
for enhanced convective heat transfer to take place between the
vegetation and the panels. Hence, the suitable height of green roof
for efficient PV power generation is found as 0.3 m from roof
ground level in this study (see Fig. 13).

Similar findings were reported by several researchers in differ-
ent countries. D’Orazio et al. [51] concluded that PV module
installed over the roof with an air gap of 0.2 m was performed bet-
ter than that of 0.04 m ventilation air gap while the least energy
production was observed for the PV module mounted directly over
8

the roof with no air gap. Nevertheless, the difference of energy pro-
duction for PV modules with 0.04 m and zero air gaps in respect to
module with 0.2 m air gap is less than 4%. On the other hand,
Helow [41] compared the energy production of PV system for
green roof that installed at 2ft and 4ft distances from solar PVmod-
ules. Helow [41] found that larger gap (4ft) between green roof and
solar PV panel improvised the cooling effect and increased the
power generation. Osma-Pinto and Ordonez-Plata [39] also
reported that air velocity at 2.10 m/s would decrease the surface
temperature of PV panel by 15 �C and enhanced the power gener-
ation by 0.4% � 1%. Ogaili and Sailor [44] also found that the mean
power output at the 24 cm height was 4.8% greater than that of the



Fig. 13. Comparison of mean ambient temperatures, PV module temperatures and power generations for different heights of green roofs. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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18 cm panel. Their results showed that the higher heat transfer
coefficients associated with the larger spacing resulted in lower
panel surface temperatures and a performance increase of roughly
0.6%.

4. Conclusion

Assessment on the cooling effects of green roof on the PV mod-
ule temperature and its’ power generation efficiencies has been
conducted in this study. Comparison of bare roof and green roof-
solar PV systems showed that mean temperature difference of
approximately 1.2 �C and 8.6 �C were observed for ambient and
PV module temperatures, respectively. These results proved that
integration of green roof with solar PV system will lower the ambi-
ent and PV surface temperatures by 3.36% and 17%, respectively if
compared to bare roof-PV system. The results have proved that
green roof has a great cooling effect to the solar PV system at the
rooftop level of building. In addition, green roof also enhances
the PV power generation efficiency averagely by 1.6% if compared
to bare roof in this study. It is found that green roof installed at
0.3 m from rooftop level has higher PV power generation perfor-
mance of 3% and 11% compared to that of 0.6 m and 0.9 m, respec-
tively. Greater ample space between the green roof of 0.3 m height
and PV panels allows more air flow for heat transfer process which
can further reduce the PV surface temperatures. However, the PV
power generation performance is not that significant which may
be due to smaller scale of green roof installed in this study. As a
conclusion, integration of green roof- PV system would increase
the PV power generation efficiency especially with green roof
installed at 0.3 m from roof floor level.
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