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Editorial 

The development of sustainable energy systems will soon incorporate a sizable 
proportion of renewable energy technologies. The utilization of renewable energy 
technologies and resources has the potential to revolutionize how we produce and 
use energy, with substantial positive effects on the environment, the economy, and 
society. Even if there are obstacles to overcome, continuing to develop and invest in 
renewable energy technology is crucial to building a sustainable future for everyone. 

The book voume ‘Renewable Energy Systems and Sources,’ Select Proceedings 
of International Conference on Renewable and Clean Energy (ICRCE) 2023, Special 
Volume of book series Springer Lecture Notes in Electrical Engineering (e-ISSN: 
1876-1119) contains peer-reviewed select papers from the ICRCE 2023. The goal of 
this special book is to demonstrate advances in renewable energy systems that will 
contribute to sustainable development. The book chapters investigate cutting-edge 
solutions and best practices for renewable energy technology in order to meet the 
UN’s SDG7 goal of “ensuring access to affordable, reliable, sustainable, and modern 
energy for all.” Innovative system engineering techniques are included in this book 
for the techno-economic operation and integration of renewable energy sources. It 
addresses important topics such as energy network integration, dispatching of techno-
economic power from renewable energy sources, operation of energy networks with 
growing penetration of renewable energy sources, energy efficiency, etc. The main 
aim of the book volume is to inform the readers about how net zero goals may be 
attained in practical applications by integrating renewable energy technology with 
energy conversion processes. Graduate students, academics, business professionals,

ix
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and policymakers interested in investigating the possibilities of energy technology in 
the creation of sustainable energy systems may find the book to be a helpful resource. 

Grimstad, Norway Prof. Mohan Lal Kolhe



Preface 

2023 13th International Conference on Renewable and Clean Energy (ICRCE 2023) 
was held in Tokyo, Japan during February 25–27, 2023, which is co-sponsored by 
Tokyo University of Science, Japan. It offered an ideal platform for presentation, 
discussion, criticism and exchange of innovative ideas and current challenges in the 
field of renewable and clean energy. 

In consideration of health and safety for everyone, ICRCE 2023 is still made 
offline and online mixed. We feel pity that we cannot gather all together in Tokyo 
due to some travel restrictions. However, we worked hard to provide you with a 
high-quality conference as always, and with the hope that we can get your support. 

The main theme of the conference is to address and deliberate on the latest tech-
nical status and recent trends in the research and applications of renewable and clean 
energy. The purpose of the conference is to provide an opportunity for the scientists, 
engineers, industrialists, scholars and other professionals from all over the world to 
interact and exchange their new ideas and research outcomes in related fields and 
develop possible chances for future collaboration. The conference is also aimed at 
motivating the next generation of researchers to promote their interests in renewable 
and clean energy. 

The papers in the proceedings are accepted after being peer-reviewed by the 
conference technical committee, international reviewers based on the topic and 
quality. With the keynote speeches, invited speeches, oral sessions, we had an 
exciting program this year, which allowed participants to present and discuss the 
latest research and industrial developments in these fields. 

On behalf of the organizing committee, we would like to deeply express our 
heartfelt appreciation to all our delegates, keynote speakers, invited speakers, session 
chairs, authors as well as all the committee members involved in the technical eval-
uation of conference papers and in the organization of the conference for their time, 
effort, and great contributions.

xi



xii Preface

We also wish that this conference will be an unforgettable and wonderful 
experience for you. 

Grimstad, Norway Prof. Mohan Lal Kolhe
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Online Optimal Resources Mix of Power 
System Using Dizzy Dragonfly Algorithm 

Soraphon Kigsirisin 

Abstract Online Resources Mix (ORM) consisting of wind turbine generators 
(WTGs), photovoltaics (PVs), battery energy storage systems (BESSs), fuel cell 
generators (FC), and the external sources play a vital role in supplying electricity to 
production processes of modern manufacturing plants. In this study, the power system 
of the two raw water stations (RWSs) at the Mahasawat Water Treatment plant (MHS) 
is studied and modified to utilize ORM. Then, developed from Dragonfly Algorithm 
(DA), Dizzy Dragonfly Algorithm (DDA) is proposed for dragonflies to follow the 
new movement characteristics to gain supreme performances in swarms. This aims 
to discover the excellent optimal power of ORM for RWSs through the minimization 
of the total cost of operation and maintenance, fuel, and electricity commercializa-
tion between RWSs and the external source, as the objective function of this study. 
The Time-of-Use (TOU) tariffs are considered on the commercialization cost. As a 
result, DDA provides the best total cost over the cost by DA and the other referred 
optimization algorithms. 

Keywords Dizzy dragonfly algorithm · Electricity commercialization ·
Metaheuristic algorithm · Optimal resources mix · Time-of-use tariffs · Water 
treatment plant 

1 Introduction 

At present, power systems of recent manufacturing plants and residentials have 
been designed and constructed to generate and supply electricity to their production 
processes and loads, respectively. As in technological and friendly-environmental 
eras, those power systems utilize renewable energy such as WTGs, PVs, and BESSs, 
modern generators such as FC, and external sources for power generation [1, 2]. In this 
study, this utilization is called “Online Resources Mix (ORM)”. The goals of utilizing 
ORM to power systems are to save power generation cost, reduce gas emission, and

S. Kigsirisin (B) 
Department of Corporate Innovation, Metropolitan Waterworks Authority, Bangkok, Thailand 
e-mail: soraphon.works@gmail.com; soraphon.k@mwa.co.th 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
M. L. Kolhe (ed.), Renewable Energy Systems and Sources, 
https://doi.org/10.1007/978-981-99-6290-7_1 

3

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-6290-7_1&domain=pdf
mailto:soraphon.works@gmail.com
mailto:soraphon.k@mwa.co.th
https://doi.org/10.1007/978-981-99-6290-7_1


4 S. Kigsirisin

make profits from electricity commercialization [3]. Without any ORM application 
in power systems, consumers must only buy electricity from external sources and 
pay high-electricity-cost bills unavoidably which results in loss of financial gains. 

Mahasawat Water Treatment plant (MHS) is one of the Metropolitan Waterworks 
Authority, Thailand, water production plants. It has the responsibility to produce, 
transmit, and distribute quality water to customers in Bangkok, Nonthaburi, and 
Samutprakarn provinces with the maximum capacity of water production of around 
1.6 million sq.m./day [4]. Water production processes in the MHS plant comprise the 
two raw water stations, the one water transmission station, the one water distribution 
station, and the filter and chemical buildings. For RWSs, they take in charge of 
pumping raw water up from a raw water canal to the MHS water production processes 
with the maximum power consumption of about five megawatts. Currently, RWSs 
have been supplied by external sources by an electricity supplier under the TOU 
tariffs. For this reason, RWSs are unmanageable for power and need to take enormous 
money to that supplier more than 50 million dollars per year. 

For years, many researchers have invented and applied metaheuristic algorithms 
to solve such complex, non-convex, and non-linear problems in contemporary and 
modern power systems. For example, [5] applied Colliding Bodies Optimization 
Algorithm to solve optimal power flow problems on IEEE bus test systems. Regis 
et al. [6] performed Particle Swarm Optimization (PSO) to find out the optimal 
battery sizing for residential sectors. Yusri et al. [7] used Artificial Bee Colony 
Algorithm to discover the optimal sizing of PV panels in a case study. After that, 
original optimization algorithms were developed for agents to gain more exceptional 
performances in exploration and exploitation stages. The definitions of these stages 
can be read in [8]. The purpose of developed optimization algorithms is for agents 
to meet and provide excellent solutions to considered problems than solutions by 
their originals. For instance, [9] found a hybrid phasor PSO and gravitational search 
algorithm to unravel optimal power flow under WTGs and PVs utilization in a power 
generation section in the IEEE 30-bus test system. Khenissi et al. [10] invented 
hybrid PSO and genetic algorithm to obtain the PVs sizing connecting with the 
external sources. 

One of the well-known swarm intelligence algorithms is Dragonfly Algorithm 
(DA). The author in [11] observed and converted the natural behaviors of dragonflies 
(agents) into mathematical equations for easy use to solve such complicated prob-
lems. In nature, dragonflies create swarms to gather with other dragonflies (friends) 
for groupings, to hunt the food source (a solution to a problem) for meals, and to 
avoid the enemy source for survivors. According to [12, 13], DA dragonflies have 
much efficient exploration performance. However, this study views that DA has 
disadvantageous features resulting in not meeting good food sources by dragonflies. 
Therefore, to eliminate these drawbacks, this study develops and proposes the new 
movement characteristics of dragonflies as the novel optimization technique, the so-
called “Dizzy Dragonfly Algorithm”. The movement characteristics of dragonflies in 
static and dynamic swarms are modified for getting greater exploration and exploita-
tion performances to discover the most excellent food source in the search space. 
More details of DDA will be discussed in the following sections.
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In this study, the main contributions are expressed as follows. 

• Studying and modifying the power system of RWSs at MHS by the ORM 
utilization. 

• Improving the performances of DA dragonflies by proposing many novel move-
ment characteristics to dragonflies in static and dynamic swarms, so-called 
DDA. 

• Simulating DDA to find out the optimal ORM for RWSs at MHS. 
• Comparing and discussing the results by DDA with DA and the other referred 

optimization algorithms. 

2 Online Resources Mix, Constraints, and Objective 
Function 

In this section, equations of the ORM power generation are explained. Also, the 
power system constraints and the objective function of this study are formulated as 
mathematical equations. 

2.1 Online Resources Mix 

Wind turbine generator: Output power of WTGs depends on wind velocity as defined 
in (1) [9]. Hence, the total output power of a WTG is defined in (2). 

pt WT  G  = 

⎧ 
⎪⎨ 

⎪⎩ 

0 vt ≤ vcut-in, vt ≥ vcut-out 
pr

(
vt−vcut-in 
vr−vcut-out

)
vcut-in < vt < vr 

pr vr , ≤ v ≤ vcut-out 

(1) 

where, pt WT  G  denotes the output power generated by a WTG at time t (W); vt denotes 
wind velocity at time t (m/s); vcut-in and vcut-out denote cut-in and cut-out wind velocity 
of a WTG, respectively (m/s); pr denotes the rated power of a WTG (W). 

Pt 
WTG = ηWTG p

t 
WTG NWTG (2) 

where, Pt 
WTG denote the total output power of WTGs at time t (W); NWTG denotes the 

integer number of WTG in a considered system; ηWTG denotes the WTGs efficiency 
in percent.
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2.1.1 Photovoltaic 

Generated power by PVs rely on solar irradiance, ambient temperature, PV efficiency, 
and specifications as defined in (3) [14]. 

Pt 
PV = NPV Pmod FF  V  t y I 

t 
y (3) 

where, NPV denotes the integer number of PVs in a considered system; Pmod the 
capacity of a PV module; FF  denotes fill factor that can be calculated in (4); V t y and 
I t y can be found in (5) and (6), respectively. 

FF  = 
VMPP IMPP 

Voc Isc 
(4) 

V t y = Voc − KvTc (5) 

I t y = st a[Isc + Ki (T 
t 
C − 25)] (6) 

T t C = T t A + st a
(
NOT − 20 

0.8

)

(7) 

where, T t c denotes cell temperature at time t (°C); T t A denotes ambient temperature 
at time t (°C); st a denotes average solar irradiance at time t ; NOT denotes nominal 
operating temperature of cell (°C); Isc denotes short circuit current (A); Ki denotes 
current temperature coefficient (A/°C); Kv denotes voltage temperature coefficient 
(V/°C); NPV denotes the integer number of PV in a considered system; Voc denotes 
open-circuit voltage (V); IMPP denotes current at maximum power point (A); VMPP 

denotes voltage at maximum power point (V); 

2.1.2 Battery Energy Storage System 

Unlike WTGs and PVs on power generation, BESSs can be charged for power storage 
from electricity supply and/or generators, be discharged for supplying power storage 
to loads, or be regardless of operation. Charging or discharging of BESSs is subject to 
power system conditions, and BESSs behaviors at a time, so-called “State of Charge 
at time t (SOCt )” [15]. SOCt is defined in (8)–(10). 

If battery is charged : SOCt+1 = SOCt + �t × ηch 
Enom

(
Pt 
ch

)
(8) 

If battery is discharged : SOCt+1 = SOCt − �t 

Enomηdis

(
Pt 
dis

)
(9)
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For do nothing : SOCt+1 = SOCt (10) 

where, Pt 
ch denotes the charging power at time t (W); ηch denotes the battery charging 

efficiency; �t denotes the interval time (equal to 1 h in this study); Enom denotes 
the battery system nominal energy (W); Pt 

dis denotes the discharging power at time 
t (W); ηdis denotes the battery discharging efficiency in percent. 

The total power of BESSs at time t (Pt 
BESS) is defined in (11). 

Pt 
BESS = NBESS p

t 
BESS (11) 

where, pt BESS is equal to P
t 
ch or P

t 
dis in case of battery charging or discharging state, 

respectively (W); NBESS denotes the integer number of BESSs in a considered system. 

2.1.3 Fuel Cell Generator 

FC generates electricity by a chemical reaction between hydrogen and oxygen. In 
this study, Protone Exchange membrane (PEM) fuel cell is used for the FC cells and 
overall efficiencies. The fuel cost of an FC can be calculated in (12) [3]. 

CFC = Cnf

∑

t 

Pt 
FC 

ηFC 
(12) 

where, CFC denotes the fuel cost of a FC ($/kWh); Cnf denotes the natural gas price 
for a FC ($/kWh); Pt 

FC  denote the output power at time t (W); ηFC denotes cell 
efficiency in percent. 

2.2 Constraint 

2.2.1 Power Balance 

The power balance of a considered system is defined in (13) 

Pt 
WTG + Pt 

PV + Pt 
BESS + Pt 

FC + Pt 
buy − Pt 

sell = Pt 
Load (13) 

where, in this study, Pt 
BESS is a negative value for BESSs charged for electrical 

storages, and positive value for BESSs discharging electricity to a system; Pt 
buy 

and Pt 
sell denote the buying and selling power from/to the external supplier (W), 

respectively.
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2.2.2 State of Charge (SOCt ) 

SOCt Must be between SOCmin and SOCmax as defined in (14). 

SOCmin ≤ SOCt ≤ SOCmax (14) 

where, SOCmin and SOCmax denote the minimum and maximum SOC  of BESSs in 
a considered system. 

In this study, all BESSs must be only in a charging state or a discharging state. 
Therefore, this study defines Eq. (15) for preventing the immediate occurrence of 
both charging and discharging stages at the same time. 

cht + dist ≤ 1 (15) 

where, cht and dist denote the charging and discharging states of BESSs at time t , 
respectively. 

2.2.3 Limits of Generator Numbers and Capacities 

The optimal number of WTGs, PVs, and BEESs and the optimal output power of an 
FC are found out. Therefore, the boundary limits of ORM are determined below. 

N min 
WTG ≤ NWTG ≤ N max 

WTG (16) 

N min 
PV ≤ NPV ≤ N max 

PV (17) 

N min 
BESS ≤ NBESS ≤ N max 

BESS (18) 

Pmin 
FC ≤ PFC ≤ Pmax 

FC (19) 

where, N max 
WTG, N 

max 
PV and N 

max 
BESS denote the maximum integer number of WTGs, PVs, 

and BESSs, respectively. Pmin 
FC and P

max 
FC denote the minimum and maximum power 

of an FC, respectively. 

2.3 Mathematical Objective Function 

The objective function of this study is to minimize the total cost of the two parts as 
defined in (20) (OF). The first part considers the cost of operation and maintenance 
of all generators (COM) which can be calculated in (21), and the cost of FC fuel
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(CFC). The other deems the electricity commercialization cost between RWSs and 
the supplier. 

min. OF = (COM + CFC) + (
Cbuy Pbuy − Csell Psell

) + pn f (20) 

where, Cbuy and Csell denote the buying and selling electricity costs from/to the 
supplier, respectively; pn f denotes the exterior penalty function factor used to 
preserve the boundary limits of variables (equivalent to 1e+10 for a variable breaking 
its limit) [16]. 

COM = COMWTG PWTG + COMPV PPV + COMFC PFC (21) 

where, COMWTG , COMPV and COMFC denote the operation and maintenance cost of 
WTGs, PVs, and an FC, respectively. Note that, the operation and maintenance cost 
of BEESs is ignored, because this study utilizes operation and maintenance free 
BESSs). 

3 Online Resources Mix, Constraints, and Objective 
Function 

3.1 Dragonfly Algorithm 

Primarily, the concepts of Dragonfly Algorithm (DA) are explained. DA is a kind 
of swarm computational algorithm mimicking and converting the natural behaviors 
of dragonflies into mathematical equations [11]. This conversion aims for easy use 
to solve such non-convex and complicated problems. In nature, dragonflies create 
swarms to collect friends to stay within their same swarms. The purpose of swarm 
creations is to hunt preys like mosquitoes as food sources (for meals), and to avoid 
enemies such as eagles (for their survivors). Dragonflies have two swarms, dynamic 
swarm, and static swarm as depicted in Fig. 1.

3.1.1 Dynamic Swarm 

Dragonflies do not meet any food source in their swarms. They form their own 
swarms to convince and assemble with friends while flying. In this swarm, there are 
the two sorts as follows. 

(a) A dragonfly meets at least one friend: When a dragonfly meets another friend, 
they gather to stay in the same swarm together to search for the food source. At 
this moment, dragonflies have the three behaviors as expressed below.
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(a) (b) 

Fig. 1 a Dynamic swarm; b static swarm

1. Separation (SEi ), 

SEi = −  
nneigh∑

j=1 

Xi − X j (22) 

where nneigh denotes the number of neighbors in its swarm; Xi denotes the current 
position of dragonfly i; X j denotes the position of jth neighbor. 

2. Alignment (ALi ), 

ALi =
∑nneigh 

j=1 veli 

nneigh 
(23) 

where veli denotes the velocity of jth neighbor. 
3. Cohesion (COi ), 

COi =
∑nneigh 

j=1 X j 

nneigh 
− Xi (24) 

The updated position of dragonfly i at Iter+1 (X Iter+1 
i ) is the summation between 

its position at Iter and step vector can be calculated as (25). 

X Iter+1 
i = X Iter 

i + �X Iter+1 
i (25) 

where, Iter denotes the simulation iteration number;�X Iter+1 
i denotes the step vector 

of d dragonfly i at Iter + 1 can be calculated as (26).

�X Iter+1 
i = w�X Iter 

i + (seSEi + alALi + coCOi ) (26)
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where, w denotes the inertia weight; se, al, and co denote the separation, alignment, 
and cohesion factors, respectively. All of which can be calculated as defined in [11]. 

(1) A dragonfly does not meet any friend: Some dragonfly does not meet any friend. 
It independently flies to explore the food source by using the random walk 
strategy. This study calls it “levy flight dragonfly (LFD)”. Because of the flying 
independence of LFD, it provides excellent exploration performance to DA. 
The updated position of a LFD can be defined in (27). 

X Iter+1 
i = X Iter 

i + Levy × X Iter 
i (27) 

where Levy denotes levy flight can be calculated as in (28). 

Levy = 0.01 × 
rand[0, 1] × σ 
|rand[0, 1]| 1 

β 
(28) 

σ =
(

I −(1 + β) × sin( πβ 
2 ) 

I −( 1+β 
2 ) × β × 2( β−1 

2 )

) 1 
β 

(29) 

I −(x) = (x − 1)! (30) 

where, β denotes a constant value. 
(2) Swarm: A dragonfly meets the food source in its swarm. Then, it flies toward 

the food source and suddenly fly outward from the enemy source. Herein, drag-
onflies have more additional behaviors than dragonflies in dynamic swarms as 
expressed below. 

4. Flying toward the food source (FOi ), 

FOi = XFO − Xi (31) 

where XFO denotes the ever-best position of the food source found. 
5. Flying outward from the enemy source (ENi ), 

ENi = XEN + Xi (32) 

where XEN denotes the ever-worst position of enemy source come across. 

The updated step vector can be calculated as defined in (33).

�X Iter+1 
i = w�X Iter 

i + (seSEi + alALi + coCOi + foFOi + enENi ) (33) 

where, fo and en denote the food and enemy factors, respectively, which can be 
calculated as defined in [11].
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3.2 Dizzy Dragonfly Algorithm 

Nevertheless, DA has weak features which limits dragonfly performances. Dragon-
flies lose opportunities to discover the greatest food source in the search space. Then, 
they obtain poor and inaccurate solutions to problems. Thereby, to eliminate these 
deficiencies, this study presents Dizzy Dragonfly Algorithm (DDA) by proposing 
the new movement characteristics for all dragonflies in static and dynamic swarms 
as follows. 

3.2.1 LFD in Dynamic Swarm 

Due to independent movements of LFDs as discussed in section III-A, LFDs use 
random parameters to update their positions. They move such undirected and long 
paths [13]. Disadvantageously, LFDs may not explore the excellent food source 
effectively. Therefore, this study proposes the four new movement characteristics 
for LFDs as follows.  

(a) Flying toward a random friend (DD  ALFD1): In this characteristic, LFDs are 
commanded to fly toward a random friend to search for a good food source 
nearby. The equation of finding out a random friend (fr) and updated position 
of dragonfly i are defined in (34) and (35), respectively. 

fr = round(1 + rand[0, 1] × (ndr − 1)) (34) 

X Iter+1 
i = X I ter  i + Levy × (X I ter  f r  − X I ter  i ) (35) 

where, X Iter 
fr denotes the position of dragonfly fr at Iter. 

(b) Flying outward from a random friend (DD  ALFD2): LFDs are ordered to fly 
outward from a random friend, which can be found in (34). This characteristic 
aims for LFDs to meet an excellent food source far away from a random friend. 
The updated position of LFDs is defined in (36). 

X Iter+1 
i = X Iter 

i + Levy × (X Iter 
f r  + X Iter 

i ) (36) 

(c) Flying toward the food source (DD  ALFD3): This characteristic is presented 
for LFDs to discover a better food source around the current food source. The 
updated position is defined in (37). 

X Iter+1 
i = X Iter 

i + Levy × (X Iter 
FO − X Iter 

i ) (37) 

(d) Flying outward from the food source (DD  ALFD4): The objective of this charac-
teristic is for LFDs to fly outward from the food source. Perhaps, the greater food 
source is located far away from the current food source. The updated position 
of LFDs is defined in (38).
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X Iter+1 
i = X Iter 

i + Levy × (X Iter 
FO + X Iter 

i ) (38) 

In addition, this study uses a random parameter in the range [0, 1] (randLFD) to 
compete with the criteria of each characteristic for LFD i (LFDi ) to follow as defined 
in (39). 

LFDi = 

⎧ 
⎪⎪⎨ 

⎪⎪⎩ 

follow DD  ALFD1; randLFD < 0.25 
follow DD  ALFD2; randLFD < 0.5 
follow DD  ALFD3; randLFD < 0.75 

follow DD  ALFD4; else; 
(39) 

(1) Dragonfly in static swarm: Due to the feature of swarm creations in DA, size of 
swarms is enlarging proportional to the number of simulation iterations. This 
causes dragonflies to be adhered in a static swarm which limits the exploration 
performance of DA. Therefore, this study proposes the four new movement char-
acteristics of dragonflies in static swarms to boost the exploration performance 
as follows. 

(a) Flying toward a random friend without concern of the enemy source 
(DD  AST 1): Dragonflies are controlled to fly toward a random friend only 
which are randomly fixed by (34). The step vector and the updated equation 
for this characteristic are defined in (40) and (25), respectively.

�X Iter+1 
i = w�X Iter 

i + (seSEi + alALi + coCOi + fo(X Iter 
fr − X Iter 

i )) 
(40) 

(b) Flying outward from a random friend without concern of the enemy source 
(DD  AST 2): dragonflies are enforced to fly outward from a random friend 
only which is randomly designated by (34). In this characteristic, dragon-
flies may fly out of static swarms and act as an LFD. This increases the 
exploration performance. The step vector and the updated equation for this 
characteristic are defined in (41) and (25), respectively.

�X Iter+1 
i = w�X Iter 

i + (seSEi + alALi + coCOi + fo(X Iter 
fr + X Iter 

i )) 
(41) 

(c) Flying toward the enemy source without concern of the food source 
(DD  AST 3): Theoretically in DA, the enemy source has been found and 
noted from worse to worst. This characteristic encourages dragonflies to 
fly toward the enemy source. Maybe, dragonflies fly out of a static swarm 
to stay in dynamic swarms. Also, a better food source is located near the 
enemy source. This characteristic aims for rising the exploration perfor-
mance. The step vector and the updated equation for this characteristic are 
defined in (42) and (25), respectively.
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�X Iter+1 
i = w�X Iter 

i + (seSEi + alALi + coCOi + en(XEN − Xi ))) 
(42) 

(d) Flying outward from the enemy source without concern of the food source 
(DD  AST 4): This characteristic encourages dragonflies to search for the more 
exceptional food source in which it is in the opposite side of the enemy source. 
Sometimes, dragonflies are outside a static swarm to rest in dynamic swarms. 
The step vector and the updated equation for this characteristic are defined in 
(43) and (25), respectively.

�X Iter+1 
i = w�X Iter 

i + (seSEi + alALi + coCOi + en(XEN + Xi )) (43) 

(e) Flying toward the food source and suddenly outward from the enemy source 
(DD  AST 5): This is the original characteristic of dragonfly movement in DA as 
explained in section III-A. The step vector and the updated equation for this 
characteristic are defined in (33) and (25), respectively. 

To apply the characteristics proposed above for dragonflies in static swarms, this 
study sets the criteria to all these characteristics and uses a random parameter in the 
range [0, 1] (randomstatic 

i ) for dragonfly i (Xi ) to comply as defined in (44). 

Xi = 

⎧ 
⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎩ 

follow DD  AST 1; randomstatic 
i < 0.2 

follow DD  AST 2; randomstatic 
i < 0.4 

follow DD  AST 3; randomstatic 
i < 0.6 

follow DD  AST 4; randomstatic 
i < 0.8 

follow DD  AST 5; else 

(44) 

To get more efficient exploration and exploitation performances, the proposed 
characteristics in static swarms above are performed from the beginning of iterations 
to the half course of iterations. It is because the solution would be accurate by the 
DDA exploitation performance. Hence, the procedure of the DDA application is 
depicted as the flowchart in Fig. 2.

4 Time-of-Use Tariffs, Algorithm Parameters and ORM 
Specifications 

4.1 Time-of-Use Tariffs 

In this study, the power system of RWSs at MHS studied and modified to utilize 
ORM which is supplied by the external sources of a supplier. The TOU tariffs for 
RWSs by the supplier are subject to time and holidays. Details of the TOU tariffs 
are expressed in [17]. Power consumptions of RWSs from July 1st, 2020 to June
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Fig. 2 The procedure of the DDA application

30th, 2021 are exampled to simulate and execute by DDA and the other referred 
optimization algorithms to find out the results of the objective function as in section 
II-C. RWSs only buy electricity from the supplier in case the total amount of power 
from WTGs, PVs, BESSs, and FC is lower than load consumptions at a time. In 
contrast, RWSs sell electricity to the supplier as per total amount of power from 
WTGs, PVs, BESSs, and FC is higher than load consumptions at a time. Note that 
there are no limits for power exchange and commercialization between RWSs and 
the supplier.
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4.2 Algorithm Parameters 

In this section, data and parameters for optimization simulations are expressed. Most 
of the DDA parameters are the same DA parameters in [11], besides the specific 
parameters of DDA such as the random parameters as mentioned in section III-B. In 
this study, the concepts and parameters of the referred IWO and PSO can be read in 
[18] and [19], respectively. Agent positions for all the optimization algorithms are 
expressed in (45). 

X Iter 
i = [NWTG, NPV, NBESS, P1 

FC, . . . ,  P8760 
FC ] (45) 

4.3 ORM Specifications 

Data of wind velocity, solar irradiance, and temperature in an hour interval during 
the considered time are extracted from [20] and can be depicted in Fig. 3. SOC  of  
batteries does not need to be equal to the initial state. The cost of operation and 
maintenance of ORM is referred to in [3]. The ORM specifications are tabulated in 
Table 1 [3, 14].

5 Algorithm Performance Test and Numerical Result 

To test the performances of DDA, all the concepts and parameters of DDA, DA, 
IWO, and PSO are written on the platforms of the MATLAB 2021b program. All 
simulations are executed on MacBook Pro M1 with 8 GB of Memory. The number of 
agents for simulations by all the optimization algorithms is set to 20. The maximum 
number of iterations is determined to 100. At an initial step of all the optimiza-
tion algorithm applications, positions of agents and all independent parameters are 
randomly generated. 

As seen in Table 2, the optimal number of WTGs, PVs, and BESSs by DDA, DA, 
IWO, and PSO simulation applications are expressed. The optimal number of PVs of 
all the optimization algorithms is like each other. But the optimal number of WTGs 
and BESSs is different from each other. Figure 4 shows the optimal power of FC by 
DDA, DA, IWO and PSO simulations which is fluctuating and different from each 
other at hours. Figure 5 shows the optimal power of PVs, buying and selling power 
from/to the external source by the DDA simulation in the 8760 h and the first 200 h 
exampled. The optimal power of WTGs, BESSs, and FC by DDA simulation during 
the 8760 h and the first 200 h exampled is displayed in Fig. 6. It can be observed 
that ORM generates power within its limits. WTGs power is variedly generated in 
condition of wind velocity. PVs produce power during daytime. The summation of
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(a) 

(b) 

Fig. 3 a Wind velocity, b solar irradiance and temperature

all the ORM power is equal to the load consumption. At an hour, BESS power is 
charged for energy storage or discharged to the system. The power commercialization 
between RWSs and the external source occurs. RWSs can sell or buy power to/from 
the supplier which depends on the total amount of power generated by ORM. In other
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Table 1 ORM specifications 

WTG PV 

Parameter Value Parameter Value 

Vn 11 m/s Vmpp 28.36 V 

Vci 2.5 m/s Impp 7.76 A 

Vco 13 Voc 36.96 V 

pr 200 kW ISCn 8.38 A 

ηWTG 95% Kv 0.1278 

N min 
WTG 5 Ki 0.00545 

N max 
WTG 20 Not 43 

BESS Pmod 220 W 

SOCini 80% N min 
WTG 5 

SOCmin 20% N max 
WTG 200 

SOCmax 80% FC 

Enom 100 kW Pmin 
FC 100 kW 

N min 
WTG 5 Pmax 

FC 1,000 kW 

N max 
WTG 100

Table 2 Results of all the optimization algorithms 

Parameters IWO PSO DA DDA 

NWTG 7 20 10 5 

NPV 200 200 200 200 

NBESS 22 5 5 5 

OF($) 2,978,797.11 2,942,149.24 2,815,650.48 2,633,741.77

words, RWSs sell power to the supplier in case of power exceedingly generated by 
ORM and buy power from the supplier as per lack of power produced by ORM. 

As a result, DDA obtains the total cost at $2,633,741.77 which is $181,908.71, 
$345,055.44, and $308,407.47 cheaper (better) than the total cost by DA, IWO, 
and PSO, respectively. Thanks to the much efficient exploration and exploitation 
performances of DDA in both static and dynamic swarms, DDA dragonflies have 
many movement characteristics to follow and fly over areas in the search space in 
static swarms or dynamic swarms. They are unadhered to flying toward the food 
source only in a static swarm and fly out of its static swarm to act as LFDs in 
dynamic swarms. With these proposed characteristics, DDA dragonflies can meet 
and provide the most excellent total cost over the cost by DA and the other referred 
optimization algorithms. Therefore, RWSs can utilize ORM in its system and save 
the total cost by the DDA application. Moreover, in discussion on the performances, 
the referred optimization algorithms apply the iteration numbers to order agents to 
be in the exploration or exploitation stages. For example, PSO reduces the inertia
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(a) 

(b) 

Fig. 4 Output power of FC by IWO, PSO, DA, and DDA a in 8760 h b in the first 200 h exampled

weight according to the number of iterations, which lessens the velocity of agents 
to enter the exploitation stage. PSO agents can move and discover the better results 
close to the position of the two best agents (personal and global best positions) at 
each iteration immediately which may be trapped in the local optima and provide 
not-best results to problems.
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(a) 

(b) 

Fig. 5 The optimal power of PVs, buying and selling power from/to the external source by DDA 
a in 8760 h b in the first 200 h exampled
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(a) 

(b) 

Fig. 6 The optimal power of WTGs, BESSs, and FC by DDA a in 8760 h b in the first 200 h 
exampled
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IOT-Enabled Blockchain-Based 
Intelligent Electric Charging Station 

A. V. Rose and Priya G. Das 

Abstract A wireless local area network (WLAN) is used to communicate between 
the smart intelligent electric charging station and the IOT cloud platform. The Back-
propagation Artificial Neural Network (BPANN) in MATLAB is used to process 
vehicle data repositories that have been connected to the IOT analytics cloud plat-
form. Using an FPGA controller and the launching pad LAUNCHXL-F28069M, 
the BPANN calculates the charging time and load need in accordance with which 
it sends signals to the solar grid tie system. The board used for the development is 
by Texas Instrument. The system is made to work together to maximize the use of 
grid energy. The technology will use solar energy when it is available to immedi-
ately charge the electric vehicle. If solar energy is not available, the system will be 
powered by the grid. The apparatus will also offer solar power to the grid when solar 
energy is available but there are no EVs plugged into the charging station. In this 
mode, the charging station will operate as a solar power plant that is connected to 
the grid. An interleaved boost converter is utilized in place of the transformer that 
is typically used to transmit low voltage solar energy to the grid. This modification 
results in a significant reduction in the system’s overall cost and size. In order to 
further ensure cybersecurity, transactions are performed utilizing blockchain tech-
nology, which was created using Solidity on the Remix IDE Ethereum platform. To 
ensure that the charge history and data are preserved securely. 
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1 Introduction 

Future smart grid and smart city visions envision the widespread use of electric vehi-
cles that can be charged either on or off-board and run on an electric power source. 
Infrastructure for embryonic charging is a major barrier to widespread use of electric 
vehicles. The automobiles in the market as a result of the power demand that EVs 
will the grid is under stress. In this aftermath, a specific number of numerous stations 
for recharging electric vehicles in suitable places are necessary to install in order to 
recharge electric automobiles. In order to achieve this, a number of strategies have 
been provided by scientists. A crucial element of the charging station EVSE, or elec-
tric vehicle supply equipment, provides including sockets, electric energy is used to 
recharge electric vehicles. Depending on, outlets, connector, on-board or off-board 
charger the charging intensity used, charging levels and requirements are explained in 
the section that follows. Meter-equipped networked EV supply equipment is capable 
of a wide range of tasks, including “smart grid” applications. Charging stations need 
to be constructed in homes, offices, markets, and shopping centers in order to keep 
electric vehicles fueled up and operating dependably. The authors suggested that in 
order to develop smart recharging stations with good communication infrastructure— 
communication between utilities, substation control centers, charging stations, and 
electric vehicles—in view of grid stability and efficient energy consumption. Another 
idea for a smart charging station is offered that makes use of a high power factor 
PWM inverter, which is seen as a crucial piece of technology for the widespread 
adoption of electric vehicles [1]. In [2], three clearly defined charging techniques are 
provided. Additionally, recharging station study in relation to various EV charging 
parameters, traffic mobility factors, size of the energy storage, quality of service 
(QoS), cost factor, and best placement of smart charging station are being worked 
on [2, 3]. For quick charging of electric vehicles, an energy storage device based on 
ultra-capacitors has also been suggested [4]. Thus, work is being done to create a 
charging infrastructure that is reliable, strong, efficient, and affordable. Numerous 
strategies and techniques have been put forward in the wake of this to establish EV 
recharging stations [5]. This study examines and discusses the cutting-edge methods 
being created for EV charging stations. A framework for the best design and imple-
mentation of EV charging stations is offered after comparing several methods that 
have already been suggested. An intelligent bidirectional charging interface for elec-
tric vehicles is suggested, which is directly powered by PV-based renewable energy 
generation. It is outfitted with a specially designed multilevel power converter to 
supply the desired level of voltage rating to the vehicle charger and is mounted with 
an efficient communication bridge among all nodes of the system. The proposed 
system, which is crucial for describing the suggested strategy, is discussed in this 
paper. A wireless local area network (WLAN) is used to communicate between the 
smart intelligent electric charging station and the IOT cloud platform. The Back-
propagation Artificial Neural Network (BPANN) in MATLAB is used to process 
vehicle data repositories that have been connected to the IOT analytics cloud plat-
form. Using an FPGA controller and the launching pad LAUNCHXL-F28069M, the
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BPANN calculates the charging time and load need in accordance with which it sends 
signals to the solar grid tie system. Board for development by Texas Instruments. 
The system is made to work together to maximize the use of grid energy. The tech-
nology will use solar energy when it is available to immediately charge the electric 
vehicle. If solar energy is not available, the system will be powered by the grid. The 
apparatus will also offer solar power to the grid when solar energy is available but 
there are no EVs plugged into the charging station. In this mode, the charging station 
will operate as a solar power plant that is connected to the grid. An interleaved boost 
converter is utilized in place of the transformer that is typically used to transmit low 
voltage solar energy to the grid. This modification results in a significant reduction in 
the system’s overall cost and size. Additionally, transactions are performed utilizing 
Blockchain Technology, which was created using Solidity in the Remix IDE and 
Ethereum platform, to assure cybersecurity. So that the history of transactions and 
the charger data is safely kept. 

2 Methodology 

The station’s lack of a means to forecast both the quantity of approaching vehicles 
and the characteristics of EVs, such as battery size and charging time, is an issue. 
Power distribution is a challenging need. There is no way to monitor the quality of 
the power customers receive. Effective EV load management requires smart energy 
management. Analytics, battery tracking, and even others lack cyber security for 
online payments. Through the navigation button, electric vehicles may find the closest 
charging station anytime a low battery warning appears while driving. Here, we will 
assume the charging station is wired to the grid and has solar power. 

In Fig. 1, a system where an electric vehicle and a charging device share a data 
connection and the charging device shares a data connection with a charging oper-
ator is known as smart EV charging or intelligent charging. Smart charging allows 
the owner of the charging station to monitor, manage, and restrict the use of their 
devices remotely to reduce energy consumption, in contrast to conventional (or 
dumb) charging devices that aren’t connected to the cloud. The sky is the limit 
when using cloud-based solutions (pun intended). Smart EV charging services are 
very customizable; you can easily add and remove elements to build a system that 
meets your requirements. Existing charging stations can also be modified and given 
new functions. Because of this, intelligent EV charging is also future-proof.

As the world continues to change, shifting needs and expectations will be trans-
lated into new features and added to the smart system. In Fig. 2, data repository of 
EV charging data is added to IOT platform and is provided using WLAN commu-
nication for system input. The system determines whether to connect solar panels 
to the grid or calculates current and future loads. Blockchain technology allows for 
cash transactions. In this case, we use the IOT platform NodeMCU, where we add the 
data repository to the cloud. Thingspeak serves as our cloud. Using a Wi-Fi module 
esp8266, we download data from the cloud to the system. The system performs
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Fig. 1 Technological stack for proposed system

Fig. 2 Block diagram

grid synchronization, load calculations, and load forecasting. Transactions involving 
cash are conceivable by means of blockchain technology. The quality of power is 
also given to the consumer. 
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3 Intelligent Charging Station 

Through the navigation button, electric vehicles may find the closest charging station 
anytime a low battery warning appears while driving. Here, we will assume the 
charging station is wired to the grid and has solar power [6]. A system where an 
electric vehicle and a charging device share a data connection and the charging device 
shares a data connection with a charging operator is known as smart EV charging or 
intelligent charging [7–9]. Smart charging allows the owner of the charging station 
to monitor, manage, and restrict the use of their devices remotely to reduce energy 
consumption, in contrast to conventional (or dumb) charging devices that aren’t 
connected to the cloud. The sky is the limit when using cloud-based solutions (pun 
intended). Smart EV charging services are very customizable; you can easily add and 
remove elements to build a system that meets your requirements is shown in Fig. 3. 
Existing charging stations can also be modified and given new functions. Because 
of this, intelligent EV charging is also future-proof. 

As the world continues to change, shifting needs and expectations will be trans-
lated into new features and added to the smart system. Electric vehicles with low-
charge as well as those that approach the station using the navigation bar. IOT data 
are provided using WLAN communication for system input. In Fig. 4, it deals with 
a learning that is carried out on a multilayer feedforward neural network using the 
backpropagation technique. A collection of weights are learned iteratively to predict 
the class label of set. An input layer, one or more hidden layers, and an output layer 
make up a multilayer feed-forward neural network. Every layer is composed of units. 
The attributes that were measured for each training set correspond to the inputs to 
the network. The units that make up the input layer are simultaneously given the 
inputs. These inputs flow via the input layer before being simultaneously weighted

Fig. 3 Imported data in Thingspeak 
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Fig. 4 Backprpogation ANN converges

and supplied to the hidden layer, a second layer of “neuronlike” units. Hidden layers 
are arbitrary, even though there is often only one utilized in practice. Figure 5 shows 
the convergence of the learning system at the 11th epoch. Units in the output layer 
are fed weighted outputs from the final hidden layer, which emits the network’s 
prediction for certain tuples. The hidden layer units’ outputs can be fed into the input 
of a subsequent hidden layer, and so forth. Even though there are typically only one 
used in practice, hidden layers are arbitrary. Units in the output layer, which emit the 
network’s prediction for specific set, are fed weighted outputs from the final hidden 
layer. The system determines whether to connect solar panels to the grid or calculates 
current and future loads. 

Blockchain technology allows for cash transactions, which is depicted in Fig. 6. 
Also provided to the customer is the quality of power [10, 11]. Any microcontroller 
can connect to your Wi-Fi network with the ESP8266 Wi-Fi Module, a self-contained 
SOC with an integrated TCP/IP protocol stack. Either an application can be hosted 
on the ESP8266 or all Wi-Fi networking tasks can be delegated to another application 
processor. An ESP8266 Wi-Fi module is a SOC microprocessor that is mostly utilized 
for the creation of end-point Internet of Things (IoT) applications. It is known as 
a standalone wireless transceiver and is very inexpensive. It is utilized to make it 
possible for various embedded system applications to connect to the internet.
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Fig. 5 Backpropagation ANN result

Fig. 6 Blockchain transaction script 

4 Solar Grid Tie System 

The PV array transforms solar energy into electrical energy, which is then sent to the 
interleaved boost converter. In Fig. 7 it illustrate the boosted voltage generated by 
the interleaved boost converter is then delivered to the battery utilized in an electric 
vehicle. After charging, a grid-tie inverter sends any extra power to the grid. In cases 
where using an electric vehicle is not practical, solar energy is sent into the grid.
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Fig. 7 MATLAB simulation of solar grid tie system

When solar electricity is not available but an electric vehicle can be charged, the 
grid provides the voltage to the car. When solar electricity is also available, electric 
vehicles are charged using solar panels. The solar input of 290 V is being boosted by 
the interleaved boost converter to 850 V and is shown in Fig. 8. Clearly shows the 
boosted output curve from the above-mentioned converter. This voltage is then fed to 
the battery. The PV array transforms solar energy into electrical energy, which is then 
sent to the interleaved boost converter. Figure 9 depicts the V-I and P-I characteristics 
of interleaved boost converter. 

The battery system is made up of two parts: the battery MPPT and the battery 
controller circuit in Fig. 10. The MPPT technique is beneficial for maintaining a PV 
array’s operation point at its maximum. Thanks to battery storage technology, utilities 
and operators of power systems can store energy for later use. SOLAR/PV ARRAY: 
Individual solar cells are layered in a repetitive matrix pattern to form a single solar 
array unit. This crucial process of turning solar energy into electrical energy is carried 
out by these solar arrays. Since these solar panels are connected to the interleaved 
boost converter through a capacitor, the voltage across the terminals of the device 
stays constant. On the other hand, the PV array’s current and voltage depend on 
temperature and light exposure nonlinearly. As a result, to operate the module as 
efficiently as possible, the voltage and current must be continuously checked.

DESIGN OF SOLAR PANEL: Array data Parallel strings = 2. 
Series-connected modules per string = 10. 
Input Voltage = 29 × 10 = 290 V. 
A battery energy storage system (BESS), an electrochemical device, charges (or 

collects) energy from the grid or a power plant and then discharges that energy later 
to create electricity or other grid services as required.
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Fig. 8 V-T characteristics of Interleaved boost converter 

Fig. 9 I-V and P-V characteristics

Battery storage is one technological solution that could increase the flexibility of 
the power system and enable considerable levels of renewable energy integration. 
According to studies and real-world experience, high levels of renewable energy from 
variable renewable energy (VRE) sources can be safely and dependably incorporated 
into linked power networks without the need for new energy storage resources. In this 
instance, a PWM is created using a triangle signal and three sinusoidal waves. The 
inverter output was compared to a reference waveform that was created. Both graphs
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Fig. 10 MPPT and battery controller circuit

were compared as well as the grid’s synchronism was investigated. Demonstrates the 
interleaved boost converter which supplies current to the grid. 

So, after battery charging, any excess energy is sent to the grid and is shown in 
Fig. 11. Figure 12 depicts the reference waveform used for the purpose. The capacity 
to synchronize the output with a reference alternating amount is another feature of a 
grid-tie inverter. It takes in a DC voltage and produces an alternating amount. Green 
energy facilities that are linked to the public utility grid employ grid-tie inverters. Grid 
power and solar power conversion are always in step. The ability of the PV system 
to feed any additional energy produced into the grid is built into the system. This 
capacity improves the system’s controllability and enables it to function successfully 
and adaptable in a variety of system operating scenarios. In order to feed electricity 
back into the electrical system, “synchronization” is an essential step.

The voltage, frequency, and phase angle differences between the respective phases 
of the generator output and grid supply must be as small as possible in order to 
ensure synchronization that is shown in Fig. 13. An alternating current generator 
must be synchronized with the grid prior to connecting. In order to distribute the 
electricity, it needs to operate at the same frequency as the network. Synchronization 
is necessary prior to connecting the generator to a grid. Synchronization can be done 
either manually or automatically. In order to stop voltage and frequency irregular-
ities, synchronization serves the purposes of monitoring, accessing, enabling, and 
automatically taking control measures. The DC output from the PV array must be 
converted into AC power in order to be fed into the grid or to power the required 
loads. The battery’s DC power must also be inverted before being used. Phase shift 
and a lock loop (PLL) are used to synchronize the grid after the inverter is linked 
to it. Power can be transferred from the grid section to the DC connection and vice 
versa. An inverter is located in between the AC and DC lines. It transforms the DC
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Fig. 11 Grid simulation 

Fig. 12 Reference waveform

power from the PV side or the power that is drawing from the battery to AC to feed 
into the load or utility. Similar to this, before charging the storage battery, it rectifies 
grid AC electricity into DC power. The system’s AC line is made up of the consumer 
loads and the utility grid, to which the entire system is connected.
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Fig. 13 Inverter output waveform 

5 Hardware 

The proposed system involves a smart, intelligent electric charging station that inter-
acts with the IOT cloud platform via a wireless local area network (WLAN). You 
may gather, visualize, and investigate real-time data streams in the cloud with the 
ThingSpeak TM IoT analytics platform service. 

ThingSpeak rapidly visualizes data that are transmitted by your devices to it. 
The ESP-12E module, which houses the ESP8266 chip with Tensilica Xtensa 32-
bit LX106 RISC microprocessor which is depicted in Fig. 14, is included with the 
NodeMCU ESP8266 development board. This microprocessor has an adjustable 
clock frequency range of 80–160 MHz and supports RTOS. To store data and 
programs, NodeMCU contains 4 MB of Flash memory and 128 KB of RAM. It is 
perfect for IoT projects thanks to its high processing power, built-in Wi-Fi and Blue-
tooth, and Deep Sleep Operating capabilities. Assembling, visualizing, and analyzing 
real-time data streams in the cloud are possible with the help of the IoT analytics 
platform service ThingSpeak.

Data uploaded by users are instantly visualized via ThingSpeak. Data sent by your 
devices to ThingSpeak are instantly visualized by ThingSpeak. You can analyze and 
analyze data online as it comes in thanks to ThingSpeak’s ability to run MATLAB 
code. For IoT systems that need analytics, ThingSpeak is frequently used for proto-
type and proof of concept solutions. The Internet of Things (IoT) aims to remotely 
connect objects for smooth operation. It fills the gap between data networks and 
device sensors. It gives information about the data that are used in the backend 
application. An IoT platform is a collection of parts that enables programmers 
to disperse applications, gather data from a distance, secure communication, and 
manage sensors. An IoT platform controls device connectivity and enables the
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Fig. 14 FPGA controller and the launching pad LAUNCHXL-F28069M

creation of new mobile software apps by developers. It makes business transformation 
possible and makes it easier to collect data from gadgets. 

It links many parts, ensuring a constant stream of communication between the 
gadgets. The IoT platform aids in better understanding client wants and makes it 
easier to create products that meet those needs. It gives businesses more operational 
intelligence and visibility, which facilitates better decision-making. Figure 15 illus-
trates inter-leaved DC-DC converters have a number of benefits over conventional 
boost converters, such as very little current ripple, excellent efficiency, and rapid 
dynamics. An interleaved converter, which has a better efficiency of roughly 98%, is 
used to enhance the output voltage to 800 V. Using an interleaving gadget can also 
help you feel less stressed and work more effectively. Interleaved boost PFC is the 
most popular power factor correction architecture. Figure 16 shows the experimental 
setup of inverter that is used for synchronization in lab. The rectifying diode bridge 
and boost converter are utilized in this system to convert AC voltage to DC voltage. 
After that, the boost converter raises the voltage. As a result, the current develops a 
sinusoidal wave and the output voltage ripple is reduced. One boost converter runs 
at a time as a result of pulses produced by the driver circuit. Since the interleaved 
boost converter combines two boost converters, one of them is turned on during the 
positive half cycle and the other during the negative half cycle. The inductors get 
short-circuited when the MOSFET is triggered. High-speed switching results from 
the gate receiving a PWM pulse. The inductor is charged at the moment of the short. 
These result in the MOSFET opening, doubling the inductor charge. The capacitor 
is then used to discharge this. In order to prevent voltage return flow, a diode is posi-
tioned in the path. Therefore, voltage increases as a result of rapid speed switching. 
Figure 17 shows the hardware setup.
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Fig. 15 Interleaved boost controller 

Fig. 16 Inverter 

Fig. 17 Hardware setup
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6 Conclusion 

A wireless local area network (WLAN) was used to connect the smart intelligent elec-
tric charging station to the IOT cloud platform. Additionally, vehicle data repositories 
were added to the IOT analytics cloud platform and analyzed using Backpropagation 
Artificial Neural Networks (BPANN) in MATLAB. The BPANN uses the launching 
pad LAUNCHXLF28069M to determine the charging time and load demand before 
sending signals to the solar grid tie system. Board for development by Texas Instru-
ments. A solar-powered electric vehicle charging station is designed, planned, and 
put into operation. The requisite voltage rating is obtained using an interleaved boost 
converter. MATLAB-Simulink is used to simulate the interleaved boost converter, 
and the results are shown. Later, the findings are examined, and the functioning 
model is created using the discovered simulation settings. MATLAB-Simulink is 
used to build and simulate grid-tie inverters in order to synchronize the transmission 
of surplus energy to the grid. Along with MPPT, a battery system is incorporated 
to store the energy for later usage. The amount of ripples produced was lessened 
with the aid of the interleaved boost converter. As a result, a solar-powered electric 
vehicle charging station that is more effective and environmentally benign is created. 
Additionally, transactions are conducted using Blockchain Technology, which was 
created using Solidity in the Remix IDE Ethereum platform, to ensure cybersecurity. 
As a result, the transaction history and billing information are safely kept. In the 
future, geofencing will be established at smart, intelligent electric charging stations 
using GPS tracking. This virtual perimeter has a 7 km radius and surrounds the 
charging station. This fictitious geofence boundary tracks and detects the presence 
of electric vehicles in real time. Additionally, automatic system operation can be 
offered. Additionally, blockchain integration is possible. As a result, all live data are 
safely preserved. 
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Location Selection in Thailand by Using 
TOPSIS Technique 
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Peerapop Jomthong, and Putpipong Laikrathok 

Abstract Electricity is necessary for human life and is a major driver of economic 
growth. The demand for electricity has been rising continuously. An effective and 
sufficient power transmission infrastructure is required to deliver high-quality, reli-
able, and sustainable electricity. Therefore, the purpose of this paper is to select a 
location for substation construction project in Thailand. Based on a survey of the 
various landmarks, 10 alternative locations for the substation’s construction are suit-
able locations. There are Krathum Baen 6, Krathum Baen 7, Tha Sai 2, Tha Muang 
2, Tha Maka 2, Ban Pong 3, Bang Lane 2, Samut Sakhon 10, Samut Sakhon 11, 
and Om-Noi 5. Four criteria to be considered in the selection of the location of the 
substation construction project are determined as power consumption, the number of 
system problems time, the number of outages electricity meters, and electricity bills. 
The TOPSIS technique is conducted for calculation. The findings demonstrate that 
substation construction project that decision-makers must consider is the number of 
system problems time. The suitable locations are Om-Noi 5 and Bang Lane 2, Tha 
Maka 2, respectively. 
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1 Introduction 

Electrical power is essential for human life and contributes to multidimensional 
change. The path of electric power development continues with a mechanism of 
quality creation that relies on a variety of fuel sources that are linked together 
through the electricity transmission system. Electricity transmission system is crucial 
in delivering electricity from power plant to consumers [1], ensuring that people have 
access to fundamental service. All regions of Thailand will experience wealth thanks 
to an effective electric power transmission infrastructure, which will also produce 
dependable economic stability for long-term investment decisions. 

The Power Development Plan (PDP) 2018–2037 states that Thailand’s demand for 
power has been steadily rising, leading the necessary organizations to provide more 
capacity. The Electricity Generating Authority of Thailand (EGAT), the Metropolitan 
Electricity Authority (MEA), and the Provincial Electricity Authority (PEA), which 
are all responsible for the transmission and distribution of electricity in Thailand, 
must make plans for generating enough electricity to meet demand and have reli-
able delivery systems in place. However, the distribution of electricity to users has 
restrictions on the delivery distance for places remote from the power plant. The 
transmission of electricity over long distances will experience voltage drops that 
cannot provide the customer with enough electricity. For this reason, a substation is 
required to connect the power plant to the customer in order to reduce losses during 
the distribution to the user. 

The substation is outfitted with tools for controlling voltage, the flow of electrical 
energy, and short-circuit protection for cutting off transmission lines from the power 
grid. The primary purpose of substations is to generate and change voltage levels 
in order to transfer and distribute electrical energy. In an effort to create a more 
effective domestic electricity transmission system, Thailand approves a numerous 
of substation development projects each year. Therefore, it is vital to rank each 
project in order of significance before building substation, and expanding electrical 
distribution systems in the most critical area first. Nowadays, project planning relies 
on the expertise of experts in combination with forecasting methods to make planning 
decisions, thus lacking clarity on the factors that need to be considered. 

In this paper aims to study the factors used to determine and prioritize power 
substation construction projects with TOPSIS techniques. This will help determine 
which factors are the most important and which should be considered first, or which 
factors need to be studied thoroughly. The rest of this manuscript is organized as 
follows: Sect. 2 describes the research methodology, including data collection, and 
data analysis. Section 3 proposes the results. Conclusions are finally presented in 
Sect. 4.
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2 Methodology 

This study considers the relevant factors for prioritizing substation construction 
projects within the Central Region of Thailand based on TOPSIS techniques to 
propose as a guideline for planning 10 pending substation construction projects as 
shown in Table 1, which is detailed as follows. 

2.1 Data Collection 

The primary data were obtained by interviewing 15 experts with more than 16 years 
of working experience and being in departments directly involved in the construc-
tion of substations. We will briefly explain the principles of priority comparison 
with TOPSIS methods and decision-making criteria so that experts can accurately 
and accurately assess the importance weight. The experts provided the information 
that came from five departments, namely, the Electricity Supply Analysis and Plan-
ning Department, Electrical Planning Department, Substation Construction Project 
Management Department, and Customer Relations Department. The secondary data 
were collected from Annual Performance Report, website, or news. See the collected 
and already calculated data in Table 2.

2.2 Data Analysis 

Data analyze use Microsoft Excel to calculate according to the TOPSIS technique 
to prioritize substation construction projects. The calculation process is as follows: 

(1) Technique for Order Preference by Similarity to Ideal Solution (TOPSIS)

Table 1 List of substation 
construction projects No Substation 

A1 Krathum Baen 6 

A2 Krathum Baen 7 

A3 Tha Sai 2 

A4 Tha Muang 2 

A5 Tha Maka 2 

A6 Ban Pong 3 

A7 Bang Lane 2 

A8 Samut Sakhon 10 

A9 Samut Sakhon 11 

A10 Om-Noi 5 
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Table 2 The collected data 

Location\criteria Power consumption The number of 
system 
problems time 

The number of 
outages of 
electricity 
meters 

Electricity bill 

A1 122,732,083.81 0 46,875 437,078,150.06 

A2 122,732,083.81 0 46,875 437,078,150.09 

A3 234,421,719.51 1 80,702 822,913,828.78 

A4 10,397,295.65 1 24,301 37,373,973.20 

A5 23,940,635.03 0 29,468 79,296,595.63 

A6 32,940,635.03 7 47,706 120,052,949.63 

A7 51,793,422.00 0 22,661 176,046,645.07 

A8 234,421,719.51 1 80,702 822,913,828.78 

A9 234,421,719.51 1 80,702 822,913,828.78 

A10 111,901,036.30 0 76,206 402,577,235.50

TOPSIS was first developed by Hwang Ching-Lai and Kwangsun Yoon in the 1980 
[2]. TOPSIS is one of the Multiple Criteria Decision Making [3, 4]. The basic concept 
is determining the best alternative that is the shortest distance from the positive ideal 
solution (PIS) [5] and the farthest distance from Negative Ideal Solution (NIS) [6, 7]. 
TOPSIS is a tool that assists in ranking alternatives according to the information used 
to evaluate each one. Therefore, TOPSIS is appropriate for decision-making based 
on quantitative standards that allow for the evaluation of numerical alternatives. The 
TOPSIS calculation steps as follows [7]: 

Step 1: Normalized Decision Matrix R = [ri j ]m×n with i =, . . . ,  m and j = 
1, . . . ,  n as 

ri j  = xi j/∑
x2 i j  

(1) 

Step 2: The objective criteria weight (W j ) of each criterion is calculated. This 
study also uses entropy weight method, which is a typical diversity-based weighting 
method. We calculate attribute weights based on the diversity of attribute data 
among the alternatives. Entropy weight method is frequently used as the weight 
determination method for TOPSIS [7]. W j is calculated as follows: 

Calculate entropy measure of every index using the following equation 

Pi j  = xi j∑
j xi j  

(2) 

E j = −K
∑

j=1
[Pi j  × InPi j ] where K = 1 

In(m) 
(3)
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Define the divergence through: 

div j = 1 − E j (4) 

Obtain the normalized weights of indices: 

W j = div j∑
j div j 

(5) 

Step 3: Calculate the Weighted Normalized Decision Matrix using the following 
equation: 

Vi j  = w j ri j  , ∀i ∈ {1, . . . ,  m}, ∀ j ∈ {1, . . . ,  n} (6) 

Step 4: Identify the positive ideal solutions; A+ (benefits) and negative ideal 
solutions A− (costs): 

V + = (V + 
1 + V + 

2 , . . . ,  V 
+ 
m ) (7) 

V − = (V − 
1 + V − 

2 , . . . ,  V 
− 
m ) (8) 

where A+ 
j , A

− 
j are defined as in (9) and (10) 

A+ 
j = {(maxi vi j  , j ∈ J1

)
, (mini vi j  , j ∈ J2)} (9) 

A− 
j = {(maxi vi j  , j ∈ J1

)
, (mini vi j  , j ∈ J2)} (10) 

and J1 and J2 represent the criteria benefit and cost, respectively. 
Step 5: Calculate the separation measures as: 

d+ =
/∑

(vAj  − v+ 
j ) 

2 
, ∀ j ∈ {1, . . . ,  n} (11) 

d− =
/∑

(vAj  − v− 
j ) 

2 
, ∀ j ∈ {1, . . . ,  n} (12) 

Step 6: Calculate the relative closeness to the ideal solution as: 

di 
d+ 
i + d− 

i 

, ∀i ∈ {1, . . . ,  m} (13) 

Note that Ci = 1 if Ai = A+ and Ci = 0 if Ai = A− 

(2) Selection Criteria
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Table 3 List of selection criteria 

Number Criteria Description 

C1 Power consumption Maximum concurrent power consumption 
as measured by meter 

C2 The number of system problems time The number of times an electrical system 
malfunctioned 

C3 The number of outages electricity meters The number of electricity meters that will 
be impacted by a power outage 

C4 Electricity bill Average monthly electricity income 

The criteria used for priority in this paper are straightforward and reliable due to 
the selection process use interviewing experts in the relevant field who are real prac-
titioners. The criteria consist of four criteria: Power consumption (C1), the number 
of system problems time (C2), the number of outages electricity meters (C3), and 
electricity bill (C4), as shown in Table 3. 

3 Results and Discussions 

The factors listed in Table 3 are studied to be used as criteria for prioritizing substa-
tion construction projects. We calculated priority values according to the TOPSIS 
technique with Microsoft Excel to prioritize each guideline. Which criteria have the 
highest value will matter the most. On the other hand, which criteria have the lowest 
value will matter the least, and the sum of all the resulting weighted values must be 
equal to 1. 

According to the TOPSIS procedure in the previous section, the normalized matrix 
is shown in Table 4. The objective criteria weight derived from the entropy weight 
method are shown in Table 5. The relative closeness to the ideal solution is calculated. 
Then, the alternatives according to the relative closeness are ranked as shown in 
Table 6.

According to the values of closeness coefficients of the 10 substation construction 
projects, the construction project of Om-Noi 5 substation should be carried out first 
with the highest TOPSIS index value of 0.99941, followed by Bang Lane 2, Tha 
Maka 2, Krathum Baen 6, Krathum Baen 7, Tha Muang 2, Ban Pong 3, Tha Sai 2, 
and Samut Sakhon 10, and Samut Sakhon 11 with the same priority weight value of 
0.77868, respectively. In light of the objective criteria weight, C2 is the weight that 
raises the most concern among the other three criteria. Overall, taking into account 
the other weights, the construction of the Om Noi 5 project should go ahead first, 
while the Samut Sakhon 10 and Samut Sakhon 11 projects should be constructed as 
the last.
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Table 4 The normalized matrix 

Location\Criteria C1 C2 C3 C4 

A1 0.267 0.000 0.254 0.270 

A2 0.267 0.000 0.254 0.270 

A3 0.509 0.137 0.438 0.508 

A4 0.023 0.137 0.132 0.023 

A5 0.052 0.000 0.160 0.049 

A6 0.070 0.962 0.259 0.074 

A7 0.112 0.000 0.123 0.109 

A8 0.509 0.137 0.438 0.508 

A9 0.509 0.137 0.438 0.508 

A10 0.243 0.000 0.413 0.248 

Table 5 The objective criteria weight 

Criteria C1 C2 C3 C4 

Weight 0.2451 0.2714 0.2387 0.2448 

Table 6 Rank the preference 
order Alternatives TOPSIS index Rank 

A1 0.95291 4 

A2 0.95011 5 

A3 0.77868 8 

A4 0.90248 6 

A5 0.97330 3 

A6 0.86028 7 

A7 0.99292 2 

A8 0.77868 9 

A9 0.77868 10 

A10 0.99941 1

4 Conclusions 

According, the findings of the research and analysis of factors influencing the decision 
to rank the substation construction projects using the TOPSIS technique, the factors 
influencing the consideration of four factors are power consumption (C1), the number 
of system problems over time (C2), the number of outages electricity meters (C3), 
and electricity bill (C4). C2 is the most concerning factor with a threshold weight 
of 0.2714, followed by C1, C4, and C3, respectively. The results showed that the 
construction of Om Noi 5 substation should be carried out first, followed by Bang
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Lane 2, Tha Maka 2, Krathum Baen 6, Krathum Baen 7, Tha Muang 2, Ban Pong 3, 
Tha Sai 2, and Samut Sakhon 10, and Samut Sakhon 11, respectively, which ranks 
1–3 in accordance with the Provincial Electricity Authority’s operational plan. 

The factors taken into account in this analysis can be utilized as decision-making 
input when deciding how to order substation construction projects. The TOPSIS 
technique can also be used for other tasks in the future. 
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Numerical Investigation 
of Wind-Induced Vibration and TMD 
Damping Effect of the Large-Span 
Transmission Tower-Line System 

Yanji Li, Wenxiao Qian, Guoqiang Zhang, Xinwei Zhang, Quan Chen, 
and Huawei Niu 

Abstract The large-span transmission tower-line system’s response to wind-
induced vibration and vibration control are the main subjects of this paper. The 
first step is to establish the single transmission tower (STT) model and the trans-
mission tower-line system (TTLS) model, and the dynamic response of the system 
is analyzed accordingly. Then, the numerical method is used to investigate how the 
tuned mass damper (TMD) affects the top vibration response of the tower-line system. 
Based on the dynamic characteristics, the results demonstrate a significant similarity 
between the transmission tower-line system and the single tower. Additionally, when 
the TMD’s mass ratio is set to 2%, the developed TMD does have some impact on 
the tower-line system’s in-plane bending vibration. The acceleration (STD) reduc-
tion rate is proved bigger than 30%, while the displacement (STD) reduction rate is 
about 10%. 
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1 Introduction 

Due to the characteristics of high height, low self-resonance frequency, and heavy 
load, the large-span transmission towers are extremely sensitive to wind loads. As a 
matter of fact, wind damage accidents of transmission towers occur occasionally both 
at home and abroad, which not only seriously affects the normal social production 
and life but also represents a serious threat to people’s lives and the security of their 
property. Therefore, in recent years, more and more scholars have devoted a lot 
of energy to the research of the transmission towers about wind-induced vibration 
response and wind-induced vibration control. 

In accordance with the respective characteristics of the background response and 
the resonance response of the tower-line coupled system, Guo et al. [1] further inves-
tigated the frequency-domain simplified analysis approach of the tower-line system 
about wind-induced vibration response. Evaluating whether the stiffness of the trans-
mission lines was taken into account or not, Irvine [2] performed a finite element 
dynamics analysis of the single transmission tower. With the use of closed-form 
solutions and wind tunnel experiments, Zhang et al. [3] investigated on the three-
dimensional dynamic reaction of three types of transmission lines (I, V, and strain) 
bundled with an insulator. Ghazal et al. [4] used computer software (ADINA and 
SAP2000) to investigate the effect of transmission lines response and the trans-
mission tower-line system on a steel lattice transmission tower under heavier wind 
load. Zhao et al. [5] conducted a field test of a TTLS prototype in order to thor-
oughly examine the vibration behavior of conductors with and without ice coatings. 
In their wind tunnel tests for a STT and a TTLS under uniform flow field and turbu-
lent flow field, Deng et al. [6] used the 500 kV Jiangyin large-span tower as their 
engineering background. They discovered that the frequency of conductor vibration 
was primarily low-frequency vibration, whereas the frequency of tower vibration 
was relatively high. Also, as wind speed increased, the first fourth modes’ response 
dominated the power spectrum, and the spectral component grew rich. The TTLS’s 
nonlinear effect grew. Using a wind tunnel air-elastic model with a scale ratio of 
1:40, Chen et al. [7] investigated the wind-induced vibration response of the STT 
during weather winds and typhoons. By using a numerical approach, Lan et al. [8] 
investigated the effectiveness of the viscous damper in reducing wind-induced vibra-
tion, including the layout of the viscous damper and damping index, taking the 1000 
kV substation frame with large scale as research project. Lei et al. [9] developed a 
non-contact eddy current tuned mass damper (ECTMD) for the broken transmission 
lines impact and wind-related damage to transmission tower structure, and proved 
the omnidirectional damping effect of the method through numerical simulation and 
wind tunnel test. The effect of mass ratio, frequency ratio, and damping ratio on the 
damping effect of the large-span STT TMD was confirmed by numerical simulation 
for Tian et al. [10]. 

The large-span STT and TTLS’s dynamic characteristics, wind-induced vibration 
response, and vibration control require rigorous investigation. This research exam-
ines the reaction of the large-span TTLS to wind-induced vibration and the TMD
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Fig. 1 The TTLS spacing distribution diagram 

damping effect using a 1000 kV UHV AC transmission as the engineering back-
ground. The large-span transmission tower is divided into two banks, with the left 
bank located in the east of Luoshan Town, Honghu City, Hubei Province, and the 
right bank located in the west of Jiangnan Town, Linxiang City, Hunan Province. 
The main span distance is 2415 m, and the span distribution is 765–2415–720 m. The 
nominal height of the large-span tower is 297.5 m, while the whole tower is 371 m. 
The detailed layout is shown in 0 (Fig. 1). 

2 Dynamic Characteristics Analysis 

2.1 Single Transmission Tower (STT) 

Firstly, the finite element program ANSYS was used to create the STT model depicted 
in 0. Among them, the transmission tower’s major components, which were simulated 
by the Beam188 unit, are Q345, Q420 steel pipe, and angle iron; Beam4 unit was 
used to simulate part of the diagonal braces and horizontal braces; the four knots at 
the bottom of the tower were consolidated with the earth (Fig. 2).

In Table 1 and 0, the vibration characteristics and their descriptions of the STT’s 
first fifth modes are displayed (Fig. 3).

2.2 Tower-Line System (TTLS) 

In actual operation, the TTLS includes transmission lines and insulators in addition 
to the STT. For the entire TTLS, problems such as insulator suspension failure, line 
break failure, and line icing that could arise cause the presence of transmission lines 
need to be taken into account, and the way in which the transmission lines react 
to the main tower will also have a complex impact [11]. Therefore, on the basis of 
subsection II-A (STT’s model), the “two towers and three lines” TTLS finite element 
model was established, and the specific details of the finite element model are shown 
in 0 (Fig. 4).
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Fig. 2 The STT finite 
element model

Table 1 Description of the 
first fifth modes of the STT Modes order Frequency (Hz) Modes mass (kg) 

1 0.350 486,624 

2 0.351 484,971 

3 0.840 465,036 

4 0.854 403,698 

5 0.895 73,560

The first fifth modes of the STT in a TTLS are essentially the same as those of 
the STT if one disregards the low-frequency vibration of the transmission lines and 
takes the mode form of the tower as the primary research object. Table 2 displays a 
comparison of the STT and tower-line systems’ first fifth modes.

Basically consistent with the research result of Yu’s [12], the TTLS’s first fifth 
modes’ self-resonance frequency is slightly reduced compared with the STT because 
the influence of the transmission lines on the quality contribution of the TTLS is 
greater than the contribution of stiffness.
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(a) (b) (c) (d) (e) 

Fig. 3 The first fifth modes diagram of the STT: a the first mode; b the second mode; c the third 
mode; d the fourth mode; e the fifth mode

Fig. 4 The “two towers and three lines” finite element model



52 Y. Li et al.

Table 2 Comparison of the dynamic characteristics of TTLS and STT 

Modes order STT frequency (Hz) TTLS frequency (Hz) Difference (%) 

1 0.350 0.324 7.429 

2 0.351 0.324 7.692 

3 0.840 0.784 6.667 

4 0.854 0.800 6.323 

5 0.895 0.819 8.492

3 Wind-Induced Vibration Response Analysis 

3.1 Wind Load Simulation and Loading 

Firstly, the pulsating wind speed time history was generated using the harmonic 
synthesis method proposed by Shinozuka et al. [13] and Deodatis [14]. The resulting 
time history curve and power spectrum curves are presented in 0 (Fig. 5). 

The finite element software ANSYS was used to load the derived pulsing wind 
time history into the TTLS finite element model for the wind-induced vibration 
response analysis. The transmission tower was separated into 22 pieces from top to 
bottom, and the appropriate wind speed was taken within each segment for loading 
since wind speeds varied at different altitudes. 0 depicts the loading point or section 
(Fig. 6).

(a) (b) 

Fig. 5 Pulsating simulation results of TTLS: a Time history of pulsating wind; b Power spectrum 
of pulsating wind 
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Fig. 6 Schematic diagram 
of the pulsating wind loading 
point 

3.2 The Wind-Induced Vibration Response 

A total of 61 nodes on the 22nd floor of the transmission tower were pulsated wind 
loading along the transmission lines (0° wind direction) and vertical the transmission 
lines (90° wind direction), then transient analysis was performed with ANSYS. 0 
displays the outcomes of extracting the displacement and acceleration response at 
the top of the TTLS (Fig. 7).

It is clear that the response values are bigger in the direction along the transmission 
lines because the windward area in that direction is larger than it is in that direction 
of the vertical transmission lines. In Table 3, the data of the results are provided.

At the same time, the Fourier transform was applied to the time history curves 
of the wind-induced vibration response along the transmission lines and vertical the 
transmission lines at the top of the TTLS, and the spectrum curves are drawn in 0 
(Fig. 8).

From 0, under wind load, the excellent frequencies of the TTLS’s first and second 
modes are essentially equivalent to the self-resonant frequencies of the structure’s 
first and second modes. That is, the in-plane bending vibration of the first and second 
modes (mainly the first mode) primarily dominates the response of the TTLS in both 
directions.
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(a) (b) 

(c) (d) 

Fig. 7 The wind-induced vibration response results of TTLS: a Displacement results vertical the 
transmission lines; b Displacement results along the transmission lines; c Acceleration results 
vertical the transmission lines; d Acceleration results along the transmission lines

Table 3 The results of wind-induced vibration response for TTLS 

Wind 
direction (°) 

Maximum of 
displacement 
(m) 

Standard of 
displacement 
(m) 

Average of 
displacement 
(m) 

Maximum of 
acceleration 
(m s−2) 

Standard of 
acceleration 
(m s−2) 

0 −0.794 0.395 0.334 2.834 0.756 

90 −0.527 0.245 0.208 2.109 0.564

4 TMD Design and the Research of TMD Damping Effect 

4.1 TMD Design 

During the working process, the conductor plate of the eddy current damper does 
not contact with the magnet, which is an ideal damping method without friction and 
wear. When the mass block is moving, the magnetic inductive line movements are cut, 
and the magnetic flux in the conductor plate changes, resulting in eddy currents; the 
damping force is created when the magnetic fields created by the permanent magnet 
and the eddy current interact. In the whole process of the conductor plate movement, 
the conductor plate’s kinetic energy is first transformed into electric energy, which
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(a) (b) 

(c) (d) 

Fig. 8 The wind-induced vibration response spectrum curves of TTLS: a displacement spectrum 
curve vertical the transmission lines; b displacement spectrum curve along the transmission lines; 
c acceleration spectrum curve vertical the transmission lines; d acceleration spectrum curve along 
the transmission lines

is subsequently transformed into internal energy through the ampere-force working, 
so as to achieve energy dissipation. 

Three factors, mass ratio, frequency ratio, and damping ratio generally affect how 
well TMD controls vibration. Equations (1) and (2), which make use of Den Hartog’s 
[15] formula, were used to determine the optimal parameters, the optimal frequency 
ratio and the optimal damping ratio of TMD. 

fTMD = f /(1 + µ) (1) 

Dopt =
[

3µ 

8(1 + µ)
]1/2 

(2) 

where f is the frequency of the modes that TMD controls. From subsection III-B, the 
main modes of wind-induced vibration in the TTLS are the first two modes in both 
directions (along the transmission lines and vertical the transmission lines) of the 
structure, and these two modes are also the controlled target when designing eddy 
current TMD. Where D, µ  are damping and mass ratio for TMD, respectively. 

And µ can be calculated by Eq. (3).
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Table 4 TMD design results for the TTLS 

Mass ratio (%) Mass of TMD (kg) Frequency of TMD (Hz) Damping of TMD (%) 

2.000 9979.000 0.327 8.417 

µ = mTMD/mS (3) 

where mTMD, mS are the modal mass for TMD and the research structure, respectively. 
According to the dynamic characteristics analysis of the TTLS and Eqs. (1)–(3), 

TMD parameters in Table 4 can be obtained when the mass ratio is 2%. 

4.2 The Research of TMD Damping Effect 

4.2.1 Installation and Numerical Simulation of Eddy Current TMD 

Generally, the maximum displacement location of the mode that is to be controlled is 
often where TMD is installed. In this study, the first mode of the target modes of the 
TTLS is in-plane bending (among the transmission lines and vertical the transmission 
lines), and the top displacement is the biggest. Therefore, TMD is hence mounted 
on the transmission tower’s summit. Furthermore, the suspension point is split into 
two pieces to address the issue of too much local force while taking into account 
the viability of actual technical installation and structural force. 0 depicts the eddy 
current TMD installation diagram (Fig. 9).

Combin14 unit, which has one-dimensional, two-dimensional, or three-
dimensional axial or torsional capabilities, was used to simulate spring-dampers 
with one-dimensional tensile and compressive effects in the finite element software 
ANSYS. Since the spring-damper system had no mass, the Mass21 unit was used to 
represent the structural particle. 

4.2.2 The Damping Effect of Eddy Current TMD 

After simulating the installation of eddy current TMD in the finite element model, 
a series of transient analysis of pulsating wind under the same working conditions 
as in subsection III-B were carried out. The numerical simulation calculated results 
were compared with those without TMD and the drawing was as 0 (Fig. 10).

It can be seen from 0 that after the installation of TMD, the displacement response 
and acceleration response along the transmission lines and vertical the transmission 
lines at the top of the TTLS were reduced to some extent, among which the standard 
reduction rate of acceleration was more than 30%, and the standard reduction rate of 
displacement was about 10%. The specific vibration damping effect data are shown 
in Table 5.
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Fig. 9 Installation diagram 
of the eddy current TMD

5 Conclusions 

The following are the main conclusions from the finite element analysis and 
numerical calculation of the TTLS of a 1000kV UHV AC transformation project: 

(1) The TTLS’s vibration modes are essentially the same as those of a single tower, 
but because transmission lines and other structures are present, the frequency 
of the TTLS is about 7% lower. 

(2) The structural wind-induced vibration response is primarily based on the in-
plane bending vibration of the first and second modes of the structure (mainly 
the first mode), and the wind-induced vibration response of the TTLS along the 
transmission lines is greater than that of the vertical transmission lines. 

(3) The eddy current TMD (2% mass ratio) designed for the first second modes 
of the TTLS has some effect on controlling the wind-induced vibration of the 
structure, and the acceleration (STD) reduction rate is proved bigger than 30%, 
while the displacement (STD) reduction rate is about 10%.
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(a) (b) 

(c) (d) 

Fig. 10 The comparison results with or without TMD: a displacement results vertical the trans-
mission lines; b displacement results along the transmission lines; c acceleration results vertical the 
transmission lines; d acceleration results along the transmission lines

Table 5 The tower-line system wind-induced vibration reduction rate summary 

Item 0° 90° 

Standard of displacement without TMD (m) 0.245 0.395 

Standard of displacement with TMD (m) 0.212 0.352 

STD reduction rate of displacement (%) 13.369 10.926 

Standard of acceleration without TMD (m s−2) 0.564 0.756 

Standard of acceleration with TMD (m s−2) 0.384 0.499 

STD reduction rate of acceleration (%) 31.783 33.973
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Geothermal Energy: Energy Alternative 
to Combat Frosts and Cold Spells in Perú 

Diana Castillon Huayhua , Junior H. Nieto Lapa , 
and Steve D. Camargo Hinostroza 

Abstract In recent years, frosts and cold spells have been more prolonged and have 
caused an increase in respiratory diseases, death of livestock, food shortages, and crop 
losses, especially in the high Andean areas. Therefore, this research was proposed 
to evaluate geothermal energy as an alternative to combat frosts and cold spells 
in Peru, this was done with information from ministries, important representative 
institutions, or attached to the above and scientific articles on the subject, taking into 
account the economic, social, and environmental. The results show that there is a 
high geothermal potential, concentrated in the south of our country, with an electrical 
generation capacity of 3000 megawatts. The Schumann and Quello Apacheta projects 
are currently the most advanced and will have an initial investment of more than US$ 
1000 million and an initial production of approximately 500 MW. The contributions 
that the use of geothermal energy will provide will be the generation of jobs, massive 
heating, cheap energy, zero emissions, it is not susceptible to meteorological changes, 
improves food conservation, and could add economic growth of 0.7–1.9% per year 
to the regions that host these geothermal power plants. Therefore, geothermal energy 
is a renewable natural resource due to the heat reserve stored inside the earth, where 
its efficiency, inexhaustibility, environmental friendliness, low cost, and durability 
make it a viable energy alternative to combat frosts and cold spells in Peru. 

Keywords Geothermal energy · Frosts · Peru · Geothermal potential 

1 Introduction 

In the last two decades of this century, according to Rivera Delgado et al. (2021), the 
studies of energy transition and the role that innovation and technology play in the 
development of solutions energy and development of countries (mainly emerging 
economies) have claimed great importance in the research field of development, 
innovation systems, transitions to sustainability, and energy systems [1]. Hence, the
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energy demand is increasing in line with the increase in the consumption of goods 
and services, however, in the attempt to meet and satisfy these needs has led to 
overexploitation of fossil fuels for the production and distribution of these. As a 
result, concern has arisen about environmental care, because productive systems 
work with traditional energy resources and, given the limited ecological capacity 
we have, it is necessary to implement new clean energies. The earth possesses an 
enormous amount of these energetic resources (30 million Terawatts) [2], however, 
one of the bigger problems that faced humanity is the obtainment and transformation 
of these resources. 

Energy is known for its indispensability for social, industrial, and economic devel-
opment. Energy is the source that allows us to achieve high productivity values and 
economic growth, the industry currently uses large amounts of energy, mainly of the 
electrical type, therefore, industries require abundant energy, served at home, with 
adequate prices, which are safe, efficient, that do not run out and do not pollute the 
environment [3] and meeting these growing needs energy and protect the environ-
ment is one of the challenges facing the world; in our case, we have many different 
renewable sources, including geothermal [4]. 

On the other hand, in Peru, year after year, frosts and cold spells hit the high 
Andean areas of the country. CENEPRED estimates that, for this present year, more 
than 3.7 million hectares of crops (13% more than last year) are at risk of being 
exposed to low temperatures, and a few 550 districts in 17 regions of the country 
in high risk and very large of exposure in July and August. The largest number of 
hectares threatened itself find in the regions of Puno, Ayacucho, Arequipa and the 
great number of crops threatened them two first together with Ancash [5]. In addition, 
it is added that there are more than 7 million Peruvians, 663 thousand of whom live 
in the group of persons of very high risk and more than 6.5 million people are in 
the group high risk under the influence of the low temperatures, where influenza 
and pneumococcal is principals diseases more frequent and is vaccinations have not 
exceeded 30% [6], whatever thus increasing the vulnerability and risk of contracting 
respiratory diseases. 

According to Rumbo Minero, (2020), geothermal energy is a cleaner alterna-
tive for ensuring sustainable electricity supply. Since geothermal energy uses steam 
that resides of the way naturally below the earth and then re-inject it after use, this 
generates a closed and sustainable cycle of electricity production. The world’s first 
geothermal power plant began operating in 1913 and today, more than 100 years 
later, is still producing power. Well-managed, a geothermal reservoir could be 
inexhaustible [7]. 

For all the above mentioned, Peña Jumpa, (2014) frosts and friajes are common 
phenomena during the winter in the Peruvian Andes, causing the death of thousands 
of animals, destruction of homes, damage to health and family economy of people, 
which leads us to reflect on the need for the right to heating [8]. Therefore, this 
research aims to describe geothermal energy as an energy alternative to combat the 
frosts and cold that year after year hit our high Andean areas of our country.
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2 Materials and Methods 

2.1 Search Criteria 

The search for information took into account the reliability of the pages or databases 
consulted, such as Google Scholar, Scielo, Springer Link, Scopus, among others and 
approved theses, as well as the journal ranking databases such as SCIMAGO. 

On the other hand, when evaluating the social, economic, and environmental 
impacts of geothermal energy, we have taken into account laws, regulations, and 
relevant information provided by the virtual platforms of the Ministries involved in 
our research, as well as the most renowned newspapers in our country and abroad 
that show the energy potential of geothermal energy in Peru. 

2.2 Frosts and Fringes 

According to Editorial EC, 2022, Frost occurs when temperatures drop below 0 °C, 
this conception corresponds to meteorological frosts, but agrometeorological frosts, 
is the decrease in air temperature falls to critical values, which kills plant tissue. 
In the case of agrometeorological, frost depends on the critical temperature level 
of each crop and can be greater than 0 ºC [9]. Frosts have already hit much of the 
country’s Andean highlands, causing an increase in respiratory diseases linked to 
the coronavirus (COVID-19) pandemic, with the most affected regions being Puno, 
Arequipa, Tacna, Moquegua, Cusco, Ayacucho, Huancavelica, Pasco, Junín, and 
Apurímac. 

EC Newsroom, 2022, describes that the cold begins with moderate to heavy rains, 
thunderstorms, and winds in a south-to-north direction. The maximum temperatures 
will be lower due to cloudiness, therefore, these rains advance leaving the sky almost 
clear, to clear the southern jungle and the presence of cold air caused the temperature 
to drop significantly in a few hours [9], frosts occur about 6–10 times a year, and the 
duration of these frosts lasts from 3 to 7 days, in many extreme cases up to 10 days. 

2.3 Geothermal Potential in Perú 

In the field of energy production, we have an impressive water potential, along with 
natural gas more than 90% of electricity is produced, but we also have other promising 
sources such as geothermal heat, which comes from the heat of the interior of the 
earth [4], these geothermal deposits are originally found in hot springs and geysers. 

Peru has abundant geothermal resources, where Master Plan estimates that Peru 
has geothermal potential to generate 3,000 MW distributed in thermal fields in the 
south of the country (60%). Therefore, Peru has implemented an integrated plan to
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develop geothermal energy and contribute 1,000 MW of electricity by 2030 [10, 11]. 
This energy production will be constant and uninterrupted over time, since no other 
renewable energy (solar or wind), can be kept in operation for long periods since they 
suffer too many interruptions, mainly weather conditions. In addition, many experts 
say that geothermal energy is more efficient in the long term and thus provides greater 
energy security. 

For Gonzales, 2022, Peru with its geothermal potential, can produce 3,000 MW, 
which is equivalent to 50% of the electricity currently produced throughout the 
country, this is due to our strategic and privileged location on the Pacific Ring of Fire 
[7]. As well as our country there are many others that have the same or even greater 
geothermal potential and reasons such as the growing energy needs have prompted 
Quaise Energy, they are embarking on an ambitious project; develop the deepest hole 
in the earth to extract geothermal energy [12] (see Fig.  1).

Normal geothermal development is concentrated in dry steam and hot steam 
systems; however, the enormous heat content of the Earth’s interior is contained 
in dry rocks [13]. Therefore, Arequipa is one of the regions that intends to 
develop and explore the potential of renewable energy, this has generated public 
interest in promoting private investment for the exploration and exploitation of 
geothermal resources. Among the places of interest, we find that the Chivay— 
Pinchollo geothermal field has great potential, a generation power generation poten-
tial of 150 MW, the highest in the country, while the area can produce around 500 MW 
[14]. 

3 Results and Discussions 

3.1 Social Impact 

Peru has at least 44,000 population centers distributed in 17 regions of the country, 
where frost and cold hit in different ways. According to the National Center for 
Disaster Risk Estimation and Reduction (Cenepred), attached to the Ministry of 
Defense, 7 million 162,648 people are at a special level of vulnerability [6], where 
they suffer food shortages, loss of crops, loss of livestock, among others. Being the 
number of Peruvians vulnerable to low temperatures is very high, therefore, it is 
proposed the implementation of geothermal power plants, to achieve a widespread 
application in outdoor heating, homes, ponds or aquaculture centers and livestock 
centers. 

According to the PNER, it diagnoses that Peru shows different special peculiarities 
such as; the remoteness, poor accessibility to localities, low consumption and low 
economic income make it impossible to use massive heating of large areas [15]. Under 
the deployment of renewable energy resources and emerging technologies will impact 
the development of the world, especially emerging market economies, provided that 
the development of appropriate technological solutions leads to greater prosperity
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Fig. 1 Distribution of geothermal potential in Peru. Source Energy and Mines Sector-INGEMMET 
(2022). Note a Distribution of thermal source and thermal region in Peru. b Distribution of 
geothermal areas in the southern region of the country

in society, creating new jobs and improving the quality of life [7]. According to 
the workers’ unions, in Peru, the energy transition is necessary and just for life, 
humanity, the planet and nature, however, they must be done with a fair process that 
does not deprive workers of their jobs, especially in the mining, oil, fishing sector, 
etc. [16], in Peru, Supreme Decree No. 003-2022 has already been approved, where 
the climate emergency is declared of national interest and making it essential to face 
it. In turn, the health crisis experienced has taught us that a country will not be able 
to walk without its workers and in the energy transition it must be carried out with 
the participation of its workers and society itself.
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According to Perego (2021), in the last decades, geothermal energy has proven 
to be a reliable and efficient technology to provide heat and/or cooling to both resi-
dential and non-residential buildings, including industrial or research facilities, the 
clearest example being the ELI-NP “extreme light infra-structure” plant in Magurele, 
Romania, these systems were mostly used in cold climates [17], this European expe-
rience encourages the development of this type of technology in the high Andean 
zones of our country. It is a very reliable, effective, and low-cost alternative to combat 
the frosts and cold spells that occur year after year, which will benefit more than 7 
million Peruvians who live in critical conditions, mostly due to the increasing frost 
and cold spells. 

3.2 Environmental Impact 

The energy transition (ET) is a way to decarbonize the world’s energy systems, trans-
forming them into carbon-free systems [1]. Geothermal power plants have become 
a renewable, environmentally friendly, and clean resource and are gradually being 
recognized, accepted, and valued [18] because they are very environmentally friendly. 

Geothermal energy is a clean and renewable resource with abundant reserves, 
wide distribution and stable temperature, its development and use play an essential 
role in saving energy, reducing emissions and protecting the environment [18]. That 
said, renewable energies (solar and wind) are very susceptible to weather changes, 
however, geothermal energy is a more reliable, safe, affordable, and sustainable 
alternative capable of providing energy continuously and can be used worldwide and 
its implementation will contribute to minimizing the emission of greenhouse gases 
(GHG), thus mitigating climate change [19]. Geothermal projects are increasing in 
our country, for example, the regions of Arequipa, Trujillo and Loreto mainly, the 
latter has a project under evaluation, where specialists say that the non-consumption 
of fuels, makes it a sustainable alternative for the environment and most importantly, 
it will help reduce the conservation of the Amazon [20]. 

In 2020, the MINEM reports that in Peru the electricity demand amounted to 
52,713 gigawatt-hours (GWh), in addition, around 5% has already been incorpo-
rated for the generation of electricity from renewable sources [4], also, in addition, 
geothermal energy is represented as an ecological alternative in energy production 
[7], since the source of heat emitted from the earth’s core is inexhaustible and perma-
nent. It should also be added that due to climate change there have been variations 
in rainfall patterns, which means that it will probably rain too little or rain too much 
and, in both cases, in both cases, this directly affects the performance of hydropower 
plants [21]. 

This year several geological and geophysical studies carried out in the Peruvian 
offshore would reveal the geothermal potential in oil basins in the north of the country, 
specifically in the Trujillo Basin, since a high heat flow has been discovered in forma-
tions related to methane hydrates. According to this study, a geothermal gradient of
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up to 100 °C has been found and it is configured as an alternative to giving a second 
life to the oil platforms that are installed and thus add to the energy transition [22]. 

It is normally considered that the use of geothermal energy does not cause any 
environmental impact, however, according to Bussotti (1997) who has compiled the 
description of several authors who have investigated the possible effects of emissions 
on terrestrial ecosystems, they have reported that the damage is macroscopic in the 
trees growing around the geothermal power plants that were examined for this study, 
which basically consists of yellowing and necrosis of the leaf margins. The authors 
attribute it mostly to the action of boron, these damages are localized and affect only 
trees growing no more than a few tens of meters from the power plants [23]. 

3.3 Economic Impact 

For Falen (2021), the government’s investment in the fight against frost and cold will 
reach about S/524 million this year. According to the Multisectoral Plan for these 
events, this figure exceeds those registered between 2014 and 2019, however, it is 
lower than the budget approved during 2020 (S/670 million) and 2021 (S/994 million) 
[24], also, according to the Ministry of Development and Social Inclusion (MIDIS), 
some 18 million soles were allocated this year to social programs for interventions 
to protect users from exposure to frost and cold in the high Andean and jungle areas, 
in order to protect health [25]. 

According to La Vega Polanco (2021), geothermal energy is a resource that can 
attract significant investments. Peru plans to invest more than US$ 1,000 million in 
the construction of two geothermal plants in Arequipa (Achumani) and Moquegua 
(Quello Apacheta) with an initial capacity of 500 MW [4]. For Rumbo Minero (2020), 
the fact that Peru has a development potential of 3,000 MW makes it a very attractive 
country for this type of investment, which has a positive in the economy [8], many 
experts assure that the initial investment for the development of projects of this type 
is very high, however, they also indicate that the investment for this type of projects 
should be in the medium and long term. 

Peru’s economy has been plunged into a deep sea of doubt. First, even with the 
impact of the pandemic, combined with a series of bad public policy proposals has 
had a negative impact on confidence, reducing private investment [4]. According 
to the Central Bank, there will be no growth in 2022 and only moderate growth 
in 2023, however, if the government does this, there will be a great opportunity 
to restructure investments by promoting renewable energies and especially, invest-
ment in geothermal energy [11], in addition, according to Tuesta, investments in 
geothermal plants of US $ 1000 million may generate 0.7–1.9% of annual economic 
growth to the Arequipa region, likewise, it is estimated that there will be an impact 
on poverty reduction of 0.2–0.5 percentage points each year [4]. 

Geothermal energy could be used for air-conditioning of tourist hotels and could 
include a thermal hot baths service in an environmentally friendly way, and it could 
even be up to 20% cheaper than fossil fuels such as fuel oil or diesel [26], however,
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according to Oviedo, if these proposals are implemented, the positive impact on 
tariffs will be significant, since there will be a reduction of between 6 and 7% for the 
end consumer [21]. Acevedo also explains that the Achumani project has a potential 
of 700 MWh and the first 100 MWh will cost between US$ 100 each, and the rest will 
be at market price [27], currently, the cost per MWh varies from US$ 25 to US$ 30, 
and the initial costs will compensate for the non-burning of fossil fuels and diesel. 

4 Conclusions 

The study shows that the geothermal potential in Peru is high, mainly due to its 
volcanic activity, with regions such as Puno, Arequipa, Moquegua, Ayacucho, Puno, 
and Pasco as the main areas of high viability to develop projects for the implemen-
tation of geothermal power plants, making it a usable resource for various activities 
throughout society, However, its energetic potential and availability in the Peruvian 
territory make it a renewable resource, since as the use of the resource increases, as 
it is estimated in the future, there will not be a decrease in its availability, and it is 
also environmentally friendly. 

In the economic field, geothermal energy will contribute to a substantial increase 
in the economic growth of each region and consequently of the country. Reliability, 
inexhaustibility, durability, and low cost invite private investments to implement 
geothermal power plants to supply electricity to food industries, safe and natural 
heating, air conditioning of large areas and its non-susceptibility to weather changes 
make it an inexhaustible and safe energy source. Many experts assure that geothermal 
energy, due to its reliability, will be profitable in the short and long term, being the 
initial stage the most expensive, however, in the medium and long term, it could be 
up to 20% cheaper than traditional energies. 

In the social field, the use of geothermal energy in Peru opens many employment 
centers in an amount of approximately 70,000 in the initial stage, according to many 
experts, and these will increase as the implementation, operation, and massification 
of geothermal energy are carried out, thus contributing to the reduction of unem-
ployment and poverty rates at the national level. In addition, geothermal energy will 
help many high Andean areas with a very high vulnerability to low temperatures, 
to air-condition their areas, promote the creation of nurseries, intensify aquaculture, 
provide heating, among others, preventing the growth of the mortality rate in infants 
and older adults, massive deaths of livestock, loss of crops and food shortages.
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Abstract The world is facing an energy crisis. Many nations have changed to 
producing power using a variety of renewable energy sources, including agricul-
tural waste (biomass). Raw materials are one of the key elements for biomass power 
plants and must be properly chosen. This paper is the application of the Analytic 
Hierarchical Process (AHP) and Fuzzy Technique for Order Preference by Similarity 
to Ideal Solution (Fuzzy TOPSIS) for selecting the raw material plant of biomass 
power in the northeastern region of Thailand. The AHP is conducted to calculate 
the weights, and the fuzzy TOPSIS is conducted to rank three biomass raw material 
alternative plants based on the criteria. There are eight criteria that affect the success 
of biomass power plants: price, shipping costs, potential, diversity, stability, quality, 
and raw water. The result shows that specialists are most concerned about price and 
quality. Therefore, Plant A is ranked first in this study, which is in line with the major 
criteria of concern. It is reasonable and related because the price of raw materials 
must be suitable for the quality of the raw materials. 

Keywords Biomass power · Fuzzy TOPSIS · AHP · Climate change

N. Sangkhiew (B) · C. Pornsing 
Department of Industrial Engineering and Management, Silpakorn University, Nakhon 
Pathom 73000, Thailand 
e-mail: Meja.noppakun@gmail.com 

S. Ohmori 
Graduate School of Creative Science and Engineering, Waseda University, Tokyo 169-8050, Japan 

P. Jomtong 
Department of Biomedical Engineering, Faculty of Health Sciences, Christian University, Nakhon 
Pathom 73000, Thailand 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
M. L. Kolhe (ed.), Renewable Energy Systems and Sources, 
https://doi.org/10.1007/978-981-99-6290-7_6 

73

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-6290-7_6&domain=pdf
mailto:Meja.noppakun@gmail.com
https://doi.org/10.1007/978-981-99-6290-7_6


74 N. Sangkhiew et al.

1 Introduction 

Currently, the world is facing an energy crisis, which is either caused by the climate 
change, a sudden surge in demand, or war. As a result, there is an ongoing global fuel 
shortage. The global fuel price index increased by 100 points between August 2021 
and March 2022. Meanwhile, the 2022 annual weighted price index for energy is 
expected to increase by nearly 50 points compared to 2021 [1]. It’s not just about the 
price, but also the environmental impact. In particular, the accumulation of carbon 
dioxide in the atmosphere causes a greenhouse reaction. 

According to the International Energy Agency (IEA) World Energy Outlook 2021 
report, the electricity sector is the largest source of global CO2 emissions today and 
accounts for about 44% of energy sector emissions [2, 3]. Multiple factors, such 
as the type of conversion technology, plant efficiency, fuel type and quality, fuel 
transport distance, and local conditions (such as wind and solar resources), among 
others, affect the GHG emissions produced during the generation of electricity [4]. 
Energy resources are used in electricity generation, which is primarily fossil fuels 
like coal, oil, and natural gas. Significant problems including air pollution, high 
carbon emissions, and inadequate power supply security have been brought on by an 
over-reliance on fossil fuels for power generation [5]. 

In Thailand, the main source of electricity generation is fossil fuels, which are still 
insufficient for their use. The highest domestic power demand in 2021 was 31,023 
megawatts (MW), an increase of 2.2% compared to the peak power demand of the 
previous year [6]. Therefore, it is necessary to find a near-depleted energy solution to 
rising electricity demands. Because if energy runs out, it will cause various economies 
to stagnate in terms of trade, investment, communication, transportation, etc. 

The Thai government sector encouraged the private sector to invest in renewable 
energy or renewable energy within the country. The biomass power plant is one of the 
projects supported by the government. In order to obtain enough renewable energy 
for use, Thailand has studied and researched various technologies for turning biomass 
into biomass energy. The combustion biomass power plant uses agricultural waste 
or industrial production waste such as rice husks, bagasse, rice straw, palm bunches, 
and wood chips as fuel to produce electricity and steam. The working principle is 
similar to the thermal power plant. However, biomass is used as a combustion fuel 
to generate heat in steam generation. 

One of the problems with biomass energy use is an insufficient amount of biomass 
to produce electricity. When looking for other types of biomass or from other sources 
to supplement, there will be problems in various matters as follows: (1) transportation 
costs; (2) high cost of technology applicable to many biomass fuels; and (3) high risk 
of collecting biomass in sufficient quantity from various sources. In addition, raw 
material criteria must also be considered, such as the raw material price, the energy 
potential of the raw material, the raw material quality, the raw material stability, and 
others. 

There are quite a few biomass power plants in the northeastern region of Thai-
land, and there is a high demand for the raw materials needed to make fuel. So
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that entrepreneurs can choose the right and quality raw material plants. This paper 
is the application of Analytic Hierarchy Process (AHP) and Fuzzy Technique for 
Order Preference by Similarity to Ideal Solution (Fuzzy TOPSIS) for selecting the 
raw material plant of biomass power in the Northeastern region of Thailand. The 
remainder of this paper is structured as follows in Sect. 2, where we present details 
on the AHP and Fuzzy TOPSIS, which is the principle method of our calculation. In 
Sect. 3, we show the results of selecting the raw material plant. Finally, conclusions 
are drawn in Sect. 4. 

2 Methodology 

In this paper, AHP was conducted to determine weights for the success criteria of 
biomass power plants. FUZZY TOPSIS was then conducted to compare biomass 
raw material plants. Then we will get suitable raw material plants in the northeastern 
region of Thailand. 

2.1 Analytical Hierarchy Process (AHP) 

Thomas Saaty introduced the Analytical Hierarchy Process (AHP). This approach 
compares every criterion of each alternative. The basis of the AHP is the pair-wise 
comparison model, which determines the weights of every unique criterion [7]. 

AHP calculation procedure 
Step 1: Determine the criteria and sub-criteria for the decision hierarchy while 

considering the research objective. 
Step 2: Using the basic scale of pair-wise comparison, create a set of all judgements 

in the comparison matrix where the set of elements is already compared. 
Step 3: The corresponding Eigenvectors to the maximum Eigenvalues of compar-

ison can be calculated to determine the relative weight of various factors. 
Step 4: Verify the consistency of judgments across the Consistency Index (CI) 

and the Consistency Ratio (CR). 

C I  = 
λmax − n 
n − 1 

(1) 

where λmax is the Eigenvalue corresponding to the matrix of pair-wise comparisons 
and n is the number of elements being compared. 

Consistency ratio (CR) is defined as: 

CR  = 
C I  

R I  
(2)



76 N. Sangkhiew et al.

where RI is a random consistency index. 
In general, a CR value of less than 0.1 is acceptable; if not, pair-wise comparisons 

should be revised to reduce incoherence. 

2.2 The Fuzzy TOPSIS for Group Decision Making 

According to TOPSIS’s fundamental principle, the chosen alternative should be the 
closest to the positive-ideal solution and the farthest from the negative-ideal solution. 
The positive-ideal solution maximizes the criteria for benefits while minimizing the 
criteria for costs. On the other hand, the negative-ideal solution optimizes the cost 
criteria while minimizing the benefit criteria [8]. 

Group decision-making is the method of selecting a solution or solutions to a 
problem using data offered by several decision-makers. When DMs are operating 
in a fuzzy environment or when their understanding of the subject being studied is 
insufficient [9]. 

Fuzzy TOPSIS calculation procedure 
Step 1: Select the linguistic ratings for the alternatives and the criterion. 
Step 2: The fuzzy decision matrix should be created. 
The fuzzy decision matrix will be obtained with m rows and n columns, where n 

is the number of criteria and m is the number of alternatives. The matrix is Eq. (3) 
where x̃i j  is calculated as follows: 

x̃i j  = 
1 

k 
( ̃x1 i j  ⊕  · · ·  ⊕  ̃xk i j  ) (3) 

Note that x̃ k i j  is the performance rating of the ith alternative, Ai , with respect to 
the jth criterion, c j evaluated by kth, decision-maker and x̃ k i j  = (lk i j  , mk 

i j  , uk i j  ). 
Step 3: The normalization of the fuzzy decision matrix R̃ is shown as 

R̃ = [r̃i j ], i = 1, 2, . . . ,  m and j = 1, 2, . . . ,  n (4) 

r̃i j  =
(
li j  
u+ 
j 

, 
mi j  

u+ 
j 

, 
ui j  
u+ 
j

)
(5) 

r̃i j  =
(
l− 
j 

u+ 
i j  

, 
l− 
j 

m+ 
i j  

, 
l− 
j 

l+ 
i j

)
(6) 

where u+ 
j = max 

i

{
ui j |i = 1, 2, . . . ,  n

}
—benefit criteria. 

and l− 
j = min 

i

{
li j |i = 1, 2, . . . ,  n

}
—cost criteria. 

Step 4: Calculate the weighted normalized fuzzy decision matrix. The weighted 
normalized value vi j  is calculated as follows:
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Ṽ = [ṽi j ]mxn, i = 1, 2, . . . ,  mand j = 1, 2, . . . ,  n (7) 

where 

ṽi j  = r̃i j  ⊗ w̃i j  , i = 1, 2, . . . ,  mand j = 1, 2, . . . ,  n (8) 

Step 5: Both the positive and the negative-ideal solutions will be Determined. Due 
to the inclusion of the positive triangular fuzzy numbers in the range [0, 1], the fuzzy 
positive-ideal solution (FPIS A+) and the fuzzy negative-ideal solution (FNIS A−) 
can be defined as 

A+ = (
ṽ+ 
1 , ṽ

+ 
2 , . . . ,  ̃v+ 

n

) =
{
max 

i 
ṽi j |(i = 1, 2, . . .  n)

}
(9) 

A− = (
ṽ− 
1 , ṽ

− 
2 , . . . ,  ̃v− 

n

) =
{
min 
i 

ṽi j |(i = 1, 2, . . .  n)

}
(10) 

Step 6. Calculate the distances of each initial alternative to FPIS A+ and FNIS 
A−. 

The equations that can be used to determine how far from each alternative is from 
the fuzzy positive ideal reference point and fuzzy negative ideal reference point, 
respectively, as follows 

d+ 
i =

┌|||1 

3 

n∑
j=1 

( ̃vi j  − ṽ+ 
j ) 

2 
(11) 

d− 
i =

┌|||1 

3 

n∑
j=1 

( ̃vi j  − ṽ− 
j ) 

2 
(12) 

Step 7. The closeness coefficient should be calculated. The proximity coefficient 
for each alternative should be determined (CC) as  

CCi = d− 
i 

d+ 
i + d− 

i 

, i = 1, 2, . . . ,  m (13) 

Step 8. According to their relative closeness, the alternatives are ranked. The best 
alternatives are those that have a higher value of Ci and therefore should be chosen 
because they are closer to the positive-ideal solution.
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2.3 The Criteria 

In this study, the criteria that affect the success of biomass power plants are extracted 
from a literature review. To compare the raw material plant of biomass power in 
Thailand, several attributes were chosen as comparison criteria: 

C1—Price, defined as the raw material price. 
C2—Shipping costs, defined as raw material shipping costs. 
C3—Potential, defined as the energy potential of the raw material. 
C4—Diversity, defined as variety of fuel raw materials. 
C5—Stability, defined as the climate-related stability of raw materials. 
C6—Quality, defined as the quality of the raw materials. 
C7—Raw water, defined as the quality of the amount of raw water used in the 

production process. 

2.4 The Alternatives of Raw Material Plant of Biomass 
Power in Thailand 

According to the Electricity Generating Authority of Thailand, the Northeastern 
region of Thailand has more companies that generate electricity using biomass than 
any other area in Thailand. In these plants, most of the raw materials used in biomass 
power plants are bagasse. Therefore, the sugar factory that supplies bagasse to the 
biomass power plant is the raw material source that we have chosen. The choice of 
biomass raw materials plant was selected from 3 plants in the northeastern province 
as Table 1. 

Table 1 The choice of 
biomass raw materials plant Plant Information 

A Registered Capacity 20,582 Tons Cane/day 
Distance from Bangkok to Factory 600 km 

B Registered Capacity 30,000 Tons Cane/day 
Distance from Bangkok to Factory 562 km 

C Registered Capacity 24,000 Tons Cane/day 
Distance from Bangkok to Factory 650 km
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3 Results 

3.1 Weight of Criteria Evaluation 

Thomas Saaty proposed the judgment scale as follows: 1—equally important; 3— 
weakly more important; 5—strongly more important; 7—demonstrably more impor-
tant; 9—absolutely more important. The values in between (2, 4, 6, and 8) represent 
compromise judgments. The results of a pair-wise comparison of each of the seven 
criteria listed are shown in the preference matrix from Table 2. The weight value and 
importance of the criteria are shown in Table 3. 

The sequence of factors affecting the success of biomass power plants was 
obtained from the application of an analytical hierarchical method as shown in 
Table 3. We found that entrepreneurs gave the most importance to the price of raw 
materials. The second is quality, and the third is energy potential.

Table 2 Preference matrix 

Criteria C1 C2 C3 C4 C5 C6 C7 

C1 1 7 5 9 5 3 9 

C2 1/7 1 1/3 4 1/3 1/5 4 

C3 1/5 3 1 5 1/2 1/4 5 

C4 1/9 1/4 1/5 1 1/5 1/7 2 

C5 1/5 3 2 5 1 1/3 1 

C6 1/3 5 4 7 3 1 1 

C7 1/9 1/4 1/5 1/2 1 1 1 

Total 2.98 10.23 22.20 16.67 3.87 12.83 30.00 

Table 3 The weight criterion 

Criteria C1 C2 C3 C4 C5 C6 C7 The weight criterion 

C1 0.477 0.359 0.393 0.286 0.453 0.506 0.391 40.923 

C2 0.068 0.051 0.026 0.127 0.030 0.034 0.174 7.291 

C3 0.095 0.154 0.079 0.159 0.045 0.042 0.217 11.304 

C4 0.053 0.013 0.016 0.032 0.018 0.024 0.087 3.463 

C5 0.095 0.154 0.157 0.159 0.091 0.056 0.043 10.790 

C6 0.159 0.256 0.314 0.222 0.272 0.169 0.043 20.511 

C7 0.053 0.013 0.016 0.016 0.091 0.169 0.043 5.717 

Total 1 1 1 1 1 1 1 100.000 
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3.2 Alternatives Evaluation 

Surveys were employed in this study to gather information from Biomass Power 
Plant Entrepreneurs in the northeastern province. Respondents were asked to rate on 
a five-point Likert scale varying from “Strongly disagree” (1) to “Strongly agree” (5). 
As a result, triangular distribution is conducted for calculation. Although it cannot 
predict the actual distribution of random variables, it is a very helpful technique 
to convey uncertainty [10]. The aggregated triangular decision matrix is shown in 
Table 4. 

Triangular distributions are useful in decision-making because the DMs can be 
easily specified by three parameters: the minimum (L), maximum (H), and most 
probable (M) value. As a result, triangular numbers are generated from the individual 
assessments of the DMs. Lets ã(lk i j  , mk 

i j  , uk i j  ) be an element of matrix, representing 
the group performance rating of an alternative Ai (i = 1, 2, . . . ,  m) attribute C j ( j = 
1, 2, . . . ,  n) specified by kth DMs. Aggregation of the DM preferences is described 
below [11]: 

lk i j  = mink x
k 
i j (14) 

mk 
i j  = k

/∏k 

k=1 
xk i j (15) 

uk i j  = maxk x
k 
i j (16) 

The fuzzy decision matrix is normalized by using a linear scale transformation. 
Using the Eqs. (14)–(16), a triangular fuzzy number that represents fuzzy data is 
generated, as shown in Table 5.

Following the Fuzzy TOPSIS procedure, data is calculated. The relative distance 
to the optimal solution was estimated using the weight criterion. Then, the alternatives 
according to the relative closeness were ranked as shown in Table 6.

The results indicate plant A is assumed to be the best appropriate plant in the 
northeastern province than among the 3 plants. Further, plant B is the second one 
that is very close to the first preference. Considering the weight criterion, the weight 
of C1 and C6 are what the specialists are concerned with the most out of the 7 criteria 
respectively.

Table 4 The aggregated triangular decision matrix 

Plant Criteria 

C1 C2 C3 C4 C5 C6 C7 

A (3, 4.68, 5) (3, 3.57, 4) (4, 4.18, 5) (4, 4.78, 5) (3, 3.09, 4) (3, 4.13, 5) (3, 3.57, 4) 

B (3, 4.35, 5) (3, 3.84, 5) (4, 4.18, 5) (4, 4.78, 5) (3, 3.37, 4) (3, 3.70, 5) (3, 3.57, 4) 

C (3, 3.54, 5) (4, 4.37, 5) (4, 4.18, 5) (4, 4.78, 5) (3, 3.27, 4) (3, 4.25, 5) (3, 3.57, 4) 
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Table 5 Triangular decision matrix 

Plant Criteria 

C1 C2 C3 C4 C5 C6 C7 

A (0.6, 0.94, 
1) 

(0.6, 0.71, 
0.8) 

(0.8, 0.84, 
1) 

(0.8, 0.96, 
1) 

(0.75, 
0.62, 1) 

(0.6, 0.83, 
1) 

(0.75, 
0.71, 1) 

B (0.6, 0.87, 
1) 

(0.6, 0.77, 
1) 

(0.8, 0.84, 
1) 

(0.8, 0.96, 
1) 

(0.75, 
0.67, 1) 

(0.6, 0.74, 
1) 

(0.75, 
0.71, 1) 

C (0.6, 0.71, 
1) 

(0.8, 0.87, 
1) 

(0.8, 0.84, 
1) 

(0.8, 0.96, 
1) 

(0.75, 
0.65, 1) 

(0.6, 0.85, 
1) 

(0.75, 
0.71, 1)

Table 6 Rank the preference 
order Plant TOPSIS index Rank 

A 0.4999 1 

B 0.4900 2 

C 0.4799 3

4 Conclusions 

Nowadays, Thailand is using more electricity to develop utilities, economic growth, 
and improve the quality of life of society. For this reason, fuel is being imported for 
use in the production of power. Consequently, the government has promoted the use 
of biomass as a fuel for producing power. Thailand is a country with a large amount 
of agricultural land, low fuel imports, and a lower risk of varying fuel consumption 
proportions. 

Raw materials are one of the factors that affect the success of biomass power plants. 
This study aimed to select the raw material plant for biomass power in the northeastern 
region of Thailand. Selecting plant criteria are criteria that affect the success of 
biomass power plants. The 7 criteria were calculated by the AHP method. Then, 
three sugar factories that supply bagasse to the biomass power plant are compared 
by using Fuzzy TOPSIS. The results showed that Plant A and Plant B are in the 
first and second ranks in this study. It is in line with the major criteria of concern; 
specialists care about the price and quality. It is reasonable and related because the 
price of raw materials must be suitable for the quality of the raw materials. However, 
Plant C is also suitable since all 3 have very similar index values. Therefore, it can be 
seen that entrepreneurs can choose raw materials from all three raw material plants. 

Raw materials are one of the key elements for biomass power plants and must be 
properly chosen. Decision making is very difficult. If there is no method appropri-
ately, they may not be able to choose the right alternative for their plant. Therefore, 
this study can be used as a guide for selecting the raw materials for biomass power 
plants in different locations for entrepreneurs.
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Solving Supplier Selection 
for the Photovoltaic System Using Fuzzy 
Analytic Hierarchy Process 

Peerapop Jomtong, Noppakun Sangkhiew, Jaruwan Jankong, 
Tawiwan Sareebot, Suphachai Yingcharoen, and Choosak Pornsing 

Abstract The purpose of this research is to study and analyze the decision-making 
process considering supplier for the photovoltaic system by using Fuzzy Analytic 
Hierarchy Process (FAHP) calculation technique used in Multiple Criteria Decision-
Making (MCDM). In this research, there are eight criteria: Price (C1), Financial and 
Reliability (C2), Service (C3), System technology (C4), Experience (C5), Mainte-
nance and Repair (C6), Supply Capacity (C7), and Quality & Warranty policy (C8). 
From this research, factors that affect the decision-makers such as chief executives 
and engineers are discovered. The criterion most weight is Price (C1) with weight of 
29.56% following by Financial and Reliability (C2) with weight of 14.53%. Service 
(C3) criterion is ranked thirdly important with the weight of 12.74%, and supplier 
III is likely to be chosen and is the most beneficial one with weight at 39.05%. The 
number of these weights can be obtained from the experts’ judgment in the form 
of subjective judgment and used as a guidance in prioritizing and making decision 
on which supplier selection. All of these are the ones to advance the sustainable 
development of the solving supplier selection for the photovoltaic system. 

Keywords MCDM · FAHP · Photovoltaic system · Sustainable 

1 Introduction 

Electricity is one of the most essential infrastructures and a primary factor that runs 
the world, either in communication, transportation, agriculture, or industries. As time 
passes, there is an increasing need for stable electricity and easy access to it. People 
make decisions every day about both significant and minor matters. It is essential that
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the decisions made are logical enough to generate and ensure the good outcomes, as 
well as, to find alternatives, and to come up with information that is beneficial for 
the organization or the community as a whole and is consistent with the rules and 
decisions that well-timed [1, 2]. 

Multiple Criteria Decision-Making method is the consolidation of alternative 
assessment and the comparison of possible alternatives in different factors [3]. The 
comparisons of each alternative are measured by assessing their appeal according to 
each criterion, prioritize the reliability in ranking in order to determine the importance 
of each factor [4]. 

In this study, the researchers use the Fuzzy Analytic Hierarchy Process tech-
nique [5]. The FAHP method uses problem-solving and analyzing the factors and 
alternatives in the decision-making of supplier for the photovoltaic system: with 
eight criteria for supplier selection. The researcher lead to Fuzzy Analytic Hierarchy 
Process which is complex solutions but that are simple to understand with Multiple 
Criteria Decision-Making calculation so that we can find out the best and most appro-
priate criteria and alternative. Therefore, the main aim of the current research is to 
select the best sustainable suppliers for the photovoltaic system of case study. 

2 Methodology 

2.1 Fuzzy Analytical Hierarchy Process 

The Analytic Hierarchy Process (AHP) is a structured technique based on mathe-
matics and behavioral psychology for organizing and analyzing complicated deci-
sions. It was created by Thomas L. Saaty in the 1970s. The AHP is a method of 
“measurement through pairwise comparisons and relies on the judgments of experts 
to derive priority scales” [6]. Even though the AHP scale simplifies the process to 
choose factor and provides data on dominance, there are defects that happen when 
comparison matrices are set up, and data unpredictability cannot be simply obvious 
in discrete levels. When the characteristics of factor is rising in a hierarchy, increas-
ingly matchings between attributes need to be applied. However, the fuzzy set theory 
was created by Zadeh and has gained popularity in comparison, it can be used for the 
uncertainty of expert considerations [7]. Fuzzy Analytic Hierarchy Process method 
is presented by Triangular membership function. FAHP can be set as triple X = (a, 
b, c), which defines a membership function as shown in Fig. 1 and Eq. (1) [8], 

μ(x) = 

⎧ 
⎪⎨ 

⎪⎩ 

x−a 
b−a if a ≤ x ≤ b 
c−x 
c−b if b ≤ x ≤ c 
0 if  x ≤ a or x ≥ c 

(1)

In this paper, triangular membership function will be applied in order to compare 
a priority scale between each criterion as shown in Table 1 [9].
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Fig. 1 Triangular 
membership function

Table 1 Point scale of FAHP 

Definition AHP of saaty Fuzzy triangular Reciprocal fuzzy 

Equal importance 1 1, 1, 1 1, 1, 1 

Intermediate values 2 1, 2, 3 1, 1/2, 1/3 

Moderate importance 3 2, 3, 4 1/2, 1/3, 1/4 

Intermediate values 4 3, 4, 5 1/3, 1/4, 1/5 

Strong importance 5 4, 5, 6 1/4, 1/5, 1/6 

Intermediate values 6 5, 6, 7 1/5, 1/6, 1/7 

Very strong importance 7 6, 7, 8 1/6, 1/7, 1/8 

Intermediate values 8 7, 8, 9 1/7, 1/8, 1/9 

Extreme importance 9 9, 9, 9 1/9, 1/9, 1/9 

Figure 2, The problem will be decomposed into a multi-level hierarchy. At 
“Problem identification”, the objective is to choose suitable supplier. At “Criteria”, 
the main criteria are C1, C2, C3,…, Cn. At “Alternative”, the alternatives are Supplier 
1 (S1), Supplier 2 (S2), Supplier 3 (S3) [10]. 

A = 

⎡ 

⎢ 
⎣ 

1 · · ·  a1n 
... 

. . . 
... 

1 
an1 

· · ·  1 

⎤ 

⎥ 
⎦ (2) 

ai j  = 

⎧ 
⎨ 

⎩ 

5 Criterion i is Favored with criterion j 
1i = j 

1 
5 Criterion j is Favored with criterion i 

(3)

In the next step, we use the Consistency Ratio (CR) checking method created by 
Thomas L. Saaty. Which determined the CR as show in Eqs. (4)–(5). 

C I  = 
(λmax − n) 

n − 1 
. (4)
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Fig. 2 Structured AHP model for supplier selection

Table 2 List of RI values 

n 3 4 5 6 7 8 9 10 

RI 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49 

CR  = 
C I  

R I  
(5) 

when, λ max is the largest eigenvalue of matrix, n is a dimension of matrix and Random 
Index (RI), that depends on n [11], as shown in Table 2. 

If the CR is less than or equal 0.01, the decision is acceptable. However, if it is 
not, the analyst must redo the whole process [12]. 

2.2 The Criteria 

In this study, there are eight criteria: Price (C1), Financial and Reliability (C2), 
Service (C3), System technology (C4), Experience (C5), Maintenance and Repair 
(C6), Supply Capacity (C7), and Quality & Warranty policy (C8). Also, there are 
three suppliers to be selected. 

3 Results 

3.1 Weight of Criteria 

The research started with the review of a secondary information which journal some 
clues of Supplier Selection and Photovoltaic System for the criteria. The results of 
the suggested strategy for choosing a photovoltaic system supplier. The pairwise
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Table 3 Pairwise comparison matrix of criteria—FAHP 

Criterion C1 C2 C3 C4 C5 C6 C7 C8 

C1 (1, 1, 1) (2, 3, 4) (2, 3, 4) (3, 4, 
5) 

(2, 3, 4) (2, 3, 4) (3, 4, 5)  (3, 4, 5)  

C2 (1/2, 1/3, 
1/4) 

(1, 1, 1) (1, 1, 1) (1, 1, 
1) 

(1, 1, 1) (2, 3, 4) (1, 2, 3)  (3, 4, 5)  

C3 (1/2, 1/3, 
1/4) 

(1, 1, 1) (1, 1, 1) (1, 2, 
3) 

(1, 2, 3) (1, 1, 1) (2, 3, 4)  (1, 1, 1)  

C4 (1/3, 1/4, 
1/5) 

(1, 1, 1) (1/2, 1/3, 
1/4) 

(1, 1, 
1) 

(1/2, 1/3, 
1/4) 

(1/2, 1/3, 
1/4) 

(1, 2, 3)  (1, 1, 1)  

C5 (1/2, 1/3, 
1/4) 

(1, 1, 1) (1/2, 1/3, 
1/4) 

(2, 3, 
4) 

(1, 1, 1) (1, 1, 1) (1, 1, 1)  (1, 2, 3)  

C6 (1/2, 1/3, 
1/4) 

(1/2, 1/3, 
1/4) 

(1, 1, 1) (2, 3, 
4) 

(1, 1, 1) (1, 1, 1) (1, 1, 1)  (1, 2, 3)  

C7 (1/3, 1/4, 
1/5) 

(1, 1/2, 
1/3) 

(1/2, 1/3, 
1/4) 

(1, 1/2, 
1/3) 

(1, 1, 1) (1, 1, 1) (1, 1, 1)  (1, 1, 1)  

C8 (1/3, 1/4, 
1/5) 

(1/3, 1/4, 
1/5) 

(1, 1, 1) (1, 1, 
1) 

(1, 1/2, 
1/3) 

(1, 1/2, 
1/3) 

(1, 1, 1)  (1, 1, 1)  

Weight 29.56 14.53 12.74 7.57 10.95 10.55 7.15 6.95 

CR 8.26% 

comparison matrix of eight criteria, that are Triangular membership function, is 
shown in Table 3. 

Table 3 shows the weight of each criterion through the form of percentage. There-
fore, it can be seen that the criteria 1 (price) is the most important criteria. But, 
at the other hand, criteria 8 (quality & warranty policy) is the lowest important 
criteria for this research. The consistency ratio (CR) is 8.26%, which is acceptable 
mathematically. 

3.2 Weight of Alternatives 

Next step, the experts rated in each criterion comparing with the alternatives to 
Photovoltaic System Supplier. The results can be found in Tables 4, 5, 6, 7, 8, 9, 10 
and 11.

Tables 4, 5, 6, 7, 8, 9, 10, and 11 show the weight of importance of each alternative 
in the prioritization of the Photovoltaic System and Consistency Ratio values for each 
criterion. It is normalized matrix and the eigenvector weight calculated per relation 
are placed and introduced. Using the results from Table 3 (shows the weight of 
importance of criteria), it is now possible to generate matrix C. The columns in matrix 
C are put into order in the order of the criteria determined in Table 3: C1, C2, C3, 
C4, C5, C6, C7, C8. Performing the multiplication of matrix and the vector weight,
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Table 4 Shows the comparisons of three suppliers with regard to Price (C1) 

C1 I II III Weight 

I (1, 1, 1) (2, 3, 4) (2, 3, 4) 58.88 

II (1/2, 1/3, 1/4) (1, 1, 1) (1, 1, 1) 20.56 

III (1/2, 1/3, 1/4) (1, 1, 1) (1, 1, 1) 20.56 

CR 4.69 

Table 5 Shows the comparisons of three suppliers with regard to financial and reliability (C2) 

C2 I II III Weight 

I (1, 1, 1) (1/2, 1/3, 1/4) (1/3, 1/4, 1/5) 13.23 

II (2, 3, 4) (1, 1, 1) (1, 1, 1) 41.21 

III (3, 4, 5) (1, 1, 1) (1, 1, 1) 45.56 

CR 4.53 

Table 6 Shows the comparisons of three suppliers with regard to service (C3) 

C3 I II III Weight 

I (1, 1, 1) (1/3, 1/4, 1/5) (1/4, 1/5, 1/6) 10.36 

II (3, 4, 5) (1, 1, 1) (1, 1, 1) 43.11 

III (4, 5, 6) (1, 1, 1) (1, 1, 1) 46.53 

CR 2.57 

Table 7 Shows the comparisons of three suppliers with regard to system technology (C4) 

C4 I II III Weight 

I (1, 1, 1) (1/4, 1/5, 1/6) (1/2, 1/3, 1/4) 11.60 

II (4, 5, 6) (1, 1, 1) (1, 2, 3) 56.41 

III (2, 3, 4) (1, 1/2, 1/3) (1, 1, 1) 31.99 

CR 9.23 

Table 8 Shows the comparisons of three suppliers with regard to experience (C5) 

C5 I II III Weight 

I (1, 1, 1) (1/2, 1/3, 1/4) (1/5, 1/6, 1/7) 9.73 

II (2, 3, 4) (1, 1, 1) (1/3, 1/4, 1/5) 22.18 

III (5, 6, 7) (3, 4, 5) (1, 1, 1) 68.09 

CR 8.20
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Table 9 Shows the comparisons of three suppliers with regard to maintenance and repair (C6) 

C6 I II III Weight 

I (1, 1, 1) (1, 1, 1) (1, 1, 1) 32.72 

II (1, 1, 1) (1, 1, 1) (1, 1/2, 1/3) 27.33 

III (1, 1, 1) (1, 2, 3) (1, 1, 1) 39.95 

CR 9.56 

Table 10 Shows the comparisons of three suppliers with regard to supply capacity (C7) 

C7 I II III Weight 

I (1, 1, 1) (3, 4, 5) (1, 1, 1) 44.25 

II (1/3, 1/4, 1/5) (1, 1, 1) (1/3, 1/4, 1/5) 11.50 

III (1, 1, 1) (3, 4, 5) (1, 1, 1) 44.25 

CR 2.53 

Table 11 Shows the comparisons of three suppliers with regard to quality & warranty policy (C8) 

C8 I II III Weight 

I (1, 1, 1) (1/2, 1/3, 1/4) (1/3, 1/4, 1/5) 13.23 

II (2, 3, 4) (1, 1, 1) (1, 1, 1) 41.21 

III (3, 4, 5) (1, 1, 1) (1, 1, 1) 45.56 

CR 4.53

the preference vector for the three supplier structures may be obtained, according to 
the following relation. 

3.3 Alternatives Evaluation 

The pairwise comparison matrix of eight criteria in case of the FAHP (Triangular) is 
shown in Tables 3, 4, 5, 6, 7, 8, 9, 10, and 11.
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x = Cw = 

⎡ 

⎣ 
58.88 
20.56 
20.56 

13.23 
41.21 
45.56 

10.36 
43.11 
46.53 

11.60 
56.41 
31.99 

9.73 
22.18 
68.09 

32.72 
27.33 
39.95 

44.25 
11.50 
44.25 

13.23 
41.21 
45.56 

⎤ 

⎦ 

⎡ 

⎢ 
⎢ 
⎢ 
⎢ 
⎢ 
⎢ 
⎢ 
⎢ 
⎢ 
⎢ 
⎢ 
⎣ 

29.56 
14.53 
12.74 
7.57 
10.95 
10.55 
7.15 
6.95 

⎤ 

⎥ 
⎥ 
⎥ 
⎥ 
⎥ 
⎥ 
⎥ 
⎥ 
⎥ 
⎥ 
⎥ 
⎦ 

= 

⎡ 

⎣ 
30.13 
30.82 
39.05 

⎤ 

⎦ (6) 

Based on the results from (6), it can be stated that, using FAHP (Triangular) 
method, the supplier III is to be chosen as the most suitable candidate and happened 
to be the most beneficial one, according to Tables 3, 4, 5, 6, 7 and 8, as the consistency 
ratio of FAHP (Triangular) is less than 10%. 

4 Conclusion 

This research really has an application of Fuzzy Analytic Hierarchy Process for 
the photovoltaic system supplier selection, the research of an electronic manufac-
turing services company. There were eight criteria and three companies. Clearly, it 
really was burdensome to take a decision sensibly without the enabling of the fancy 
decision-making tool, Fuzzy Analytic Hierarchy Process. 

In this research, the criterion with the most weight is Price (C1). The supplier III 
should be the first among all alternatives with consistency ratio value of less than 
10%, which means it is a non-bias decision-making under subjective judgments and 
is considerably a justified decision-making process. 

To sum up, Fuzzy Analytic Hierarchy Process used in this research can support 
decision-making in case that there are several criteria and alternatives and reduce 
the parallel comparison procedure which can confuse the experts during the rating 
step. The Fuzzy Analytic Hierarchy Process is an effective technique for making 
decisions. It can manage on both that are continuous and discrete. 
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Induction Stove Implementation 
for Sustainable Clean Energy 
Consumption: A Literature Study 

Dania Latifa Rizky, Retno Wulan Damayanti, and Pringgo Widyo Laksono 

Abstract Sustainable and clean energy is a big issue in several countries, including 
Indonesia. This oversized issue is why the Indonesian government focuses highly 
on prioritizing clean and sustainable energy, and an example of the efforts imple-
mented is the conversion of 3 kg Liquefied Petroleum Gas (LPG) gas stoves to induc-
tion stoves. This program was considered due to its ability to reduce the 3 kg LPG 
gas subsidy budget, large quantities of carbon gas emissions, and fossil fuel usage. 
The first sector targeted was households because they are the primary consumers 
of the 3 kg LPG cylinders. However, this program’s success requires studying the 
process of implementing an induction cooker for sustainable, clean energy consump-
tion. Therefore, this study explores previous literature on induction stoves and their 
implementation in Indonesia and several other countries. Data were collected using a 
systematic literature review approach. The results showed that induction stove tech-
nology has great potential to reduce CO2 emissions and the effect of greenhouse 
gases, which strongly supports the consumption of sustainable and clean energy. 
However, several challenges are associated with the conversion process in several 
countries, especially developing ones. This has led to the continuous formulation of 
strategies to accommodate these challenges, some of which can be implemented in 
Indonesia’s induction cooker conversion program. 
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1 Introduction 

Issues related to sustainable and clean energy have become important to several 
countries in recent years. This is indicated by the efforts to develop efficient and 
low-carbon equipment in addition to the production and utilization of clean and 
renewable energy [1] 

The government of the Republic of Indonesia issued the National Energy Policy in 
Presidential Regulation Number 79/2014 to mandate the continuous usage of clean 
energy by lowering the carbon level in the country. The government currently has 
a target of reducing carbon emissions by nearly 400 million tons by 2030, which is 
almost five times the increase to the 64.4 million tons of CO2 reduced in 2020. It 
has also been projected that renewable energy will supply 23% of primary needs by 
2025 and 31% by 2050. 

Several low-carbon recommendations made by the government to be implemented 
in 2020–2045 in other energy fields are also focused on encouraging the transition to 
renewable energy sources, increasing efficiency, and increasing the amount of biofuel 
usage [2]. The utilization of electricity sourced from renewable energy sources (EBT) 
and supported by digital technology is perceived to be the best solution to provide 
equitable access to clean energy in remote areas, ensure more efficient and sustainable 
management, reduce carbon emissions, and increase energy security. 

One of the efforts made by the Indonesian government to encourage the energy 
transition is the appointment of PT PLN (Persero), which is the State Electricity 
Company to promote the use of induction cookers in 2017. This is based on the plan 
to convert 18% of gas stoves into induction stoves by 2050 through electrification, 
clean energy, and reduction of LPG usage [3]. PT PLN (Persero) followed up on 
these efforts in 2018 and 2019 by promoting discounts on power enhancements to 
encourage the switch from gas to induction stoves by households. 

It was discovered that only 0.1% of PT PLN (Persero) customers have used induc-
tion cookers up to 2022, and only 5% were sold in Indonesia from 2018 to 2019. This 
is probably due to the lack of knowledge on the advantages of this new method of 
cooking compared to gas stoves, and this means PT PLN (Persero) needs to encourage 
Indonesian people, especially households, to use induction stoves [4]. 

An in-depth study is, therefore, required to determine the potential usage of induc-
tion cookers as a form of sustainable clean energy consumption in Indonesia to 
support the conversion program implemented by the government. This study serves as 
an initial stage to explore and map previous studies on induction cookers in Indonesia 
and several other countries. This is necessary to provide an overview and orientation 
for further research needed to ensure the successful implementation of the conversion 
program to support clean energy in Indonesia.
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2 Methodology 

This study was conducted using the systematic literature review (SLR), which 
involves identifying, reviewing, evaluating, and interpreting all available studies 
[5]. The method is one of the important stages required to initiate research and 
the literature study was achieved by collecting data and information related to induc-
tion stoves and energy efficiency directly from research journals on the Scopus and 
Google Scholar databases. 

The keywords used include induction stove, energy efficiency, and induction 
heating. They were used to obtain studies with induction stove theme based on the 
following inclusion criteria:

• articles published between 2016 and 2022
• written in the English language
• focus on induction stoves and sustainable environment
• relevant, accredited, reputable, and attractive. 

The journals that match these inclusion criteria were determined using the 
steps highlighted in Fig. 1 and retrieved for further analysis. The primary data 
obtained from the literature review were used in this study to make inferences and 
recommendations.

3 Findings 

The summaries of journals related to induction cookers obtained from the literature 
review are presented in the following Table 1.

The search on Scopus and Google Scholar showed the research developments in 
the induction stove field for the last 8 years, from 2016 to 2022 and studies were 
observed to have increased over the years with the trend expected to increase in 2022 
because the use of induction stoves is increasingly being encouraged in Indonesia. 

It was discovered from Table 1 that the journals sampled vary widely with 17 
observed to have different research designs and types such that 9 represented by 53% 
use quantitative and 47% or 8 use qualitative research designs. This means most of 
the studies prefer the quantitative approach in studying induction cooker efficiency 
and clean energy. The table also shows that a research instrument is required in 
the studies to collect data and experimental instruments were mostly adopted to 
determine the benefits of an induction stove in reducing greenhouse gas emissions 
due to their ability to produce more precise data compared to other instruments. 
This was indicated by the fact that 8 journals used the experimental method, 3 used 
questionnaires, and 2 journals used literature review, 2 journals used comparative 
studies, as well as surveys and interviews in a row. The findings also showed that 3 
journals discussed carbon emissions, 6 focused on energy consumption, 1 focused
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Fig. 1 Research flowchart
Search Results with Search 

Engine Scopus 

(n = 143) 

Amount Relevant to the Abstract 

(n = 85) 

Amount Relevant to the 

Objective Criteria 

(n = 57) 

Search Results with Search 

Engine Google Scholar 

(n = 32 ) 

Journal are Assessed for 

Eligibility 

(n = 22) 

Journals included in the 

analysis 

(n = 17) 

on cost and benefit, 5 on intervention and promotion of induction cookers usage, and 
2 evaluated the potential use of induction cookers. 

Suryati et al. [6] mentioned three scenarios to reduce greenhouse gases (GHG) 
in household activities in Medan City, with the first being the installation of solar 
panels on the roof of the house, the second is to replace the LPG stove with an 
induction stove, and the third is to use CH4 and household composting as a source 
of electrical energy. Further research was also recommended because the first and 
second scenarios require relatively high intervention costs. After all, households in 
rural India generally use traditional mud stoves as their primary cooking technology 
and LPG stoves as the secondary. Moreover, the switch from firewood to electricity 
only interested 5% of the respondents because most rural households are low-income 
earners [8]. 

Ugye et al. [12] also showed that induction stove is an efficient cooking technology 
and that electricity is cheaper for cooking. It was further stated that these stoves have 
better energy efficiency and lower operating costs compared to conventional electric 
and LPG stoves. They are also better in terms of time and energy consumption but 
have a shorter lifespan because electronic components are easily damaged by heat
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Table 1 Results of the literature review study 

Research/ 
Year 

Subject Instruments Data analysis Results Country 

Suryati 
et al. [6] 
2021 

Greenhouse 
gases 

Questionnaire IPCC 
(International 
Panel Climate 
Change) 
GHG 
emission 
calculation 
method 

GHGs from 
household activities 
in Medan City can 
be reduced by 
installing solar 
panels on the roofs 
of houses, replacing 
LPG stoves with 
induction 

Indonesia 

Noverita 
and 
Mussry [7] 
2020 

Switching 
induction cooker 
from LPG 

Surveys and 
interviews 

Analytical 
descriptive 

Marketing 
capabilities in 
CRM, NPD, and 
brand management 
need to be improved 
stoves, utilizing 
CH4 as a source of 
electrical energy, 
and household 
composting 

Indonesia 

Banerjee 
et al. [8] 
2016 

1000 rural 
households 

Surveys and 
interviews 

Undefined Induction cookers 
will have limited 
potential in reducing 
fuelwood and LPG 
consumption if 
included 

India 

Zhou et al. 
[9] 2017 

Greenhouse 
gases 

Experiment Analytical 
descriptive 

1. Enhancing the 
gas supply 
pressure can 
eliminate the 
effect of altitude 
on the heat input 

There is a large heat 
loss and higher 
thermal efficiency 
during incomplete 
combustion in 
Lhasa 
2. Oxygen-lacking 

conditions 
promote the 
formation of 
carbon monoxide 
and lower flame 
temperatures 
reduce the 
emission of 
nitrogen oxides 

China

(continued)
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Table 1 (continued)

Research/
Year

Subject Instruments Data analysis Results Country

Ramadhan 
and Ulfa 
[4] 2020 

Promotion of 
induction 
cookers to 
household 

Questionnaire Analytical 
descriptive 

The application of 
cognitive 
intervention 
methods can 
significantly 
increase the number 
of inductive stove 
users in Indonesia 

Indonesia 

Chhetri 
et al. [10] 
2021 

Infrared stove, 
induction 
cooker, LPG 

Experiment Analytical 
descriptive 

Electric cooking is 
better for the 
environment 
because it can 
reduce greenhouse 
gas emissions 

Bhutan 

Tiandho 
et al. [11] 
2021 

Induction 
cooker 

Literature 
review 

Analytical 
descriptive 

Induction hobs have 
better energy 
efficiency and lower 
operating costs 

Indonesia 

Ugye et al. 
[12] 2019 

Induction 
cooker 

Comparative 
studies 

Analytical 
descriptive 

An induction cooker 
is an efficient 
cooking technology 
and electricity is 
cheaper for cooking 

South 
Africa 

Tiandho 
et al. [13] 
2021 

Induction 
cooker and 
electric filament 
stove 

Experiment Analytical 
descriptive 

Induction cookers 
have higher energy 
efficiency compared 
to Fiamen electric 
stoves 

Indonesia 

Kim et al. 
[14] 2017 

Induction hob 
and gas stove 

Questionnaire Analytical 
descriptive 

There are 
convenience and 
safety benefits for 
consumers using 
induction stoves 
instead of gas stoves 

South 
Korea 

Engineers 
et al. [15] 
2019 

Energy 
efficiency of 
induction cooker 

Experiment Analytical 
descriptive 

Induction stoves are 
not significant 
harmonic sources, 
therefore, they do 
not generate a 
considerable 
increment of 
harmonic distortion 
levels in the 
residential sector 

Ecuador

(continued)
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Table 1 (continued)

Research/
Year

Subject Instruments Data analysis Results Country

Aisyah 
et al. [16] 
2020 

Induction 
cooker 

Experiment Analytical 
descriptive 

Induction electric 
stoves are the most 
efficient because 
halogen and electric 
coils need more 
time to reach the 
boiling temperature 
of water 

Indonesia 

Im et al. 
[17] 2019 

Induction 
cooker energy 
consumption 

Comparative 
studies 

Analytical 
descriptive 

Induction cookers 
have the potential to 
reduce energy 
demand and 
greenhouse gas 
emissions 

South 
Korea 

Martínez 
et al. [18] 
2017 

CO2 emissions 
and the 
economic 
impact of 
induction stove 
implementation 

Experiment Analytical 
descriptive 

LPG-to-induction 
cooker conversion 
program can help 
reduce government 
subsidies 

Ecuador 

Hakam 
et al. [19] 
2022 

Induction 
cooker 

Literature 
review 

Descriptive The application of 
induction stoves for 
cooking is more 
economical 
compared to LPG 
stoves in several 
scenarios tested in 
the study 

Indonesia

(continued)
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Table 1 (continued)

Research/
Year

Subject Instruments Data analysis Results Country

Anggono 
et al. [20] 
2022 

Costs and 
benefits of LPG 
stoves and 
electricity-based 
cooker 

Experiment Analytical 
descriptive 

The policy can 
significantly reduce 
the energy cost for 
cooking on poorer 
households while 
relatively wealthy 
household 
undergoes higher 
energy costs for 
cooking because 
many of them are 
still using the 
subsidized LPG 
3 kg. For them, the 
energy cost of the 
induction stove will 
be lower than the 
energy cost of the 
unsubsidized LPG 
12 kg 

Indonesia 

Aemro 
et al. [21] 
2021 

Energy 
consumption, 
energy costs, 
efficiency, 
energy outputs/ 
inputs, Net 
Present Value 
(NPV), and heat 
transfer 
behavior of two 
electric 
resistance 
cookstoves 

Experimental Analytical 
descriptive 

The pressure 
cookers provide a 
lower energy 
difference between 
output and input, 
higher water boiling 
efficiency and lower 
energy costs, 
whereas locally 
manufactured 
products resulted in 
higher energy 
difference, lower 
water boiling 
efficiency, and 
higher energy cost. 
Concerning NPVs, 
the single hot plate 
presents a better 
cost–benefit ratio 
compared with the 
other cookstove 
options 

Ethiopia
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[10]. Induction stoves are considered superior to other types in the aspect of carbon 
emissions. Moreover, electric cooking is better for the environment due to its ability 
to reduce greenhouse gas emissions and this means individual end users can benefit 
from cleaner and energy-efficient technological solutions at the micro level [10]. 
This means the conversion of LPG stoves to induction cookers can be one of the 
policy options to be considered by the Government of the Republic of Indonesia to 
achieve energy sustainability and reduce carbon emissions [11]. 

Ethiopia has specific policies and strategies recommended for adapting and 
promoting clean electronic cooking solutions, namely, developing clean cooking 
policies and strategies, increasing supply and demand, gender as a key component 
in implementing and promoting clean cooking, as well as energy access in remote 
areas with using solar power [21]. 

Some of the challenges associated with its implementation include misunder-
standing, funding, accessibility, and weak institutional frameworks. The use of elec-
tricity as a cheap and efficient cooking fuel is very essential, and this is the reason 
Ugye et al. [12] suggested the adoption of subsidies, awareness campaigns, and appli-
cation of large energy users as catalysts to encourage the use of induction cooking. 
Moreover, Ramadhan & Ulfa [4] stated that the application of cognitive intervention 
methods can significantly increase the number of induction cooker users in Indonesia, 
thereby, leading to a “good” category. This can be achieved through different media 
outlets including posters, videos, discussions, and promotions as well as other incen-
tives such as the addition of more power and implementation of new installments to 
increase the number of PT PLN (Persero) customers beyond these induction stoves. 

The studies conducted in Indonesia such as the proposed policy of migrating from 
LPG stoves to induction stove are economically feasible. This policy will reduce 
energy costs for cooking in households that are 450 VA and 900 VA customers by 
replacing imported energy with locally produced electricity [20]. Aisyah et al (2021) 
stated that people currently switching from liquefied gas-fueled to induction stoves 
perceive that induction stoves have higher efficiency than others. 

However, its high operating power is a challenge that needs to be resolved to 
achieve the sustainable energy targets set in Indonesia [13]. The challenges that 
will be experienced are the need for grouping or installing special power lines for 
induction cookers in homes that have power below 2200 VA, rejection from people 
who are not used to using induction cookers, and LPG retailer or distributors who 
will certainly lose their business [20]. The majority of households are low-power 
electricity customers, thereby, indicating the need to reduce the price of induction 
cookers on the market [11]. 

Therefore, to achieve energy sustainability and reduce carbon emissions, 
converting LPG stoves to induction stove can be one of the policy options that can 
be implemented by the Government of the Republic of Indonesia through PT PLN 
(Persero). PT PLN (Persero) needs to strengthen Customer Relationship Management 
through a value delivery network and complaint handling, New Product Develop-
ment through features and sales team, and Brand Management through its marketing 
communications. This is necessary because most customers represented by 63.36% 
are interested in using induction cookers but only a few, 15.7%, are willing to switch
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[11]. Moreover, a business ecosystem needs to be built through the proposed govern-
ment regulation to further encourage induction cooker innovation from producers 
and ensure a cooperation program to implement promotions [7]. Revocation of the 
3 kg LPG gas subsidy, providing induction stove, cooking utensils and electrical 
installation for free, and large-scale campaigns can encourage people to voluntarily 
use induction stove [20]. 

The 17 studies reviewed showed that the transition from LPG to induction cookers 
has several challenges in different countries and this makes it difficult to reduce 
CO2 emissions, thereby, leading to increased greenhouse gases. This means the 
government needs to participate in the process of launching the conversion program, 
issue regulations to support and ensure the use of induction cookers by the public, and 
strengthen marketing capabilities through complaint services, feature explanations, 
and marketing communications. 

4 Conclusion 

The literature review conducted showed that the research method that is widely 
used is an experiment because it can obtain more precise data compared to other 
instruments. Induction stove is an environmentally friendly technology that can help 
maintain sustainable clean energy but its adoption is faced with several challenges 
such as the non-willingness of people to switch from gas stoves because they think 
the operating costs of induction stoves are high. Therefore, the government needs 
to issue appropriate regulations to support and ensure the use of induction cookers 
and strengthen the capability of the customer relationship management department 
in value delivery networks and customer complaint handling processes. 
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Estimation of Aircraft Engine Gas 
Emission by Mining ADS-B Data 
for Peninsular Malaysia Airspace 

M. Mustaffa, N. A. Aini, S. Ahmad, and R. Ghazali 

Abstract Aircraft engines release greenhouse gases that are comparable to those 
emitted from the combustion of fossil fuels, raising significant environmental 
concerns regarding their global and ground-level air quality impacts. With the esca-
lating demand for air transport worldwide, air traffic has resulted in various issues 
and consequences for the global and national environments. The International Civil 
Aviation Organization (ICAO) has identified several pollutants in their database, 
including hydrocarbon (HC), carbon monoxide (CO), and nitrogen oxides (NOX). 
To estimate the gas emissions from aircraft engines, this study focused on gathering 
and analyzing aircraft movement data within the Kuala Lumpur Flight Information 
Regions (KLFIR) of Peninsular Malaysia, specifically limiting the analysis to the 
northern region. To accomplish this, a web-based application was developed, and 
a data mining approach was employed. The methodology comprised data collec-
tion and optimization, pre-processing and post-processing, database design, web 
application data analysis, and engine gas emission calculation, following the frame-
work established by a prior study. The data utilized for this study were collected 
from existing equipment in the laboratory and obtained from freely available online 
services, specifically focusing on the year 2019. Through the data mining approach 
using ADS-B data, the analysis successfully estimated aircraft emissions, with 
nitrogen oxides (NOx) accounting for the highest emission count at 82% of the total, 
while carbon monoxide (CO) and hydrocarbon (HC) emissions were the lowest at 
13 and 15%, respectively. 
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Traffic density · Environmental pollution

M. Mustaffa · N. A. Aini (B) 
Fakulti Sains Gunaan, Universiti Teknologi MARA, 40450 Shah Alam, Selangor, Malaysia 
e-mail: nazli2005@uitm.edu.my 

S. Ahmad 
Fakulti Kejuruteraan Mekanikal, Universiti Teknologi MARA, 40450 Shah Alam, Selangor, 
Malaysia 

R. Ghazali 
Fakulti Senibina, Perancangan & Ukur, Universiti Teknologi MARA, 40450 Shah Alam, 
Selangor, Malaysia 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 
M. L. Kolhe (ed.), Renewable Energy Systems and Sources, 
https://doi.org/10.1007/978-981-99-6290-7_9 

105

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-6290-7_9&domain=pdf
mailto:nazli2005@uitm.edu.my
https://doi.org/10.1007/978-981-99-6290-7_9


106 M. Mustaffa et al.

Fig. 1 Kuala Lumpur flight information regions [3, 4] 

1 Introduction 

Aircraft engines emit greenhouse gases similar to those produced from the combus-
tion of fossil fuels. These emissions give rise to significant environmental concerns 
about their global impact and their impact on ground-level air quality [1]. As the 
global demand for air transport continues to rise, air traffic has led to problems and 
impacts on global and national environments. The pollutants identified in the Inter-
national Civil Aviation Organization (ICAO) database include hydrocarbon (HC), 
carbon monoxide (CO), and nitrogen oxides (NOX) [2]. 

This study will estimate aircraft engine gas emission by collecting and analyzing 
aircraft movement data in Peninsular Malaysia airspace [3] or also known as Kuala 
Lumpur Flight Information Regions (KLFIR) as in Fig. 1 and limit the area of study 
to the northern region of Peninsular. A web-based application was developed, and a 
data mining approach was used to accomplish this objective. 

2 Background 

Automatic Dependent Surveillance Broadcast (ADS-B) is a surveillance technology 
that enables aircraft to broadcast important information to neighboring aircraft and 
nearby ground stations as shown in Fig. 2 [3, 5]. Air Traffic Services (ATS) relies on 
this information to manage air traffic in such a way as to prevent collisions between 
aircraft to provide this service. ATS has relied on radar surveillance or primary 
radar to provide this position information [6]. ADS-B is a surveillance application 
transmitting parameters such as ID, position, velocity, and operational status via a
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digital data link introduced by ICAO [7]. Samples of decoded data are shown in 
Fig. 3. 

Meanwhile, traffic density is relative to the traffic existence domain in the space 
or area as a time-varying and was introduced as a tool for identifying the safety and 
efficiency of air traffic [1, 8]. Air traffic density also refers to the degree of congestion 
of traffic in a sector of airspace. Estimation of aircraft engines’ gas emissions is part 
of the study in traffic density [9–11]. 

Several studies have been using a data mining approach on ADS-B data. Proba-
bilistic models were proposed from extracted ADS-B data using a genetic algorithm 
for cluster analysis [12]. There is also a study on ADS-B data to derive an accu-
rate meteorological model and use it to determine aircraft performance parameters 
including a study of aviation impacts on the atmosphere. There is also a study on 
the ASEAN region to the estimated amount of air pollutants such as NOX and CO2 

due to air traffic activity implementation in the region [13]. A methodology has also 
been developed in the framework of the MEET (methodologies for estimating air 
pollutant emissions from transport) Project to estimate emissions for air traffic [14].

Fig. 2 Basic concept of ADS-B transmission [3] 

Fig. 3 Sample of decoded ADS-B data [19] 
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3 Methodology 

We divided our approach into data collection and optimization, pre-processing and 
post-processing, database design, web application data analyzer, and engine gas 
emission calculation adapting the framework from the previous study [15–17]. 

This study will only use collected for the year of 2019 data from existing equip-
ment in our laboratory and also data downloaded from free online services [3, 18]. As 
we know, ADS-B messages provide only basic information about a given aircraft. To 
complement the ADS-B data, other relevant information about aircraft was retrieved 
from external open sources or any online service, which are often scattered across 
different systems and applications. Open internet sources can provide general aircraft 
data such as flag, aircraft type, number of engines and type of engine used, wake 
turbulence, and other construction details. 

In general, raw data may contain up to 22 data fields separated by commas with 
up to 8 transmission types and all data collected were initially in CSV format. We 
only consider data for message type 3, which contains the position of the aircraft 
besides other information such as the ICAO number of the aircraft, time stamp, and 
altitude. We group data into the ICAO number of each aircraft and then into aircraft 
types or models. All data were then exported to our SQL database, which also stored 
all raw and analyzed data for the system. 

A web-based front-end application was developed for the study and was divided 
into three main categories as web;

• Static Data—information of aircraft such as ICAO, aircraft type and model, 
number of engines and type, wake turbulence, fuel.

• Dynamic Data—information such as coordinates, height, speed, vertical rate, 
heading.

• Analyzed Data—module specifically to perform analyzing data such as number 
of traffics, traffic trajectory, and engine gas emission. 

From the decoded data, we analyzed each aircraft on its ICAO number and flight 
time recorded in the system. Then, to estimate the engine emission, we are using an 
approach proposed by the ICAO [20]. Equation 1 was used to estimate the pollutant 
emissions, which are hydrocarbon (HC), carbon monoxide (CO), and nitrogen oxides 
(NOx) as; 

E = t × FF  × E I  × NE (1) 

where: 
E—Total Emission of pollutant product by aircraft in kilogram (kg). 
t—Time duration of the flight in seconds (s). 
FF-Fuel flow, in kilogram per second (kg/s) for each engine used on aircraft. 
EI—Emission index for the pollutant in kilograms per pollutant of fuel, for each 

engine used on aircraft. 
NE—Number of engines on aircraft.
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4 Result and Discussion 

The web application that has been developed managed to analyze a total of 307,621 
numbers of aircraft for the year 2019 with monthly average aircraft of 25,635. Trends 
f aircraft numbers as in Fig. 4 are ranging between 16,364 and 34,907 aircraft. Data 
for March 2019 were selected for detailed analysis due to its highest number of 
aircraft. 

To estimate the aircraft engine gas emission, we use sample data for March 2019 
as shown in Fig. 5. The gas emission for individual aircraft was calculated based on 
the aircraft model. Table 1 shows the top most common aircraft model in our data. 
We used Eq. 1 to calculate the emission of individual models using flight time, fuel 
flow (FF), and Emission Index (EI) for pollutants. 

Then the systems calculate the monthly total engine gas emission of all aircraft 
for March 2019 which resulted in total gas emission of 65,795,135 kg, an average of 
2,141,056 kg daily and 1,936 kg per flight as listed in Table 2 and Fig. 6. Nitrogen 
oxides contribute most of the total emission, and carbon monoxide is estimated as the 
second highest followed by the lowest total emission type which is a hydrocarbon. 
Total emissions for each of these pollutants are seen fluctuated throughout the month.

Fig. 4 Monthly number of 
aircraft for the year 2019 
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Fig. 5 Daily number of aircraft for March 2019
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Table 1 Emissions for common aircraft engine emissions for March 2019 

Model Fuel 
flow 
(kg/h) 

Total 
aircraft 

Total time (s) Emissions index Total (kg) 

Pollutant All 

Airbus 
A320 

2.64 242 2,004,420 HC:0.0005 
CO:0.0019 
NOX:0.0317 

5,291 
20,108 
335,491 

360,891 

Boeing 
B737 

2.75 220 1,489,800 HC:0.0015 
CO:0.0029 
NOX:0.0205 

12,290 
23,762 
167,974 

204,028 

Airbus 
A330 

6.46 112 402,900 HC:0.0061 
CO:0.0081 
NOX:0.08 

31,753 
42,164 
416,437 

490,355

Table 2 Engine gas emissions for March 2019 

Engine emission/kg HC CO NOX 

Total 65,795,135 2,126,611 6,269,744 57,976,388 

Average per day 2,141,056 2212 6524 60,329 

Average per aircraft 1,936 2,201 6,490 1,691 
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Fig. 6 Daily aircraft engine gas emission by type for March 2019 

We are using the emission index for HC, CO, and NOx based on what has been 
used by other studies [21–23] and assumed that the values of fuel flow and emission 
index are identical for the same aircraft model such as B737-200, B737-300 was 
assumed to have the same FF and EI. 

The total monthly emission of aircraft engine emission was then further calculated 
using the same method for all months of 2019, which is shown in Fig. 7.
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Fig. 7 Total monthly aircraft engine gas emissions of 2019 

5 Conclusion 

The aircraft emissions were successfully analyzed and estimated from ADS-B data 
by using a data mining approach. The emission of NOx is the highest emission count, 
82% of total aircraft emissions. In the meantime, the lowest emissions are CO and 
HC, which contribute 13% and 15%, respectively. Therefore, it can be concluded that 
the system application successfully analyzed and estimated engine gas emissions for 
Peninsular Malaysia airspace from ADS-B data. As a suggestion for future works, 
we would suggest adding a module of the system that would enable estimating other 
pollutants such as SOX, COX, and CHX [16, 17]. 
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Building Energy Efficiency Optimization 
and the Cost-Benefit Analysis



Framework of Optimizing Building 
Energy Consumption in Temperate 
Climates Based on Life Cycle Cost 
Analysis. Case Study: Residential 
Building in Cairo, Egypt 

Doaa El-Beheiry , Zeyad El Sayad , and Tarek Farghaly 

Abstract Energy retrofitting is considered an innovative way to improve energy 
performance of the existing building and improve the indoor environment. It can 
be more cost-effective than building a new facility. Since Egypt has experienced a 
surge in electricity demand over the past 10 years due to the quickly rising number of 
air-conditioned buildings, it is important to initiate energy conservation retrofits in 
order to reduce energy consumption and reduce the cost of heating and cooling. This 
study aims to introduce the real energy-saving potential of retrofitting an existing 
building, since, energy retrofitting is considered as an effective solution of high 
energy consumption and thermal discomfort. The objective of this study is to conduct 
a framework to investigate the effect of suitable retrofitting interventions on residen-
tial buildings’ cooling energy in the climate of Cairo, which is one of the highest 
expanding urban communities, using one of the existing energy modeling techniques. 
Then, to assess the different interventions of the energy retrofitting via life cycle 
cost analysis and finally optimize a retrofitting scenario through a combination of 
measures. The results showed that retrofitting strategies on the building envelope 
could have high potential in reducing the energy consumption levels of residen-
tial buildings in Cairo. It is also cleared that not necessarily the option with the 
highest energy reduction is the most economical solution, sometimes due to its high 
cost, it doesn’t provide an appropriate payback period and, hence, it becomes an 
uneconomical solution. 
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1 Introduction 

One of the most popular research areas today is the building energy efficiency. The 
major reason for this direction is that the building sector accounts for around 36% of 
energy demand in the world. The focus is on the implementation of energy conser-
vation technologies and the optimization [1]. Enhancement of the buildings using 
different energy conservation measures provides direct potential savings as well 
as reduced energy consumption. The energy-efficient measures connected to the 
building envelope have the greatest impact on energy efficiency in terms of passive 
energy reduction for heating, cooling, and lighting [2]. It is also crucial to highlight 
that, in order to improve the energy efficiency of existing buildings, the most recog-
nizable ones are: window replacement, facade insulation, roof insulation, and new 
sealing to reduce ventilation losses [3]. 

Urbanization in Egypt is taking a sharp hike with two thirds of Egypt’s total 
population are now living in urban areas. Egypt has a building stock of about 
12 million buildings where 60% are in the residential sector. More than 60% of 
the total electricity consumption in the country is attributed to residential, commer-
cial, and institutional buildings [4]. A recognizable increase in electricity demand is 
expected over the next 5 years with a growth rate of 8%. 

According to [5], building energy retrofit is a challenging multilateral problem 
that requires a complete integrated team approach. There are two main objectives of 
such an approach, which are; minimizing the energy consumption while maximizing 
the economic benefits. They are generally conflicting and hence, multi-objective 
optimization is recommended [6]. Therefore, life cycle cost analysis (LCCA) is used 
as a measuring tool to assess the effect of the retrofitting and determine whether it 
is economical or not. It helps to define an optimized model in terms of energy and 
cost. The LCCA strikes a balance between the upfront financial investment and the 
ongoing costs of owning and operating the facility. 

This study aims to define an optimization framework for buildings in terms of 
energy and cost. The research has attempted to use one of the existing energy 
modeling software—Design Builder to calculate the amount of energy used by an 
existing residential building in Cairo, Egypt and implement a number of different 
retrofitting scenarios since the most important issue when determining an optimal 
retrofit scenario is to define a combination of measures that can be effective and reli-
able on the long term [7]. Then, assess the different scenarios of the energy retrofitting 
via life cycle cost analysis in order to find the optimum solution.
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Fig. 1 The flowchart of cost-optimal methodology. Source [8] 

2 Methodology 

2.1 Cost Optimal Methodology 

According to Fig. 1, cost optimal technique strives to set up minimal energy perfor-
mance standards and energy efficiency measures that are both cost and energy effec-
tive. It has four key components. First, it establishes reference buildings, which can 
be either residential or non-residential buildings and are reflective of their func-
tionality, geographic location, and indoor and outdoor temperature conditions. The 
second step is to specify the energy efficiency measures (EEMs) that will be eval-
uated. Then, evaluate the reference building’s final and main energy requirements 
as well as the energy requirements after applying the specified energy efficiency 
measures. Finally, determine the net present value and payback period of the various 
packages in order to determine which one has the lowest payback period and, as a 
result, represents the cost-optimal level [8]. This calculation should be done during 
the predicted economic lifetime applied to the reference building. 

2.2 Description of Case Study 

The general atmosphere of Egypt is known for having a dry, hot climate (Köppen 
classification: BWh), with extremely high sun radiation the majority of the year [9]. 
There are eight regions in Egypt. Nowadays, the region of Cairo and Delta is Egypt’s 
economic and financial heart. Around 90% of the population live in Egypt’s part 
of the Nile Basin and 50% in the delta itself [10]. El-Sheikh Zayed City is situated
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Fig. 2 El-Sheikh Zayed residential building. Source Google Earth 

about 20 km from Lebanon Square in the Mohandiseen district of Giza. The city is 
located in Cairo and Delta climatic zone. It is divided into 17 residential districts, 
with four neighborhoods in each district. The selected case study is considered as 
one of the repetitive prototypes in El-Sheikh Zayed. It is located in 304,663.74 m E 
3,323,826.11 m N. The building is composed of three stories with the same layout 
(Fig. 2). 

The building’s roof is composed of 30 mm concrete tiles, 20 mm mortar, 50 mm 
sand, 150 mm reinforced concrete, 20 mm mortar, and 15 mm plaster, with a U-value 
of 3.049 W/m2.K. The external walls are composed of 20 mm plaster, 20 mm mortar, 
200 mm brickwork, 20 mm mortar, and 15 mm plaster, with a U-value 1.703 W/m2.K. 
For the internal walls, they are either plastered from both sides or they are covered 
with ceramic tiles in case of bathroom and kitchen. All windows are composed of 
aluminum frame and 3 mm single clear glass. As shown in Fig. 3, the plan of this 
residential building is composed of two flats each of 100m2.

2.3 Model Validation 

The verification and validation of computer simulation model were described by [11] 
as: “The process of gathering evidence to establish that the computational imple-
mentation of the mathematical model and its associated solution are correct”. For 
the acceptable difference between projected and measured (actual) data, Kaplan 
and Canner [12] presented suggestions for the simulation of environmental parame-
ters where it is deemed adequate when the monthly difference is less than 15–25%
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Fig. 3 Plan of residential building using Design Builder

monthly. Monthly energy consumption was taken into account during this compu-
tational simulation process for base model validation compared to that of real elec-
tricity bill, and the difference was found to be 4%, so it is an acceptable percentage 
according to [12]. 

2.4 Simulation of Selected Apartment Block 

Energy Plus, a computerized dynamic simulation tool for building thermal perfor-
mance, and Design Builder (DB), its user-friendly interface, accounts for all the major 
theories of heat transfer that directly affect energy use and indoor thermal comfort. 
To accomplish the goal of the research, DB in its second version (V.2.2.5.004) has 
been used. First of all, the specified weather file was defined to the program in order 
to identify the exact location and weather data. All parameters were introduced after 
drawing the complete model of the building including the openings and the surround-
ings. The model shown in Fig. 4 was then identical to the real building. Simulation 
was selected to be done in August since the air temperature reaches its maximum 
leading to a recognizable increase in the energy consumption due to cooling load.
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Fig. 4 Design Builder model for the residential building 

2.5 Simulation of Selected EEMS 

One of the critical ways of reducing energy through retrofit is the use of thermal 
insulation. Thermal insulation was found to reduce the U-value of a wall between 
34 and 61% [13]. Hence, four retrofitting interventions were implemented. First: 
improvement on the building envelope with thermal insulation through roof insula-
tion with examining different insulation types, chosen as the most popular insulation 
types and known for their high insulation effectivity. Second: improvement on the 
building envelope with thermal insulation through exterior wall insulation. Third: 
improvement on the openings with energy-efficient windows using different glazing 
types. Fourth: improving air infiltration rate. According to Table 1, applying different 
retrofitting interventions on the building envelope can greatly enhance the building 
energy efficiency and can cause a great reduction in the overall energy consumption.

3 LCCA Calculations for Different EEMs 

It is worth mentioning that all these retrofitting interventions have been assessed only 
in terms of energy reduction and still they need to be assessed using the life cycle 
cost analysis tool in order to examine whether they are economical or not. Therefore, 
LCCA is used to evaluate the cost-effectiveness of these interventions. In LCCA, 
two primary metrics are to be calculated; life cycle costs of each alternative and its 
payback over a certain study life. The alternative with the shortest payback period 
is considered as the most economical solution [14]. One of the major defects in the 
LCCA is that many assumptions are to be made over the life cycle cost calculations 
in order to generate enough data to produce results [15]. The basic formula is as 
follows: 

LCC = C + PVRecurring − PVResidual-Value (1) 

where;—LCC is the life cycle cost. 
—C is the construction cost (hard and soft costs).
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Table 1 The effect of each intervention on the energy consumption 

EEMs Description U-value (W/m2 K) Percentage of energy 
reduction 

Roof insulation Nano silica aerogel 
10 mm 

0.753 33.44 

Expanded polystyrene 
10 mm 

1.834 20.86 

Vacuum insulation panel 
10 mm 

1.374 25.91 

External wall 
insulation 

Nano silica aerogel 
10 mm 

0.44 15.65 

Expanded polystyrene 
10 mm 

1.243 9.05 

Vacuum insulation panel 
10 mm 

0.92 14.42 

Energy efficient 
windows 

Double blue 6 mm/6 mm 
Aerogel 

3.094 12.69 

Double blue 6 mm/ 
13 mm Aerogel 

2.511 12.85 

Double Low-E 6 mm/ 
6 mm Aerogel 

1.761 14.4 

Improving air 
infiltration rate 

Sealing around windows 
and doors 

– 14.3

—PVRecurring is the present value of all recurring costs (utilities, maintenance, 
replacements, service, added values, etc.). 

—PVResidual-Value is the present value of the residual value at the end of the study 
life (note: this is recommended to to be 0 L.E considering that the building won’t be 
sold in the future). 

3.1 Time Value of Money 

– Eliminating Inflation where inflation is reducing the value or of money over time; 

Discount Rate = 
1 + Nominal Rate 

1 + Inflation Rate 
(2) 

According to the Central Bank of Egypt, discount rate and the escalation rate were 
calculated from the average of 6 years 2016–2022 and were found to be 13.88 and 
14.2%, respectively [16].
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– The Basic Discounted Equation; 

PV  = FY 

(1 + DISC)Y
(3) 

where PV is the present value (in Year 0). 
—FY is the value in the future (in Year Y). 
—DISC is the discount rate. 
—Y is the number of years in the future. 

– Escalation Rates like discount rates are adjusted to remove the effects of inflation 
from goods and services; 

CostYear-Y = CostYear-0 ∗ (1 + ESC)Y (4) 

where;—CostYear-Y is the cost at Y years into the future. 
—CostYear-0 is today’s cost (at Year 0). 
—ESC is the escalation rate. 
—Y is the number of years into the future. 

3.2 Payback Analysis for the Applied EEMs 

According to the applied LCCA of the three options of the roof insulation, their 
payback periods are lower than the base case at a certain point (Fig. 5). For Option 1 
“aerogel insulation”, the payback was found to be 3 years. For Option 2 and Option 
3 “polystyrene and vip”, the payback was found to be 2 and 3 years, respectively. 

Fig. 5 Payback analysis of the three options of roof insulation
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Table 2 Payback Period for the applied EEMS 

EEMs Description Payback Period 

Roof insulation Nano silica aerogel 10 mm 3 years 

Expanded polystyrene 10 mm 2 years 

Vacuum insulation panel 10 mm 3 years 

External wall insulation Nano silica aerogel 10 mm 5.5 years 

Expanded polystyrene 10 mm 3.5 years 

Vacuum insulation panel 10 mm 5 years 

Energy efficient windows Double blue 6 mm/6 mm aerogel 13 years 

Double blue 6 mm/13 mm aerogel 14 years 

Double Low-E 6 mm/6 mm aerogel 14 years 

Improving air infiltration rate Sealing around windows and doors 2.5 years 

Payback calculation is then done for the rest of the applied EEMS, calculating the 
payback period for each applied intervention. Table 2 clarifies the payback period 
for each one where some of them have a very long payback period consequently they 
are considered as an economical option in terms of the monetary value. 

4 Discussion with Optimized Scenario 

This research has introduced a framework for optimizing building energy consump-
tion and examined this framework on a selected case study with specific conditions. 
It analyzed a residential building in El-Sheikh Zayed, Cairo using computer simu-
lation. Four different interventions were assessed to define how this changes the 
way the building consumes energy and satisfies comfort conditions. It has been 
found that the roof and wall insulation in addition to improving air infiltration rate 
can greatly enhance the thermal comfort (Fig. 6) and hence decrease the building 
energy consumption. Concerning the energy-efficient windows, they gave the least 
energy consumption reduction despite their low U-Value. The payback period for 
each intervention is then examined. The highest payback periods were given by the 
energy efficient windows due to their high initial cost and low percentage of energy 
reduction, while, the shortest payback period was given by the polystyrene insulation 
for both roof and wall insulation due to its low initial cost, but it is important to clarify 
that it isn’t necessary the shortest payback period is the most optimum solution.

According to [7], the most important issue when determining an optimal retrofit 
scenario is to define a combination of measures that is effective and reliable in the long 
term. An optimized solution was then introduced to the selected case study where a 
combination of measures was applied using nano-silica aerogel for the roof and wall 
insulation as it has given the highest energy reduction percentage accompanied with 
improving air infiltration rate through sealing around windows and doors. This has 
led to 56% energy reduction and a payback period of less than 2.5 years (Fig. 7).
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Fig. 6 Radar chart for percentage of energy reduction of the selected interventions

Fig. 7 Payback analysis of the optimal retrofitting scenario 

5 Conclusion 

Building energy efficiency and energy retrofitting have become imperative in the 
process of construction and design in order to conserve resources for future genera-
tions as well as providing a healthy environment for coexistence and the economic 
benefit, which is one of the most important dimensions that underpin any project. 
In conclusion, a properly fitted insulating material at its ideal thickness could not 
only lessen heat transfer through building envelopes but also achieve obvious bene-
fits to the economy and environment. Therefore, designers and builders in hot arid 
and temperate nations could use the applied framework to help enhance the building
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energy consumption and reach an optimized solution to apply on the building enve-
lope components. According to this, it is recommended to encourage the retrofitting 
process due to the great already built areas in Egypt, which will always remain as a 
constraint against any step forward. 
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An Assessment of the Profit Gained 
Based on the Use of Roof Cooling Devices 
in Chengdu 

Haonan Wang 

Abstract This paper aims to evaluate how much money could be saved by using 
a radiative cooling appliance mounted on the roofs if it is widely used in Chengdu. 
In 2018, Chinese people consumed electric energy in air conditioning most, arriving 
at 34% of the total use in that field in the whole world with a sharp increment. 
Meanwhile, Chinese refrigeration electricity consumption represented above 15% 
of total electricity consumption. The energy shortage impacts a lot, from national 
development to the living for the public. In fact, some people used to invent some 
devices like roof cooling technology, which could decrease the temperature in the 
house to replace the air conditioner in refrigeration for energy saving and decrease 
people’s expenditure. Therefore, the author plans to establish a model to gain a 
function of the number of the temperature decreased in this way by its theory and 
provided physical functions and plug the collected data on Chengdu into the formula 
to judge whether this radiative cooling technology could bring profit to Chengdu 
public for a long time through another model established based upon the calculation 
methods and data. In the end, the author finds that the roof cooling device is beneficial 
to the citizens living in Chengdu in the economic aspect. 

Keywords Radiant energy · Roof cooler · Chengdu · Refrigeration 

1 Introduction 

Chinese total social electricity consumption maintained growth with different ranges 
from 2015 to 2020 [1–6]. Nowadays, the Chinese electric energy shortage has been 
a huge challenge, and some cities in northeastern China governments have adopted 
measures to limit the use of electricity [7]. The research of Bloomberg New Energy 
Finance (BNEF) shows in 2018, Chinese citizens consumed the electrical energy in 
air conditioners most among all the countries around the world at 34% [8], keeping a
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stable ascend. Meanwhile, the Chinese National Development and Reform Commis-
sion spokesman named Men Wei indicated that Chinese refrigeration electricity 
consumption represented above 15% of total electricity consumption [9], and air 
conditioning electricity load accounts for three-fifths of whole electricity in large 
and intermediate cities in China in summer [10]. 

To address the difficulty of the energy shortage in cooling, some scientists used 
to invent various devices like radiance cooling technology, which could decrease the 
temperature in the house to replace the air conditioner in refrigeration for decreasing 
the citizens’ electricity bills. The author established a model for gaining a formula 
with decreasing temperatures while using seven-layer cool roof devices, relying on 
the theories and some provided physical functions. Subsequently, the author plugged 
the gathered data from governmental institutions such as the Chinese National Energy 
Administration and Chengdu Meteorological Network into the formulas modeled to 
evaluate whether this radiative cooling technology could bring profits to the Chengdu 
public in a decade. 

Cool roofs are roofs that can reflect high solar [11]. Doctor Raman used the cool 
roof apparatus made from a seven-layer structure, which consists of two layers of 
HfO2 and SiO2 and one layer of Si, Ag, and Ti, like in Fig. 1, having strong reflexes 
via an apparent window during both daytime and night as the roof cooler to do the 
research. By contrast, the normal radiance cooling device can be only sure to drop the 
temperature at night, but in the daytime, it needs to refer to the intensity of sunlight 
and wavelength. For the device having seven layers, owing to its materials, it can 
provide the equipment with reflectance arriving at 97%. This is why it reduces the 
impact of the heating radiative cooler by the sun, which leads to the fact that these 
appliances decrease the temperature by 5 °C in the daytime at the average level [12]. 

Fig. 1 The cooler device 
layout [12]
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2 Research 

This research has a model to calculate the value of the decreased temperature after 
using the roof coolers, being also a segment of another model used to compute the 
number of payments with the wide use of this equipment for the next calculation. In 
this way, the money saved could be figured out successfully by comparing the gap 
between two types of payment in cooling from gathered data from interviews and 
documents. 

2.1 Models 

The first model is to compute the temperature decreased after using coolers in the 
daytime. In order that in the layer of energy, Function 1 is gained, precisely, the 
right hand of Function 1 is divided into four separate parts, having four different 
functions, which could be subdivided into Function 2 to Function 5 for calculating 
in the area of A and at the temperature of T, with spectral emissivity λ and angle Θ, 
depending on the angle and the orientation of the cooler laid on the rooftops (usually 
30° towards the south). Since the cooler is affected by three kinds of radiance powers, 
and they are solar irradiance power, atmospheric radiance power, and the power lost in 
conduction and convection in the whole process. To be specific, Function 2 represents 
the amount of the energy radiated out through the cooler, including the volume of 
the hemisphere with angle Θ and area A and the spectral radiance of blackbody IBB 
(T , λ). Meanwhile, some energy is lost in the equipment. According to Function 4, 
in area A, the energy is lost on both the inside and outside of the cooler. As a result, 
the lost energy is impacted by two types of temperature, owing to the process of 
conduction and convection. By contrast, the last two Functions 3 and 5 display the 
impact of two factors, which leads to the fact that the cooling effect rises. Functions 
3 and 5 both stem from Kirchhoff’s radiate rule, and Functions 2 and 4 refer to 
Planck’s law. The values of the parameters and varieties, such as Planck’s constant, 
Boltzmann’s constant, speed of light, and the wavelength in these equations, could 
be found on the website and calculator. 

Pcool(T ) = Prad(T ) − Patm(Tamb) − Psun − Pcond+conv (1) 

Prad(T ) = A
{

dΩ cos θ
{ ∞ 

0 
dλIBB  (T , λ)∈(λ, θ ) (2) 

Patm(Tamb) = A
{

dΩ cos θ
{ ∞ 

0 
dλIBB  (Tamb, λ)∈(λ, θ )∈atm(λ, θ ) (3) 

(Pcond+conv(T , Tamb) = Ahc(Tamb − T ) (4)
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Psun = A
{ ∞ 

0 
dλ∈(λ, θsun)IAM1.5(λ) (5) 

In the condition of California, Raman calculated that the apparatus was able to 
reduce 4.9 °C with an error margin (about 0.15 °C) [12]. In contrast, in Chengdu, 
one of the Chinese lowest sunshine intensity regions, there is lower solar radiance 
and atmospheric radiance compared with California, which is a place in the desert 
and in similar altitude and latitude conditions, which means the result that the cooler 
can drop at least 4.9 °C while being the same arrangement is able to evaluate [13]. 

Under conservative estimates, the result of five degrees Celsius is used for 
evaluating the profits in the next step, regarding the lack of radiance data in Chengdu. 

Based on the value of the temperature decreased via using roof coolers, the second 
model, which is for computing the profits bought from roof coolers in Chengdu can 
be established. The profit P is equal to the total cost of air conditioners before using 
roof coolers named Ca1 minus the total cost of new devices (Ct ) as shown in Function 
6. In Function 7, it illustrates that the cost of air conditioners is equal to the total 
energy use (Ces) multiply the ratio of the cooling energy consumed by Chengdu 
people accounting for the total electricity consumption in society (R1) multiplied the 
price of energy per degree multiplied the unit price per kWh (P1). 

P = Ca1 − Ct (6) 

Ca1 = Ces × R1 × P1 (7) 

However, the payment of the condition using the new devices in Chengdu is much 
complicated. It needs to be mainly divided into three sections. 

Ct = Ca2 + Cm + Cp + Ci (8) 

The first section is about the spending on air conditioners after using roof coolers, 
as some of the Chengdu residents cannot stand the indoor temperature, in spite of the 
condition that the indoor temperature has already decreased by 5 °C. For instance, 
some citizens are used to turning on the air conditioner when the temperature is 
30 °C, which means if the natural temperature is above 35 °C, they will also use air 
conditioners, although the cooler can help to reduce 5 °C, and this part of the cost 
named Ca2 cannot be ignored, and it is equal to the value of Ca1 multiple the number 
of days using air conditioners after using this equipment divide the number of days 
before using the coolers, and Function 9 is given. 

Ca2 = Ca1 ÷
(∑

Pt1 Nt1 ÷
∑

Pt2 Nt2

)
(9) 

The second section is the cost for materials per device named Cm/N, which is 
to make roof coolers. In Fig. 1, the volume of the raw materials of the metals and
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compounds in the seven-layer construction separately and some aluminum and wood 
as the parts of the cooler could be obtained. Subsequently, the volume, density, and 
unit price of each section are used to figure out the price of raw materials of an 
individual appliance. Thereafter, it is easy to compute the final result via using the 
unit price multiple the number of the devices, which could be solved by computing 
the living area per person living in Chengdu multiple by the number of the population 
of Chengdu, which is to evaluate that the area of the roofs divides by the average 
number of the layers of buildings in Chengdu divide the field of the coolers (1 square 
meter). Nevertheless, because the equipment is set on the rooftop, the region is larger 
than the area used to be lived by people in one layer, which means when we calculate 
the area of the rooftop, its value should be raised. Thus, Function 10 to Function 13 
could be gained. 

Cm/N = Cstr + Cw + Cal (10) 

Cstr =
∑
n=7 

Vn Pnρn (11) 

Cw = Vw × pw × ρw (12) 

Cal = Val × pal × ρal (13) 

In considering the labor cost, which is also the third section, the compound of 
production cost and installation cost called Cp and Ci , respectively, also determines 
the final cost. The function could solve the two costs that a worker’s salary is divided 
by the working time divided by the working efficiency of the worker in their own 
field. Based upon these costs, the price in the market usually doubles the entire 
cost computed before due to some costs in the factory, such as rent and water and 
electricity bills and delivery costs, and Function 14 is shown below. 

Cp + Ci = S f ÷ N1 + SI ÷ N2 (14) 

2.2 Result 

To compare the cost difference between using air conditioning and roof coolers 
in cooling in Chengdu, the two costs should be computed through collected data 
separately. As a result, in the first part, the payment of individuals in Chengdu when 
they do not have roof coolers is needed to be evaluated. After that, in the second 
part, the entire bill of the residents who own the coolers and live in Chengdu will be 
computed.
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Firstly, the total cost of air conditioners before using roof coolers can be figured out 
by the total energy use multiple the ratio of the cooling energy consumed by Chengdu 
people contributing to the total energy use in society multiple the price of energy per 
degree and multiples the unit price per KWH, which is also the value of Ca1. In 2020, 
State Grid Sichuan Corporation indicated that Chengdu citizens consumed 72.543 
billion KWH electricity in the whole society [14]. The average unit price of electricity 
was about 0.6 yuan per KW (Sichuan Development and Reform Commission) [15]. 
At the same time, cooling accounted for 15% of total electricity consumption. Thus, 
Ca1 equals 0.15 times 72.543 times 0.6, and the result is approximately 6.53 billion 
yuan in total. The population in Chengdu has approached 20.93 million, and there 
are only 2.49 people per family [16], so each citizen should pay 312 yuan for air 
conditioning annually at the average level. 

Ca1 = 0.15 × 72.543 × 0.6 = 6.53 billion (7-1) 

Ca1/N = 0.15 × 72.543 × 0.6/20.93 million = 312 yuan (7-2) 

When these people have roof cooling equipment, their bills are mainly in three 
aspects. Now, the value of Ca1 has already been computed. However, the amount of 
the spending of the people in Chengdu paying for air conditioners after using coolers 
(Ca2) is still needed. To cope with that, the author designed interviews with just one 
question, that is, what is the temperature outside you would like to turn on the air 
conditioner in summer with my friends, classmates, teachers, and my relatives who 
live in Chengdu in five different age groups with the same number of males and 
females (five males and females in each age group and 50 people in total) through 
calling, sending messages and talking face to face. The five age groups are 10–24, 
25–39, 40–54, 55–69, and more than 70 as shown in Table 1. Table 1 demonstrates 
that all the interviewees (50 of 50) turned on the air conditioners from 30 to 35 °C, 
among which 28 of 50 people preferred open the air conditioner when the temperature 
arrived at 30 °C followed by 8 people at 32 °C, 5 people at both 31 and 33 °C, 3 
people at 34 °C and one person at 35 °C. 

Table 1 The temperature at which people are willing to turn on air conditioners 

Male Female 

T (°C) 10–24 25–39 40–54 55–69 >70 10–24 25–39 40–54 55–69 >70 

30 5 5 3 2 2 4 4 1 1 1 

31 0 0 1 0 0 0 0 1 1 2 

32 0 0 1 0 1 1 1 1 2 1 

33 0 0 0 2 2 0 0 0 0 1 

34 0 0 0 1 0 0 0 2 0 0 

35 0 0 0 0 0 0 0 0 1 0



An Assessment of the Profit Gained Based on the Use of Roof Cooling … 133

There is an assumption that all the residents in Chengdu turn on air conditioners 
on this distribution so that the value of the ratio of the number of days that the air 
conditioners being on after they use this equipment and that of before using the coolers 
is computed by checking the temperature meeting the air conditioning situation of 
Chengdu public. In the years 2020 and 2021, Chengdu experienced 145 days of hot 
weather, which is equal to or above 30 °C, including 31 days with 30°, 33 days with 
31°, 27 days with 32°, 20 days with 33°, 19 days with 34°, 9 days with 35°, 2 days 
with 36°, 3 days with 37° and 1 day with 40°, respectively [17]. 

In this case, after using cooling devices, the number of people who open air 
conditioners at the temperature of 30 °C accounts for 56% of the total number of 
people living in Chengdu. They are still necessary to open air conditioners for 15 days 
per 2 years, which is 3/29 as many as the frequency before using the coolers so that the 
ratio could be figured out. Meanwhile, all the values of the counterparts in different 
temperatures are able to calculate, being 1/19 in the temperature of 31 °C, 4/81 in the 
temperature of 32 °C, 1/54 in the temperature of 33 °C, 1/34 in the temperature of 
34 °C and 1/15 in the temperature of 35 °C and then multiply their respective share 
of the population to acquire the ration of the number of days that people used air 
conditioning before and after using roof coolers and it equals 0.076. Consequently, 
the value of Ca2 is equal to the value of Ca1 multiple 0.076, and the result is 0.496 
billion yuan in total or 23.71 yuan per person, like Function 9-1 and Function 9-2 
below. 

Ca2 = 6.53 × (0.56 × 3/29 + 0.1 × 1/19 + 0.16 × 4/81 + 0.1 × 1/54 
+ 0.6 × 1/34 + 0.2 × 1/15) = 0.486 billion yuan (9-1) 

Ca2/N = 0.486/0.02093 = 23.71 yuan (9-2) 

From Fig. 1 as shown before, the volume of the metals and compounds in the 
seven-layer structure could be ignored owing to their height, which means their prices 
are very low despite their high prices per unit. Besides, the wood and aluminum, as 
non-core parts of the device, also have adequately low prices because the apparatus 
does not need more than 10 g of aluminum due to the lack of space, so the cost of 
major materials is almost the same as the cost of the wood being at most 10 yuan 
considering its weight, which is used to support the cooler that is a cylinder with 
diameter 3.4 inches (8.6 cm) and the author assesses that it is about 0.01 cubic meters 
and the hypothetical unit price of woods (1500 yuan per cubic meter) which is higher 
than the market [12]. Therefore, the material cost per device is about 10 yuan. 

Cstr ≈ 7 × 3.14 × 1000 × 10 × 0.08 × 0.08 × 10 − 7 ≈ 0 yuan (11-1) 

Cw ≈ 0.01 × 0.6 × 1500 = 9 yuan (12-1) 

Cal ≈ 10 × 20 ÷ 1000 = 0.2 yuan (13-1)
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Cm/N = 9 + 0.2 = 9.2 yuan (10-1) 

Unfortunately, the highest part of this equipment is the labor cost. It is generally 
acknowledged that such sophisticated devices are too difficult and time-consuming 
to make. Hence, the limitation of manpower and technology leads to the fact that 
the cost of the device is higher than the counterparts of other products produced by 
assembly lines due to the precision of the materials. If we have a large factory with 
10 million yuan for bills and 10 million for other places and 150 staffs having annual 
salaries of 200,000 yuan on average which is able to produce 3000 coolers per day 
per line and there are ten lines for production. In this situation, the factories could 
produce 3000 multiple 10 multiple 300 days as 9 million coolers and the cost per 
cooler equals the costs of the composition of salaries, bills and other costs divided the 
number of coolers, which are 5.6 yuan each. In fact, the author made a conservative 
estimate because the diameter of a cooler is about 10 cm. It means abundant coolers 
can be produced in one process, so the factory could produce more coolers, and the 
salaries are higher than 90% of relevant technicians (159.4 thousand yuan annually) 
[18]. 

(Cp + Ci )/N ≈ (200000 × 150 + 10000000 + 10000000) ÷ (10 × 300 × 3000) 
≈ 5.6 yuan] (14-1) 

Afterward, the value of how many coolers each Chengdu citizen uses ought to be 
calculated. Actually, it is reckoned that layers of buildings multiply the area of the 
living space per person in Chengdu medially. The author assumes that the number of 
layers of buildings in Chengdu is 10 at the average level. Some information indicates 
that Chengdu people own 44 m2 to live in and at most 6 m2 of public area per person 
in 2018 [19]. Based on these values, the result that each Chengdu resident should buy 
5 coolers per person at most can be found, which spends 5 multiple 15.6 yuan, which 
is the composition of the two categories of cost, which are the cost of production and 
the cost of materials totally. The reason why the cost of installation can be ignored 
is that installing these appliances does not depend on technology because they work 
automatically and a worker just takes half an hour to install a mass of coolers on a 
rooftop. Thus, each cooler does not pay little money in this field. 

Therefore, the individual cost after using roof coolers is the cost of air conditioning 
after using roof coolers plus the cost of roof coolers per person as Function 15 shown, 
that is, 5 multiple 15.6 (Cp and Cm) plus 23.71 (Ca2) at most, which is 101.71, and 
the marketing price doubling or tripling the cost of the equipment, so each person 
perhaps will spend 179.71 to 257.71 yuan (CF /N ) on cooling in a year finally, being 
lower than the cost before using the devices, as Function 15, Function 15-1, and 
Function 15-2 shown. 

Finally, the profit for each person is Ca1 per person minus Ct per person, being in 
the range of 54.29 to 132.29 yuan in the first year as Function (6-1) shown.
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Ct /N = Ca2/N + (Cp + Ci )/N + Cm /N = Ca2/N + n × ((Cp + Ci )/N + Cm /N ) 
(15) 

Ct /N = 23.71 + 5 × 15.6 = 101.71 yuan (15-1) 

5 × 15.6 × 2 + 23.71 = 179.71 yuan < CF /N < 5 × 15.6 × 4 + 23.71 
= 257.71 yuan (15-2) 

312 − 257.71 = 54.29 yuan < P/N < 312 − 179.71 = 132.29 yuan (6-1) 

3 Discussion 

This research is to evaluate the profit brought by roof coolers for residents in Chengdu 
by models. The results of the first model represent that using roof coolers is able to 
drop the temperature by 5 °C, and the results of the second model indicate that, in the 
first year, citizens living in Chengdu could economize approximately 100 yuan after 
utilizing roof coolers. In addition, in the next years, the households without these 
devices should pay 312 yuan per year constantly, while the others just need to pay 
23.71 yuan per year as the value of Ca2 in common until the devices break down, that 
is, as time increases, the people who have roof coolers can get more profits. When 
the coolers are able to work for a decade successfully, they could reduce about 10 
times Ca1/N minus 9 times Ca2/N minus Ct /N as Function (6-2) shown. 

10 × 312 − 9 × 23.71 − 257.71 = 2648.9 yuan < P10 year 
= 10Ca1/N − 9Ca2/N − Ct /N < 10 

× 312 − 9 × 23.71 − 179.71 
= 2726.9 yuan (6-2) 

A means to bring more benefits is that, in a dense population area such as 
skyscrapers, train stations, and airports, each person would allocate a lower number 
of devices so that they could have less cost in purchasing cooling devices because one 
person has 44 square meters generally, but it is per square meter that, in these zones, 
accommodates at least one person normally. For instance, in Chongqing Jiangbei 
International Airport, as the symbolization of the user of the radiative cooling system, 
there is a cooling system with similar principles being used to save energy and 
spending, which also contributes to the target of national carbon–neutral standards 
[20]. 

Meanwhile, it is difficult to produce roof coolers on a large scale in Chengdu in 
a short time since the factories need to manufacture about 104.65 million devices 
(five devices per person), and it is almost impossible for factories in Chengdu to
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accomplish the tasks. Hence, the best order to provide cooling equipment is from 
densely populated regions to unpopulated regions. 

4 Conclusion 

Overall, this work finds that the cooling devices are able to bring profits in saving the 
fees used in the air conditioning to the users in Chengdu, especially compared with 
the profit gained per person in the first year (54.29–132.29 yuan), profit per person 
in 10 years is far more (2648.9–2726.9 yuan). However, the burden of production is 
great, so it is almost impossible to provide for all the residents in Chengdu. Conse-
quently, there are three suggestions to governments and films to decrease the negative 
impact. Firstly, the governments in Chengdu need to encourage relevant corporations 
to produce such products. Simultaneously, the governments require massive invest-
ments on technical personnel to improve productivity since the industrial base is also 
a significant place where development is needed since the yields impact the cost of 
production directly because faster production leads to lower staff costs and other 
costs and considering reducing the power consumption and the economic burden 
of residents in Chengdu. Thus, the economic spending and time costs are reduced 
in this way. Secondly, the enterprises involved in producing these devices should 
guarantee the quality of the equipment, leading to longer use of these devices so that 
users could save more money, and it is convinced that local people need to take care 
of these appliances with the related policies put forward by the governments, which 
makes the life of the appliances extend. Finally, the order in which devices are sold 
from densely populated regions to unpopulated regions should be adopted by the 
providers to meet the refrigeration demands of more people in order to reduce more 
people’s electricity bills much more quickly, and then the region with low popula-
tion density could be considered as the residents living in such region may not gain 
profit after using the cooling devices. In this way, some electrical energy is saved 
and some people particularly living in the densely populated area could save much 
more electricity fees when the roof cooler is used in a proper scale. 

Because of the lack of precise data, the values of the unit prices and volume of 
the materials of equipment are assessed or estimated. Additionally, some risk factors 
like the impact of high wind and rain on the coolers mounted on the rooftop and the 
influence of thieves are overlooked, perhaps resulting in inestimable demands in real 
life. Consequently, the actual situation and theoretical calculation may bring distinct 
results, which means a further study after using this type of device in Chengdu is 
needed for gaining a more precise result to meet the accurate range of population 
density under the condition that the use of the equipment is profitable and finding 
the methods to protect the devices should also be paid attention.
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