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Abstract: The rapid rise in the number of fossil fuel uses over the last few decades has increased
carbon dioxide (CO2) emissions. The purpose of implementing renewable energy solutions, such as
solar, hydro, wind, biomass, and other renewable energy sources, is to mitigate global climate change
worldwide. Solar energy has received more attention over the last few decades as an alternative
source of energy, and it can play an essential role in the future of the energy industry. This is
especially true of energy solutions that reduce land use, such as off-grid and on-grid solar rooftop
technologies. This study aims to evaluate the energy conversion efficiency of photovoltaic (PV)
systems in tropical environments. It also explores the effect of growing plants beneath PV panels.
Two identical grid-connected PV systems—each containing five solar panels—were installed. The
overall power production of each PV system was about 1.4 kWp. All the collected data were processed
and analysed in the same way and by the same method. The PV systems were installed in two
different environments—one with the possibility of growing the plants beneath the PV panels (PViGR
module) and one with no possibility of growing the plants beneath the PV panels (PViSR module).
The experiments were conducted in the Bo Yang District of Songkhla, Thailand over a 12-month
period. Our findings indicate that green roof photovoltaic (GRPV) systems can produce around
2100 kWh of electricity in comparison to the 2000 kWh produced by other solar energy systems.
Thereby, growing plants beneath PV panels increases electricity production efficiency by around 2%.
This difference comes from the growing of plants underneath GRPV systems. Plants do not only help
to trap humidity underneath GRPV systems but also help to cool the PV panels by absorbing the
temperature beneath GRPV systems. Thus, in the production of electrical energy; the system was
clearly showing significant differences in the mentioned results of both PV solar systems, which are
evident for great energy efficiency performances in the future.
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1. Introduction

Global warming is the biggest challenge faced by all societies around the world
today. To mitigate climate change, it is more important to develop sustainability for the
atmosphere as well as to make it environmentally friendly, as well as sustainably using
efficient energy and water resources [1]. Unfortunately, providing uninterrupted energy is
both, a big and urgent challenge. As such, this increases the demand for more fossil fuel-
based resources to produce energy, making climate change inevitable [2]. With regret, fossil
fuel resources are probably going to be feasible in the future, due to growing environmental
fears. Therefore, an alternative energy solution is urgently needed to prevent the depletion
of energy resources.

Buildings contribute to global warming, as they consume the largest amount of
electricity due to their use of industrial air conditioners. Historical data show that 1983 and
2012, less than 29 years apart, were the hottest years on record in the past 14,000 years [3].
According to the IPCC report, human activities caused around a 1.0 ◦C increase in global
temperature, compared to pre-industrial levels, with an approximate range of 0.8 ◦C to
1.2 ◦C. If this trend continues, global warming is presumably going to reach 1.5 ◦C by
2052 [4]. The growth of an urban population that consumes vast quantities of food and
produces large amounts of waste also contributes to a large portion of environmental
pollution, due to the amounts of CO2 emitted during waste incineration [5]. However,
these days, many technologies are trying to reduce additional energy consumption on a
smaller scale, such as with rooftop gardens, eco-roofs, and cool roofs. Therefore, people can
be part of the movement and can benefit from appropriate knowledge of making houses,
offices, and buildings more energy efficient while growing plants on their roofs.

Based on roof thickness, there are two main types of green roofs, such as intensive
green roofs and an extensive green roof. The extensive green roofs are less than 15 cm thick,
while intensive green roofs have a roof thickness that is between 20 to 200 cm. These layers
also notably protect a building’s surface from solar radiation [6]. Intensive green roofs are
capable of supporting large-scale vegetation and shrubs due to them having several layers
and greater thickness. Furthermore, extensive green roofs can only support very limited
vegetation and grass due to their limited thickness and lack of sunlight. While intensive
green roofs are very expensive and require more maintenance as well as an irrigation
system, compared to intensive, extensive green roofs are easier to handle as they require
less maintenance [7,8]. Depending on the method chosen to grow plants on the roof of a
building, be it intensive or extensive, there are many ways to make green roofs moderate
temperatures, such as rooftop gardens, brown/eco-roofs, live/cool roofs, or solar rooftops.
Furthermore, green roofs efficiently provide backup energy and natural resources without
hazardous or adverse consequences to the environment. Therefore, it is ideal that green
technologies on building rooftops be utilized in conjunction with green plants.

A review of the literature revealed that the benefits of growing plants on green
roofs can be broken down into three categories: ecosystem, economic, and commu-
nity/society [9,10]. As previously mentioned, ecosystems can mitigate environmental
impacts. For instance, they can serve as rain management systems, decrease the effects of
urban heat island (UHI), filter the air, reduce noise pollution, improve and increase biodi-
versity, reduce the effects of electromagnetic radiation, and contribute to waste removal.
The economic benefits include increasing the number of opportunities for businesses and,
ergo, increasing employment opportunities; improving energy efficiency, serving as a stable
water supply; increasing the strength of the rooftop; improving urban agriculture, etc. In
terms of advantages to the public, green roofs can serve as a public facility; to be shared
with the community at large; solely for individuals. It also enhances building facades and
improves living conditions, especially in the sector of health.

One of the main drawbacks of green roofs is that they are very expensive projects and
require a steady and regular water source to maintain. In addition to this, transporting
heavy materials to the rooftops with a crane, as well as higher labour costs, are also big
challenges. Not to mention that the added weight of the equipment increases the likelihood
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of the pillars and beams of the building deforming or cracking [11]. While green roofs may
seem limiting, several other renewable energy resources also have multiple advantages,
such as solar energy, wind energy, hydro energy, tidal energy, geothermal energy, and
biomass energy. All of these sources of renewable energy can be utilized in residential
and industrial areas [12]. As most Southeast Asian countries, such as Malaysia, Vietnam,
Brunei, Singapore, Indonesia, Philippines, Cambodia, Myanmar, and Thailand, belong to
tropical regions with hot and humid weather, these locations are where solution projects
have been developed or are developing to reduce the energy crisis.

Of these countries, Thailand has the largest forestry and agricultural areas and is
renowned for its rubber trees [13]. Energy security has long been a concern in Thailand.
At present, Thailand is trying to utilise renewable resources to produce energy for use in
residential areas and for industrial purposes [14]. In terms of environmental pollution,
renewable energy sources are a much better option than non-renewable energy sources
and produce very little environmental pollution. Furthermore, energy is being produced
from multiple renewable energy sources, such as wind energy, geothermal energy, biomass
energy, and solar energy, with the highest amount of electricity being produced by solar
energy. In the future, the target of Thailand’s electricity production from renewable energy
resources will change: hydro energy (2%), wind power (15%), biogas (3%), waste (1%),
biomass (28%), and solar energy (31%). Thailand aims to steer away from electricity
production from methane (CH4) [15]. Industrial manufacturing and residential sectors
use the largest amount of electricity. Solar energy is a game-changing renewable energy,
especially for countries in the hot and humid tropical region.

The objective of this study is not only to illustrate that green roofs reduced greenhouse
emissions but to examine how rooftop gardens affect energy production. Therefore, the
efficiency and performance of solar energy on its own as well as in conjunction with a
rooftop garden were studied. Both systems; a regular photovoltaic PV system and a green
roof photovoltaic (GRPV) system; were observed to determine if they can first support
energy consumption before the difference in electricity output was determined.

2. Materials and Methods

This research was performed on the roof of a two-storey residential building called
Feuangfa located at 7◦11′58” N 100◦36′1” E in the Rajamangala University of Technology
Srivijaya, Songkhla, Thailand. Data were collected from April 2017 and presented below.
The experimental method and instrumentation details are as follows.

2.1. Green Roof Photovoltaic (GRPV) System

The GRPV was installed on the second-floor canopy of the building. The panels were
set at a 15-degree tilt. Two types of panel modules were installed on the roof: namely,
PViGR and PViSR. The PViGR module faced Southeast while the PViSR module faced
Southwest, as shown in Figure 1. As it can be seen in Figure 1, it is possible to plant beneath
the PViGR module, as PViSR is a normal system.

2.2. 280-Watt Poly-Crystalline Solar Panels

Suntech® 280-watt polycrystalline solar panels, consisting of five panels—each capable
of outputting 1400 Wp of power—were also installed on the roof of the building. This
system operated with the support of a PV grid-connected system.

2.3. Calico Plant (Alternanthera Bettzickiana)

Our experiments were conducted using the calico plant (Alternanthera bettzickiana), a
flowering plant species [16]. The plants did not exceed 30 cm in height and covered the
surface of the soil (Figure 2).



Sustainability 2021, 13, 4505 4 of 10
Sustainability 2021, 13, x FOR PEER REVIEW 4 of 10 
 

 

Figure 1 PViGR and PViSR photovoltaic green roof modules. 

2.2. 280-Watt Poly-Crystalline Solar Panels 

Suntech® 280-watt polycrystalline solar panels, consisting of five panels—each capa-

ble of outputting 1400 Wp of power—were also installed on the roof of the building. This 

system operated with the support of a PV grid-connected system. 

2.3. Calico Plant (Alternanthera Bettzickiana) 

Our experiments were conducted using the calico plant (Alternanthera bettzickiana), a 

flowering plant species [16]. The plants did not exceed 30 cm in height and covered the 

surface of the soil (Figure 2). 

 

Figure 2. Calico plant (Alternanthera bettzickiana) used in the experiment. 

Figure 1. PViGR and PViSR photovoltaic green roof modules.

Sustainability 2021, 13, x FOR PEER REVIEW 4 of 10 
 

 

Figure 1 PViGR and PViSR photovoltaic green roof modules. 

2.2. 280-Watt Poly-Crystalline Solar Panels 

Suntech® 280-watt polycrystalline solar panels, consisting of five panels—each capa-

ble of outputting 1400 Wp of power—were also installed on the roof of the building. This 

system operated with the support of a PV grid-connected system. 

2.3. Calico Plant (Alternanthera Bettzickiana) 

Our experiments were conducted using the calico plant (Alternanthera bettzickiana), a 

flowering plant species [16]. The plants did not exceed 30 cm in height and covered the 

surface of the soil (Figure 2). 

 

Figure 2. Calico plant (Alternanthera bettzickiana) used in the experiment. Figure 2. Calico plant (Alternanthera bettzickiana) used in the experiment.

2.4. Data Collection

A JFY® JSI-1500TL grid-tie inverter (Figure 3) was used to collect and transmit data
wirelessly to http://www.sonarman.com (15 February 2021) (Table 1).

http://www.sonarman.com
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Figure 3. JFY® JSI-1500TL grid-tie inverter.

Table 1. Collected data transmitted to the website.

Site Name Country/State City Address System Size Power Now Today’s Energy Total Energy

PViGR_Chila Thailand Songkhla Rajamangala University of
Technology Srivijaya 1.425 kWp 0.677 kW 4.40 kWh 2.19 MWh

PSiSR_Chila Thailand Songkhla Rajamangala University of
Technology Srivijaya 1.425 kWp 0.745 kW 4.48 kWh 2.18 MWh

3. Results

The PViSR and PViGR stereovision measurements were made between September
2017 and April 2018 for the purpose of verifying the effects of changes made to the design
and efficiency of the PViSR, which was used to collect the data from March 2018 to April
2018 to assess design and effectiveness enhancements. As the results clearly show, PViGR
had lower temperature readings on the dates of interest compared to PViSR. These two
graphs reflect the findings from Songkhla Province, Thailand; Figures 4 and 5 display the
average temperature and humidity over time and on the ground.
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Figure 5. The average humidity in Songkhla provinces in Thailand.

Analysing the average surface PV temperatures over January and December, we
can see that the surface temperature is higher between May and August, although the
atmosphere and the surface temperature are only slightly higher. In contrast, Songkhla has
lower humidity over the rest of the year compared to the summer months of September to
December. During the early morning hours, the panel’s temperature is smaller than the air
temperature, since the solar cells are enclosed in low-temperature glass and aluminium
products. When it is midday, the PV module’s temperature rises quickly, compared
to the optimal condition, which is the inverse (relationship) of the output voltage (and
resultant heat).

Data were collected over a 12-month period, from between June 2017 to May 2018
(Figure 6). The same data are also shown in Table 2. The total electricity output of the
PViGR module was 2106.15 kWh, with the highest output of 233.88 kWh in March and the
lowest output of 122.11 kWh in November. The total electricity output of the PViSR module
was 2065.38 kWh, with the highest output of 227.07 kWh being in March and the lowest
output of 120.22 kWh being in November. Based on these findings, the PViGR module
produced 40.77 kWh or 1.97% more electricity than the PViSR module over 12 months.
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Figure 6. Comparison of electricity output of PViGR and PViSR modules between May 2017 and
April 2018.
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Table 2. Power output of PV panels (kWh).

No. Month Year
The Power Output of PV Panels

(kWh) Different
(kWh)

Percentage of
Different

PViGR PViSR

1 January 2018 164.07 161.35 2.72 1.69
2 February 2018 197.78 197.38 0.40 0.20
3 March 2018 233.88 227.07 6.81 3.00
4 April 2018 194.56 187.68 6.88 3.67
5 May 2018 199.20 193.40 5.80 3.00
6 June 2017 131.08 127.26 3.82 3.00
7 July 2017 178.32 173.13 5.19 3.00
8 August 2017 189.42 186.88 2.54 1.36
9 September 2017 171.96 170.76 1.20 0.70

10 October 2017 184.63 183.78 0.85 0.46
11 November 2017 122.11 120.22 1.89 1.57
12 December 2017 139.14 136.47 2.67 1.96

Total 2106.15 2065.38 40.77 1.97

4. Discussion

In this section, the significant energy production results of the roof-mounted PV solar
panels are explained and discussed. The obtained results are discussed in relation to the
city level and economical concerns.

Energy saving is achieved by installing a photovoltaic roofing device over the top of
the roof, which helps to insulate the roof surface and thereby reduce the soil temperature;
this lowers the internal temperature in the building. If an increase in the amount of energy
generation can be credited with any savings made, a solar PV-roofed building can balance
out the section of green roof on the structure that is under development on the roof. The
PV-Green Roofing System is also a viable option for high-density areas with sufficient
roof space. Due to the PV system’s connection to the green roof’s geometry, various plant
alternatives can be considered and the best ones to cool the green roof chosen, which in
turn decreases the surface temperature of the PV system.

Green roofs and PV systems perform better when they are used in tandem—in a
synergy—if one chooses to optimise solar energy performance. However, on the other
hand, Table 2 it showed that PViGR produce more energy than PViSR. This is a promising
form of renewable energy because of its many benefits, including reduced CO2 emissions,
energy, the processing of both of food and fuel, and an improved environment in urban
areas. Depending about how hot the PV surfaces get, they can suffer a decrease in output
or see an improvement in their capacity to endure the demands of survival.

Energy Production at Unit Scale

The output of solar panels in the tropical climate in this case study was divided into
four seasons over the 12 months according to the changes in the direction of sunlight over
the year as it affects the device when it is installed and fixed in a certain position. The
outputs of the PV panels during these four seasons are shown in Figure 7 and Table 3. From
December to February, the PViGR module generated a total of 500.99 kWh while the PViSR
module produced 495.20 kWh. (1) Both modules had a total combined output of 996.19
kWh, which was 23.88% of the total output for the year. From March to May, the PViGR
module generated a total of 627.64 kWh, while the PViSR module produced 608.15 kWh.
(2) Both modules had a total combined output of 1235.79 kWh, which was 29.62% of the
total output for the year. From June to August, the PViGR module generated a total of
498.82 kWh, while the PViSR module produced 487.27 kWh. (3) Both modules had a total
combined output of 986.09 kWh, which was 23.64% of the total output for the year. From
September to November, the PViGR module generated a total of 478.70 kWh, while the
PViSR module produced 474.76 kWh. (4) Both modules had a total combined output of
953.46 kWh, which was 22.86% of the total output for the year. However, plant watering
conditions and the gardening activities schedule should be elaborated upon as any water
that comes into contact with the surface of the PV panels will have had a cooling effect.
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Figure 7. Comparison of PViGR and PViSR module yields every three months.

Table 3. Power output of PV panels (kWh).

Periods Months
Power Output of PVpanels (kWh)

Total (kWh) Percentage
PViGR PViSR

1 Dec–Feb 500.99 495.20 996.19 23.88
2 Mar–May 627.64 08.15 1235.79 29.64
3 Jun–Aug 498.82 487.27 986.09 23.64
4 Sep–Nov 478.70 474.76 953.46 22.86

The significant results of the PV panels were discussed based on their performance
and innovation. The results of this study were compared with the results of other previous
studies to determine the efficiency of our GRPV system.

The 500.99 kWh generated by the PViGR module and the 495.20 kWh generated by
the PViSR module between December to February were higher than that of the electric-
ity generated by a QIoad® single-storage tank solar domestic water heater in January
(211.111 kWh), February (211.111 kWh), and December (211.111 kWh) [17]. The results of
the Harrabi et al. (2021) were converted from MJ to kWh for comparison purposes. Son
and Jung [18] reported that a PV panel installation is the most efficient and in-demand
electricity generation system, as it costs less and is smaller than other renewable energy
sources [19,20]. Moreover, PV units are more easily expanded from one region to other
regions and they are also easier to handle. Therefore, PV panels that are equipped with
the best system and are able to produce the best performance have the highest chance of
mitigating the energy crises of the future.

5. Conclusions

This study compared two modules to determine the efficacy of solar panels in a
tropical climate. Temperature, humidity, sunlight, wind, and rainwater are important
variables that have a big impact on the atmosphere and are out of our control in real-
life environments. Our results indicate that green roofs positively affect the temperature
beneath solar panels and improve solar energy efficiency. The results were collected from
two modules: a PViGR module and a PViSR module. From December to February, the
PViGR module generated a total of 500.99 kWh, while the PViSR module generated a total
of 495.20 kWh. These results indicate that both modules are highly capable of producing
clean energy. However, the PViGR module was the more efficient module of the two. As
these modules produced significant amounts of energy at the lowest cost, it may provide
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a solution to energy crises in the future. Based on our findings, PV systems are not only
effective at improving the thermal performance of buildings but GRPV systems with proper
vegetation are also effective at improving and managing heatwaves. Therefore, more of
these types of cost-effective projects should be introduced in the future as they save the
environment and also help alleviate the energy crisis.
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