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Sustainable generation is impacted by the adoption of renewable energy, the growth of energy markets, and economic strategies.
This paper offers a sustainable strategy and a technoeconomic analysis of off-grid hybrid energy systems (HES) in remote islands
of Iran, including Lavan, Larak, and Failaka, utilizing PV module, wind turbine, and hydrokinetic turbines. Hourly wind speed,
solar irradiation, and hydrovelocity have been implemented under load following (LF) and cycle charging (CC) dispatch
strategies in order to ascertain the most appropriate systems. Lavan Island achieves the winning HES with a CC dispatch
strategy, which consists of 3 hydroelectric turbines, 1 wind turbine, 349kW of solar power, 150kW of generator power,
316 kWh of batteries, and 287kW of the converter. This ideal HES, which generates a consistent generation profile and
reasonable net present cost (NPC) and cost of energy (COE) of M0.160$ and $0.013 kWh, respectively, can be practically
attained in these areas. LF-controlled optimal solutions use less fuel than CC-based ones, leading to a higher share of
renewable energy. Compared to Larak and Lavan, the CC- and LF-controlled options on Failaka Island generate cleaner
electricity with emissions that are 57% and 44% lower. Regarding the ability to recoup the project’s initial investment costs,
long-term energy production would be more financially viable than short-term. Short-term projects with higher financial
uncertainty due to the salvage cost should use the CC method.

1. Introduction

Over the past few decades, population growth, technological
advancements, and new constructions have caused a sharp
rise in electricity consumption. The total energy required is
expected to increase by about 30% by 2040, compared to
2015. However, a large portion of the world population
(~1.1 billion people) still lacks access to electricity, mostly
in developing nations in Africa and the Middle East [1]. This
dire situation prompted organizations and decision-makers
to search for strategies that offer everyone long-term and

sustainable electricity in these areas [2] to gradually turn to
renewable energy and distributed energy systems to generate
power [3].

Renewable energy sources can play a pivotal role in
supplying electricity to remote localities. It is the desirable
replacement for traditional energy because it is never-end-
ing, and it has established its significance and won numerous
significant privileges as a substitute for fossil fuels, which will
eventually run out [4].

Nevertheless, power production reliability and consis-
tency are recognized as the primary downsides of utilizing


https://orcid.org/0000-0001-9170-3729
https://orcid.org/0000-0002-2974-0307
https://orcid.org/0000-0002-0313-9564
https://orcid.org/0000-0001-6879-6090
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/3101876

renewable energy sources. This is due to fluctuations in solar
irradiation, unanticipated variation of water velocity and
inconsistency of wind intensity, the discrepancy in energy
potential, and demand timings [5]. In this respect, hybrid
energy systems (HES) were introduced as promising energy
sources that combine renewable resources together to
enhance system reliability, system efficiency, and profitabil-
ity [6]. Renewable energy components in HESs operate
together to benefit from multiple renewable resources, lead-
ing to more sustainable and compatible situations.

Conventional or fossil fuel-based energy sources account
for about 75% of the power generated worldwide and sub-
stantially impact the energy market. The Middle East is
one of the richest areas for oil and gas resources and utiliza-
tion of sustainable applications might considerably influence
the local and global economies [7-9]. Middle Eastern
nations have planned to grow their sustainable policies and
regulations in the future. Some potential areas in Iran partic-
ularly can are considered in this category for planning
toward a sustainable future. Renewable applications inte-
grated into the generator can be also appealing options in
Iran due to a variety of government-funded fuel incentives,
proper solar irradiation, and rising power demand [10].
One of the appealing areas in Iran is Persian Gulf and thus,
the case areas of the article were selected from different
geographical directions of Persian Gulf.

Persian Gulf in southern Iran is across the world’s
“Sun-Belt,” which is the region that receives the highest
solar irradiation. Some remote places in the Persian Gulf,
such as the islands of Lavan, Larak, and Failaka, rely on along
underwater cable with an unstable energy supply and fre-
quent blackouts when people most require it, mainly during
the summer months. In these places, single-phase electricity
transports less energy than three-phase power, resulting in
lower service and life quality for people. Each year, these
remote islands in the Persian Gulf reach about 300 sunny
days, higher than 20 GW wind power potential, and a decent
water velocity [11].

The Iranian government acknowledged the importance
of sustainable power foundations and is slowly initiating
the facilities and pricing policies required to encourage pri-
vate sector investment. According to Iran’s 5 development
plan, renewable energy generation reached 5000 MW in
2015. Nonetheless, the perspective was not satisfied because
of severe economic sanctions and a lack of foundation and
equipment in the sustainable power sector [3]. The parlia-
ment then approved the sixth development perspective,
aiming to meet this goal by 2021 and generate more than
2500 MW of electricity by 2030. By 2025, clean power foun-
dations are estimated to meet 10% of Iran’s total energy
needs [12].

Several viable clean infrastructures are employed to acti-
vate the availability of sustainable energy in Persian Gulf.
Photovoltaic (PV) arrays are the most common renewable
components due to their cheap maintenance and operation,
expenses, and ease of use to meet rising energy demands
[13]. The solar electricity generated varies based on the
amount of irradiation received at the location. Because wind
turbines (WT) are proportional to wind intensity, they are

International Journal of Photoenergy

also a viable solution for coastal areas. On the other hand,
wind power generation might fluctuate significantly from
month to month [13]. Furthermore, hydrokinetic (HKT),
which utilizes water velocity to supply power, is a promising
clean energy technology for onshore communities with
adequate water resources. However, the volatile nature of
renewables and the significant fluctuation in load demand
necessitate the use of a generator, which offers financial bene-
fits in the Middle East due to diesel’s lower price [14-16]. Until
recently, very limited attention has been drawn to support the
use of renewable HES to deliver electricity in the Persian Gulf’s
isolated islands. However, some studies pertinent to showing
the technoeconomic feasibility analysis of HES in various parts
of this country are summarized in Table 1.

Controlling energy management through battery and
DG is necessary to maximize the power reliability of HES.
A controlling algorithm or dispatch strategies can be imple-
mented to manage the system, boost system effectiveness,
and reduce investment [23]. A proper dispatch strategy
prevents overload damage to components, maximizes cost
efficiency, ensures energy continuity, and improves power
efficiency. The control algorithm must be appropriate for
the load characteristics in the target area in order to obtain
the best HES design [12].

One of the most popular and precise approaches for
using a dispatch strategy is to use artificial intelligence.
HOMER PRO is a prominent software used for its high
speed and accuracy in identifying the best options. HOMER
PRO determines feasible sizes of winning HES according to
the input parameters such as load data, resource availability,
and economic and technical specifications of energy systems.
There are multiple dispatch strategies in HOMER, including
combined dispatch (CD), cycle charging (CC), generator
order (GO), predictive dispatch (PD), load following (LF),
and the user’s own control strategy, all of which are designed
using the MATLAB ink function. For instance, Reference
[24] studied the impacts of various strategies for a HES
involving PV/WT/DG/hydro in a rural locality of India.
The results represented that the CD controller obtained the
cheapest COE ($0.31/kWh), and the LF strategy achieved
the highest renewable penetration in comparison with the
other techniques. Similar to this, Refeferene [25] investigated
technoeconomic viability analysis of PV/WT/battery/biogas
generator systems utilizing different dispatch strategies.
The results showed that the CD method could economically
meet the load demand if the HES comprised 0.5% biofuel,
12.7% wind energy, and 86.8% solar energy. Reference [23]
revealed that the CC-based energy systems consume more
fuel than LF-based options, and the combination of CC-
controlled systems achieved MO0.160$, $0.013kWh, and
26% higher NPC COE, and the renewable fraction, respec-
tively, than that of LF-controlled system. The LF-based strat-
egy in Reference [26] obtained the highest PV output of
51.1% with the fuel of wood residue in the gasifier, while
the CC-based option is more equitable with a slightly higher
percentage of HKT by 52% using a wood, cane, and cocoa-
fired gasifier. Also, the study mentioned that the CC method
minimized the financial indicators of the optimal solution
more than other strategies.



International Journal of Photoenergy

TaBLE 1: Summary of the technoeconomic feasibility analysis of HES in Iran.

Ref., ~ Optimization . .
year Area (=peak load) method Optimal solution Outputs
171 Pf/(-)rﬁrzlialg/v NPC: $48.8 M
2020 Anzali, Genaveh, Jask (8,258.16 kW) HOMER strategy WT: 14 units with 660 kW COE}; 1i().lz(;l()Z(;kWh
Battery: 454 units(167 ah) ’ 0
PV: 1,430 kWh/yr )
;)81]9’ Damghan (1kW) HOMER strategy WT: 8,353 KWh/yr COEI'{E.O%?S(Q‘W}‘
DG: 3,009 kWh/yr e
In Tehran:
PV: 997 kW
[19], Bandar Abbas, Shiraz, Tabriz, Tehran, Yazd WT: 7 ufnts with S5kW In Tehran: COE: $0.340/
2019 (370.34 kW) HOMER strategy DG: 1,000 kW kWh
’ ELC: 120kW RF: 24.7%
HT: 130 kg
Battery: 9 units(130 kWh)
[20] WT: 15 Zmztf ZviY1 5kW NPC: §268.6 k
’ Rayen (79.56 kW) HOMER strategy ' ’ COE: $0.197/kWh
2019 DG: 30kW RE: 67 39
Battery: 18 units (7.55kWh) D02
[21] PV: 7 units with 0.120 kW
201 é Kerman (3.3 kW) HCHSA strategy WT: 6 units with 1 kW Life cycle cost: $4k
Battery: 7 units(1.35kWh)
PV: 77 m” (~48 units with
g%zl]é Fedeshk, South Khorasan (7.5 kW) Hybrid strategy 026 kW) Life cycle cost: $20k

Battery: 29 units(2.1 kWh)
Biodiesel: 9.8 kW

Some other relevant studies of the technoeconomic feasi-
bility of HES have focused on three major groups, compari-
son procedures [27], design and planning [28-30], and
energy management [31, 32]. The project lifetime in all of
these research articles has been set at 20 or 25 years, with
no consideration of the impacts of reducing the project’s life-
time. The remaining value of the components rises as life-
time shortens, which can be an effective consideration in
financing renewables in a place. The sizing analysis of stor-
age devices in a hybrid electric car was explored in Reference
[33]. The results showed that the salvage cost of the batteries
had a substantial impact on the system’s annual cash flow.
Reference [34] designed a large-scale off-grid HES for a rural
area in Nigeria. The optimum option obtained a 1.5 MW
PV, 350kW DG, and 1,200 batteries with an NPC of
$4,909,206 and a COE of $0.396/kWh. The findings of the
paper demonstrated that the ratio of the salvage value to
the capital cost of the PV, DG, battery, and converter was
roughly 15.6%, 13.1%, 20.1%, and 6.5%, respectively.
According to the findings, the salvage value of the initial
investment of the PV, DG, battery, and converter was
observed to be roughly 15.6%, 13.1%, 20.1%, and 6.5%,
respectively. For total initial expenses of $3,013,486, roughly
$485,724 of salvage costs appeared when the project was
completed. Reference [35] investigated the best configura-
tion of a standalone hybrid photovoltaic/battery energy
storage system using the effective metaheuristic algorithm,

improved harmony search to supply electricity to a residen-
tial load in Iran. Reference [36] designed a PV/DG system
for a small-scale load profile. They also mentioned if initial
expenses of $26,150 are invested, the salvage cost will equal
$2,300. Reference [37] noted that the PV/biomass system
uses the most recent GPC optimization method to get the
lowest cost of investment. A comparison between the
devised algorithm and the AEFA and GWO algorithms is
made. The goal is to reduce the net present cost while still
adhering to specific technological limitations. Reference [38]
also pointed out a novel optimization technique for the best
Bio/PV/WT microgrid design, considering various economic
and environmental factors. The backtracking search algorithm
(BSA) and the invasive weed optimization (IWO) are two
metaheuristic algorithms that were combined to create the
newly developed optimization algorithm. The results indi-
cated that, when using the suggested IWO/BSA algorithm,
PV/biomass and PV/diesel/battery systems have the lowest
energy costs, with respective costs of $0.1184/kWh and
$0.1354/kWh. Despite the significance of salvage in the tech-
noeconomic feasibility analysis of HES, none of these previous
papers has undertaken a sensitivity analysis on this value.

Based on what has been reviewed in Table 1 and other
literature, the possible gaps include:

(i) In Iran, hydrokinetic turbines have not received as
much attention as other more widely used



renewable energy sources despite being one of the
cleanest and most recently developed generating
units

(ii) The project lifetime of all papers presented has been
set at >20 years; however, the impact of reducing
the project duration on ROI, energy cost, and a
renewable fraction has not been studied yet

(iii) There is also a lack of studies that paid attention to
the impact of battery SOC_;,, variation on the finan-
cial, technical, and environmental aspects of clean
energy solutions

Thus, the objective of the analysis is to discover a combi-
nation of clean energy foundations that can address the
long-term power needs of rural areas in the Persian Gulf.
Hourly water velocity data, wind speed, irradiation intensity,
and fuel cost variations are all effective factors in the simula-
tion. Two energy management control strategies, containing
LF and CC, are used to smooth energy delivery, boost
reliability, and lower the cost. Using HOMER, the best strat-
egy is presented according to their technoeconomic-
environmental aspects. The contributions of the present
study are to (i) offer technically, financially, and environ-
mentally winning CC- and LF-controlled HES with DG,
PV, WT, HKT, and battery in isolated islands of Persian
Gulf, (ii) compare impacts of the project lifetime, SOC_;,,
and dispatch strategies on the profitability and sustainability
of the renewable solutions, and (iii) predict impacts of the
controlling strategy and project lifetime on salvage value
and ROI fluctuation. This would be the first research to rep-
resent standalone renewable solutions as viable alternatives
in the Persian Gulf island.

This article contains six main sections commencing with
(i) identifying feasible and economical renewable HES, (ii)
representing the financial (cost breakdown and ROI), tech-
nical (generator and battery status), and environmental
(gas emissions) of each optimal solution under two dispatch
strategies, (iii) contrasting the technical, economic, and envi-
ronmental results in two dispatch strategies, (iv) carrying
out a sensitivity analysis to find out how SOC_,,, project
lifetime, and renewable resources affect system parameters,
and (vii) demonstrating the difference of energy delivery
and flows under control of CC and LF controllers.

2. Methods and Materials

2.1. Introduction of the Intended Areas. Two rural areas on
isolated islands are considered in this analysis: Larak Island,
Failaka Island, and Lavan Island, situated in separate posi-
tions in Persian Gulf, as shown in Figure 1. Table 2 presents
the condition of the intended islands. Iran controls the terri-
tory of Larak and Lavan Island, and Kuwait governs Failaka.
The area of Failaka and Lavan is roughly double the Larak’s
area. The climatic condition follows a fairly similar annual
pattern of hot and dry conditions in these places. Fialka
and Larak have longer and shorter distances from the near-
est grid infrastructures, respectively. Figure 2 displays
monthly meteorological data of the selected islands. Wave
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energy data per month and climatic characteristics of Per-
sian Gulf were derived from Reference [39] and NASA
[40], respectively. In all seasons except summer, the average
environmental temperature on Larak Island is greater than
in the other areas. In June, Failaka Island receives an average
of 8kWh/m?/d of solar irradiation, which drops to under
4kWh/m?/d in the winter. Summer is the windiest season,
resulting in a higher wave velocity of up to 4m/s.

2.2. Description of Load Profile. Table 3 depicts an approxi-
mate scenario for various appliance usages daily, which can
be used by roughly 200 residential households in the case
areas. These residential buildings are designed for a normal
family of five with a low-income stream. The load demand
was measured by personal meter reading in other electrified
places with similar remote conditions and household sta-
tuses. The hourly load demand of an average household is
represented in Figure 3 based on the considered loads. Here,
deeming the hot-dry climate classification of the case areas,
it is apparent that the energy demand peaked over the sum-
mer, which can be due to increased working hours, higher
utilization of cooling systems, more tourists coming to these
areas. The annual peak hours mostly start from 8a.m. to
8 p.m. ranging from 170kW to 2120kW. The minimum
energy consumption also is observed to be under 70kW,
from 8 p.m. to 5a.m.

2.3. Dispatch Strategy. This research allows users to find suit-
able clean power combinations and build a decent integra-
tion to meet load needs. Therefore, hybrid power solutions
are simulated using the adopted dispatch strategies, such as
CC and LF controllers. The optimizer starts by doing a pre-
cise optimization assessment for each hybridization case,
calculating cost savings, reliability gains, and pollution
reductions CC or LF strategies are implemented when the
components such as battery and generator operate together
to satisfy load demand during a time step [42].

2.3.1. LF Dispatch Strategy Description. In the LF method,
DG works to produce sufficient power to meet the required
load. The lower-priority goals, such as batteries, will con-
tinue to be charged by renewable energy sources [43]. The
dispatch strategy only permits the battery to be charged by
excess energy generated by renewable energy sources (PV,
HKT, and WT). It stops the battery from being charged by
the DG. As a result, the diesel generator is provided with
enough power to satisfy the unmet load. The LF method’s
algorithm is shown in Figure 4. During high-load periods,
the LF method considers that using DG is necessary. The
LF control technique, on the other hand, is deemed ineffi-
cient if the DG continues to operate at low loads in the
following periods.

(i) When the total renewable energy produced equals
the required load (Pgpg=P;), the first condition
occurs. The renewable sources (PV/HKT/WT) sup-
ply the required load in this case. The DG is shut off,
and the battery units are not charged. In this case,
there is no excess electricity
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FIGURE 1: The location of the intended islands on the map of Iran and Persian Gulf.

TABLE 2: General description of the intended islands.

Island Direction in Persian Gulf Coordinate Area (km?) Whether type Distance to the nearest grid (km)
Larak Eastern 26.84" N 56.37° E 85 Extremely hot-dry 12
Lavan Middle 26.80° N, 53.27° E 50 Hot-dry 18
Failaka Western 29.44" N 48.28° E 45 Very hot-dry 20

(ii) When the total renewable energy produced exceeds
the required load (Pgg > P;), the second condition
occurs. The renewable components meet the load
requirement, resulting in a power surplus. When
the battery is charged, the surplus energy is dis-
charged. Excess renewable energy is used to charge
the battery if it is not fully charged

(iii) When total renewable energy is lower than the
required load (Pyg < P;), the last situation occurs.
The possible two subcategories are as follows

(a) The DG meets the net load demand if SOC = SO
Cnin, (load minus renewable output). The DG only
generates sufficient power to meet the net load;
therefore, the battery remains unchanged. The
DG will meet the load demand if the minimum
DG output power exceeds the net load, while the
PV/HKT/WT will charge the battery

(b) The price of depleting the battery is measured
and assessed by operating the DG, which
merely meets the net load requirement if
SOC > SOC,;,,. If the expense of draining the
battery is greater than starting a DG, the
battery will not be drained while the DG is
running, and DG will generate enough energy
to supply the required load without having to
charge the battery

The mathematical descriptions of the LF dispatch strat-
egy are discussed below.

(i) If the total power generated from PV, HKT, and WT
is sufficient, and SOC(t) < SOC,;,,(¢) simultaneously,
the load is supplied by renewable components

=Pyr(t) + Pygr(t) + Prv() . (1)

qinverter

Pload(t)

Then, the excess energy produced from the renewable
suppliers serves to recharge the battery pack.

P
Ppgrery (1) = Py (£) + Pygr(f) + =

rlinverter

_Pload(t)' (2>

(ii) If the total power generated by PV, HKT, and WT is
enough and SOC(t) > SOC,,;,, (), excess electricity
must be deferred

(iii) If the overall energy provided by PV, HKT, and WT
is inadequate, SOC(t) < SOC,,;,(t), the energy to
satisfy the primary is supplied by DG at the energy
needed to meet the load demand
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FIGURE 2: Monthly weather data of the selected islands.
TaBLE 3: Estimation of the primary load of the intended area [41].
Appliance Rating per quantity (W) Quantity Daily operating time (h/day) Daily demand (kWh/d)
Fridge 20 200 24 96
Freezer 90 180 24 388.8
TV 80 220 5 88
Ceiling fans 30 250 3 225
Air conditioner 735 250 8 1470
Washing machine 500 180 1 90
Light bulbs 40/60 1200 5 300
Miscellaneous* N/A N/A 24 0.28
Total — — — 2,455
*Embodies small objects such as small equipment, charging devices, and temporary use of other appliances (e.g., radios, TV, and kettle).
PG () = Popa(t)- (3) power to satisfy the load demand is supplied by
renewable sources and battery pack
(iv) When the energy produced by PV, HKT, and WT is P =P P Ppy(t) 4
gy P Y i > load(t) - battery(t) + HKT(t) + : ( )

inadequate and SOC(t) > SOC,,;,(¢), the required Minverter
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FIGURE 3: The annual hourly load profile of the considered islands.
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F1GURE 4: LF algorithm description for the PV/WT/DG/battery HES.

2.3.2. CC Dispatch Strategy. The DG utilizes its full rated
capacity to fulfill the required load in the CC dispatch
strategy, and any excess electrical generation is used for
lower-priority tasks such as charging battery packs.
Therefore, once the DG starts charging the battery, it
constantly goes until the SOC set point is met. Figure 5

depicts the cycle charging (CC) control strategy’s algo-
rithm. This system uses the same operational technique
as the LF dispatch system.CC strategy is different from
the LF strategy; whenever the DG is turned on, it runs
at its full capacity to meet the net load while also charg-
ing the battery.



International Journal of Photoenergy

Recall hourly load demand & resource assessment

'

Calculate Py, Py and Py

Decision 1= turning on the DG to meet
the load and charge the battery
Decision 2: discharging the battery

[

PpytPhxr="P

Check SOC

(> or=S0C

min)

Supply the load
and check SOC

Yes

Charge
battery

Supply
the load
<
Yes

A—m >

Cost of decision 2

Yes

Cost of decision 1>

Run the DG at the full load to
meet the load and charge the
battery with the excess power

Goto A

Discharge battery

to meeting the load

~| i=i+1

Ficure 5: CC algorithm description for the PV/WT/DG/battery HES.

The operation of the CC controller is discussed below.

(i) If the overall power generated from PV, HKT, and
WT is sufficient, and SOC(t) < SOC,;,,(¢) simulta-
neously, the load is supplied by renewable compo-
nents, and the battery is charged with the DG at full

capacity

Pypy (1) ,

inverter

(5)

Pioaq(t) = Pyr(f) + Pygr(f) +

(6)

Pbattery(t) = Pmax,DG(t)'

(ii) If the total energy generated by PV, HKT, and WT
is adequate and SOC(¢) = SOC,;,(t), excess elec-
tricity is deferred

(iii) If the overall energy provided by PV, HKT, and WT
is inadequate and SOC(t) < SOC,,;,(), the energy
to satisfy the load demand is supplied by DG at its
full power to meet the load demand

Pbattery(t) = Pmax,DG(t) - Pload(t)'

(iv) When the energy generated by PV, HKT, and WT is
insufficient and SOC(t) > SOC,,;, (), the required
power to meet the load demand is supplied by
renewable sources and batteries

Ppy (1)

inverter

(8)

Pload(t) = Pbattery(t) + PHKT(t) +
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2.4. Description of the Hybrid Energy Solution. The intended
design in this study is influenced by either renewable or fos-
sil fuel-based power generation sources. The balance of
power over a year (8760 hours) is of the utmost priority.
Thus, each piece of equipment is mathematically repre-
sented, and the amount of power produced and stored by
each component is computed. Figure 6 presents the config-
uration of the HES assumed to electrify 200 residential
households in the considered areas. To provide uniform
and stable electricity, PV solar panels, wind turbine (WT),
and hydroturbine (HKT) are connected with generators
(DG), battery packs, and inverters. Tables 4 and 5 also
provide the important technical and financial parameters
relevant to this equipment.

2.4.1. Generator. The use of diesel generators (DG) in grid-
isolated options assists in supporting load peaks first, then
reduces the need for battery units, resulting in cost savings.
The following equation expresses the DG’s efficiency accord-
ing to the lower heating value (LHV) [48]:

3.6 P

b = GHCIHV," ©)

Here, GFC is the generator fuel consumption rate, Ppg
is the output power (kW), LHV, is the calorific value of
diesel based on water vapor, and Py is the rated genera-
tor power (kW). The following equation shows the hourly
generator’s fuel consumption (L/h) as a function of its
electrical output [72]:

Mg = FoYpg + FiPpg. (10)

Here, Y is the DG output (kW), F, is the fuel curve
intercept coefficient (L/h/rated kW or m’/h/rated kW),
and F, is the fuel curve slope (L/h/output kW or m’/h/
output kW). The fuel curve intercept coefficient can be
defined as the noload fuel consumption of the generator
divided by its rated capacity. The fuel curve is the slope
marginal fuel consumption of the generator, in units of
fuel per hour per kW of output, or equivalently, units of
fuel per kWh.

2.4.2. Wind Turbine. At rated wind speed, the wind’s kinetic
energy is converted into mechanical energy by rotating the
turbine blade, which is subsequently converted into electric-
ity via the shaft attached to the alternator [43]. In determin-
ing the output of a wind turbine, the power curve is critical.
The following equations are used to calculate energy output
in most wind turbine applications [17].

3 3

V7 = Ve

Cutin

I rated( 3 — .3 ) Vcustin <V < VRated>
Rated ~ YCutin

Py (11)

Rated  Vryed <V<Veurtoft”

ov> Veuttoff OF V < Veuttoff>

where P,,.q is the rated power of the wind turbine (kW), V
is the wind speed (m/s), Vg4 is the rated wind speed, vcygin

is the cut-in wind speed, and v, is the cut-off wind
speed, and the effective electrical power output is deter-
mined by the equation as follows [49]:

Powr = Pyr-Awr My (12)

Here, Ay is the swept area of the turbine and .77y is
the wind turbine efficiency.

2.4.3. PV Module. Environmental factors (ambient tempera-
ture, clearness index, humidity, etc.), solar irradiation (kWh/
m?/day), and collector technology all affect the performance
of a PV array. The derating factor is a scaling factor that
takes into account the effects of dust temperature, snow
cover, wire losses, and aging [50]. The following equation
can be used to calculate the PV module’s output energy [20]:

G
Py = WPVfPVG_: [1+“p(TC‘ Ts)]- (13)

Here, W, is the peak output of the PV array (kW), f,, is
the PV derating factor (%), G is the irradiation incident in the
current hour (kW/m?), G is the incident irradiation at stan-
dard test conditions (1 kW/m?), and a, is the temperature
coeflicient (%/°C). T is the panel temperature ("C) and T
is the PV module temperature in the test condition (°C).

2.4.4. Hydrokinetic Turbines. The velocity of the water deter-
mines the properties of hydrokinetic turbines. The longitu-
dinal system (which is vertically oriented in the direction
of the waves in water) takes the energy from the waves and
converts it into electricity. The generated energy is then con-
verted to shore using proprietary equipment and cables [51].
Equation (6) presents the full obtainable energy from sea
waves [52].

2 2
_pgTH”

max 647_[ max* (14)

Here, P, is the maximum available power, p is the
water density, g is the gravitational acceleration, T is the
wave period, H represents the significant wave height, and

L. is the absorption width in maximum power.

2.4.5. Battery and Converter. Li-ion batteries are commonly
used as a system backup because of their stability, long-
term efficiency, high depth of discharge (DOD), and flexibil-
ity. It facilitates the system in storing the energy generated
by components to be used at unpredictable times. The
maximum stored energy can be measured by [53]

P _ min (P Batt,C max,kme Batt,C max,mch Batt,Cmax,mcc
Batt,C max — >

HBatt,c
(15)

where 77y, ¢ is the efficiency of charge storage,
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TaBLE 4: Technical characteristics of the component in the

intended hybrid energy system. step duration(h), Q is the energy available in the storage at

the first time step (kWh), ¢ is the capacity ratio of storage,
Component Parameter Value a, is the maximum battery charge (A/Ah), Q,,,, is the total
battery capacity (kWh), Ny, is the number of batteries,

Rated capacity (kW 1

pacity ( ) ) I« 1s the battery’s maximum storage current (A), and V.,
Temperature coefficient -0.4 . > :
' i is the battery’s nominal voltage.

PV system Operating temperature (‘C) 25 In order to harmonize hybrid energy systems, the system
Derating factor (%) 80 converter is crucial. The main function of a converter is to
Panel area (m?) 1.627 keep the energy flowing between AC and DC. It acts as a
Efficiency (%) 19.1 medium for converting DC to AC electric power and serves
Rated capacity (kW) 10 as a link between the two systems by converting DC to AC.

Wind turbine The power rating of the converter is expressed by [20]

Hub height (m) 24
Rated capacity (kW) 20
Rotor diameter (m) 1.54
Hydrokinetic turbine Required water depth (m) 3 P inv(t) = M > (19)
Weight (kg) 750 o
Size (m?) 7
Rated capacity (kW) 150
Diesel generator Minimum load ratio (%) 25 where P is the required load demand and 7,  is the
Minimum load ratio (%) 0.25 inverter efficiency.
Converter Relative capacity (%) 100 2.5. Financial Parameters. The net present cost is the sum of
Inverter/rectifier efficiency (%) 95 all initial, operation, maintenance costs, replacement, and
Nominal voltage (V) 6 fuel costs, less the salvage cost at the end of the project’s life

cycle [54]. To calculate the total NPC of HES, the following

Nominal capacity (kWh) o o
equation is utilized [51]:

Battery storage
R 8 Minimum state of charge (%) 20

Maximum charge current (A) 167

Cann,tot ( 20)

C = >
kQ, e ¥4 + Qke(1 - e7F4") et CRE(i, R,y

PBatt,C max,kbm — 1— e—kAt T C(kAt 1+ e—kAt) > (16)
p _ (1 - eﬂx"m) (Qunax— Q) (17) where C,, . is the yearly cost ($/year), i is the interest rate
BateC maxmer At ’ (%), Tp is the project lifetime (year), and CREF is the capital
No I .V recovery factor, which is determined by the equation as
PBattC max,mec M’ (18)
’ ’ 1000
: an
where k is the constant of storage rate (h™"), Q, is the avail- CRF(i, n) = M (21)

able energy remaining at the first time step (kWh), At is time (1+i)" -1
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TaBLE 5: Financial input parameters of considered HES.
Equipment Initial expense ($/kW) Replacement expense ($/kW) Lifetime (year) Ref.
PV system 650 650 30 [44]
Wind turbine 1,450 1,450 20 [45]
Hydrokinetic turbine 1,300 870 15 [24]
Generator 350 350 15,000 hrs [46]
Battery 200/kWh 180/kWh 15 [47]
Converter 300 300 15 [19]
TABLE 6: Results of optimization analysis of the HES in each island.
Parameter Unit Larak Island Failaka Island Lavan Island
CC LF CC LF CC LF
DG Size (kW) 150 150 150 150 150 150
Fuel use (L/year) 90,661 18,223 39,544 6,745 81,037 19,159
PV system Capacity (kW) 443 668 568 1,056 349 594
Size (kWh) 350 1,249 1,145 1,424 316 918
Battery
Component Aut?nomy (hr) 2.80 9.88 9.06 11.3 2.5 7.26
Converter Size (kW) 280 274 306 323 287 300
HKT Quantity (no.) 2 2 2 2 2 2
Activity (h/year) 2,928 2,928 4,392 4,392 4,392 4,392
WT Quantity (no.) 1 1 1 1 1 1
Activity (h/year) 6,559 6,559 6,160 6,160 6,504 6,504
RF (%) 63.9 93.6 84.2 97.7 67.8 93.6
Excess electricity MWh/yr 205.8 3313 253.3 979 67.8 93.6
Generation Capacity shortage kWh/yr 878 701 445 866 855 853
Total energy generation MWh/yr 1,148 1,285 1,208 1,932 1.089 1,280
Unmet load kWh/yr 136 31.2 7.8 242 7.52 13.9
Here, n is the project lifetime (year) and i is the yearly Cann.tot
interest rate, which is measured by [52] COE= m' (24)

(22)

where 7° if is the annual inflation rate (%).

(i) Operating cost (OC): this cost determines by sub-
tracting the total yearly cost from the capital invest-
ment, specified by the following equation [55]:

0oC=C Cann,capital' (23)

ann,tot

(ii) Energy cost (COE): the critical metrics for compar-
ing the hybrid system’s economic parameters. The
COE is calculated by dividing the average cost of a
HES by the total served electricity (kWh), which
would be calculated using the following [56]:

Here, L, 100q 1S the electricity use per year (kWh/year)
and C,,, . is the total annual cost ($/year).

3. Results and Discussion

This section summarizes the financial, technical, and envi-
ronmental findings of the optimum sizes. The outputs of
the sensitivity analysis will be followed by a more detailed
explanation of the optimum simulated systems in each
island. Afterward, the comparison of the present work’s
optimal case, its winning dispatch strategy, and outputs is
carried out with the relevant literature.

3.1. Optimal Decision-Making in Each Area. Several techni-
cally and economically feasible renewable solutions on each
island in LF and CC methods were identified, each including
unique features. A feasible HES can generate sufficient elec-
tricity and satisfy annual load requirements at the same
time. The infeasible cases which are not able to satisfy the
user-specified parameters will be removed for the pom the
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FIGURE 7: Financial parameters of the optimal solutions in the CC and LF strategies.

potential options. The remaining feasible systems are catego-
rized based on the NPC. Table 6 presents the optimal system
sizes of the considered islands in CC and LF strategies. Despite
utilizing two hydroturbines in all feasible options, Larak Island
has the lowest operation hour, meaning that other compo-
nents, especially PV panels, are more active in Larak.

The LF-based system in Failaka has higher autonomy
hours, more PV arrays, and lower diesel use. The CC-
controlled options use higher fuel than LF-controlled
solutions and are anticipated to have a lower fraction of
renewable output. In more detail, the difference between
the renewable fraction of CC- and LF-based solutions ranges
from 12.8% to 29%. Furthermore, the PV panel in LF-

controlled HES of Failaka is the best option for generating
yearly electricity, which is 1931.9 MWh/year. Because of
the relatively similar wind intensity on the islands and the
higher initial expenses of wind turbines in the Middle East,
all the optimum options use only one wind turbine.

3.1.1. Cost Breakdown and ROI. Figure 7 demonstrates the
cost breakdown of the optimal hybrid cases. The CC-
controlled DG/PV/WT/HKT energy system in Lavan Island
is the winning design based on the objective of the lowest
NPC and COE. This system’s NPC, COE, and fuel costs
are $1.02M and $0.089/kWh, respectively. The greatest
NPC and COE were observed with the LF-controlled case
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Ficure 9: Effects of dispatch strategy and location on the value of energy input/output of the battery.

in Failaka Island, at $1.67 M and $0.146/kWh, respectively.
The lowest NPC and COE in Failaka Island occurring under
CC are, respectively, $0.5M and $0.06/kWh higher than
Larak Island, as well as $0.3 M and $0.05/kWh higher than
Lavan Island. Fuel expenditure on the CC-controlled system
is about four times higher than that of the LF-controlled. In
fact, the CC dispatch strategy tends to use the diesel genera-
tor’s highest capacity to satisty the required load. It then
results in lower utilization of renewables and higher opera-
tion hour of the generator, compared to the LF strategy.
Note that among considered areas, the fuel cost in Failaka
Island is more than other islands, which can be due to
greater fuel prices in Kuwait ($0.381/L) than that in Iran
($0.122/L). The LF-controlled system in Failaka Island has
the highest and lowest O&M cost and capital cost, respec-
tively. Equipment replacement in Larak Island on average
is more expensive compared to other systems.

The annual savings related to capital expenditure are
referred to as the return on investment (ROI). The negative
ROI of the project implies that we cannot earn sufficient

money back to recover the initial expenditures. When the
ROI value is positive, the investor can make a profit on the
funds invested. Figure 8 depicts the ROI under each dispatch
strategy in the selected areas compared to the winning case,
which is the CC-based system in Lavan Island. All optimal
solutions under CC and LF demonstrate negative ROI values.
This can be primarily as a result of the high initial expenditure
at the year zero of the project. Failaka cases (LF- and CC-
based) show the lowest profitability than the reference case.

3.1.2. Generator and Battery Status. The total energy that
cycles through the batteries for a year is expressed as battery
throughput (kWh). The average energy (kWh) between
energy in and out is used to estimate battery throughput.
Battery throughput can provide information about the
battery’s operational lifetime; annual throughput and battery
lifetime have an inverse correlation. Figure 9 depicts the
battery input/output energies under CC and LF controllers.
Here, the total energy charged to the store (energy in) is
more than the amount of energy released from the storage
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TaBLE 7: The annual performance of generator and battery under CC and LF dispatch strategies.
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(energy out). CC strategy takes priority to keeping higher
SOC and gets charged at the full DG capacity, resulting in
higher energy levels than the LF controller. The CC-based
battery in Lavan Island and LF-based battery in Larak Island
are expected to operate better over a longer and shorter life-
time, respectively. It should be concluded that the LF-
controlled battery would need more replacement times than
the of CC-controlled.

Table 7 shows the yearly performance of DG and battery
performance under various dispatch strategies. Because of
the pattern of the LF method, the principal aim of the DG
is to satisfy a portion of the required load; the capacity of
the HES is influenced by the need of the battery units, defer-
rable load, and remaining portions of the primary load.
While the CC controller operates a generator to satisfy its
maximum power regardless of how much load requirement
is. Therefore, a CC-controlled generator is utilized higher
than that of LF-controlled during a year. Because diesel pro-
vides power during peak hours, produced electricity is more
economical; therefore, more generator operating hours are
used in the optimal system. The electricity of LF-controlled
batteries is met by renewables, while CC-controlled batteries
depend on the DG’s excess electricity. In this case, the
average SOC of the LF-controlled battery is 14.5% higher
compared to the CC-controlled battery.

3.1.3. Emission Gases Measurement. It is critical to measure
the harmful gaseous pollutants emitted by diesel use that
negatively impact the environment and human health. These
dangerous gas emissions consist of NO,, SO,, PM, UHC,
CO, and CO,. Figure 10 compares the yearly emissions of
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FiGure 10: Emissions rates of the optimum solutions in LF and CC
strategies.

the CC- and LF-controlled winning options on each island.
As expected, the results indicate that CC-controlled options
have greater gas emissions than that LF-controlled due to
the higher generator use. The CC- and LF-controlled
systems in Failaka Island see environmentally friendlier elec-
tricity generation by 57% and 54% less emissions than Larak
and Lavan, respectively.

3.2. Sensitivity Evaluation. The sensitivity analysis of the opti-
mum cases is discussed in this part, which determines whether
dispatch techniques (LF and CC) are affected during input
data fluctuation. It allows users to predict and generalize
how the energy option is more likely to change in different
environmental, financial, and technical conditions.
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FIGURE 12: Impacts of SOC_;, on (a) fuel use and (b) renewable fraction of the optimal solutions.

3.2.1. Effects of SOC,,, on Technical and Financial
Parameters. The effects of the minimum state of battery
charge (SOC,_,;,) on associated expenses and fuel usage are
discussed. SOC,;,, is expressed as a level of charge under
which the storage capacity cannot be discharged—changing
SOC,,;, influences NPC and COE of optimal systems, as
shown in Figures 11(a) and 11(b). Since LF controller needs
greater energy from renewables, they demand more power
from the battery, resulting in larger battery units and greater
present cost compared with CC controllers. Once the LF-
controlled battery has higher SOC,;, (less capacity), the
system would have to utilize more DG operation, raising

the system investment. Here, the COE increases from
$0.001/kWh to $0.004/kWh in CC and from $0.004/kWh
to $0.01/kWh in LF strategy for every 5% rise in SOC ;..
The electricity generated by renewables is proportional
to renewable resources; thus, fluctuation in renewable condi-
tions affects finances and technical performance.
Figures 12(a) and 12(b) demonstrate the impacts of the
SOC,,;, on fuel use and the renewable penetration of each
optimal solution. An increase in SOC,;,, in LF and CC strat-
egies grows dependence on the generator in meeting the load
resulting in a rise in fuel consumption. More DG operation
hour lowers the renewable fraction of HES under both
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controlling strategies. The highest and lowest rise in fuel use
is in the CC-controlled case in Failaka Island (~2.5 m3/yr)
and the LF-controlled case in Lavan Island (~0.005m>/yr),
respectively. Because the CC strategy firstly satisfies the
required load with the full generator capacity and excess
energy is drawn into the battery, variation of SOC_;, highly
impacts CC-based systems.

3.2.2. Effects of Project Lifetime on Technical and Financial
Indicators. Figure 13 displays the impacts of the project life-
time on the values of ROI in target islands. The longer the
project lifetime, the higher cost-effectiveness the project
witnesses. All cases in 25 years of the project lifetime obtain
the ROI lowest than -1% ROL LF-controlled systems have

more negative ROI values than that of CC-controlled. This
trend shows that the longer lifetime of the hybrid renewable
options would give higher cost-effectiveness for returning
the project’s initial expenses.

Figures 14(a) and 14(b) demonstrate the impact of pro-
ject lifetime on the renewable fraction energy cost of the
optimum solutions under CC and LF controlling methods.
As the project duration grows in all islands, the COE
decreases, and the renewable fraction of the final electricity
generated rises. Over the lifetime increment, the rise in the
renewable fraction values of LF-controlled systems is slightly
lower than that of CC-controlled. The highest reduction of
COE occurs for the LF-based system of Lavan Island by
23% and 28% under CC and LF dispatch strategies.
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FiGure 16: Effects of project lifetime on the share of salvage value in NPC for (a) CC- and (b) LF-controlled HES.

3.3. Salvage Value Evaluation. Figure 15 demonstrates the
comparison of the salvage fraction in the total net present
and its cost value under various dispatch strategies. None
of the values for salvage fraction over NPC can exceed
10%. Further, the portion of the salvage fraction in the CC
method is lower, shifting from 6% to 7% of the NPC. The
use of the LF strategy, due to a higher number of solar panels
in its optimal solution, results in a higher proportion of the
salvage (between 6% and 8%). The highest and lowest
salvage cost is pertinent to the CC-based option in Larak
(~$67k) and the LF-based option in Failaka Island
(~$127k), respectively.

Figures 16(a) and 16(b) illustrate the impacts of the
project lifetime on the salvage share in the NPC in the CC
and LF method, respectively. The disparity in the size of
the bubbles shows that once the project lifetime increases
under both controlling methods, the NPC rises. The ratio
of the salvage to the sum of the present cost and salvage,
on the other hand, would drop as the project lifetime
increases. This diagram reveals that the portion of salvage
in the short-term is higher than that of the long-term pro-

ject, demonstrating higher profitability of the long-term con-
sideration of project. The cause for this trend is that the
remaining lifetime of the components in a short-term pro-
ject is significant; hence, the volatility of the selling prices
would significantly impact the outcomes.

4. Conclusion

The principal goal of this article is to determine technically
viable and economically viable hybrid energy options for a
standalone electrification plan of 200 rural households in
three remote islands of Persian Gulf. The main part of the
investigation focused on comparing the impacts of CC and
LF strategies, project lifetime, renewable resources, and
SOC,,,;,- The integration of the CC-controlled energy solu-
tion in Lavan Island revealed the lowest NPC and was called
a winning solution. However, it did not demonstrate the
positive environmental-friendly outcomes that other areas
in terms of emitting CO, emissions. This winning configura-
tion embodies a 150 kW DG, 349 kW PV panels, 2 hydrotur-
bines, 1 wind turbine, 316 kWh battery, and 323 kW system
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converter. The winning case minimizes net present cost by
9% and 39% than CC-controlled options of Larak and Fail-
aka Island, respectively. Every 5% growth of SOC,; raises
COE from $0.001/kWh to $0.004/kWh in CC and from
$0.004/kWh to $0.01/kWh in the LF method. The highest
and lowest growth in fuel use because of SOC,;, is seen in
the CC-controlled solution in Failaka Island (~2.5 m3/yr)
and the LF-based system in Lavan Island (~0.005m>/yr),
respectively. The ROI comparison of the winning case with
other systems indicated that all optimal solutions obtain
negative ROI values. Failaka cases (LF and CC-based) reveal
the lowest cost-effectiveness than the reference case. As the
project duration goes up, the COE decreases, however, the
fraction of the renewable energy output rises. The rise in
the renewable fraction values of LF-controlled systems is
slightly lower than that of CC-controlled. The highest reduc-
tion of COE occurs for the LF-based system of Lavan Island
by 23% and 28% under CC and LF dispatch strategies.
Hybrid energy systems are recommended to be imple-
mented under a longer project lifetime (>20 years) to
achieve more profitable results. Researchers with relevant
studies are encouraged to evaluate the influence of salvage
value on hybrid energy system optimization in order for
more precise findings to obtain.

For future research, the impact of adopting other con-
trolling techniques on HES with multiple fuel generators
can be explored.

Data Availability

No supporting data is available.

Additional Points

Highlights. (i) Optimal sizing of off-grid PV/WT/HKT/DG
system is conducted for remote islands. (ii) Performance anal-
ysis of CC and LF-controlled renewable systems is performed.
(iil) CC-based systems are superior to of LF-based in minimiz-
ing present cost. (iv) LF-based designs produce lower emissions
than of CC mode. (v) Higher project lifetime demonstrates
higher profitability in two controlling strategies.
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