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Description: My PhD work is focused on sustainability aspects of solar photovoltaic
energy systems. A methodological framework was developed for siting, performance, and
sustainability assessment of airport photovoltaic systems. The developed framework was
applied to different airports in India and Malaysia. Further, a novel Sustainable
Performance Index (SPI) was employed to assess the sustainability of airport solar
photovoltaic projects. It is concluded that Kota Kinabalu airport, Malaysia, and Dehradun
airport, India are the best locations for solar projects with a sustainable performance index
of 83.66 and 80.74. This study is expected to provide valuable insights to aviation

stakeholders and energy professionals worldwide.
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MW solar PV system in Cochin airport which is world’s first fully solar powered airport.
Based on this performance analysis, the techno-economic feasibility of the solar PV plant
in an Indian airport is attempted. A 2 MWp airport based solar power plant is proposed for
Raja Bhoj Airport, India, and its performance is analyzed using mathematical computations
and PV software. This was the pioneer study that reported the performance of solar-

powered airport.
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is switched OFF directly instead of going into standby mode. A prototype device was
assembled by integrating a programmed Arduino microprocessor and sensors. This

intelligent system helps in real-time monitoring and energy saving at greater convenience.
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Solar PV development gained airport operators’ attention in the wake of its negligible carbon emission and onsite
electricity generation. The solar PV projects in airports cater to its energy, economic and environmental needs. A
comprehensive study on multi-dimensional performance aspects of the airport-based solar PV system is not
presented anywhere. This study investigates the energy, exergy, economic, environmental, energoeconomic,
exergoeconomic, and enviroeconomic (7E) performance of solar PV power plant proposed in the premises of 7
Indian airports. For the ease of performance comparison, an identical 5 MW solar PV system is designed for each
airport location. At first, the energy generation, economic, and environmental performance are assessed with the
help of RETScreen software. Then, an Excel-based mathematical model was developed to estimate exergy,
energoeconomic, exergoeconomic, and enviroeconomic parameters. Satisfactory performance ratio (more than
79%) and system efficiency (more than 14%) are predicted in all the selected airport locations. The minimum
and maximum values of exergy efficiency are estimated as 9.89% (Goa airport) and 12.00% (Lucknow airport),
respectively. Except for Ahmedabad airport and Dehradun airport, the IRR value is less than the discount rate
(10%) for the five airports, with Goa airport on the borderline (9.5%). Dehradun airport has the most favorable
7E parameters among the selected seven airports with 82.21% PR, 20.56% CUF, 15.13% exergy efficiency, 3.7
years payback, 13.30% IRR, 7.5 cents LCOE, 8060 tCO; avoided/ annum. In addition, it has the lowest value of
exergoeconomic & energoeconomic parameter and the highest value of enviroeconomic performance among the
selected locations. The application of the 7E framework is expected to provide valuable insights into the feasi-
bility study of the solar photovoltaic system in airports.

Introduction provide additional revenue, supports environmental stewardship for

airport operation [3,4].

Airports are energy intensive in nature. A huge amount of electrical
energy is needed to meet the lighting, heating, and cooling loads in a
busy airport [1]. The electricity consumed in airports is typically
generated from conventional sources of energy such as coal, fossil fuels,
etc. This indirect carbon emission caused by the airport’s operation
deviates from its sustainable goals [2]. In this regard, onsite renewable
energy generation has gained the attention of many airport operators.
The vast vacant spaces in airport premises have been used for the
deployment of solar photovoltaic systems. In addition to the reduction in
carbon emission, the use of solar energy can reduce the energy cost,

Some authors elucidated the performance of the solar photovoltaic
system in airports [5-7] In a recent work, Sher et al. [8] assessed the
feasibility of a 12 MWp solar PV power plant at an airport in the United
Kingdom (UK) and observed the average values of energy yield, per-
formance ratio & carbon emission reduction as 2585.74 kWh/kWp/
month, 82.59% and 11,643 tons respectively. Yildiz and Yilmaz [9]
proposed a 1 MW solar PV power plant for Gaziantep Airport, Turkey,
and predicted the energy, economic & environmental benefits using
PVsyst simulation software. The proposed power plant is expected to
generate 1702.09 MWh electrical energy annually with a payback

* Corresponding author at: Faculty of Mechanical and Automotive Engineering Technology, Universiti Malaysia Pahang, 26600, Malaysia.

E-mail address: sudhakar@ump.edu.my (K. Sudhakar).
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Large scale solar PV systems have a high priority among clean energy initiatives across the world. A
comprehensive and more realistic analysis of the solar PV power plant is not reported yet. This study
performs the energy, exergy, economic, environmental, energoeconomic, exergoeconomic, and envir-
oeconomic (7E) analysis of conceptual 5 MW land-based solar photovoltaic power plant in five locations
of Malaysia. Solar irradiation and climate data for each location are collected from the meteorological
database of RETScreen software. The energy, economic, and environmental performance of the proposed
solar PV system is predicted using RETScreen software. The exergy, energoeconomic, exergoeconomic,
and enviroeconomic parameters are assessed using Microsoft excel based mathematical model. It is
observed that the solar PV system proposed for all the selected locations will operate sufficiently well
with a minimum 80% performance ratio (PR). The capacity utilization factor (CUF) varied between 17.04%
(Site 2) and 14.25% (Site 4). The exergy efficiency varied between 11.35% (Site 2) and 12.65% (Site 4). The
lowest value of the Payback period and LCOE is estimated to be 7.9 years and 0.102 respectively for the
Site 2 solar PV system with consideration of GHG reduction revenue. The reduction in the GHG emissions
is highest in Site 2, which is equivalent to 975.4 acres of forest and 1479.8 tonnes of waste recycled. Site 2
has the lowest exergoeconomic and energoeconomic parameters, as well as the highest enviroeconomic
parameter. Hence, it is concluded that Site 2 has the best condition for implementation of solar PV
system (80% PR, 17.04% CUF, 11.35% exergy efficiency, 7.9 years simple payback period, 17.10% internal rate
of return, 0.102 USD LCOE, 4291 tCO, avoided/annum, 0.0147 kWh/USD, 1.096 kW/USD, 42,916 USD)
based on 7E analysis.

© 2020 Elsevier Ltd. All rights reserved.
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sources, namely wind power, solar photovoltaic, bioenergy,
geothermal, hydropower, etc. can reduce the rate of addition of
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Supervision, Writing — review & editing.

1. Introduction

The greenhouse gases (GHG) concentration is rising at an
alarming rate. The energy generation from renewable energy (RE)

* Corresponding author. Faculty of Mechanical and Automotive Engineering
Technology, Universiti Malaysia Pahang, Pekan, 26600, Malaysia.
E-mail address: sudhakar@ump.edu.my (K. Sudhakar).
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0360-5442/© 2020 Elsevier Ltd. All rights reserved.

GHG gases. According to the IRENA report, the world’s cumulative
RE capacity is 2470.674 GW in 2019 [1]. The wind and solar PV
together accounted for 48.68% of the total installed RE capacity. The
cumulative solar PV capacity reached about 580.159 GW in 2019,
which is around 22% of the installed capacity of RE systems [1].
Solar PV has a wide range of applications due to its versatility
and modularity [2,3]. Solar PV modules can be installed on the
rooftop, wall of buildings, on land areas, over the parking lot, and in
water bodies. The energy generated from such solar projects can be
fed to nearby load centres such as industries. The amount of GHG
gases mitigated by the solar PV system is a tradeable commodity in
the international market. GHG emission is also represented as an
equivalent of carbon dioxide (carbon emission) [4]. Hence both
these terms are used alternatively in this study. Carbon pricing
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ARTICLE INFO ABSTRACT

Keywords: Solar photovoltaic technologies are increasingly implemented in airport premises. In certain conditions of sun
Airport path, the glare from solar photovoltaic modules may the reduce visibility of pilots and air traffic controllers.
Glare Despite the threat to aviation safety with solar installations in airport, only a few countries have framed regu-
g:;:tiivity lation on glare impact. The paper attempts to study the various factors affecting the occurrence of glare from
Solar PV solar PV array in Airport. The main objective is to review the approaches and metrics for assessing the glare

impact from the solar photovoltaic array. In addition, the work summarises the glare guidelines existing in USA,
Canada and European nations. The main factors that influence the glare occurrence are suns position, tilt angle,
Surface texture, color and location of PV module. It was concluded that the existing glare assessment approaches
are of limited practical use in the worldwide scenario. Though there are several limitations with the existing
glare indices, the Ho et al metrics is reasonably a good indicator for glare assessment in airport solar PV in-
stallations. Guidelines formulated by Federal Aviation Administration, (FAA), USA is good enough to be used as
guideline for glare impact assessment in other countries. It is envisaged that this work will assist the research

communities for the development of the globally acceptable glare assessment and metrics.

1. Introduction

Solar PV based energy generation is in the limelight in various lo-
cations across the world (Jager-Waldau, 2020). Solar PV systems are
suitable in airport premises, mainly due to the vast & shade-free spaces
and huge energy requirement. Also, an on-site solar PV system helps to
reduce the energy bill and to mitigate carbon emissions of an airport
(Sreenath et al., 2019). Besides, these clean energy initiatives in the
airport are in line with environmental policies of the concerned legis-
lative bodies. A handful of airports around the globe have installed solar
PV systems in their premises which is low when compared to the total
number of airports. Solar PV systems are commissioned in airports such
as Cochin airport (India), Chicago Rockford Airport (USA), Fresno
Yosemite Airport (USA), Indianapolis Airport (USA), Adelaide airport
(Australia), Kuala Lumpur Airport (Malaysia), Mumbai airport (India),
Moi airport (Kenya) etc. (Sreenath et al., 2020; Sreenath et al., 2021).

Solar reflections are seen in everyday life. It can be from glass fa-
cades, solar PV modules, and even art installations (Danks et al., 2016).

* Corresponding author.
E-mail address: sudhakar@ump.edu.my (K. Sudhakar).
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The Federal Aviation Administration (FAA) reported that glare from
direct sunlight contributed to nearly a dozen aviation accidents on
average each year (Zhu, 2018). The front surface of Solar PV modules is
made from glass material. Sunlight reflected from the glass covering is
likely to cause glare (Protogeropoulos and Zachariou, 2010). The issue
of reflections from PV installations has been discussed in certain legis-
lative documents concerning environmental matters. Practically, this
could become a major barrier for the development of solar PV systems,
especially in sensitive areas such as civil and military airports, urban
areas, etc. The potential for glare from the solar PV system is a concern
to the safe operation of an airport. The airport safety is at risk if the
visual performance of the pilot or air traffic controllers is reduced. The
solar PV glare may cause dazzling to pilots. Sometimes, it may confuse
the pilots with aeronautical lights. The issues of solar PV glare in airport
area is reported in news and websites (Federal Aviation Administration
(FAA), 2018). The glare from the solar canopy project in Manchester-
Boston Regional airport affected the visibility of officials in the air
traffic control tower. It is reported that solar PV panels of USD 3.5

Received 16 October 2020; Received in revised form 30 December 2020; Accepted 4 January 2021
0038-092X/© 2021 International Solar Energy Society. Published by Elsevier Ltd. All rights reserved.
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There is a growing interest in airport-based solar plant installations around the world. The buffer zone
area in airports can effectively be utilized by tapping solar energy. However, it possesses concern for
air safety and navigation mainly from the possible glare of the PV array. The objective of the study is
to analyze the technical performance of a proposed solar PV plant in the premises of Kuantan Airport,
Malaysia using SolarGis software with due consideration of glare occurrence. Eight zones are selected,
and it was observed that yellow glare will occur for 4,552 min at ATC from Zone 8. The impact of
glare from the other zones is in accordance with FAA’s glare policy. The selected zones cover 0.2677
km? of the airport’s land with solar potential of 20 MW. The proposed solar PV plant consists of
57,143 crystalline silicon PV modules. Each PV string consists of PV modules of 20 in number. The
number of strings in the entire PV plant is 2,857. The proposed PV plant requires 40 numbers of
central inverters and 20 numbers of transformers. The proposed solar PV power plant is expected
to generate 26,304 MWh annually and this energy generation is 168 times the energy consumption
of the airport’s terminal building. The highest energy production will be observed in March (2,514
MWh). It is projected that the monthly average final yield varies from a maximum value of 125.70
MWh/MWp-month in March to a minimum of 90.70 MWh/MWp-month in December. The proposed
solar plant in Kuantan airport is expected to perform sufficiently well with 76.88 % performance ratio
and 15.22 % capacity utilization factor. These results predict the safe operation of the airport-based
solar system in Malaysia without glare impact.
© 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

recently become a favorite location for solar photovoltaic plants
across the world. Solar PV modules can be installed in the land as

The aviation industry is witnessing rapid growth during the
past several years. Low-cost carriers and regional airlines have
revolutionized the aviation business. The aviation industry is
expected to maintain positive growth for the next thirty years
(Massachusetts Institute of Technology, 2019). This transport in-
dustry emits about 3% of total greenhouse gases (United States
Environmental Protection Agency, 2019). Most of the airports de-
pend on conventional power plants to meet their electrical energy
requirements (Shukla et al., 2016). These power plants lead to
indirect emission of greenhouse gases to the atmosphere causing
pollution. The carbon footprint of the airport can be reduced by
consuming electricity generated from non-polluting sources of
energy such as solar, wind, biomass etc. Airport premises have

* Corresponding author at: Energy Centre, Maulana Azad National Institute
of Technology Bhopal, India.
E-mail address: sudhakar@ump.edu.my (K. Sudhakar).
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well as integrated to rooftop or walls of buildings. Commissioning
of solar plants in the airport possesses a unique challenge to solar
developers (Wybo, 2013). Solar PV technologies in the airport
may lead to different types of impacts such as physical pene-
tration of airspace, radar interference, glare occurrence which in
turn may affect the operation of the airport (Barrett et al., 2014).

Anurag et al. (2017) studied the technical barriers to the
implementation of solar PV systems in an airport and reported
that the glare from PV modules is one of the main roadblocks.
The aviation authorities are concerned about the possible visual
impairment of pilots and airport staff due to glare/glint from
the proposed solar PV plant. In 2012, a section of PV array in
Manchester-Boston Airport, US was covered temporarily with
traps for avoiding hours of blinding glare seen at the control
tower. Later on, the orientation of the PV array was changed to
avoid glare strikes. These alterations reduced the energy yield
from the solar plant and reported an economic loss in millions

2352-4847/© 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ARTICLE INFO ABSTRACT

Solar PV systems are being installed in airports across the globe. It is a relatively new application of solar PV
technology with a potential impact on aviation safety. The main objective of this paper is to assess the risk of
Glare solar photovoltaics at the airport. At first, potential risk/ hazard to aviation safety from solar photovoltaics in
H.azard . airport premises is identified, and then the severity and probability level for each risk is assessed. A risk as-
RfSk severm'r . sessment matrix is developed using Hazard Identification and Risk Assessment method. It is observed that there
Risk probability . . PR s
Safety are seven types of possible hazards from airport-based solar PV systems. The risk index is highest for glare
Solar PV occurrence from PV modules (4B), strike from birds in PV site (4B), and interference to communication systems
(3B). It is concluded that most of the risks need implementation of mitigation measures such as prior glare
assessment in the feasible sites, periodic monitoring of bird's activity in the PV array and follow safety distance
between PV array and communication aids. Researchers and engineers must work along with aviation and

Keywords:
Airports

airport officials to mitigate possible risks from solar PV installation in the airports.

1. Introduction

The concentration of greenhouse gases in the atmosphere is in-
creasing at an alarming rate (Lei et al., 2019). Since global warming is
caused by greenhouse gases such as carbon dioxide (CO5), Oxides of
nitrogen, the increase in the amount of these gases is being closely
monitored. The CO, concentration during the month of February 2020
is 414.11 ppm and is the highest among the recorded historical values
(Earth System Research Laboratory, 2019). This increase in emission
can be attributed to human activities, mainly deforestation and the
combustion of fossil fuels. A considerable amount of toxic gases is
emitted as a result of airport operations. The airport carbon emissions
are mostly from aircraft engines or/and due to electricity consumption.
The electricity consumed in an airport comes from a mixture of con-
ventional sources of energy, namely natural gas, coal, diesel, etc. So, the
harmful environmental impact of airports can be reduced by switching
to renewable energy-based electricity production. The implementation
of solar PV technologies on airports premises is on the rise (Adeliade
airport, 2017; Airport solar PV plant at Moi International airport, 2017;
Fresno Yosemite International Airport, 2017; Kathara Airport, western
Australia, 2018; London Southend airports solar farm, 2018; San Diego
County Regional Airport Authority, 2019; Solar Power World, 2016).
The electricity generated from solar PV system is used for meeting the

electrical energy requirements of airports either partially or fully. Co-
chin international airport became the first aerodrome that is powered
fully by solar PV energy in the world (Reuters, 2018; Sukumaran and
Sudhakar, 2017a). However, the number of airports using solar elec-
trical power is less in number throughout the world.

Solar PV electricity generation is based on the conversion of sun-
light into electricity using photovoltaic cells (Shukla et al., 2016;
Sudhakar and Srivastava, 2014). The solar PV power plant comprises
several PV modules, inverters, transformers and balances of the system.
Since the current and voltage output of one PV module is less, several
PV modules are connected serially or parallelly depending on the en-
ergy requirement (Dondariya et al., 2018). The inverter converts the
electricity generated from solar modules into Alternating Current (AC)
form. Using transformers, the power generated is either consumed on
the airport site or exported to the nearby electric grid. Solar PV modules
can be installed either on land or over the rooftop or building walls or
as parking canopy (Shukla et al., 2016). There is a possibility for ac-
cidents due to the presence of the solar PV systems in the airport pre-
mises.

The ICAO set standards and recommendations which are adopted by
most of the aviation authorities across the globe. This helps to regulate
and standardize the rules for the movement of air traffic and airport
design. As seen in Fig. 1, the operation of an airport can be mainly
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