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Abstract: Due to the significance of environmental aspects, the modeling of hybrid systems should
be performed with the lowest cost and environmental pollution. Therefore, an effective and optimum
sizing method can ensure acceptable performance. This paper implements a “technique for order
performance by similarity to the ideal solution” (TOPSIS) method combined with the “analytic
hierarchy process (AHP)” method to size a standalone system based on techno-economic parameters.
For this reason, a survey was conducted to collect local load data on Monpura Island, located in Bhola,
Bangladesh. Visible and design faults of the existing PV /diesel mini-grid have also been identified.
Five alternative hybrid configurations have been considered as to evaluate the best optimum system.
Two economic and one environmental criterion was used to size the system. Two experts specialized
in energy systems evaluated the criteria and proposed the suitable system. Battery, wind and PV
capital cost multipliers have been considered as to perform sensitivity analysis. According to techno-
economic analysis and expert opinion, PV /biogas/wind has been found to be the most appropriate
system among these configurations. The system has a cost of electricity (COE) of 0.691 (USD/kWh)
and emits only 4.43 kg of CO, per year. The net present cost of the proposed system is 18% lower
than the existing microgrid, and the model has lower emissions due to high renewable penetration. It
was also found that integrating wind can significantly reduce battery capacity in the mini-grid. The
proposed system consumes 34% less batteries than the existing system. Implementing this optimum
system can result in greater benefit to the local people.

Keywords: solar mini-grid; biogas; rural electrification; off grid; hybrid energy system; multicriteria
decision analysis

1. Introduction

People living in remote places often are deprived of electricity. To improve rural com-
munities’ social and economic lifestyles, access to electricity is a must. Global electrification
has seen major growth in recently. Worldwide electrification reached 89% in 2017, a 6%
increase from 2010 [1]. However, 840 M people still lack electricity, and the possibility of
grid connection is quite low. Therefore, fulfilling their need through local resources is a
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feasible solution [2,3]. Many researchers have determined the benefits of the renewable
powered hybrid electricity generation for remote locations. Akram et al. proposed a stan-
dalone hybrid system based on residential load for an off-grid place in Pakistan [4]. This
study found that the COE can vary from 0.0895 to 0.375 USD/kWh depending upon the
system configuration. Khan et al. performed a detailed study to determine the viability of
powering the telecommunication systems in India [5]. This study developed six cases for
different cities in India and proposed a PV /wind/diesel/battery system having a COE of
0.164 USD/kWHh to satisfy the demand of a telecom tower. Das and Hasan (2021) analyzed
the suitability of a PV /wind/microgas turbine/battery system to fulfil electrical and ther-
mal demands simultaneously [6]. The optimized system had a COE of 0.207 USD/kWh
during running on the load following strategy. A novel PV-sizing optimization technique
was introduced by Khirennas et al. to study the impact of PV integration into existing
diesel systems at a lower penetration level [7]. The proposed system's levelized cost of
energy (LCOE) was 0.275 USD/kWh, which is 13.32% more cost-efficient than only a diesel-
based system (0.317 USD/kWh). Makhdoomi and Askarzadeh determined the economic
feasibility of integrating energy storage and a solar tracker into diesel/PV /pumped hydro
storage and diesel/PV /fuel cell systems [8]. Elkadeem et al. analyzed the optimization
problems and proposed a hybrid system comprising a PV /wind/fuel/battery system
in Egypt. The COE was 0.150 USD/kWh, having a renewable fraction (RF) of 42% [9].
Similarly, Das et al. proposed an environmentally and financially feasible energy system
comprising a PV /battery /fuel cells system for a rural community in Malaysia [10]. Salameh
et al. simulated a standalone system comprising a PV /diesel generator/battery system
to deliver the residential load to a remote location in the United Arab Emirates [11]. The
simulated system had a COE of 0.25-0.28 USD/kWh and RF of 51-58%. Azerefegn et al.
determined that a standalone PV /diesel/battery configuration has higher COE than a
grid-dependent PV /diesel /battery [12]. The study also highlighted the financial benefits
that could be achieved by selling surplus electricity to the grid. Das et al. simulated an
environmentally and economically feasible standalone system capable of meeting both
thermal and electrical loads for five different weather zones of Australia [13]. Konneh et al.
developed an optimum system consisting of three generator/PV /hydro/battery systems
for Sierra Leone, and the system had a COE of 0.234 USD/kWh [14]. Guerello et al. used a
“combined optimization process (COP)” to study the potential impact of energy efficiency
initiatives in reducing the price of hybrid energy systems [15]. Rajbongshi et al. found
that an off-grid hybrid system costs more than a grid-connected system for the same load
profile [16]. Halabi et al. studied the impact of parameters such as fuel and battery cost, PV
penetration levels, and load profile on the applicability of decentralized power stations in
Sabah, Malaysia [17]. Konneh et al. analyzed the performance of a hybrid complementary
power system for Sierra Leone’s southern region. This study found that a PV/generator
1/generator 2/generator 3/battery/hydro/converter system is the most cost-effective
option for Sierra Leone [18]. Abnavi et al. found that providing electricity to an Iranian
community through a PV/wind /battery/converter system will cost 0.119 USD/kWh [19].
Sanni et al. developed a PV/grid/biogas system as a backup for Nigeria’s unreliable grid
electricity supply system and found that it will cost 0.164 USD/kWHh to provide electricity
through this system [20]. However, from the reviewed literature, it was found that only
one objective function (COE) was considered as to size the hybrid system. Moreover, a
multicriteria decision-making analysis was not carried out in other research for sizing the
standalone system. Due to the significance of environmental aspects, the modeling of
hybrid systems should be performed with the lowest cost and environmental pollution. An
effective sizing approach was proposed based on a multicriteria decision-making analysis
(MCDA) to optimize a standalone hybrid system in this analysis. The “analytic hierarchy
process (AHP)” was integrated with the “technique for order performance by similarity
to the ideal solution (TOPSIS)” method to size the standalone hybrid system. AHP was
utilized to designate the appropriate weights for each criterion, while the configurations
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were ranked by employing TOPSIS. COE, NPC, and CO, emission per year were selected
to size the proposed hybrid system.

2. Energy Condition of Bangladesh

Significant changes have been made in the energy sector of Bangladesh with 93.5%
of people gaining electricity [21]. At the end of 2017, the reserve of natural gas and coal
was 6.3 trillion cubic feet (TCF) and 323 million tons, respectively. Since 2007, natural gas
and coal consumption have seen a growth of 0.8% and 7.35%, respectively [22]. The need
for natural gas has also increased for the power generation sector, and almost 40% of the
total generation is supplied to power plants [23]. The government has declared that 10%
of total electricity should be generated from sustainable energy sources [24]. In 2012, the
government also launched a 500 MW solar energy program [25]. This includes a solar
mini-grid (SMG), solar home systems, solar irrigations, and rooftop solar programs initiated
by the government. In 2010, the first solar/diesel mini-grid with a capacity of 100 kW was
implemented on the Sandwip island of Bangladesh. Until June 2020, twenty-seven solar
mini-grid integrated with diesel were operational in Bangladesh [26]. The government has
also planned to increase SMG in the future [27]. SMG projects under consideration can be
found in Table 1.

Table 1. Mini-grid projects under consideration in Bangladesh [26].

Project Location Capacity (kW) Project Status
Enam Nahar, Sandwip, Chittagong 100 Operational
Kutubdia, Cox’s Bazar 100 Operational

Bagha, Rajshahi 141 Operational
Paratoli, Raipura, Narshingdi 141 Operational
Narayanpur, Nageshwari, Kurigram 158 Operational
Godagari, Rajshahi 149 Operational
Monpura, Bhola 177 Operational
Nooner Tek, Sonargao, Narayangonj 168 Under construction
Rupsha Char, Sadar, Sirajganj 130 Under construction
Chilmari, Daulatpur, Kushtia 188 Under construction
Munmiar Char, Islampur, Jamalpur 162 Under construction
Baghutia char, Doulatpur, Manikgan;j 228 Under construction
Nijhum island, Hatiya, Noakhali 200 Under construction
North Channel Union, Sadar, Faridpur 162 Under construction
Char Kajal, Patuakhali 100 Under construction
Char Biswas, Patuakhali 100 Under construction
Ghaschapru, Belkuchi, Sirajganj 218.4 Under construction

Poschim Shalipur, Char Bhadrashan, Faridpur 156 Under construction

However, the status of these running solar/diesel mini-grids is unknown [28]. There-
fore, a survey was conducted on a mini-grid to identify its present status. Several faults
were identified, which are discussed in the next section. After that, five alternative models
were developed and implemented to observe their performance. The proposed MCDA is
employed to find out the optimum standalone system.
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3. Methodology

HOMER Pro was used to evaluate COE from various power generation schemes. Load

profile from the island, economic and technical components, natural resources, and biogas
were input into HOMER Pro (Figure 1).
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Figure 1. Framework for HOMER Pro simulation software.

3.1. Site Location and Present Electricity Conditions

Monpura Island is located at 22°18” N and 90°58” E. This island has abundant solar
and wind resources. This island has an area of 373 km?, and the total population living
on this island is 76,582. Facilities such as thirty-seven primary schools, eight high schools,
two colleges, fifty-four madrasahs, temples and mosques, one hospital, six community
clinics, two banks, six clubs, four hotels, six offices and four guest houses can be found here.
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3.2. Load Design

A survey was conducted on Monpura Island to collect load data. Inquiries for the
families, business companies and infrastructures were distributed over the two-week study
duration. The first two questionnaires were divided into four parts to accumulate current
data about the business or household, detailed information about the respondent, data
about the company or household finances, and the future state. The amenities questionnaire
was divided into five sections to acquire recent data about the facility and personnel,
energy and water, operations, facility management, and future outlook. After that, energy
consumption per appliance was developed to project load demand. Then, Equation (1) was
executed to obtain the total load demand per appliance [29].

E ":N*E *(*ﬁ) 1)
application 1 n p m

3.3. Existing Electricity Condition

Diesel generators are employed here to satisfy electricity demand. These people are
currently dependent on a 177-kW solar mini-grid for electricity. Four hundred eighty-
two consumers obtain electricity from the mini-grid. Mechanical workshops use diesel
generators of 10 kW to meet their electricity demand. In 2015, a 177-kW solar mini-grid
was opened, and at present, more than twenty-five thousand residents are connected to
the mini-grid. Solar Electro Bangladesh Limited (SEBL) constructed a 15 km distribution
line to supply electricity. The life expectancy of the project is 20 years. Until 11 June
2017, it supplied electricity to 245 households, 193 shops, six workshops, one sawmill,
four madrasahs, twelve auto-rickshaw charging stations, two schools, ten mosques, one
furniture workshop, one brickfield, one bank, one club, and five offices. Table 2 highlights
the instruments used in the solar mini-grid on Monpura Island.

Table 2. Specification of equipment used in the solar mini-grid of Monpura.

Instruments Specification

Solar Panels 672 panels, each of 250 watt

Battery 216 sets (2'V, 1540 A)

Generator 60 kW

MPPT Charger 4 sets (48 'V, 2.5 kW)

Inverters (i) Bi-directional (12 sets, each of 6 kW),

(ii) Grid-tied (7 sets, 20 kW)

Connecting meters 661 sets

During the survey, visible and design faults were observed in the mini-grid and
delineated in Figure 2. In visible faults, significant damages were found in the battery.
It was also found that regular maintenance was not conducted in the mini-grid. Several
parameters, such as technical losses in distribution lines, inverter equipment loss, and DC
to AC conversion loss, are not considered as in design fault.

3.4. Solar Resource

HOMER Pro utilizes solar radiation data to calculate the solar energy available from
solar panels. Data on monthly average solar radiation were collected from the NASA
website and were input into the HOMER Pro software [30]. The monthly average solar
radiation data of Monpura are plotted in Figure 3. From Figure 3, it is clear that the highest
solar irradiance can be observed in April and the highest clearness index in December.
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f)iversity factor, fransportation cost,
maintenance cost of equipment,
replacement cost of charge
controller, battery and inverter was
not considered

Design Fault

Technical losses in distribution lines,
DC to AC conversion loss was not
considered

Faults

Battery temperature sensors are
inadequately fastened, insufficient

cross section of cable of battery
wires, battery settings mainly left as
default

> No cooling system in the inverter
room, minimum mounting distance of|
inverter not maintained

Visible Fault

Diesel generator st in operation 1
time a day for 1.5-2 hours, but it
would need 3-3.5 hours operation

Figure 2. Visible and design faults identified in the mini-grid.
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Figure 3. Solar and wind resource potential on Monpura Island.

3.5. Wind Resource

Based on the median wind speed data obtained from the NASA website within
HOMER, it is evident that wind turbines can extract the highest energy in July. The median
wind speed in Monpura is 5.07 ms~! (Figure 3).

3.6. Biogas Resource

According to the Upazila Livestock Officer, about 21,000 cows, 10,500 buffalos, and
13,100 goats are in Monpura. The amount of manure available per day is calculated to be
274.04 t (Table 3). From this amount of manure, 9865.745 m> of biogas can be produced
daily. It has been assumed that 95% of the generated biogas will be utilized for cooking
purposes. The biogas generator will use the remaining 5% to produce electricity. The per
ton cost of biomass is considered as USD 16.67 [31]. Per kW, capital and replacement costs
for biogas generators are taken similarly to 742 USD/kW [32,33]. The biogas fuel has a
lower heating value, carbon content and gasification ratio, which are 5.50 MJ /kg, 5% and
0.70 (kg/kg), respectively.
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Table 3. Availability of biogas in Monpura Island.

Cattles Number Dung Availability Total Dung Available Du.ng (As.st.lming T(.)tal Gas Energy Yield
of Cattles (kg/cattle/day) [31] (kg/day) 70% Conversion Efficiency) Yield (m?) (kWh/day)

Cows 21,000 10 210,000 147,000 5292 7693

Buffalos 10,500 15 157,500 110,250 3969 5769.81

Goats 13,100 1 13,100 9170 330.12 479.90

Sheep 5000 1.6 8000 5600 201.6 293.07

Chickens 50,900 0.045 2290.5 1603.35 57.72 83.90

Ducks 11,000 0.045 495.0 346.5 12.47 18.12

Pigeons 2500 0.045 112.5 78.75 2.835 412

Total 9865.745 14,341.92

3.7. Modeling of the System
3.7.1. Diesel Generator (DG)

At a lower operating load, the generator has a fuel consumption rate. Owing to
this, a minimum load ratio of 25% is considered as to run the Genset. The cost regard-
ing capital, operation and maintenance, and replacement is considered as 370 USD/kW,
0.05 USD/KkW /hour, and 296 USD/kW, respectively, for the diesel generator [6]. The fuel
cost considered as here is USD 0.70 per liter [34]. The operating hour of the generator is
considered as 15,000 h. The diesel fuel’s lower heating value, density, and carbon and sulfur
contents are 43.2 MJ/kg, 820 kg/m?, 88% and 0.4%, respectively. The fuel consumption
rate can be found in Equation (2) [32,33]

L= LO,dedg + Ll,ngdg 2)

3.7.2. Inverter

An inverter is generally employed to convert AC current into DC. The efficacy of
the inverter considered as here is taken as 95%. The cost associated with capital and
replacement costs is considered as USD 800 and 750, respectively [32,34]. The operation
and maintenance costs are considered as USD 20 per year. The life expectancy of the inverter
is input as 15 years. The efficacy of the inverter can be calculated from Equation (3) [32]:

P
Py, = 2 3)
n

3.7.3. Lithium-lon Battery

After fulfilling the load, the surplus electricity can be stored in the battery and supplied
when renewable technologies such as wind and PV could hardly meet up the demand
or other additional resources; for example, biogas when is unattainable. In this study,
a generic 6 V “lithium-ion battery” with energy storage of 1 kWh is considered as for
simulation purposes. The round-trip efficiency of the storage is considered as 90%. The
storage’s primary and minimal state of charge is considered as 100% and 20%, respectively.
The life expectancy of the storage is input as 10 years. The cost of capital, operation and
maintenance, and storage replacement is considered as USD 419, 11 USD/year, and USD
419 [35]. The available energy during the charging and discharging period can be measured
from the below equations:

Epatt = Epae(t —1) X (1 =) + [Egen(t) — ElLd(t)]

. X 1Batt 4)

Epatt = Epaty(t— 1) x (1—0) — [E“‘;j(” —Ecen(t)] )
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Egen = Npy X Ppy + Nyt X Pyt (6)

3.7.4. PV Module

A PV module aims to convert the energy available in solar irradiance into electricity.
Produced power by PV cells can be calculated from the following Equations (7) and (8) [6,13].
The life span and the derating factor of PV is considered as 25 years and 80%, respectively.
The solar panel’s capital and replacement costs are USD 310 and 20 USD/year [32]. In this
analysis, tracking arrangement has not been considered. PV output depends mainly on the
solar resource and the cell temperature. A detailed analysis of mathematical modeling can
be found in [32,33]

Ppy = Ypyfpy G:) 1+ op(Tc —Ts) 7)

To determine the value of T¢, Equation (9) can be employed. Here, T is defined as
the “effective transmittance—absorptance, which is the ratio of the heat conveyed to the
fluid to the heat generated on the absorber surface by absorbed solar radiation”, npy is
the PV panel efficiency, T, is the “ambient temperature”, Uy (kW/m? °C) is the “heat
transfer coefficient”.

(to)lt = npylt + UL (Tc — Ta) 8)

Equation (8) can be rewritten as:

) - ey )

TC:Ta+IT(UL o

However, it is not easy to measure the value of UL, according to the manufacturer
information on the “Nominal Operating Cell Temperature (NOCT)”, which yields at
no-load condition (i.e., npy = 0), at 20 °C ambient temperature, and at 800 W/ m? solar
irradiation. Equation (9) can be written as:

Tenoct — TaNocT (10)

(re) =
It NnocT

Therefore, the final temperature of the PV cell can be determined from Equation (11),
in which effective transmittance—absorptance is considered as 0.90 [32].

T -T
¢, NOCT a NOCT (1 . ﬂﬂ) 11)

Te =T, +1
c= I ot 0.90

3.7.5. Wind Turbine

A wind turbine aims to produce electric power from wind resources. Several factors,
for example cut in wind speed and hub height, influence the selection of wind turbines. The
power available from the wind turbine is a function of the wind speed at hub height. Ata
certain wind speed at a given hub height, the velocity of the wind speed can be found from
Equation (12), and the output from a wind turbine at a normal temperature and pressure
can be described as follows (Equation (16)) [32,33]:

H
— Y
V = Veer(pgp) (12)
a= % (13)
(vr — V1>
3
b= 73\/1 . (14)
(Vr — V1>

Pyt = PwAwnyw (15)
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0 for V<W
avd for V<V <V,
P, for V,< V<V
0 for V>W

Pw(V) = (16)

A wind turbine manufactured by the Generic is considered here. The turbine’s lifetime
and hub height are considered as 20 years and 17 m, respectively. The wind turbine's
capital, replacement and operation, and maintenance costs are considered as USD 4000,
USD 3200 and 200 USD/year [34].

3.7.6. Dispatch Strategy

Various dispatch strategies, such as “cycle charging, load following”, etc., can be
applied to determine the optimum system. This analysis executes the following load to
simulate the system (Figure 4). In this technique, DG is operated without renewable energy
sources. Load following is best suitable when renewable energy sources are available.
The electricity generated from wind and PV is compared with electricity demand. After
satisfying the demand (P, (t)), the excess energy (Pyet(t) > 0) usually charges the storage
until Bsoc max. When the battery charge is available, and there is a lack of electricity, the
battery provides energy to the load unless DG serves to entertain the load.

3.7.7. Economic Analysis

The optimal system is selected taking into account the cost of electricity (COE) and net
present cost (NPC). COE is the unit price of annual energy fulfilled by the hybrid system,
while to calculate NPC, the current value of all the revenues earned should be subtracted
from the present value of all installing and operating costs of equipment during the project
period. Equations (17) and (18) are employed to estimate the COE and NPC [6,32].

COE = %j (17)

NPC = CRIS(TN) (18)
CRF(i,N) = (11(:;1\11): (19)
= 11/% (20)

Input
Load data, solar and wind data

[ Calculating Ppv(t) + Pwind(t) = PRe(t) \

I
Bsoc(l)<Bsoc max

[ PNet(t) = PRe() PLoad(t)
Yes
Supply Pload(t) “WD" SupvaPLoad(l) | { Supplv PLoad(t) |

Chare batte
e
Bsoc(t)>Bsoc,min

Discharge battery Unmet Pload(t)

Supply PLoad(t)

Figure 4. Adopted dispatch strategy followed in this study.
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3.7.8. Environmental Analysis

Life cycle emission (LCE) analysis is helpful in calculating the emission over a project
lifetime. Equation (21) is utilized to measure the emission from the hybrid system [6].

X
LCE = ) | BiEl (21)
i=1

In this investigation, life cycle emission from PV and diesel generators is taken as 0.045
and 0.88 kg CO,-eq/kWh. The life cycle emission from the battery and inverter are also
considered as 0.028 kg CO,-eq/kWh and 0, respectively [6,32]. A diagram of the proposed
system can be found in Figure 5.

Biogas generator

AC DC

Electrical load

Converter

P —

Figure 5. Block diagram of proposed hybrid system.

3.8. Hybrid MCDM

A hybrid MCDM analysis chooses a configuration from worst to best. Both AHP and
TOPSIS methods are integrated into this analysis. The AHP method uses Saaty’s scale to
set suitable weights for each criterion, and the TOPSIS method then uses these weights
to decide the optimal configuration. The following subsections define how AHP and the
TOPSIS are used in this analysis.

In most decision-making methods, weights bear a significant role. Initially developed
by Saaty in 1977, AHP has been implemented worldwide by many researchers [36]. In a
MCDM problem, criteria control the whole problem. Using pairwise comparisons, AHP is

“u_

employed to obtain preference ratings among the criteria. If the problem has “n” evaluation

criteria, then the total number of required pairwise comparisons is 1 * ("2;1) A nine-point
scale was developed by Saaty, which is utilized in this study to make a comparison between
two criteria (Supplementary Materials). Three criteria, COE, NPC, and CO, emission per
year, are selected to size the proposed hybrid system. The contrast between the measures
or criteria displays how much less or more one criterion or measure is more important
than another. The two evaluator’s preferences can be found in Tables S1 and S2 of the
Supplementary Materials. A comparison matrix is developed and constructed based on the
evaluator. The comparison matrix can be found in the Supplementary Materials. Then, to
find the elements of the normalized matrix, the sum of the element values of the column is
used to divide each element of each column. By normalizing the relevant element values of
the aggregate vector, the element or component is equal to the sum of the element's weight
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values of each criterion. Equation (22) can be used to express the entire sum of weights for
all measurements or criteria:

Y wi=1 (22)

Table S3 (Supplementary Materials) shows the different steps of AHP based on two
experts” opinions.

Yoon and Hwang developed TOPSIS in 1980. The best alternative is chosen in this
method according to the farthest route or distance from the negative ideal solution and
the shortest route or distance from the ideal solution. The following steps describe the
TOPSIS method.

A decision matrix (DM) consisting of n criteria and m alternatives is created first. The
performance of alternatives A; in terms of criteria C; is represented by the elements of DM
(al-]-), wherei=1,2,... mandj=1,2,... n. Hence, the DM of an MCDM problem is given
by Equation (23).

Ay Ci e Cn
. w1 e Wn

DM = . L a1n (23)
Am gy oo B

Step 1: Normalized decision matrix formulation:
To acquire the normalized decision matrix R, DM is normalized, where each compo-
nent or element in the DM is normalized by the following equation:

IZ,']'

rj = ———— (24)
m
it (aij)
The following matrix R will be obtained after Step 1.
i o T
R=|: -~ (25)
Fmi  ~ Twmn

Step 2: Weight-normalized decision matrix development:

The weight-normalized decision matrix is denoted as V, which is developed in the
present step. Weights obtained from AHP analysis are used with the R matrix in this step.
Each column of the R matrix is multiplied with w; to obtain the V matrix.

vjj = rijwj wherei =1,2,...mand j=1,2,...n. (26)
V is the outcome of the current step that is explained below.

011 0 U
V=1l (27)

Om1  *** Umn

Step 3: Calculating the ideal and negative ideal solutions:
The next step deals with the development of ideal A* and negative ideal solutions A~,
and these solutions can be defined as following:

A* = {(max;v;j|j € ]), (minjvji|j € J7),i=1,2,...,m}= {o],05,...,0;}  (28)

A” = {minjv;|j € ], (maxjvij|j € J7), i=1,2,...,m}={vy,05,...,0, }  (29)
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Here, Jisasubsetof {j=1,2, ..., n}. It represents the benefit criteria (maximum value),
while the cost criteria are represented by the complement of | (J~). The most suitable
alternative is represented by A*, while the least suitable alternative is represented by A~.

Step 4: Calculating the separation measure:

The n-dimension Euclidean distance method is used in this analysis to determine each
alternative’s separation distance in V. The distance of an alternative from the ideal and
negative ideal solution can be determined from the following equations:

n
S = (05— o), fori=1,2,...,m (30)
=1

-

|
™=

(vij — Uj_)z, fori=1,2,...,m (31)

[
Il
—_

1
the distance of the ith alternative from the ideal solution.

Step 5: Calculating the relative closeness to the ideal solution:
The relative proximity of the ith alternative (4;) to the (A¥) is calculated by:

S, is the distance of ith alternative from the negative ideal solution, while S} depicts

S
Cf=—1 _,i=12,...,mand0<C/ <1
5, +5;

Ci =1when A;= A*,and C; =0when A; = A™.

Step 6: Using closeness or proximity to the perfect solution to rank alternatives:

According to the descending order of C;, the ranking of alternatives is achieved.
The shortest distance to A* and the longest distance to A~ are preferred to identify the
best solution.

4. Results and Discussion

Different design patterns and electrification scenarios have been presented in this
section. The initial simulation conditions are: residential load demand = 5119.80 kWh/day,
commercial load demand = 43.577 MWh/day, PV derating factor = 80%, diesel price = 0.70
USD/L.

4.1. Definition of Optimization Patterns

Among six cases, the first case is the PV/diesel system, which is currently the existing
system on this island. After that, another five alternative system patterns have been
developed from the optimization process.

4.2. Optimized Result

Numerous system constraints, along with all of the input, were factored into the
simulation. Various scenarios have been developed to meet the requisite load for Monpura.
All system’s economic and environmental benefits have also been evaluated to find the
optimum system. The best scenarios were selected regarding the lowest NPC and COE
values. In Table 4, the system sizing of all the configurations is delineated, while in Table 5,
all of the techno-economic and environmental results are outlined. The best case is case
4, which consists of PV /biogas/wind. The COE (USD/kWh), NPC (USD), initial capital
cost (USD) and O&M cost are 0.6139, 141 M, 74.2 M and 26.82 M, respectively. NPC savings
of this case compared to cases 1, 2, 3, 5 and the existing system is 25%, 25%, 16%, 72%
and 18%. The optimum component capacities are 22,756 kW PV, 500 kW biogas generator,
114,280 batteries, 3400 kW wind power, and 6834 kW converter. Case 4 consumes 12%,
33%, 40% and 34% fewer batteries than cases 1, 3, 5 and the existing system. The mini-grid
experience in Bangladesh has revealed a few important aspects, such as the difficulty of
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maintaining the battery storage, the associated expenses, the losses associated with the
battery's repeated charging and discharging cycles, etc. Combining wind energy converters
into the solar/diesel-powered hybrid mini-grid has the potential to address the issue of
battery storage and many other benefits. Since wind and solar energy complement each
other in many cases, the battery requirement will be reduced to some extent. This trend
is observed and supported by our study. Based on the socio-economic condition of the
electric company and local population, cases 1, 2, 3 and 5 are expensive. Cases 1, 2, and 5
are unsuitable since O&M cost is high in these cases. Due to high cost, maintaining a 24 h
supply is challenging. Case 4 has a moderate initial O&M cost since this case uses a smaller
number of batteries.

Table 4. Sizing of components based on different electrification scenarios.

System Configuration PV (kW) Generator (kW) Wind (kW) Battery (No) ((lj((;lr\;;/erter
Proposed PV/Wind 15,000 - 8475 130,136 8170
PV /Wind/Diesel 15,000 100 8498 130,821 6850
PV /Biogas 23,000 500 - 172,221 6337
PV /Biogas/Wind 22,756 500 3400 114,280 6834
Wind/Biogas - 2200 45,861 191,510 7902
Existing PV /Diesel 23,000 100 - 175,253 7754
Table 5. Optimized outcomes of different electrification scenarios.
Svstem Confisuration COE NPC O&M Cost Initial Cost Unmet Load Excess CO,
y & (USD/kWh) (USD) (USD) (USD) (%) Electricity (%)  (kglyear)
Proposed PV /Wind 0.8259 190 M 4253 M 99.6 M 0.056 40.2 -
PV /Diesel/Wind 0.8218 189 M 4235M 9M 0.0513 40.3 755
PV/Biogas 0.7296 168 M 26.14 84.7M 0.05 36.1 6.24
PV/Biogas/Wind 0.691 141 M 26.82M 744 M 0.07 45 443
Wind/Biogas 2.19 504 M 148.56 272 M 0.0496 71.3 228
Existing PV /Diesel 0.7481 172M 2693 M 86.8 M 0.06 36.1 683
Standard Standard Standard Standard
deviation = deviation = deviation = deviation =
0.5338 124.7953 43.6608 68.7832

A high value of NPC and COE means that the case 5 system is not economically viable,
although it can meet the required load. From Table 5, it is observed that all of the cases
have high excess electricity and minimal unmet load. This extra electricity means that these
systems are oversized. A system is only dependable when it satisfies the necessary load
demand (0%). High renewable penetration causes frequent intermittencies; as a result,
considerable amounts of excess electricity and unmet loads occur in the optimized system.

From an environmental perspective, cases 1, 3 and 4 are the most environmentally
friendly systems since these cases emit less CO, than other systems. In these cases, the re-
newable energy penetration is high as compared to other systems. The opposite scenario is
observed for the existing system and the case 2 system since renewable penetration in those
cases is less than or almost zero. Based on the above techno-economic analysis, cases 3 and
4 are the most cost-effective and environmentally friendly system for electrifying Monpura,
although case 4 is the best of the two. These two cases are the most economical solutions,
with high renewable fraction and minimum CO, emissions compared to the others.

After the techno-economic analysis, a hybrid multicriteria analysis was applied to find the
best standalone system. The result of the multicriteria analysis can be found in Tables 6 and 7.
From Tables 6 and 7, it is clear that case 4, consisting of PV /biogas/wind, is the best system
according to the multicriteria analysis.
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Table 6. Results of TOPSIS analysis to determine the optimum system according to expert 1.

* *

Alternative =~ Weighted Normalized Decision Matrix S; S; C; Ranking
Casel 0.2148 0.05673 0 0.0386 0.3956 0.9111 3
Case 2 0.2148 0.0549 0.096 0.1032 0.3842 0.7882 4
Case 3 0.19332 0.04941 791 x 1074 0.0161 0.4174 0.9628 2
Case 4 0.179 0.04209 561 x 1074 0.0561 0.4328 0.9987 1
Case 5 0.58712 0.15006  0.028 0.4230 0.068 0.1384 5
Table 7. Results of TOPSIS analysis to determine the optimum system according to expert 2.
Alternative Weighted Normalized Decision Matrix S; S; C; Ranking
Case 1 0.096 0.0961 0 0.0295 0.4310 09359 3
Case 2 0.096 0.093 0.3648 0.3657 02316 03877 5
Case 3 0.0864 0.0837 3.0058 x 1073 0.0143 0.4369 0.9683 2
Case 4 0.080 0.0713 21318 x 1073 561,3318 X 04452 0.9952 1
Case 5 0.2624 0.2542 0.1064 0.2793 0.2584 0.4805 4

4.3. Evaluation of the Best Hybrid Scenario’s Performance

Case 4 is the optimum hybrid system for supplying electricity in Monpura. The
monthly electricity production of different components can be found in Figure 6. PV domi-
nates the electricity production with 86% (30,714,549 kWh/year) of electricity provided by
PV; 13% (4,971,440 kWh/year) from the wind and the biogas generator supplies the rest.
PV contribution slightly decreases during the rainy season (June-August), whereas wind
contributes to meeting the deficiencies of PV. Because of dark clouds and rain, there will
be less energy production by PV on rainy days. The detailed contribution of PV and wind
can be found in Figure 7. The weekly performance of the proposed system is presented
to validate the performance of the optimum system in the peak month of June (Figure 8).
PV generated power from 6 AM to 7 PM on all days (1 June-7 June), and the battery was
charged using the excess energy of PV. The power from batteries and wind was used to
complete the gap of PV when there was no solar resource available (8 PM to 5 AM). The
excessive battery discharge from high PV output is the main reason for the generator's low
or absent output. The max discharge of batteries occurs when there is the availability of
solar resources. Different component cost contributions in NPC are presented in Figure 9.
Battery contributes the most (USD 100,700,756.52), followed by wind (USD 23,904,543.17),
converter (USD 8,999,974.04) and PV (USD 7,054,312.6). From Figure 9, it is clear that the
PV and battery cost significantly impact NPC. The higher battery cost means that it may be
replaced thrice during the project lifetime, as shown in Figure 10. The cost of renewable
energy components has been projected to decrease soon, making the proposed system a
suitable alternative. The proposed system emits 99% less CO; emissions when compared
to the existing system, which clearly outlines the environmental viability of the proposed
system. The finding of this study was compared with other studies. COE is an important
parameter to decide the feasibility of the project. Thus, a comparison has been made with
other studies based on COE (Table 8).
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Figure 10. Cash flow of different components.

Table 8. Comparison of results with other studies.
System Location COE (USD/kWh) Reference
PV /Diesel Generator/Grid India 0.127 [37]
PV /Biomass
Gasifier/Electrolyzer/Hydrogen Tank Egypt 0.2106 [38]
units/Fuel Cell
PV /Wind/Grid/Diesel generator Italy 0.109 [39]
PV /Wind/Fuel cell Oman 0.196 [40]

. . United

Wind/Biogas genset/Battery Kingdom 0.588 [41]
PV/Wind/Diesel Kayseri 0.376 [42]

generator/Battery /Hydrogen Storage

4.4. Sensitivity Analysis

To determine the influence of each variable on the techno-economic project, a sensitiv-
ity analysis was carried out. Battery, wind and PV capital cost multipliers were altered for
sensitivity analysis for the best-case scenario (case 4) in this analysis. A 50% decrease and
increase in battery, wind, and PV cost multipliers was considered as for sensitivity analysis
in this study and is presented in Figures 11 and 12. The surface of both figures delineates
the NPC superimposed with COE. From both figures, it is clear that increasing the battery
capital cost multiplier with respect to the wind turbine and PV capital cost multiplier has a
significant impact on both NPC and COE. Both NPC and COE increased after the capital
cost multiplier changed from 1 to 1.5. From Figure 11, it can be seen that a 50% decrease
would cause a 29% decline in COE (from 0.697 to 0.493 USD/kWh) and a 32% decrease in
NPC (from 170 to 11 M). When the battery cost multiplier is at 0.5 and the wind turbine
capital cost multiplier is 1.5, the NPC of the system is 124 M (Figure 12). After changing the
multiplier to 1, the system will experience a 39% increase in NPC (172 M) and a 25% rise in
COE (from 0.58 to 0.72 USD/kWh).

4.5. Social Benefits

Furthermore, the proposed hybrid system can help achieve sustainable development
goals in rural communities. Bangladesh set some goals taking into account the proposed
SDG indicators, several of which are directly adopted, and some of which are slightly
altered based on the national perspective [43]. By 2030, the country plans to increase the
contribution of renewables to total energy consumption by 10% as part of the energy goals
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(SDG-7). However, from 2015-2020, the country managed to increase the contribution of
renewables from 2.79% to 3.49% [44]. This indicates significant room for improvement
in the current renewable energy expansion policy. Increasing environmental concerns
and prioritizing energy security are the key factors in transforming the energy sector.
Additionally, creating new employment opportunities can ensure incentives for investors
and policymakers. Various scholars identified the benefit of renewable energy technologies
in creating job opportunities. Few standard job creation parameters are available for
analyzing renewable hybrid systems and can be found in Table 9.
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116,000,000
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Figure 11. NPC and COE after changing PV and battery capital cost.
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Figure 12. NPC and COE after changing wind turbine and battery capital cost.
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Table 9. Job creation factors of different energy technologies [44].

Energy Technology Job Creation Factor (Jobs/MW)
PV 2.70

Wind turbine 1.10

Biogas generator 0.19 jobs/GWh/yr

Battery 0.01 jobs/MWh

Micro-hydro turbine 1.50

The country-level assessment shows that adopting renewable energy technologies
results in more significant employment opportunities. For instance, the adoption of renew-
able energy technologies (RET) in the Czech Republic has seen the creation of 20,000 new
jobs in 2010 [45]. Similarly, from 2011 to 2020, 5.7 million jobs have been created in China
due to the deployment of RET [46]. Additionally, 20,958 jobs will be created in the Chilean
energy sector by 2026 after the deployment of RET [47]. Bangladesh cannot overlook this
positive correlation between jobs and RET since Bangladesh is facing a sharp decline in
the employment sector. In 20162017, employment opportunities came down to 1.33%
from 3.32% in 2005-2006 [44]. The job structure of Bangladesh mainly focuses on domestic
job creation and its associated policies ranging from macroeconomic to trade, investment
policies, industrial policies, sectoral policies and policies including technologies [48]. These
policies need to be improved by giving more emphasis on RET as a way to create green
jobs. It will not only help in achieving SDG-7 but will also pave the way for SDG-8
(economic development) in an environmentally friendly manner [49-51].

5. Conclusions

This work proposes a new sizing method to develop the optimum standalone hybrid
system for a rural area. A field survey was conducted to collect local load data and
resources. Several configurations were modeled, and techno-economic and environmental
analyses were performed to select the optimum system. A hybrid multi-criteria analysis
was developed and executed to determine the best system. Among these configurations, a
PV /biogas/wind system has been found to be the most appropriate system. The COE of
this system is 0.691 USD/kWh, and it emits only 4.4 kg CO; per year. The optimum system
has a 7.6% lesser cost of energy than the existing PV /diesel system and a higher renewable
fraction, ensuring the system'’s best environmental performance. The proposed system
consumes 12%, 33%, 40% and 34% fewer batteries than cases 1, 3, 5 and the existing system.
The current analysis shows that the optimized system is both environmentally friendly and
economically more lucrative than the existing system. However, the implementation can
be challenging for Bangladesh due to the island's economic, technical, and geographical
location. Future research should simulate the cost related to battery degradation and
its impact on the total cost. In addition, the soiling impact on PV modules should be
investigated in the future.
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Nomenclature

A_w, wind turbine swept area (m?); Bi (kg CO,, eq/kWh), life period tantamount CO, emissions
of various components; COE, cost of electricity; CRF, capital recovery factor; C_a (USD/year), sum-
mation of annual capital, replacement, operational, and maintenance cost of individual component;
E_batt (t — 1) and E_batt, battery energy at time (t — 1) and (t); E_(Gen), total energy produced
from the renewables; EI(kWh), energy generated and reserved in each unit or components; E_s,
energy served in a year; FPV (%), derating factor of PV; H, hub height; H_ref, reference height;
IS (kW/m?2), incident solar irradiation at standard test conditions; IT (kW /m?), solar irradiation
incident on the PV array; L_(0,dg), fuel curve intercept coefficient (161 1/hr); L_(1,dg), fuel curve slope
(0,236 L/hr/kW); NPC, net present cost; N_PV, number of PV; N_WT, number of wind turbines; P_r,
rated power (kW); P_dg, electrical output of the generator; P_in, power input to the inverter; P_out,
output from the inverter; P_PV, power produced from PV; P_wt, actual electric power of a wind
turbine (kW); Ta (°C), ambient temperature; Tc (°C), PV cell temperature; Ts (°C), PV cell temperature
under standard test conditions (25 °C); V_1 (m/s), cut in speed; V_r (m/s), rated speed; V_2 (m/s),
cut-out speed; V (m/s), wind speed at the hub height; V_ref (m/s), wind speed at the reference height;
w_j, weight of jth criteria; Y_dg, rated capacity of the generator; Y_PV (kW), rated capacity of the
PV array; P, temperature coefficient of power; n, efficacy of the inverter; n_Batt, battery efficiency;
NPV (%), PV panel efficiency; n_w, wind turbine efficiency (%); o, self-discharge rate; I, annual
real interest rate (%); i/, nominal interest rate (%); f, annual inflation rate (%); MCDA, multicriteria
decision analysis; m, number of households responding to use the appliance; n, number of criteria
that dominate the MCDM problem; n_1, total sample population; N, project lifetime; N_1, total
population of the island; p, standard wattage of the appliance; ¥, ground surface friction coefficient;
a,b, constant; x, number of components used to model the system; (N; * m/n;), proportion of the
respondents predicted to use the device multiplied to the entire population of the island; (#),
average number of hour usage per appliance per household.
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