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Abstract: Following a rise in population, load demand is increasing even in the remote areas and
islands of Bangladesh. Being an island that is also far from the mainland of Bangladesh, St. Martin’s
is in need of electricity. As it has ample renewable energy resources, a renewable energy-based
microgrid system seems to be the ultimate solution, considering the ever-increasing price of diesel
fuel. This study proposes a microgrid system and tests its technical and economic feasibility in that
area. All possible configurations have been simulated to try and find the optimal system for the island,
which would be eco-friendly and economical with and without considering renewable energy options.
The existing power supply configuration has also been compared to the best system after analyzing
and investigating all technical and economic feasibility. Sensitivity and risk analysis between different
cases provide added value to this study. The results show that the current diesel-based system is
not viable for the island’s people, but rather a heavy burden to them due to the high cost of per
unit electricity and the net present cost. In contrast, a PV /Wind/Diesel/Battery hybrid microgrid
appeared to be the most feasible system. The proposed system is found to be around 1.5 times and
28% inexpensive considering the net present cost and cost of energy, respectively, with a high (56%)
share of renewable energy which reduces 23% carbon dioxide.

Keywords: techno-economic-environmental feasibility; renewable energy-based microgrid;
simulation and optimization; sensitivity, emission and risk analysis

1. Introduction

St. Martin’s (20037.9’ N, 92019.8 E) is the only coral island in Bangladesh. It is situated on the
north-eastern side of the Bay of Bengal, the ocean. Cox’s Bazar-Teknaf peninsula is about 9 km south of
this island, in the southernmost part of Bangladesh. According to the Köppen climate classification, it
belongs to the group of type A climates. One survey done in 2004 by the Local Government Engineering
Department (LGED) found that around 8000 people resided here. This number goes up in the tourist
season, as it is one of the most beautiful places in Bangladesh. The island has no grid connection, and
it seems like there are less possibilities to connect in the near future by the government as well. Few
diesel-fueled generators have been installed by the local authorities and by general people to meet
their power demand, which is not enough at all. They are also not functioning properly. As natural
gas supply is also not available, individuals meet their basic electricity demand plus cooking mainly

Sustainability 2020, 12, 2880; doi:10.3390/su12072880 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0002-6695-2851
https://orcid.org/0000-0001-5236-4592
https://orcid.org/0000-0003-4494-6773
http://www.mdpi.com/2071-1050/12/7/2880?type=check_update&version=1
http://dx.doi.org/10.3390/su12072880
http://www.mdpi.com/journal/sustainability


Sustainability 2020, 12, 2880 2 of 27

through lamp oil (kerosene), coconut palm, leaves, and/or by different biomass plants. Since it is in
the coastal region, wind is pretty much available almost all the time at a decent speed. Solar energy is
also available here [1].

Though more than 8000 individuals from 1220 families are living in St. Martin’s Island, not many
of them are getting electricity. Besides, more than 32,000 travelers consistently visit this Island from
home and abroad. There are around 120 lodgings and bungalows for the convenience of the sightseers.
In 1985, the Power Development Board, Bangladesh (PDB) set up a huge generator (120 kVA) to give
power to St. Martin’s Island which had been completely harmed by the typhoon season of 1991 [2].
Ever since then, there has been no power supply given from the mainland by the government. A couple
of privately settled generators and a couple of solar panels are currently the main sources of power in
St. Martin’s. Thus, there is still no progression in power and most of the inhabitants are presently out
of power.

As indicated by the Bangladesh Bureau of Statistics (BBS) [3], just 26.4% of its population is getting
power, and just for 4 hours (6:00 p.m. to 10:00 p.m.). They use diesel generators from neighborhood
providers, and some Solar Home Systems (SHS) built up by different rustic advancement associations
and NGOs. The number of homes with SHS installed is also not much, only 50, where every one of
them are utilizing just a single 10W dc bulb. Not more than 100 generators have been claimed by
various lodgings, bungalows, and a few other people for essentially providing power to sightseers,
and a couple for neighborhood occupants. Figure 1 shows the outline of this island.

The electricity that they use is very expensive, and costs more than 0.59 US Dollars ($) for every
unit of power. Sometimes it goes up to $6 for utilizing one light and one fan just for 4 hours each
day, which is really a burden for these people. This island is more than 17 km away from Teknaf,
Bangladesh. Thus, electricity from the grid through to the mainland is not conceivable even in future,
and at present there is also no such indication of this nor any effort from the government’s side.
Though power transmission may be possible by utilizing the submarine link, it is way too expensive
to establish. Considering the poor economic status of the inhabitants, the frequent increase in diesel
prices, as well as GHG emission from diesel generators suggests that these arrangements should not
be fully relied on. The reliance on wood and charcoal of some residents for fuel has also unavoidably
prompted deforestation and desertification because of the absence of re-manor and soil restoration
plans. On the other hand, St. Martin’s Island has abundant energy sources, such as sunlight, wind,
and biomass. Thus, a hybrid microgrid power system (HMPS) utilizing renewable energy resources
could work out an achievable arrangement of this power predicament of the people of this beautiful
Island. Furthermore, it can be an example for the policymakers of Bangladesh and abroad to include
such systems as a national energy supply unit within a regulatory framework, which can be learned
from international legislation regarding microgrids [4].

The overall objective of this study was to propose a renewable energy-based microgrid system
in order to meet the load demand of St. Martin’s Island by running a technical and economic
feasibility analysis. To achieve this objective, the following tasks were performed: (a) Evaluation
and techno-economic analysis of the existing diesel-only electricity system. (b) Simulation of all
possible combinations of the electricity system, including renewable energy sources, and finding out
the best optimal system. (c) Optimization, sensitivity, risk, and emission analyses of the newly found
best system.

This paper is organized in the following: Section 1 shows the introductory part, which includes
the background of the study, problem statement, and objectives of this study. Section 2 describes the
literature review, while Section 3 discusses the research methodology and defines the whole system
parameters. Section 4 discusses the simulation results, whereas the last Section 5 depicts the conclusion,
along with future guidelines.
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Figure 1. Map of St. Martin’s Island [5].

2. Literature Review

There are many types of simulation and optimization software that carry out research in terms
of design and development of hybrid energy systems, like Hybrid2, HOGA, RETScreen, HOMER,
TRANSYS, Aries, SOLES, RAPSYSM, HySym, and INSEL. Among all these tools, Hybrid Optimization
of Multiple Energy Resources (HOMER) seems to be used most often [6]. This study also adopted
HOMER to perform our analysis.

There have been many significant works done by researchers around the world on the Hybrid
power system with renewable energy, which are either off-grid [7–25] or grid-connected [26–33]. In [7],
Groppi et al. focused on the hybrid storage (battery plus hydrogen) system while planning a smart
energy system to ensure economic and environmental benefits. However, they did not explain the
technical feasibility of their proposed system. Article [8] discusses a methodology to integrate a high
share of renewable energy in an island using PLEXOS software, which was cheaper (2.5%) than the
fossil fuel-based system and met 78.1 % of the final electricity demand. No risk or sensitivity analyses
were performed, however, which are necessary to ensure the applicability of the planned power
system. In a techno-economic feasibility study for a Chinese household [9] with a hybrid wind/PV
/battery system by HOMER, the effect of ambient temperatures and variation of loads were taken
into account. They also assumed the load profile. Much emphasis was given to the PV tilt angle.
They also presented economic, sensitivity, and PV tilt analyses of the system. They came up with
a system which reduced the Net Present Cost (NPC) by about 10% for the same levelized Cost of
Energy (COE) compared to other hybrid combinations. A microgrid system for a health clinic with a
31.6 kW aggregated load comprised of 6 kW PV modules, 80 batteries (225 Ah and 6 V), and a 3 kW
inverter seemed to be the most techno-economic in the work of Al-Karaghouli and Kazmerski [10]
in southern Iraq. However, this study did not discuss the susceptibility of renewable energy sources



Sustainability 2020, 12, 2880 4 of 27

to cost. A comprehensive feasibility study was performed by Abdirahman et al. [11] in Somaliland‘s
urban places where a modern electricity grid is yet to be established. Their optimization and sensitivity
analysis showed that it was more economically viable than the present "business-as-usual" scenario to
implement a Renewable energy-based system in Somaliland. They found an almost 30% reduction in
COE, followed by a 25% decrease in total net present cost and up to 58% achievement in renewable
energy penetration for their proposed PV-wind-diesel-battery hybrid system. They also used HOMER
for their analysis. However, they only showed the impact of load demand in sensitivity analyses
without considering other factors, like diesel price, wind speed, and solar radiation. Almost the same
type of study in three villages of Nigeria showed the dominance of an RE-based system over a locally
supplied, stand-alone, diesel-only system [12]. The author claimed that to establish a decent electricity
supply for the rural clinics of those villages with a daily energy usage of 15.5 kWh and 2.75 kW peak
demand, there was no other way but to implement a hybrid energy system without the presence of a
main grid electricity supply. According to the optimization and sensitivity analysis, they found out
that there was a more significant fluctuation in the COE due to the change of solar radiation at each
site than the change in diesel price. They did not explain the sensitivity analysis broadly.

Researchers in [13] investigated a PV-diesel-battery hybrid system in a remote village of Saudi
Arabia compared to a diesel-only system. They found out that diesel-only plants were becoming more
uneconomical due to the increase in fuel prices, and recommended establishing a hybrid system with
20% of solar PV penetration. Ibrahim et al. [14] came up with a Wind/PV-solar Hybrid Energy System
in Chennai, India for a Global System for Mobile communication (GSM)/Code-division multiple access
(CDMA) system, which is a type of mobile telephone base station. The authors claimed a 70%–80%
reduction of fuel costs, likening it to the old diesel-only system achieving an emission drop in CO2,
and other harmful particles as well. Akella and Sharma [15] modeled an integrated, renewable-based
power system with a micro-hydro, solar PV, wind turbine, and battery to meet the 808MWh/yr load
demand. The optimized system analyzed through LINDO software showed that the system would
only become feasible if the optimizing power factor, known as an electric power delivery factor, exists
in a range of 1.0–0.75 for the fulfilment of a 687 MWh/yr load demand. Kumaravel and Ashok [16]
presented an alternative hybrid power system with Solar PV, biomass, and pico-hydel for a present
pico-hydel/diesel system. which would be more economically viable. Zoulias and Lymberopoulos [17]
proved the technical feasibility of hydrogen technologies, which would replace the conventional
diesel-based generators and/or batteries, but the economic viability depended on several conditions
regarding reduction of cost. Mohammed and khatib [18] developed an optimization algorithm for
obtaining the sizing of PV-wind-diesel system based on iterative simulation. Later, they validated it by
conducting a HOMER optimization analysis and concluded claiming the superiority of the proposed
algorithm in terms of accuracy level. Article [19] analysed a CHP-PV-based microgrid in terms of
microturbine efficiency of the CHP unit and its overall economic feasibility. It investigated the impact
of variations in load changes and fuel prices without discussing the role of other sensitive parameters,
such as solar irradiation.

A very interesting techno-economic optimization study done by Rajkumar et al. [20] used an
adaptive neuro-fuzzy interference system to gratify the Loss of Power Supply Probability (LPSP),
obtaining the lowest COE. They obtained 96% accuracy after comparing the system to HOMER and
HOGA tools. Diaf et al. [21] came up with a hybrid PV-wind system and presented a reliable and
economic model based on LPSP and a levelized cost of energy (LOCE). They said that without a
large battery capacity, almost 30% of energy output becomes unused if one wants to obtain fullest RE
penetration. They also suggested making system device choices carefully as it affects the optimal sizing
of the system. Ekren et al. in [22] carried out research where they found that the optimum area of solar
PV (3.95 m2), wind (29.4 m2), and battery capacity was around 31.92 kWh, which costed 37,033.9 USD.
They argued that for a distance of more than 4817 km between the hypothetical GSM base station and
national grid, installing a hybrid power system would be more economical. Maouedj et al. [23] tested
a PV-wind hybrid experimental system in Adrar, Nigeria with a timeframe of 10 days. The excess
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electricity was stored in a battery bank, which was produced by the system in the daytime. They
observed that solar radiation had a greater contribution than wind power technology by 69%, and
that batteries were charged most within one hour in the afternoon due to the high availability of
wind speed and solar power. Bekele et. al [24] studied the stand-alone PV-wind microgrid system
application in Ethiopia. The author considered a community comprising 1200 people. He selected
the wind turbine, PV, and battery and compared this hybrid system to existing hydropower systems.
He suggested that as there was less wind potential, the PV-diesel-battery system would make an
excellent energy system for the people. In Malyasia, a feasibility study of a photovoltaic, battery,
and wind-based energy system of island resorts by Ashourian [25] showed their supremacy over a
diesel-alone system in terms of NPC, COE, and renewable fraction. The proposed system appears to
be green, environmentally friendly, and pollution-free.

In light of the above discussion, the renewable energy-oriented microgrid system can be classified
into several categories, which are: (a) an off-grid stand-alone hybrid system, (b) a grid-tied hybrid
system, (c) a system including generators, and (d) a system excluding generators.

While some researchers emphasize the technical aspects of a system, others focus on economic
analysis. Almost everyone investigated the emission prospects. Many scholars tried to find optimal
sizing of the proposed or existing power system using various noteworthy algorithms, like Monte Carlo,
Particle Swarm Optimization, and the genetic algorithm, which mostly happened to be probabilistic,
rather than a deterministic approach. Some studies also focused on the PV Array’s and wind turbine’s
technical specifications by adding a tracking system and varying the hub height, respectively. Other
properties of energy resources were also varied. Besides wind and solar energy, while doing simulations
in HOMER, the run-off hydro, hydrogen tank, flywheel, reformer, and electrolyzer were considered
for some studies. The cycle following the dispatch strategy has been discussed in almost all studies.
Generators are allowed to operate concurrently in multiple numbers. Though there are various kinds
of software and tools available to model and analyze this type of system, HOMER appears to be the
one most widely used by researchers.

To the author’s best knowledge, very few researchers considered all the possible variation sensitive
parameters applicable to HMPS, especially for remote islands. Again, reliability and risk analysis was
found to be very rare in the reviewed literature, specifically in studies related to remote islands. Hence,
the contributions of this study are as follows:

• Detailed techno-economic-environmental benefits of the proposed hybrid microgrid are presented
in comparison to the existing power system of the island.

• The impact of four variables, including load demand, wind speed, solar radiation, and diesel
price on HMPS is examined, which are sufficient for a sensitivity analysis.

• A thorough risk assessment of the proposed system is performed using "scenario" analysis.

3. Research Methodology

In order to achieve the objectives, some steps were taken into account, which are depicted in
Figure 2. A pre-feasibility study of the selected site, that is, St. Martin’s island, was performed,
which included a load demand estimation existing power system assessment, meteorological data
and resource evaluation, and economic parameters & system constraint selection. After that,
techno-economic simulation and optimization analyses were carried out. Based on the result,
a comprehensive post-feasibility study was performed to undertake the sensitivity, risk, and emission
analyses of the proposed hybrid system compared to the base case.
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Figure 2. Steps of overall research methodology.

3.1. Site Load Estimation

For this study, a municipal of 770 families and 30 different types of shops was considered.
The primary loads were as follows: three energy-efficient lamps (compact fluorescent bulb, 15 W each),
one fan (ceiling fan, 50 W), one television (TV, 80 W), and one refrigerator (80 W) for every family.
The load demand is provided in Figure 3. Some daily arbitrariness of 20% and 15% noise from time
step to time step was added. Note that the time step chosen was 60 min. The resultant annual peak
load was summed up to be 324 kW, and the primary load to be 2792 kWh/day.
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Figure 3. Load demand for each hour.

3.2. Solar Energy

Monthly averaged global radiation data was taken from the National Renewable Energy
Laboratory (NREL), which is indicated in the clearness index from the latitude and longitude
information and has been introduced at the selected site [34]. HOMER created the synthesized
8760 hourly values for a year using the Graham algorithm. Figure 4 illustrates that solar radiation
is high from February to May. The average annual clearness index is 0.4455, and the average daily
radiation is 4.55 kWh/m2/day.

Figure 4. Solar radiation data throughout the year.

3.3. Wind Energy

The wind data for this study shown in Figure 5 was also taken from the NREL [34]. The wind
turbine is designed in such a way that it alters kinetic energy into dc or ac electricity, which depends
on the specific power curve, and this curve is the graph of output power versus wind speed at hub
height. It was considered that the lifetime is 20 years and the hub height of the turbine is 24 m. No
ambient temperature effect was selected.

According to some reports, St. Martin’s altitude above sea level is 7.62 m. Along with this, the
default anemometer height (10 m) and surface roughness length (0.01 m) was too considered for this
study. The anemometer height is the height above the ground at which the wind speed is measured.
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Figure 5. Power curve of wind turbine.

3.4. Diesel

Being the only energy source for the generators of this island, diesel (price) plays a vital role
in proposing or modeling any power system. According to BPC, the diesel price in Bangladesh is
currently about US$ 0.81/L, which is not fixed [35]. Over the years, this price has continuously
fluctuated. Due to the irregular behavior of diesel fuel prices, any diesel-based microgrid project can
be accelerated or delayed, and even canceled, as it is directly related to Net Present Cost (NPC) and
Cost of Energy (COE) for the production of electricity per unit.

3.5. Hybrid System Components

In this study, all critical components of the hybrid energy system were considered, specifically PV
panels, wind turbines, diesel generator, batteries, and converters. For economic analysis, the project
lifetime, annual interest rate, the number of units to be used, system fixed cost, and capacity shortage
penalty have been defined. The initial capital costs, replacement, and O & M costs and operating hours
were to be assigned in HOMER to simulate the system. All of the system component parameters are
presented in Table 1.

Table 1. Hybrid system component values.

Component
Parameters Values Component

Parameters Values

Solar PV [36] Backup Generator [37]

Capital Cost $447 Sizes considered 30, 200 and 500 kW

Replacement Cost $400 Maximum Load
Ratio 25%

O&M Cost $0.50 Initial cost per
unit $330/kW

Lifetime 20 years Replacement cost $330/kW

Sizes considered 50, 100, 200 and 250 kW O&M cost $0.5/h

Derating Factor 80% Lifetime 15,000 hrs

Slope 20.632 deg Diesel Parameters [35]

Converter [38] Diesel Fuel

Capital Cost $300/kW Price $ 0.81/L

Maintenance Cost $10/year Lower heating value 43.2 MJ/kg

Sizes
consideration 24, 30, 36, 42 and 48 kW Density 820.00 kg/m3
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Table 1. Cont.

Efficiency 90% Carbon content 88.0%

Lifetime 15 years Sulfur content 0.4%

Inverter can
parallel with AC Yes Wind turbine [39]

Battery[40] Model Fuhrländer FL 30

Model Surrete S6CS25P Rated Power 30 kW (AC)

String 10 Capital Cost $70,000

Nominal capacity 4 V Replacement Cost $65,000

State of charge 40% Lifetime 20 years

Capital/replacement Cost ($/pc) 1259/1100 Number of turbine
considered 0∼10

O&M cost 0.02 ($/yr)

Lifetime throughput 10,569 (kWh)

The cost of the flat plate PV module, including installation, was considered based on the price of
Grameen Shakti [41], a leading solar PV supplier of Bangladesh. The lifetime of the modules was taken
as 20 years, and 50, 100, 200, and 250 kW PV modules were considered. The temperature effect was
also considered in the simulation. For the hybrid system, the Fuhrländer wind turbine was considered.
HOMER simulated it for 0, 1, 2, 3, 5, and 10 turbines. Three generators rated 500 kW, 200 kW, and
30 kW were used to model the hybrid system. The fuel used in HOMER was modeled by a linear
curve characterized by a slope and intercept at no load. The slope and the intercept of the curve were
0.2440 L/h/kW and 0.0140 L/h/kW, respectively. The price of a 34 kW Genset is given as the input for
both generators based on the data of Tokai Power Products Ltd., Bangladesh [37]. According to the
Bangladesh Petroleum Corporation, the price of diesel in Bangladesh is US$0.81/L now. This study
tried to put the real value of other parameters as well in order to get a real analysis. The Generic
Surrete S6CS25P battery was utilized in the hybrid system. Quite a large number of batteries are given
as input for simulation, and each battery costs 638 US dollars. The specifications are shown in Table 1.
A converter was required to convert AC-DC or DC-AC. In this study, one 100 kW converter with a
15-year lifetime was selected. The estimated capital and replacement cost was $300.00 with no O&
M cost. The inverter and rectifier input efficiency was the same (85%) and worked parallel with the
AC generator.

3.6. Assumptions and Limitations

HOMER only considered the cost regarding capital, replacement, and O&M costs, which is very
straightforward and simplified. The consumer load demand was also synthesized. In reality, the cost
pattern and customer load demand is way more complex and detailed. To examine the net present
cost, the annual interest rate was considered to be 6%, and 25 years of project lifetime was also taken
into account. Irrespective of the size or architecture of the whole power system, the capital and O&M
cost was fixed as zero for this study. No capacity shortage penalty was contemplated.

4. Results and Analysis

4.1. Optimization Result

There were several constraints, including the annual maximum allowable capacity shortage and
minimum renewable fraction, which were set to zero. The percentage of per hour load that would
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be added to operating the reserve requirement was considered to be 10%. As for RE, the solar power
would add half of the wind turbine output to the operating reserve, assuming the wind would have
greater share of penetration. No minimum primary energy savings were taken into account.

All eight possible configurations, including the existing base case, were simulated and optimized
by the HOMER software (Figure 6). It is evident from the results shown in Table 2 that the
PV-wind-diesel-battery hybrid system is the most feasible system, having the lowest COE and NPC.
This can also be seen in Figure 7.

In contrast, despite having the lowest initial capital cost, the diesel-only system seems to be the
worst system in terms of the highest NPC and COE. This is because of the high consumption of fuel, as
well as the high operation and maintenance costs associated with the generators. Replacement costs,
which was the same as the initial capital cost for this system, is responsible for it as well.

Table 2. Comparison of various system architectures.

System Configuration PV
(kW)

Wind
(kW)

Generator
(kW)

Diesel
(L/yr)

Battery
(unit)

Converter
(kW)

Initial Capital
Cost
($)

NPC
($)

COE
($/kW h)

RF
(%)

Diesel only - - 730 392,706 131,468 4,430,795 0.340 -

PV-diesel 100 - 730 356,466 - 48 289,147 4,259,306 0.327 15

PV-diesel- battery 100 - 730 4 48 297,831 4,177,078 0.321 15

Wind-diesel - 240 730 203,468 - - 215,900 3,350,224 0.257 47

Wind –diesel- battery - 240 730 271,544 4 24 224,584 3,290,681 0.253 47

Diesel-battery - - 730 383,414 4 24 152,584 4,353,627 0.334 -

PV-wind-diesel 100 240 730 252,523 - 48 361,147 3,271,915 0.251 56

PV-wind-diesel- battery 100 240 730 245,048 4 48 369,831 3,198,708 0.246 56

However, in other systems, the initial capital cost is higher compared to the diesel-only system due
to the involvement of lots of (100 kW) PV panels and wind turbines (240 kW). The third-highest diesel
consumption goes to the PV-diesel system. It can be noted that wind provides better renewable energy
fraction (RF) than solar energy for all possible combinations. Thus, the wind-diesel system reduces the
energy cost by more than 50% compared to the PV-diesel system. Again, since the wind-diesel system
does not need a converter to do DC-AC or AC-DC operation, it plays a small role in achieving low
COE and NPC as well. However, if the O & M cost increases for wind turbines, which is most likely
due to the transportation cost to St. Martin’s Island from the mainland, Chittagong, or Dhaka, the case
would possibly be different. It is worth mentioning that HOMER used all three generators to optimize
those systems and the best optimal case took the least capacity of generators to produce electricity.

Out of all eight cases, two cases were broadly analyzed by HOMER. The cases are the diesel-alone
microgrid system, and the PV/Wind/Diesel/Battery Hybrid microgrid system.

Note that the first one is the base case, while the second case is the proposed power system for St.
Martin’s Island. Comparative, optimization, risk, and sensitivity analyses of these two cases would
show the viability of employing the proposed system. Firstly, the optimization analysis is broadly
discussed in the following sections.
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Figure 6. Different combinations of architecture.
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Figure 7. Variation of NPC of all configurations.

4.1.1. Case 01: Diesel-Based Microgrid System

A base case with a "business as usual" approach was optimized to observe the technical, social,
and economic performance of a diesel-only system without supplying energy storage or any other
renewable energy sources. It is worth mentioning that currently, St. Martin’s Island is operating using
this scenario. In this case, three diesel generators were used, which were 500, 200, and 30 kW in size.

Table 3 indicates the optimized techno-economic simulation result of this system. It shows that
the system has a total Net Present Cost (NPC) of $4,430,795 and an operating cost of $336,322 per year.
HOMER estimated the levelized Cost of Energy (COE) of $0.340 per kilowatt hour (kWh). This is
around 27.40 Bangladesh taka (BDT) in Bangladeshi currency, which is quite close to what the island’s
people are currently paying.

Table 3. Augmented electrical and economic results of the base case.

Generation Output Total Gen

Gen 500 (G1) Gen 200 (G2) Gen 30 (G3)

Output (kWh/yr) 150,338 843,335 35,562 1,058,097

Output (%) 15 82 3 100

System parameters

AC load Excess electricity Unmet electric load Capacity
shortage

Output
(kW) 1,019,080 10,153 0 88.4

% 100 3.8 0 0

System economics

Levelized
COE ($/kW h)

Total NPC
($) Operating cost ($/yr) Initial capital ($)

0.340 4,430,795.00 336,322 131,468

As the medium generator, G2 (200 kW) is mainly used to produce electricity, as the most
substantial amount of NPC comes from it. From the optimization results, G2 had the most share
in producing electricity for this specific system, scaling up to 82% of the total production, while G1



Sustainability 2020, 12, 2880 13 of 27

and G3 only contributed 15% and 3%, respectively. It is evident that G1 mainly serves at peak time,
which is quite low at St. Martin’s. However, note that the total electricity production is estimated at
1,029,234 kW/year.

Understanding how the system works requires a focus on how the generator operates. Obviously,
G2 has the longest operating hours in a year-6472 h with a 48.1% capacity factor and $15.7/hr fixed
generation cost. G1 operates 646 h/year with a low capacity factor and high fixed generation cost due
to its larger size, compared to G2. The marginal cost appears to be the same for all three generators.
The rest of the operational specifications are pointed out in Table 4.

Table 4. Techno-economic operations of all diesel generators.

Electrical Variables G1 G2 G3

Hours of operation (h/yr) 646 6,472 2,502

Capacity factor (%) 3.43 48.1 13.5

Mean electrical efficiency (%) 24.1 31 24.3

Fuel consumption (L/yr) 63,425 314,386 14,895

Fixed generation Cost ($/h) 38 15.7 2.68

Marginal generation Cost ($/kWh) 0.203 0.203 0.203

To have a closer look at how the system works, a sample week of January was simulated in
HOMER. Figure 8 indicates the behavior of all three generators to cover up the electricity demand.
Figure 9 shows the impact of Generators 1 and 2 on the AC primary load, while Figure 10 only
considers the operational behavior of Generator 2.

Figure 8. Operational activities of all generators to meet the electricity demand in the first week
of January.
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Figure 9. Operational activities of Generators 1 and 2 to meet the electricity demand in the first week
of January.

Figure 10. Operational activities of Generator 2 to meet the electricity demand in the first week
of January.

It is clear from Figure 10 that Generator 2 almost meets all the demands for this case. Comparing
Figures 9 and 10, it can be seen that the large 500 kW generator only covers the load when it increases
over 190 kW for a few days at the start of a week. However, in that process, it produces practically all
extra electricity of the all systems, resulting in high fuel consumption of the system, which ultimately
leads to high operating costs. Moreover, Figure 8 shows the activities of all three generators to meet
the load.
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The electricity production by the generators per month for the existing diesel-alone system is
indicated in Figure 11. It clearly shows the dominance of Generator 2 in supplying electricity to
the plant.

Figure 11. Monthly average electricity production of diesel-only-based system.

4.1.2. Case 02: PV-Wind-Battery-Diesel-based Hybrid Microgrid System

A PV-Wind-Battery-Diesel-based hybrid microgrid system was found to be the best way to
address the ongoing electricity issues in St. Martin’s Island, Bangladesh. In this case, two renewable
energy resources (solar and wind) with a battery bank were considered to reduce the burden from the
diesel generators and thus decrease the electricity price to a reasonable level. Table 5 summarises the
optimization results.

Table 5. Techno-economic operations of PV-Wind-Battery-Diesel-based hybrid microgrid.

Generation Output

Gen 500 Gen 200 Gen 30 Wind
Turbine PV Battery

Annual Throughput Total Gen

Output
(kWh/yr) 35,995 511,262 25,932 578,005 160,860 87 1,312,141

%
Output 3 39 2 44 12 - 100

System parameters

AC load Surplus electricity Unmet electric load Capacity shortage

Output (kW) 1,019,083 285,133 0 0

% output 100 21.7 0.00229 0

System economics

Levelized COE ($/kW h) Total NPC ($) Operating
cost ($/yr) Initial capital ($)

0.246 3,198,708 221,294 369,831

Out of all eight possible systems, this hybrid system is best, mainly due to the reduction of cost of
energy and NPC. The levelized COE reduced from $0.340 to $0.246, almost 28%, which is outstanding.
The amount of NPC also came down by almost 28% compared to the base case. The 36% decrease
of operation costs played a huge role in that. The operation cost was lower because the electricity
contribution by the generators was lower (only 43%) when compared to the base case.

Table 5 demonstrates that wind technology contributes more than solar energy, leading by almost
27% of total electricity generation. Figure 12 also shows the supremacy of wind over solar power
in terms of energy production. This is because of the high capital cost of PV panels, which makes
them unsuitable to add a greater share of renewable energy despite the massive accessibility of solar
radiation throughout the year. On the contrary, wind energy seems to be the best renewable energy
resource, backing 44% of total energy production in this microgrid system. This is due to the decent
wind speed during the summer season of Bangladesh, which stays from May to August, producing
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more than 100 kW electricity in June and August, which can be seen in Figure 12. Note that wind
power generation is lowest in November, followed by April and October. It can also be noted that
wind energy has the lowest particular levelized COE compared to PV and Battery.

Figure 12. Monthly average electricity production of diesel-only-based system.

From Tables 5 and 6, it is evident that the generators show almost the same nature as the base case.
The second generator has the most share (39% out of 44% diesel-based generation) among the three. It
is worth mentioning that despite having the same marginal generation cost, the small and medium
generators had a lower fixed generation cost. There is no unmet electricity in both cases, but in this
system, excess electricity was produced almost 18% more. Taking a sample week of January, Figure 12
depicts that it is mostly due to wind energy penetration.

Table 6. Operation of different electrical variables for the hybrid system.

Electrical Variables G1 G2 G3 Wind Turbine PV Battery

Hours of operation (h/yr) 159 5,649 2,086 7948 4,363 -

Capacity factor (%) 0.822 29.2 9.87 27.5 18.4 -

Mean electrical efficiency (%) 23.8 23.8 22.9 - - -

Fuel consumption (L/yr) 15,359 218,200 11,489 - - -

Fixed generation Cost ($/h) 38 15.7 2.68 - - -

Marginal generation Cost($/kWh) 0.203 0.203 0.203 - - -

Levelized Cost ($/kWh) - - - 0.0172 0.0853 0.185

In Figure 13, the same month of January is simulated to see the operational activities of a 200 kW
generator, like the one done in the base case in Figure 10. It seems that Generator 2 has a lesser number
(46) of starts per year compared to the diesel-alone system. It was possible mainly due to the high
availability of wind power.
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Figure 13. Monthly average electricity production of diesel-only-based system.

4.2. Sensitivity Analysis

It is highly recommended in a RE-based microgrid system to run a sensitivity analysis to observe
the impact of several significant variables on the system’s overall cost and feasibility. Generally,
sensitivity analysis is done by changing the input variable to observe the behavioral change of the
output closely. Normally, the impact on NPC gets priority in such kinds of analysis. In HOMER, there
are several kinds of technical and economic input, and can be varied. There are a lot of variations
in the focus area for doing the sensitivity analysis. Mainly, the sensitivity analysis is performed by
seeing the effect of the following parameters on the already optimized results, which are acquired
with the standard/current value of inputs: daily load demand; deferrable load; wind speed; solar
energy (radiation); diesel price; several cost (capital, operating, replacement and O&M) inputs and
cost multiplier; grid extension cost; annual interest rate; and maximum capacity shortage.

For the best optimal system, that is, a PV–Wind–battery-Diesel system, several variables are
uncertain, considering the situation in St. Martin’s. RE data taken from the satellite are not accurate
enough. Instead, local ground data of the weather, measured for an extended period, is much
appreciated, and an essential requirement for designing and analyzing any RE-based power system.
To this intention, four of the most significant parameters, that is, diesel price, wind speed, solar
radiation, and a primary load of the HOMER model were selected and varied 20% to 50% to see the
change in outcome in relation to NPC and the levelized cost.

Before going to parameter-wise analysis, an overall sensitivity analysis was done to see how
sensitive each variable was compared to others in terms of NPC (Figure 14). It clearly shows that
diesel price has the most significant impact on NPC, followed by the total load demand change. Solar
radiation has a very negligible influence on NPC of the hybrid renewable energy-based system. It also
states that wind speed has a more significant effect on the system than solar radiation change; in other
words, wind power contributes more than solar power.
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Figure 14. Monthly average electricity production of diesel-only-based system.

4.2.1. Impact of Increase in Diesel Price

In the present situation in Bangladesh, there is no sign of a decrease in diesel prices. Hence, here,
the diesel price was increased from $0.81 to $1.01 in steps of $0.1.

The line graph of Figure 15 shows the behavior of NPC and COE when the value of variables is in
the current state. It shows that COE increases at first, but starts to reduce when the load is increased
by more than 2792 kWh per day. However, a further increase in diesel prices also increases the COE
(Figures 16 and 17). it also shows that for only a $0.001 increase in COE, there is an almost $8000
increase in NPC. The diesel price has the most significant effect on COE. If it is increased from $0.81 to
$1.01, the COE will increase from $0.246 to $0.294, resulting in an almost 19.5% escalation for every
$0.2 increase in the diesel price.

Figure 15. Line graph showing the characteristics of COE vs. NPC when the diesel price is $0.81/L.
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Figure 16. Line graph showing the characteristics of COE vs. NPC when the diesel price is $0.91/L.

Figure 17. Line graph showing the characteristics of COE vs. NPC when the diesel price is $1.01/L.

4.2.2. Impact of change in wind speed

The wind speed also played a vital role in determining the COE and NPC. By comparing
Figures 18 and 19, it can be seen that an almost 20% increase of wind speed brings down almost
8% of COE, while NPC becomes lower by $103,036. Wind turbine technology is not very familiar in
Bangladesh compared to the PV panel. There is also a lack of skilled technicians and engineers. Also
keeping in mind that those wind turbines and technologies are not the home product, Bangladesh
will most likely have to hire experts from abroad to solve the issues related to wind turbines. Being
an island, St. Martin’s is far from the mainland, which would also cause issues. All these factors will
undoubtedly increase operation and maintenance costs. That is why the O&M cost increased up to
two to four times in the sensitivity analysis (Figure 20). Results show that there is an almost $30,680
and $92,040 increase per year in TNPC if the O&M cost is raised by two and four times, respectively.
COE also gets increased correspondingly. Figure 20 also reveals that the diesel price has the highest
sensitivity, followed by the load and wind speed.
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Figure 18. Line graph showing the characteristics of COE vs. NPC when the wind speed is 4 m/s.

Figure 19. Line graph showing the characteristics of COE vs. NPC when the wind speed is 5 m/s.

Figure 20. Spider graph presenting the effects of an O&M cost increase (two-fold) in total NPC.

4.2.3. Impact of Change in Solar Radiation

In the case of a variation in solar radiation, it proves the optimization result that it has an almost
negligible effect in the change of LCOE and NPC. Even with the 50% decrease and increase of solar
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radiation in Figures 21 and 22, respectively, the COE changes to 1% and 2%. Thus, it is negligible for a
20% change concerning wind speed variation. The NPC also has an insignificant impact due to the
change in solar radiation.

Figure 21. Line graph showing the characteristics of COE vs. NPC when the solar radiation is 4.05 kWh/m2/d.

Figure 22. Line graph showing the characteristics of COE vs. NPC when the solar radiation is 5.05 kWh/m2/d.

4.2.4. Impact of Load Demand Increase

It is assumed that the load profile keeps being consistent over the system’s lifetime [42]. That is
why it wants to simulate only one year of system action. However, there is extreme load demand in
the hotels and resorts of St. Martin’s due to a large number of tourists throughout the year. Thus, a
larger load demand plus lower power demand per day were analyzed by HOMER to see the deviation
from the proposed system, especially regarding the change in NPC and COE.

If the load increases by 20%, the total NPC will also escalate by 30%. This is because the levelized
COE falls by just 1.5% (indicated in Figure 23). An increase of around 24% in diesel fuel consumption is
mainly responsible for this, which tips to a 22% rise in operational costs. It proves that diesel generators
serve as the systems’ major spinning reserve producer. Thus, the authorities should consider this effect
when designing this type of power system.

The LCOE also reduces due to the decrease in excess electricity by about 5%, from 21.7% to
16.1% when the largest load is considered. However, this is a small reduction compared to the effect
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of a diesel price change. This indicates that wind turbines also serve the systems’ spinning reserve,
except their involvement is comparatively lower.

Figure 23. Effect of load demand increase on NPC and COE.

4.3. Risk Analysis

There are no “risk-free” projects that exist in the world. Any new project or introduction of a new
product needs a risk assessment to decide on capital investment since the profitability valuations form
the project depends on the cash flow estimations, which are tentative. The cash flow depends on a
few factors, like tax rate, life of the project, and the cost of all technology, including labor and O&M
costs, which are uncertain. That is why the project analyst determines the risk considering a range of
possible values of those factors.

Risk analysis can be done through the three most basic methods, namely, (a) sensitivity analysis,
(b) break-even analysis, and (c) scenario analysis [43]. In this study, "scenario analysis" was adopted to
assess the risk of St. Martin’s Hybrid microgrid project.

The scenario analysis includes the “base case scenario” analysis in comparison with the “best case
scenario” and “worst case scenario” analysis. It detects the extreme and most likely project result. This
study considered five important variables to analyze those cases.

According to a local study done several years back, it varies from 4.7 m/s to 5 m/s [44,45]. Solar
radiation and wind speed varies ±100%, while load demand changes by ±20%. Diesel price and wind
turbine O&M costs increase to 100% and four times, respectively, as there is no indication of a lower
value in the near future. In HOMER, the variables mentioned in Table 7 are given as the input. It
performed 2560 simulations and 600 sensitivity cases for those five sensitivity parameters. The selected
optimization results are summarized below in Table 8.

Table 7. Values of five sensitive parameters for different cases.

Variables Considered Best Case Scenario Proposed Case Scenario Worst Case Scenario Comment

Load
demand (kWh/day) 2234 2792 3350 ±20%

Solar radiation (kWh/m2/day) 5.55 4.55 3.55 ±100%

Wind speed (m/s) 5.72 4.72 3.72 ±100%

Diesel Price ($) 0.81 0.81 1.81 +100%

Wind turbine O&M cost ($/year) 300 300 1200 +4 fold



Sustainability 2020, 12, 2880 23 of 27

Table 8. Scenario analysis of Hybrid PV/wind/battery/diesel system.

Remarks

Parameters Worst Case Scenario
(WCS)

Proposed/Most likely
Case Scenario (PCS)

Best Case Scenario
(BCS) On BCS

(Compared to PCS)
On WCS

(Compared to PCS)

System
Architecture

120kW PV,
03 Diesel generators,

04 Batteries,
08 wind turbine (240 kW)

and 48 kW converter

100 kW PV,
03 diesel generators,

04 Batteries,
08 wind turbine (240 kW)

and 48 kW converter

100kW PV,
02 Diesel generators,

04 Batteries,
08 wind turbine (240 kW)

and 48 kW converter

500 kW generator
is not used.

More 20 kW
PV is required

Total
Generation

(kW)
1,346,996 1,312,141 1,355,085 42,944 more

production
34,855 more
production

Largest
electricity
producer

Gen 2 (48%) Wind turbines (44%) Wind turbines (61%) 17% more 4% more

Smallest
electricity
producer

Gen 3 Gen 3 Gen 3 2% 2%

AC load
consumption

(kWh/yr)
1,222,900 1,019,083 815,265 Less due to

small daily demand
More due to

higher daily demand

Excess
Electricity 39.5% 21.7% 39.5% 17.8% added 8.43% reduced

Unmet
electric

load
0 0 0 None None

Initial
capital cost

($)
396,331 369,831 288,362 23% less 7% added

Operating
cost ($) 387,617 221,294 151,341 33% reduction 43% addition

Levelized
COE ($) 0.342 0.246 0.213 $0.033 less $0.096 more

Total
NPC ($) 5,351,381 3,198,708 2,223,005 31% less 40% extra

RE
penetration 35% 56% 75% Much better Much lesser

CO2
Emission
(kg/year)

921,901 801,470 419,033 More than half reduced 13% increased

The comparative analysis of BCS and WCS corresponding to PCS was done in order to establish
the viability of the proposed Hybrid PV/wind/battery/diesel system, which is represented in the
remarks column. Clearly, there are significant changes, especially in terms of NPC, LCOE, operating
cost, and CO2 emission. Another noteworthy change in BCS is not considering the large 500 kW
generator, while in WCS, 20 kW more PV capacity is added. Table 8 also indicates the percentage
change in net present cost, operating cost, and levelized cost of energy of BCS is smaller than the WCS.
This is because the diesel price and wind turbine cost are considered to be increased only. Figure 24
shows the graphical variation in a different set of costs for different scenarios.

Looking closely at the risky and advantageous situation after comparing both WCS and BCS to
PCS, it is evident that NPC, LCOE, and operating cost WCS has more of an impact than BCS, which
becomes risky. In contrast, for the initial capital cost, renewable energy penetration and reducing CO2

emission BCS wins.
According to PDB, the tariff rate for the residential load of Bangladesh is about BDT 6.00. The load

demand of the island’s people is around 2792 kWh/day. If the government wants to electrify the
whole area only by diesel generators, it would cost them about (2792 kWh/day × 27.2 BDT /kWh) =
BDT 75,942 per day. However, for the proposed hybrid system, it would cost about (2792 kWh/day ×
BDT 19.68 /kWh) = BDT 54,946 per day. Thus, the government would lose around (75,942 – 54,946) =
BDT 200,996 every day and around BDT 7.7 million annually, which can be saved by implementing
the proposed power system.
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Figure 24. A variation in a different set of costs for three scenarios.

4.4. Emission Analysis

According to the World Bank, Bangladesh is one of the most climate-prone areas. The emission
of GHG is mainly responsible for this crisis. In 2012, USAID reported that Bangladesh had emitted
190 million metric tons (MtCO2e), with an energy sector contributing 33 percent to total emissions.
The government of Bangladesh has undertaken several plans and actions, including 10 percent
renewable energy delivery by 2020 and 15 percent GHG mitigation from the power, transportation,
and energy-related industry sectors by 2030. In response to that, a hybrid renewable energy-based
electricity system would certainly be a great achievement, which will ultimately play a vital role in
easing the global warming condition. The annual emissions are determined from pollutant materials
and gas, based on fuel consumption and fuel properties.

Table 9 displays the annual gas and other pollutant emissions from the optimized hybrid and the
surviving conventional diesel-only power generation system in St. Martin’s Island. These emitted
gases or particles are the following: carbon dioxide (CO2), carbon monoxide (CO), unburned
hydrocarbon (UHC), particulate matter (PM), sulfur dioxide (SO2, and finally, nitrogen oxide (NOx).
The conventional diesel-based power system produces 1,034,123 kg/year of CO2, whereas the optimal
hybrid renewable system configurations produce 801,470 kg/year CO2. From this table, we observed
that a total of 23% of CO2 emission could be prevented, resulting in around 232,653 kg/year less
CO2 emission by installing a hybrid renewable energy system arrangement on this island. However,
in reality, due to the enormous usage of kerosene by ordinary people, the emission from the present
case would be higher.

Table 9. Emission analysis of the pollutant materials.

Emitting Particle/gas Optimized Case
(kg/year)

Base Case
(kg/year)

Less Emission
(kg/year)

CO2 801,470 1,034,123 232,653

CO 1978 2553 575

Unburned hydrocarbons 219 283 64

Particulate matter 149 192 -

SO2 1609 2067 -

NOx 17,653 22,777 -

5. Conclusions

In this study, a techno-economic study of all possible hybrid microgrid systems and the existing
base case has been executed with certain assumptions. The area considered in this study was St.
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Martin’s Island. Using the HOMER simulation tool, the projections of accumulating a considerable
segment of RE penetration were analyzed. To fill the research gap for a remote and sub-tropical island
power system, optimization modeling supported by the comprehensive sensitivity and risk analyses
were conducted to evaluate the technical, financial, as well as environmental benefits of the hybrid
microgrid compared with the stand-alone, diesel-based configuration.

Results illustrate that:
(a) The diesel-alone existing power system is about 1.412 times more costly than a hybrid energy

system in terms of the net present cost. This is mostly due to the present increasing diesel fuel rate.
(b) A 56% renewable energy penetration with a cost of energy of just $0.246, that is, BDT 19.68

per unit (kWh) is possible through the proposed power system. In this way, COE lessens by almost
by 28%, associated with the base case. Also, risk analysis shows that GoB can save around BDT 7.7
million annually, matched with the existing system.

(c) The economic superiority wind turbines over solar PV in St. Martin’s was established in
this study.

(d) There is a chance of almost 23% reduction of CO2. Other pollutants like UHC and CO also
emits less in the optimal system.

This study is anticipated to contribute to the “100% electrification plan” of “Vision 2021” of the
government of Bangladesh, counting St. Martin’s island. It would also help “Bangladesh’s Intended
Nationally Determined Contribution (INDC)” plan to reduce greenhouse gas emissions by 2030,
delivering “green” technologies all over the country.

Furthermore, this study will inspire and motivate the government and other investors to invest
here, knowing the situation of the people, and the technical and economic prospects of a RE-based
hybrid microgrid system. It demonstrates the critical drivers for proposing and implementing such
an electricity system in any remote area where the grid is not available. The researchers, industry
authorities, and other concerned parties are expected to get insights from this local-oriented analysis,
though further studies should consider other renewable energy sources, like biomass, to increase the
cleaner energy penetration. Finally, it validates the cost-efficacy of the projected system and keeps
the increasing rate of diesel prices in mind; it also exhibits the probability of the dipping diesel fuel
dependence in Bangladesh’s electricity market.
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BBS Bangladesh Bureau of Statistics
BCS Best Case Scenario
BPC Bangladesh Petroleum Corporation
HMPS Hybrid Microgrid Power System
HOMER Hybrid Optimization of Multiple Energy Resources
LCOE Levelized Cost of Energy
LGED Local Government Engineering Department
NPC Net Present Cost
NREL National Renewable Energy Laboratory
O&M Operation and Maintenance
SHS Solar Home System
PCS Proposed Case Scenario
PDB Power Development Board
PV Photovoltaic
WCS Worst Case Scenario
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