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The increase in population, natural disasters, the growth of energy-intensive industries and power plant aging are
among the most significant threats to energy security in Iran. A geographic feasibility assessment, along with
technical and economic optimization, was conducted in this study to supply electricity to a population of 50,000
residents on the Makran coasts. Simultaneously, the excess electricity has been used to meet the energy
requirements of a seawater desalination plant in this high-water scarcity area. To determine suitable locations
based on available infrastructure, the Geographic Information System (GIS) was employed. Ultimately, the
methods for primary power supply were identified using a HOMER-MATLAB based multi-criteria decision-
making approach. The results indicate that the certain parts of Jask, Konarak, Chabahar, and Beris regions, have
the capability to host hybrid renewable plants. Additionally, with less than 19 MW of renewable power connected
to the national grid, the reliability of the power supply has increased by over 99%o. The final excess electricity has
been reduced to less than 6%, annual CO2 emissions have decreased by more than 30%, dependence on power
transmission lines has decreased by over 40%, and energy costs are expected to decrease to less than $0.05/kWh.
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development of fossil fuel power plants and the aging of transmission
lines. This challenge can lead to growing annual power outages,
especially during peak periods (summer months) [4], and may limit
the development of cities in tropical regions due to energy and water

1. Introduction

In Iran, most power plants are situated in the central regions of
the country [1], contributing to a reduction in energy security in
peripheral and coastal areas. The extensive transmission lines are
highly susceptible to human and natural hazards, as well as wear and
tear, resulting in higher maintenance costs. In some areas,
transmission losses may exceed 12% [2]. Essential facilities such as
hospitals and security centers rely on backup fossil fuel generators
and battery banks during power outages. However, using this
equipment for residential purposes is costly and requires widespread
access to fuel. According to a NATO report [3] that emphasizes the
importance of utilizing renewable resources, these sources
contribute to localizing energy production, reducing the need for
long-distance energy transmission lines, and diversifying energy
supply sources, ultimately enhancing energy security. Iran faces the
challenge of managing rapid consumption growth compared to the

scarcity. Therefore, the economically viable use of renewable
resources presents a strategic option to enhance energy security in the
national power grid, particularly in developing regions and newly
established cities. As of the end of July 2023, the installed capacity of
renewable energy power plants in Iran amounts to 1050 megawatts.
Among these, 360 MW are associated with wind power plants, more
than 560 MW with solar power plants, and the remaining capacity is
allocated to small hydropower plants (100 MW), biomass (15 MW),
and other sources (10 MW) [5]. The three southern provinces of Iran,
including the coasts of Makran in the vicinity of the Oman Sea,
constitute less than 8% of the total renewable energy production,
despite experiencing the high levels of energy and water tension in this
region. Globally, the average capacity of power plants supplied by
renewable energies is 30%. However, in Iran, the contribution of
renewables is notably lower, constituting less than two percent of the
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country's total power plant capacity [6].

Limited studies have been undertaken to assess the geographical
potential of utilizing renewable resources on the southern coasts of
Iran. Ghasemi et al. [7] conducted a study to evaluate the feasibility
of constructing a solar power plant, considering natural, economic,
and infrastructural constraints in Sistan and Baluchestan province.
Despite being identified as capable of accommodating photovoltaic
power plants over more than 50% of the province's area, only 14%
is deemed ideal in terms of both infrastructure and natural
conditions. Razeghi et al. [8], through GIS-based simulation,
demonstrated that the coastal cities of Jask and Sirik have the
potential to harness solar energy for power supply to reverse
osmosis power plants. Hooshangi et al. [9] showed that, among the
coastal cities near the Oman Sea in Iran, Jask and Chabahar regions
have a greater potential for affordable power supply plants.
Although most areas in Iran benefit from desirable solar radiation
due to their proximity to the equator, specialized GIS analysis is
required to accurately assess wind speed. Asadi et al. [10], through
countrywide GIS analysis, determined that approximately 2% of the
country's total area possesses favorable potential for harnessing
wind power. Among these areas, Sistan and Baluchestan, as well as
Khorasan provinces, were identified as having the highest number
of optimal sites for establishing wind turbine power plants. Their
mapping also evaluated some locations along the southern coasts of
the country, recognizing the need for specialized regional
assessments to precisely identify these areas. Dehkordi et al. [11]
suggested that for regions where wind speed potential is not suitable
throughout the year, a combination of wind, solar, and even local
biomass energy can lead to more consistent energy production,
overcoming energy challenges. Eastern sections of the southern
coasts of Iran, such as Bandar Abbas, Jask, and Sirik, cannot rely on
wind as a permanent and reliable source to meet the needs of coastal
residents. Therefore, the integration of renewable resources in these
areas can provide a more reliable and accessible supply of renewable
energy.

The main renewable resources in the southern coast of Iran are
not limited to solar and wind potentials. Studies on harnessing
energy from sea waves in Iran have primarily focused on estimating
available wave power, with limited emphasis on the technical and
economic performance assessments of wave energy converter
(WEC) devices. This lack of emphasis is attributed to the
underdeveloped nature of WEC technologies for constructing such
devices in Western Asia [12]. Jahangir et al. [13] estimated the
average power potential extractable from each square meter of the
Caspian Sea to be between 1.5 and 3 kWh/m?2. Kamranzad et al. [14]
calculated this value for the Persian Gulf to be between 1 and 3
kWh/m2, Finally, Rashid et al. [15] estimated this value to be over
2 kWh/m? on the coasts of Iran adjacent to the Oman Sea.
Considering that global commercial devices are generally developed
for waters with an average exceeding 6 kWh/m (commonly
observed in oceans) [16], it can be inferred that WEC technologies
may not be highly efficient on the southern coasts of Iran. Nasrollahi
et al. [17] conducted an analysis of 28 commercially available
WECs with the aim of identifying the most optimal device based on
indicators of sustainable development for Iran. The criteria for
selecting the superior device were grounded in strategic, technical,
technological, economic, and environmental factors. Their multi-
criteria decision-making process showed that the Pelamis device is
a promising option for harnessing energy from local waves. Among
other devices, Wave Roller, Anaconda Converter, AquaBuOY, and
Oyster were also considered as potential optimal solutions, although
comprehensive technical and economic analyses for these devices
are yet to be conducted.

As can be seen, the majority of previous studies have focused
on simple geographical feasibility studies of renewable plants,
neglecting the techno-economic justifications for the southern coast

of Iran. This is particularly notable in the case of the Makran region,
which has not received specialized attention in previous studies due to
the newly codified plan for the development of this area. But the
effective application of hybrid renewable energy systems (HRESS) in
other regions of Iran has been proved by international studies. Asrari
et al. [18] conducted a study on the economic and environmental
benefits of hybridizing solar and wind resources in conjunction with
the national electricity grid in the city of Mashhad. They demonstrated
that, in the long term, the high initial investment cost could be offset
by the reduced cost of energy and decreased CO2 emissions from the
hybrid system. Furthermore, Ref. [19] showed that, considering
subsidized electricity tariffs in Iran, the affordability of stand-alone
renewable systems can be much lower compared to grid-connected
hybrid systems. Jahangiri et al. [20] investigated the utilization of grid-
connected systems, comprising solar panels and battery banks, for
residential applications in all climatic regions of the country,
excluding grid subsidies. The results indicated that, despite the warm
and tropical climates of the southern coastal cities of Iran, these areas
possess the highest economic potential. This is attributed to their high
solar radiation potential, resulting in energy costs of less than 0.161
$/kWh. Additionally, Kasaeian et al. [21], through a comprehensive
sensitivity analysis, calculated the energy costs of grid-connected
renewable energy systems in Iran to range between $0.09 and $0.235
per kWh. This calculation was based on potential variations in
economic conditions and renewable potential. In coastal areas of the
southern part of the country, Jahangiri et al. [22] demonstrated that
hybrid grid-connected systems, incorporating solar panels and wave
energy conversion systems, can provide energy to the coastal line of
the Persian Gulf with maximum reliability and energy costs of less
than 0.15 $/kWh.

The higher contribution of renewable energy in the power supply
process can lead to increased energy security by minimizing grid
dependency and localizing power generation. However, due to the
intermittent nature of renewable energies, this may result in a surplus
of power [23]. Excess electricity can be injected into the grid for
consumption in other applications [24]. In mini-microgrids, it can
improve self-utilization of power and minimize potential losses.
Vaziri Rad et al. [25], in their review of prevalent methods to manage
the challenge of excess electricity in highly renewable energy systems,
concluded that applying secondary loads with deferrable nature, such
as water desalination units, irrigation systems, and electrolyzers, is
highly effective. This approach not only reduces excess electricity
levels but also derives additional benefits from the renewable power
surplus. In coastal areas, desalination units based on electrical energy,
such as reverse osmosis plants, can be prioritized for this purpose.
Islam et al. [26] demonstrated that, by applying reverse osmosis plant
along with renewable systems, the maximum surplus power will be
close to 7% of the served demand. Additionally, references [27] and
[28] indicated a range of 3.8% to 9.3% excess electricity levels and
energy costs ranging from $0.105 to $0.238 per kWh in optimum
scenarios using this approach.

According to the literature, countercurrent analysis of the
optimum geographical location for implementing hybrid systems and
techno-economic assessments of potential HRESs are not considered
in the national development program. Furthermore, previous studies
have not utilized surplus renewable power to address water scarcity
while meeting large-scale residential demands. Due to the Iranian
government's program for the development of residential areas and
new cities in the southern coastal regions, this study analyzes the
potential of applying a hybrid system comprising photovoltaic panels,
wind turbines, and wave energy converters to enhance grid reliability
in the Makran region. To this end, the study first identifies potential
near coast locations for solar and wind power plants using
geographical information system (GIS) tools. Subsequently, the
average available renewable resources in these areas are input into the
HOMER software for the techno-economic analysis of HRESs. The
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optimal power supply solutions are then prioritized using Multiple-
Criteria Decision-Making (MCDM) methods implemented in
MATLAB software. Finally, a sensitivity analysis has been
conducted on the optimum scenario to assess the resilience of the
power supply solution.

2. Methodology

In Sections 2.1 to 2.4, the optimization process, load and
resource data, method and inputs for GIS assessment, as well as the
formulation of decision-making objectives, the AHP method, and
the TOPSIS process, are presented respectively. The data related to
prevalent residential power consumption components and their rated
capacities were obtained through field research. The 15-year
average data (2005 to 2020) on solar and wind potential were
downloaded from NASA's meteorological database and cross-
checked with 2022 data from the Iranian Meteorological
Organization. For the economic input data, the names and prices of
common equipment in Iran were first estimated from companies
active in this field. Then, scientific articles related to energy system
construction in Iran, with prices closest to the estimated values, were
selected as references.

2.1. Hybrid System Modeling

Figure 1 illustrates the working principle of the optimization
process in this study. Initially, optimal site locations in the Makran
area were identified through GIS assessment, considering
topological, environmental, technical, and constraint data layers. If
the consistency ratio of the weighted layers determined by the AHP
method was less than 0.1, the average wind speed and solar radiation
of the ideal sites were input into the HOMER software. The
HOMER optimizer determined the best combination of renewables
to address potential blackouts, thereby enhancing power supply
reliability and energy security. In each time step (on an hourly
basis), the output power of selected sizes of renewable components
was determined based on the available potential of renewable
resources. If the generated power by the renewable component
(Pren) exceeds the remaining load (PLoad), the load is supplied, and
the state of charge (SOC) of the battery bank and the storage tank
level (DF) for the deferrable load (desalination unit) are determined.
Available excess electricity from renewable resources is sent to the
battery bank and then used to enable the desalination plant pumps,
thereby improving the self-consumption of the generated energy. If
there is still surplus power, it will be either injected into the local
grid for use in other possible applications or dumped.

On the other hand, if the generated power by the renewables is
less than the remaining demand to be supplied by non-grid
resources, the battery bank State of Charge (SOC) is checked. When
the battery bank is empty, the system considers a loss of power
supply (LPSP) up to the allowable level in each time step. In this
study, the maximum capacity shortage is considered to be 2% for
residential applications. If the renewable power can meet the
remaining load subtracted from the capacity shortage (Prpsp), then
the load is supplied, and the cumulative LPSP from previous time
steps is calculated. In cases where cumulative LPSP exceeds the
maximum allowable LPSP, or when the renewables still cannot
supply the remaining load, the scenario is considered unfeasible. If
there is any charge content in the battery bank, it is first discharged,
and then the mentioned process is repeated. The renewable
configurations that can supply power for all 8760 hours of the year
are considered feasible scenarios, and output objectives such as the
Cost of Energy (COE) and Renewable Fraction (RF) are calculated
for them. Finally, the determined values are imported into the
MATLAB-based MCDM process to classify the optimal scenarios
based on the TOPSIS optimality factor for the Makran region.
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Fig. 1. The brief working principle of the hybrid system dispatch
strategy during the optimization process

2.2. Electrical Load and Renewable Resources

Table 1 illustrates the maximum average daily power consumption
of a household in the Makran region. Accordingly, each household
consumes a maximum of 20 kWh/day of electrical power. The
objective of this study is to supply a medium-sized city with 50,000
residents, equivalent to approximately 10,000 households. Therefore,
the maximum electrical demand will be approximately 200 MWh/day.
To calculate the monthly load peak, the HOMER load estimator is
utilized. The software takes into account the warm and humid climate
conditions, the residential consumer type, maximum consumption of
each unit, the number of units, and geographical coordinates.
Additionally, a maximum daily error of 2% and a maximum hourly
error of 2% in the estimated values have been assumed to enhance the
flexibility of the simulation results, considering possible changes in
the primary load. The estimate monthly peak with the maximum value
(26.7 MW) at July can be observed in Fig. 2.

In warm climates, the maximum daily fresh water requirement per
resident is reported to be approximately 0.03 m3/day, as indicated in
Ref. [29]. According to Refs. [30], [31], and [32] a reverse osmosis
(RO) plant typically requires an average energy consumption of 2.5-4
kWh/m? to desalinate seawater. For the purposes of this study, the
upper value of 4 kWh/m?3 is chosen. Due to uncertainties in the location
of the desalination plant, the energy required for pumping seawater to
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the plant pond is disregarded. Consequently, to meet the fresh water
needs of 50,000 residents through the RO plant, a total energy
consumption of 6000 kWh/day is estimated. The peak power
demand, equivalent to the power consumption of the water transfer
pump from the pond to the device (25%), the pump facilitating water
passage through the membrane (60%), and the pump for transferring
water to storage reservoirs (15%), is calculated to be up to 300 kW.
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Fig. 2. Monthly power consumption for targeted households

Table 1. Maximum power consumption for a typical residential
unit in the Makran region (based on field research)

. . Rated Ener
Device O(pHegﬁtrlSc;n ?B?::'St)y Power Consum%){ion
(W) (kWh/d)
Food

Refrigerator 24 ! 200 48
TV set 12 1 100 1.2
Indoor Lighting 12 5 20 1.2
Air Conditioner 10 1 400 4.0
Mini Fan 12 1 60 0.7
Electrical Heater 3 1 1200 3.6
Charger 15 2 100 0.3

Other 1 1 2000 2
Average energy demand per household 20.0

Figures 3 to 5 depict the climatic and renewable resources
potential in the study area. Solar radiation consistently exceeds 4
kWh/m? throughout the year, peaking at over 7 kWh/m? during the
summer months. Additionally, the average sky clearness index
surpasses 60%, creating an ideal condition for harnessing solar
energy. The average wind speed varies between 3.5 and 6.1 m/s,
emphasizing the need for a thorough site location analysis for the
establishment of wind turbine plants. Moreover, the frequency of
dusty days increases during the summer months, posing a challenge
for the operation and maintenance of renewable systems. In contrast,
during other seasons, it remains within an acceptable range, with
fewer than 5 days. The 24-hour average ambient temperature ranges
from 31-35°C in the summer and 19-21°C in the winter, indicating
the warm climate of the Makran area. This underscores the
importance of considering the negative effects of high temperatures
on PV power output. Furthermore, the ambient air humidity remains
within the range of 60-80% throughout the year.

Finally, Fig. 6 illustrates the significant wave height in regions
within 50 km of the coastlines of Makran in the Oman Sea.
Throughout most periods of the year, the average wave height
remains consistently below 2 m, with minimum values occurring
during the summer season. Furthermore, according to information

provided by the Ports & Maritime Organization of Iran [33], these
areas experience a wave period of less than 6 seconds, which improves
in higher distances from the coastline and in areas closer to the Indian
Ocean.
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Fig. 3. Monthly averages of solar radiation and sky clearness index
in Makran region [34]
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Fig. 6. Annual significant wave height in the Oman Sea in areas
within 50 km of the coastline [33]

2.3. Geographical Information System Assessment

The Analytic Hierarchy Process (AHP), devised by Thomas L.
Saati [35], is a applied to weight the applied layers in the GIS
software. It involves breaking down a problem into main goals,
criteria, sub-criteria, and alternatives to ascertain the relative
significance of each for achieving the primary objective. In this
study the methodology of this process including the fundamental
scale and random index selection and also the applied formulation
(as follows) applied based on the study of Dehghan et al. [36]:

1 a, - an,
A= b am @
Ap1 Apy o 1

: 2

aij; = —

J a;
det(A—11) =0 3)
(A= )XW =0 4
Ccl = w (5)

n-—1

Ccl
R =— 6
CR =+ (6)

7 4
LDI, = Z W, x; ﬂ ECy 0
=1 k

LDI = 0 — Constraint area
1< LDI <3 - Notdesirable
Optimality={ 3 < LDI <5 — Less desirable (8)
5<LDI <7 - Desirable
7 < LDI <9 — Most desirable

In the first step, a decision-making hierarchy tree must be
created with the main goal at the top (wind and solar site selection)
and the necessary criteria, including environmental, technical, and
topographical, which must be derived from the constraint map.
Criteria can be further divided into sub-criteria, as shown in Table
2. In the second step, the importance of sub-criteria has been
evaluated using a pairwise comparison. Experts use a nine-point
scale based on the fundamental scale of Saaty to prioritize the
importance of layers. Equation (1) illustrates a sample matrix for
pairwise comparison, where 'n' is the number of criteria, and 'aij'
represents the relative importance of criteria compared to 'j'. In the
third step, Equation (3) is applied to set the determinant of the matrix
(A-TA) to zero and calculate A. Subsequently, the highest A (Amax) iS
placed into Equation (4) to obtain the weight of each sub-criterion.
In the fourth step, the Consistency Index (Cl) has been computed
based on Amax and the number of sub-criteria (Equation (5)). Then,
the consistency ratio (Equation (6)) has been determined using CI
and the Random Index (RI). It should be noted that the random index

has been selected based on Saaty's table corresponding to the number
of weighted criteria, approximately 1.11 in this case. If CR < 0.1, the
matrix is consistent, and the weights are reasonable for entry into GIS
software. If CR > 0.1, a pairwise comparison must be repeated until
CRis below 0.1. In the last step, the final value of each pixel (0.3 km
x 0.3 km) on the map has been calculated using equations (7) and (8).
Where LDI is the land desirability index, Wj is the assigned weight to
criteria j, and xij is the standard value of i under the reclassification of
criteria j. Furthermore, ECik assigns an optimality weight of zero to
areas with constraints for developing renewable power plants,
ensuring they are not considered in the optimization process. Finally,
a ClI of less than 0.05 and a CR of less than 0.1 have been achieved
with the weights provided in Table 2. These weights are then imported
into GIS software for optimal site selection.

Table 2. Criteria and sub-criteria of weighted and constraint layers
applied in the GIS assessment

o . AHP
Criteria Sub-criteria weight
L Average wind speed [37]
Climatic . 55%
Average solar radiation [9]
High load demand areas and their 12%
transmission lines [38]
- - 0
Technical Main transportation roads [39] 15%
Areas with legal prohibitions
(non-issuance of permits for 0
installation)
. Protected areas 0
Environmental ) -
Main permanent rivers [39] 8%
. Faults and Elevations [40] 0
Topological
Ground surface slop [41] 10%
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Fig. 7. Solar radiation map of the Iran (applied in the GIS
assessment) [42]
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In Table 2, criteria with a zero value represent constraint layers
that exclude certain areas from potential renewable installation sites.
Additionally, other weighted areas contribute to the estimation of
the land desirability index, indicating the overall suitability of each
area in the Makran region. Wind and solar site selection has been
conducted separately to account for the possibility of incorporating
a battery bank, allowing for the operation of a hybrid power plant.
Table 3 presents the categorical classification of geographic layers
used in the GIS process.

Table 3. Classification of geographic layers based on range of
desirability

Wind Solar Distance | Distance | Ground | Distance
Value | Speed | Radiation | from the | fromthe | Surface | from the
Rivers Roads Slope load
centers
Unit m/s Wim2 km km % km
0 <7 <35 0-1 0-0.5 > 10 0-2
1 7-9 3.5-4 > 16 16-20 9-10 > 45
2 9-11 4-4.5 14-16 14-16 8-9 40-45
3 11-13 45-5 12-14 12-14 7-8 35-40
4 13-15 5-5.5 10-12 10-12 6-7 30-35
5 15-17 5.5-6 8-10 8-10 5-6 25-30
6 17-19 6-6.5 6-8 6-8 4-5 20-25
7 19-21 6.5-7 4-6 4-6 3-4 15-20
8 21-23 7-7.5 2-4 2-4 2-3 10-15
9 > 23 >75 1-2 0.5-2 <2 2-10

icted areas for the i

Distance from the main
rivers of the region

of renewable energy power plants

Distance (meter)
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Fig. 8. Applied reclassified maps of the Makran region in the
GIS assessment

Figure 7 shows the solar radiation atlas of Iran. As can be seen, all
of the Makran region along the southern coasts has solar radiation
higher than 5.6 kWh/mz2. Therefore, all of the regions are desirable for
solar availability. However, according to Fig. 8, other layers
demonstrate significant changes in optimality in different locations of
the Makran region. Therefore, the GIS assessment classifies the
regions based on their optimality in achieving a higher desirability
factor according to the weights and restrictions.

2.4, Main Equations

In this section, the main power output equations applied in the
HOMER software [43] and the MCDM process in MATLAB software
[44] are described. The PV power output calculate based on Egs. 9 to
11. where fpy is the percentage of derating factor, Ypy, is the rated kW
of installed modules, Gry¢qi, and Gy src are the the total KW/m? solar
radiation on the PV surface at real and standard conditions,
respectively. Also, u presents the negative effect of temperature on
output power (0.4 %/°C [45]), and T, is the PV cell temperature.
Accordingly, T, yocr and Ty yocr are the temperature of cell and
ambient at NOCT, respectively. 7, s7¢ shows the maximum power
point efficiency (%), « is the percentage of radiation absorptance by
the module, and 7 is the percentage of solar transmittance in the PV
glass cover.

Gr
Ppy = Yoy foy (K) [1+ u (T, —Tosr0)l ©

STC

#__a+bVyocr NOCT -20

_ o
Npv = Npy,sTc (1 + - (Ta — Tsre) + T bV 300 (10)

Npv,stc

—Npy,src)Gr | ¥

G [1 = onp.sre(d = i Tesrc)]
<Ta + (Tewocr — Tanocr) (GT,sTTc) ( pSTCaT = )) (11)

T, =

1+ (Tenocr = Tanocr) (GTG:TC) (“"7:';#)

The wind turbine power output can be calculated by Eq. 12 to Eq.
16. Where Py, is the real output power of wind turbine and Py 1 srp
denotes it at the standard test condition. This parameter can changes
based on the density of air (kg/m?) and wind speed (m/s) at different
heights (between anemometer and hub height). Furthermore, Eq. 12
shows applicable power generator from each wind turbine based on its
rated power (P,q4teq), CUt in and cut off wind speeds (V), and power
curve constants (a and b). The power curve for the Vestas V47, one of
the largest prevalent wind turbines in Iran, is depicted in Fig. 9 (a).

p
Pyr = (—) Pyr,srp (2
Po
by C/Z) @)
hub anem ln(anem/Z())
0 V< chtin
P _ a. V3 - b-Prated chtin sV < Vrated (14)
WT,STP Prated Viatea <V < Veutoss
0 V> chtof f
P
a= % (15)
74 rated — 4 cutin
pe — Vawn (16)

Vsrated - Vscutin

Equation 17 represents the maximum theoretical output power
achievable from wave energy converters (WECs) [12]. where, p
denotes the density of water, T is the wave period in seconds, H
represents the wave height, and Lmax is the maximum body length of
the wave energy converter (WEC) influenced by significant waves. It's
important to highlight that the actual output power of each WEC can
be determined using the device power matrix provided by the
manufacturer. The power matrix for the PELAMIS wave energy
converter, recognized as a potential and commercially available WEC,
is illustrated in Fig. 9 (b).
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Fig. 9. Power generation potential compared to the available
resources: a) Power curve of wind turbine and b) Power matrix of
wave energy converter
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Equations 18 to 27 outline the computation of decision-making
objectives (based on [46] and [47]). The renewable fraction can be
determined using Equation 18. Additionally, the annual CO:
emissions resulting from purchased power from the grid (Parig) and
the emission factor (Enc) of natural gas-based plants in Iran (660
g/kWh [48]) are calculated using Equation 19. The unmet load, or

the ratio of capacity shortage (Punmet) to the primary load, is
determined by Equation 20. Supplier diversity is calculated based on
the number of individual power sources (NORutiiized) relative to the
total available sources in the area (NORTotat). The excess electricity
level (EX) can be calculated as the ratio of unused power (Pexcess) t0
the total generated power. The cost of energy (COE) is determined by
Equations 23 to 26, considering the inflation rate (i), discount rate (f),
net present cost (NPC), and project lifetime (L). Finally, Equation 27
is applied to ascertain the initial cost of HRES based on the number
and capacity of applied power components [49]. Table Al in
Appendix A indicates all techno-economic input data of the HRESs.

As can be seen, the decision-making objectives can exhibit
different optimality in each feasible power supply scenario. Therefore,
the multicriteria decision-making process can help reach an optimal
solution from all criteria’s points of view. The initial decision matrix
(X) encompasses objectives, options, and a weight matrix (W) within
the multi-criteria decision-making (MCDM) framework. The weights
of objectives in this study have been determined by the AHP-based
subjective process involving the policy makers. The resulting weights
were about 19%, 18%, 14%, 8%, 16%, 14%, and 11% for the COE,
IC, RF, CO2, EX, UL, and SD decision-making criteria. A specific set
of parameters, outlined in Eq. 28, needs to be defined to initiate the
MCDM process using The Technique for Order of Preference by
Similarity to ldeal Solution (TOPSIS) method. Subsequently, the
normal matrix is defined as Eq. 29, and the k value is determined (Eq.
30) based on the number of involved parameters (m) in the decision-
making process. Following this, Eqs. 31 and 32 are employed to
determine the estimated entropy value for each criterion, forming the
final weight matrix. According to Egs. 33 and 34, a normalized
decision matrix is then formed, and the weights are multiplied in this
matrix. In the next step, the positive ideal solution and the negative
ideal solution need to be calculated based on Eq. 35. Subsequently, the
distance of each solution from the optimal solutions must be calculated
using Egs. 37 and 38. Finally, the numerical value of the performance
factor (indicating the degree of proximity of results to the optimal
solution) is calculated. A higher numerical value for the performance
factor (Cj) of a scenario signifies a higher efficiency for that scenario
[50].
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3. Results

In Section 3.1, the final GIS maps for optimal site selection have
been provided. The Makran region has been divided into three areas,
with the average solar and wind potential of their ideal sites
imported into the HOMER software for techno-economic
optimization. Section 3.2 presents the final optimization results
based on the energy cost objective and estimates the decision-
making variables in each feasible power supply scenario. Section
3.3 provides technical details on the renewable performance for
power supply in the Makran region. Section 4.3 reveals the results
of the multi-criteria decision-making process. Section 4.4 provides
a comprehensive sensitivity analysis on the optimization objective,
considering possible changes in input data. Finally, Section 4.5
provides more information regarding the legal requirements and
facilitating regulations for the construction of renewable power
plants.

3.1. GIS assessment output maps

Figure 10 illustrates the optimal sites for installing wind and
solar plants in the Makran region. The heavily colored areas indicate
high desirability for the construction of renewable energy power
plants, while the lightly colored points represent low desirability.
Based on this, specific areas in Sirik in Hormozgan province,
particular points in Jask, and certain regions of Konarak, Zarabad,
and Nikshahr in Sistan and Baluchestan province also have the
potential for installing wind power plants.

It is worth mentioning that the majority of these regions are
situated along the Makran coastal line. This location allows them to
optimally harness the potential wind flow due to the absence of high
elevations at sea level. Excluding the southern region of Sirik,
Konarak, and Zarabad, which, despite having suitable wind
potential, also experience moderate to good solar radiation. The
areas in Jask and significant parts of Chabahar simultaneously
benefit from high potential for installing both wind and solar power
plants. Additionally, numerous coastal areas in Sistan and
Baluchestan province also have the potential for utilizing
photovoltaic panels. The distribution of suitable locations on the
map highlights the potential for wind power plant development in
the Makran region, particularly in low-population areas with vast,
unused land. The results showed that more than 11% and 15% of the
Makran surface are desirable or most desirable for wind and solar
plant installation, respectively.

To account for the variation in renewable potential in these
optimal sites in the techno-economic analysis, the Makran is divided
into three areas, as indicated in Table 4. The average wind and solar
radiation in the optimal sites are presented in this table and have also
been imported into the HOMER software to size the power
components for supplying the targeted demand.

Table 4. The average wind and solar potential in desirable and
most desirable sites of the Makran

. Location Main cities Average Average
Region | . . - . solar
in Makran | in the region wind .
radiation
R1 Western Sirik and 51-6 m/s | >6 kWh/m?
areas Jask
R2 Middle Zarabad and <5.1mfs 5.6-6
areas Konarak kWh/m?
R3 Eastern Chahbahar >6m/s <5.6
areas and Beris kWh/m?

\ |  Western areas Middle areas | Easternareas |

a) Wind Energy Plant

[] Not desirable
[ Less desirable
I Desirable

Il Most Desirable O ——— 0TS

Middle areas | Eastern areas |

I Western areas |

b) Solar Energy Plant
I Not desirable
[ Less desirable
[ Desirable
- - e— w— Kilometers
I Most Desirable T

Fig. 10. GIS output maps: a) Potential sites for wind turbine plant
and b) potential sites for solar plant

3.2. HOMER optimization output

Tables 5 and 6 show the variation in optimum sizing and decision-
making criteria for providing high power supply reliability for the
targeted demand in the Makran. Based on the results, the installation
of approximately 15.4 MW of PV panels and around 3.3 MW of wind
turbines has reduced the electricity purchase requirement from the grid
by over 44% in the R1 area. It is noteworthy that a budget equivalent
to 18.6 million dollars is required to establish such a volume of
renewable resources. However, considering the 20-year operational
lifespan of the project for supplying electricity to the region, the
energy cost will decrease from $0.048/kWh (national grid without
subsidies) to $0.042/kWh. Moreover, due to the utilizing of surplus
power for desalination purposes, the energy loss from renewable
sources has been reduced to less than 5%. This scenario prohibits of
more than 21,000 ton/year CO2 emissions and provide more than
99.7% power supply reliability (1-UL) for the study region. If wind
turbines are not used, there will be a need to install 17.6 megawatts of
solar panels. Although the energy cost will remain relatively constant,
the contribution of renewable sources will decrease by 5.5% compared
to the hybrid PV/WT scenario.

The addition of a WEC device (third scenario) to the power supply
process in region 1 will increase the energy cost to $0.047/kWh. On
the other hand, it will also improve the renewable fraction to
approximately 46.5%. By removing solar panels from the optimal
scenario (fourth scenario), the energy cost will increase to over
$0.050/kWh. In other words, economic efficiency compared to the
national grid will be compromised. Furthermore, by eliminating the
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national grid, the energy cost will exceed $0.080/kWh with more
than 25% excess electricity. Additionally, the cost of constructing a
large stand-alone renewable power plant to achieve over 99%
reliability in power supply for region 1 will exceed $100 million.
Therefore, the utilization of the national grid potential in the Makran
region plays a key role in achieving the economic and energy
efficiency goals of the energy system.

Inregion 2, due to higher solar irradiance and lower wind speed,
wind turbines are not included in the most economical scenario.
Consequently, by installing 17.7 megawatts of solar panels, the
amount of electricity purchased from the national grid can be
reduced by approximately 27,000 MWh/year, resulting from a
36.3% contribution of solar energy in the power generation process.
The energy cost will be around $0.044/kWh, and the initial
investment requirement will be equivalent to $16.5 million. It
should be noted that in region 2, the energy efficiency is higher than
95% (with less than 5% excess). Additionally, the probability of
unmet electricity demand is less than 0.5% (with more than 99.5%
energy security), indicating the high reliability of the energy system
provided for the Makran region. If there is a need to reduce the
installed capacity of solar panels, for instance, due to constraints on
the installation space for these panels, it is possible to install
approximately 15.9 MW PV by adding around 1.32 megawatts of
wind turbines and a battery bank of about 0.6 MWh. According to
the third scenario, the use of WECs in region 2 is feasible if there is
limited access to large-scale wind turbines and battery banks.
Additionally, WECs can be considered if there is a need to reduce
the installed capacity of other renewable sources.

In region 3, due to the simultaneous desirability of wind and
solar potential, the estimated capacity for installing solar panels and
wind turbines is 11.9 MW and 7.3 MW, respectively. These
capacities show a relatively small difference compared to the other
two regions. This desirability results in a RF of over 49%, leading
to an initial capital requirement of around $20 million. Despite this
high initial investment, the energy cost will ultimately be less than
$0.042/kWh due to the high energy production potential. It is worth
noting that under these conditions, each of the wind and solar
sources will generate more than 20,000 MWh/year of electricity,
resulting in a reduction of approximately 25,000 tons of annual CO2
emissions. Although this system has less than a 0.3% annual
probability of power outages, the high participation of renewable
sources resulted in about 6% surplus electricity. This surplus can be
reduced to under 5% by increasing the daily desalination capacity.
Unlike the previous regions, in region 3, by removing solar panels
and installing 18 wind turbines, it is possible to achieve an energy
cost of less than $0.45/kWh and a renewable fraction of over 40%
(second scenario). By adding a WEC device, it is possible to reduce
the installed capacity of PV panels by approximately 500 kW, and
the renewable fraction will increase to over 50% (third scenario).

Therefore, it can be concluded that the use of wind turbines
alongside solar panels in regions 1 and 3 provides economic
efficiency and desirable energy security. However, in general,
relying solely on the ideal solar potential of Makran can also achieve
energy security of over 99% in all three regions. When compared to
the current situation (base case), which resulted in $0.048/kWh
LCOE, approximately 49,110 annual CO2 emissions, and less than
98.5% power supply reliability, the implementation of HRESs can
be advantageous for the government. Although the development of
a national power grid incurs significantly lower initial costs
compared to establishing renewable power plants, the long-term
benefits of renewable energy are considerable. These benefits
include economic, environmental, and energy security advantages.
Indeed, different configurations will lead to different optimality
from economic, technical, security, or environmental points of view.
Therefore, it is essential to implement a multi-criteria decision-
making process based on the HOMER results.

Table 5. Optimal sizing of feasible power supply scenarios

Code HRES Configuration

PV WT WEC Batter Conv Grid
(MW) | (units) | (unit) | (MWh) | (MW) | (MWh)

R1-1 Grid/PVIWT 15.4 5 - - 10.9 41554.7
R1-2 Grid/PV 17.6 - - - 12.1 45608.3
R1-3 Grid/PVIWT/WEC 14.9 5 1 - 10.5 40146.9
R1-4 Grid/WT/WEC - 16 1 - - 49079.7
R1-5 | PV/WT/WEC/Battery 48.6 9 1 151.6 24.7
Grid/PV 17.7 - - - 11.7 47675.2
Grid/PV/IWT/Battery 15.9 2 - 0.662 111 472745
R2-3 Grid/PVIWT/WEC 16.7 1 1 - 114 45430.5
R2-4 Grid/WT/WEC - 10 1 - - 60054.5
R2-5 | PV/WT/WEC/Battery 67.8 12 1 153.9 26.6
Grid/PV/WT 11.9 11 - - 8.2 38243.2
Grid/WT - 18 - - - 44051.3
R3-3 Grid/PV/WT/WEC 114 11 1 - 7.7 36891.6
R3-4 Grid/PV/WEC 114 - 1 - 114 46918.5
R3-5 PV/WT/Battery 47.1 25 - 147.3 26.1
Grid B B B B B 74334.9

Table 6. The output values of decision-making objectives in each
feasible power supply scenario

Code COE IC RF CO2 EXL uL Resources

($/kwWh) (M$) (%) (ton/yr) (%) (%) Diversity
R1-1 0.042 18.6 44.6 27.5 4.73 0.28 3
R1-2 0.043 16.6 39.1 30.1 4.81 0.35 2
R1-3 0.047 22.8 46.5 26.5 4.65 0.27 4
R1-4 0.052 17.6 344 324 3.95 0.56 3
R1-5 0.085 100.9 100 0 28.1 0.73 3
R2-1 0.044 16.5 36.3 314 441 0.46 2
R2-2 0.045 16.7 36.8 31.2 3.17 0.45 3
R2-3 0.049 21.3 39.3 30.0 4.10 0.43 4
R2-4 0.055 12.8 19.4 39.71 0.71 0.85 3
R2-5 0.099 119.9 100 0 42.8 1.04 3
R3-1 0.042 20.0 49.1 25.3 6.32 0.29 3
R3-2 0.044 14.5 41.2 29.1 6.84 0.44 2
R3-3 0.046 24.3 50.8 244 6.55 0.28 4
R3-4 0.049 21.0 37.3 30.9 3.71 0.47 3
R3-5 0.090 106.9 100 0 39.9 0.91 2
RO 0.048 0 0 49.2 0 15 1

3.3. Techno-economic analysis

The levelized cost of power generation (LCOE) for each
component can be defined as the ratio of the component cost to its total
power during the project lifetime. The results showed that the LCOE
for PV varies between 0.02 to 0.03 $/kWh, and for WT, it ranges
between 0.03 to 0.05 $/kWh. Furthermore, it is about 0.18 $/kWh in
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distances lower than 50 km from the coastline for the WEC
technology. The main reason for this high cost is the high capital
and O&M cost of WECs and also the low wave heights in the Oman
Sea near the Makran coast. Therefore, the PV and WT technologies
are the most affordable renewable options for Makran, where the PV
shows almost constant LCOE while WT shows lower LCOEs at the
eastern regions due to higher wind potential. Fig. 11 displays the
annual power output profile of components for a typical reliable
power supply scenario in Region 3, identified as the most economic
area to apply hybrid renewable resources.
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Fig. 11. Power output profiles of components in the Makran area

Accordingly, solar power generation is suitable throughout the
year. According to part (d) of this figure, power purchases from the
grid significantly decrease during PV power production hours, even
during peak power consumption hours. Furthermore, wind power
generation can effectively complement the solar power profile due to
its ability to generate power during the night hours. However, based
on the wind turbine power profile, the power generation potential of
wind turbines in the first half of the year is higher than in the second
half. Furthermore, as indicated in part (c) of this figure, the WEC is
capable of providing power throughout the year. However, it's
important to note that the timesteps with near-rated power output are
limited, and the cut-off condition can occur for longer periods
compared to wind turbine technology. Therefore, considering the
lower economic viability of WEC compared to WT and the superior
technical performance of WT over WEC, wind turbine technology
emerges as the more suitable option to be combined with solar energy
in the Makran region.

According to part (e) of Fig. 11, the desalination device is
effectively supplied by the combination of the grid and excess
renewable power. The desalination plant pumps are activated near
peak hours or when the renewable output potential significantly
reduces. This approach, as indicated in part (f) of this figure,
eliminates the high levels of renewable excess power and results in a
final excess electricity of less than 4 GWh/year (or approximately
5%).
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Fig. 12. Comparison of participation of renewable energies in final
power supply in each region.

Fig. 12 illustrates the monthly and annual participation of each
technology in the most economic power supply scenario in different
regions of Makran. Accordingly, more than 48% of power generation
has been contributed by renewables in R3 and R1, while in R2, this
value decreases to about 40%. Furthermore, this contribution is more
significant in months with moderate and not-warm ambient
temperatures, due to lower demand and the lesser impact of
temperature on the output of PV plants. This figure illustrates that
renewables can effectively participate in reducing dependency on the
grid and enhancing energy security throughout all months of the year.

3.4. Multi-criteria decision-making outputs

The results of the MCDM analysis (Fig. 13) indicate that regions
1 and 3 exhibit a higher potential for the integration of renewable
resources. For the coastal cities of Chabahar and Beris in study area
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R3, the use of a combined renewable energy system (Grid/PV/WT)
with an energy cost of $0.042/kWh and a 49% RF has been
identified. The scenario with the Grid/PV/WT/WEC configuration
also shows a nearly similar TOPSIS coefficient. In study area R1,
particularly in coastal cities such as Jask and Sirik, the
Grid/PV/WT/WEC system with a COE of $0.047/kWh and a 46%
RF demonstrates a higher coefficient compared to other scenarios.
Additionally, the Grid/PV/WT system has been optimized in this
scenario, indicating a similar performance of renewable sources in
ensuring energy security in the first and third study areas.

In study area 2, especially in coastal cities like Konarak and
Zarabad, the Grid/PV/WT/Battery and Grid/PV/WT/WEC
scenarios with a COE below $0.049/kWh and an approximately
36% RF have been identified as efficient scenarios. In region 2,
where the renewable potential is slightly lower, the use of a battery
bank has been incorporated into the optimal scenario. Moreover, for
all scenarios, the utilization of wave energy has proven to be
superior among alternative options. Despite the increased energy
cost, it has been employed to diversify the energy production
sources and enhance energy security. It should be noted that the
current energy situation of Makran (R0) with a TOPSIS coefficient
of less than 0.6 shows much lower optimality compared to the
renewable-based energy systems.
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Fig. 13. Multi-criteria decision-making optimality factor for
different HRES configurations

3.5 Sensitivity Analysis

Figures 14 and 15 show the sensitivity of energy cost and
environmental performance in the optimal scenario, based on
possible changes in the capital costs of renewable-based
technologies and local renewable resource potential. To this end,
capital cost variations ranging from $400 to $1,200 per kW for PV
panels, $600 to $1,800 per kW for wind turbines, and a 50%
potential change for capital cost of other critical components and
renewable resources potential have been considered.

Accordingly, even with a more than 30% increase in the price
of solar panels and a 50% increase in the price of wind turbines
compared to initial costs (part a), the cost of energy to ensure energy
security (covering potential blackouts) in the region can remain
below $0.05/kWh. However, due to the reduced economic viability
of renewable resources, carbon dioxide emissions, compared to
current conditions, are projected to increase from 27,000 tons to
31,000 tons per year (equivalent to a 15% rise). As shown, changes
in WEC technology prices and battery bank costs have no
significant effect on COE variations (parts b and c), as these two
components are absent in most optimal scenarios. Therefore, their
price variations do not influence the optimal COE. Although a 50%
change in the cost of the converter component can lead to COE
variations between $0.041 and $0.043 per kWh, this difference is
negligible compared to the $0.042/kWh in the optimal scenario
determined by the MCDM process.
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changes in capital costs and renewable resource availability

Changes in renewable resource potential (part d) have a significant
effect on the renewable fraction and energy cost. However, in the
identified optimal locations with above-average renewable resource
potential, the COE will be less than $0.045, and the renewable fraction
will exceed 40%, which is acceptable for high renewable penetration
energy systems. The sensitivity analysis of the optimal scenario
indicates that an increase in the price of renewable components can be
compensated for by an increased contribution from the grid, albeit at
the cost of higher final emissions. In the Makran region, under both
the least and most favorable renewable potentials, renewable resources
combined with the national grid can ensure energy security at a COE
ranging from $0.035 to $0.050 per kWh. However, if renewable
resources are deployed in non-optimal locations, the share of
renewable energy will drop to less than 35%, leading to approximately
65% reliance on the national grid. Therefore, the optimal HRES
scenario demonstrates strong resilience against potential changes in
renewable resource availability and capital costs, particularly when
optimal locations for renewable plant installations are identified.

3.6 Discussion on legal requirements and regulations

This section provides a summary of the potential benefits of the latest
regulations from Iran's Energy Council for developing an optimized
renewable energy system. The optimum renewable energy system in this
study demonstrated a renewable contribution of over 30% to the final
power supply and, on average, reduced fossil fuel-based grid dependency
by 40% (equivalent to natural gas saving in power supply). According to
Tehran Chamber of Commerce report [51], three main regulations in Iran
can now support the development of such a system:

The guaranteed purchase of electricity through Article-61 of the
Energy Consumption Reform Act: Accordingly, investors who
intend to establish renewable power plants with a capacity of less
than one megawatt can sell their generated electricity to the
government at a fixed rate for a period of 20 years. This law can help
distribute the optimized renewable capacity outlined in this study
among various private sector suppliers.

Utilization of Article-12 of the Law for Removing Barriers to
Competitive Production: According to this plan, the government is
obligated to compensate investors whose goods or services lead to
fuel savings by reimbursing an amount equivalent to the saved fuel,
up to the principal and interest of the investment. Therefore,
investors who win tenders for establishing renewable power plants
organized by SATBA can benefit from this fixed income for a
minimum of six years in the under-study area.

Commitment of Government Agencies, Public Entities, and
Industrial Units: in accordance with Article-50 of Iran's Sixth and
seventh Development Plan, the government is obligated to ensure
that at 5% of the country’s power generation capacity comes from
renewable and clean energy sources. Accordingly, public entities are
required to supply 20% of their electricity consumption from
renewable energy sources within four years; otherwise, they will face
fines at renewable energy rates. Additionally, in line with Article-16
of the Law for the Development of Knowledge-Based Production,
industrial units with a consumption capacity of more than one
megawatt are obligated to source 1% of their electricity annually,
increasing to at least 5% by the fifth year, through the establishment
of renewable power plants. Therefore, public and commercial units
in the region can participate in attracting investment to install the
necessary renewable energy capacity.

It is important to note that, although the most significant legal
limitation for establishing renewable power plants is related to
environmental concerns, this study conducted an optimal location
assessment based on these restrictions. The results demonstrated that
the Makran region holds significant potential for harnessing
renewable energy sources.
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4, Conclusions

In this study, the feasibility of implementing renewable-based
hybrid energy systems along the southern coasts of Iran has been
analyzed through geographical feasibility studies and techno-
economic optimization. The Makran area, situated near the Oman
Sea, was chosen as a case study to fulfill the energy demands of
50,000 residents. The results indicate that:

e  Approximately 11% and 15% of the Makran area are deemed
suitable for wind turbine and photovoltaic plant installations,
respectively. The cities of Jask, Chahbahar, Konarak, and
Beris exhibited the highest ideal surfaces based on climatic,
topological, environmental, and technically available
conditions. All regions in Makran displayed solar radiation
levels exceeding 5.4 kWh/m2. Additionally, the GIS
assessment identified areas with an average wind speed of
more than 6 m/s, making the application of hybrid PV/WT
systems particularly ideal for improving local grid reliability.

e  The hybrid PV/WT/Grid system, with an energy cost of less
than $0.045/kWh and a renewable fraction exceeding 30%,
has been identified as the optimal solution for enhancing the
energy security of the local grid. This involves diversifying
power supply resources and achieving a reduction in grid
dependency ranging between 30% to 50%. The findings
indicate that the government can achieve this goal by
installing approximately 19 MW of renewables, primarily
from solar power plants, with an initial cost of less than $25
million.

e The results of the MCDM process revealed that both
PV/WT/Grid and PV/WT/WEC/Grid configurations have
similar optimality factors. They achieve over 99.7% power
supply reliability and affordable energy costs by utilizing 30-
50% renewable resources compared to non-subsidized energy
tariffs. Although the integration of wave energy converters
resulted in higher LCOEs, they demonstrated optimality in
reducing the required capacity of other renewable
components in cases such as limited land availability for
installation and technological constraints.

e The utilization of excess power from renewables in reverse
osmosis (RO) plants reduces the final excess electricity
production from over 15% to less than 5%, indicating that this
approach is a suitable option for areas near the sea facing
water scarcity. Although the return on investment for large-
scale renewable power plant installations in Iran is limited to
approximately 12 years, the results demonstrate several
positive side effects. These include a reduction in LPSP from
1.5% to 0.3%, a decrease of approximately 25,000 tons in
annual COz emissions, and reduced dependency on fossil
fuels. These factors make grid-connected HRESs particularly
attractive for the southern coasts of Iran.

For future studies, it is suggested to analyze the effect of
implementing bio-based renewable power generation in coastal
areas, in conjunction with the analysis of renewable resources, to
enhance power supply flexibility. Additionally, conducting a
feasibility study on utilizing the remaining excess electricity for
hydrogen production could be an attractive avenue for large-scale
renewable power plants. Generating electricity from this hydrogen
or injecting it into local gas pipelines can help with peak shaving or
reducing fossil fuel dependency in stand-alone energy systems.

Appendix A. Techno-economic input data of the HRES

Power Component Specifications
Wind Turbine [12] Data
Type in HOMER Vestas V47
Local service provider MAPNA Co.
Rated power per device 660 kW
Rotor diameter 47 m
Hub height 40 m

Cut in - cut off wind speed 4-25m/s
Lifetime 20 years
Capital cost $1200/ kW

Capital cost sensitivity analysis range

600-1800 $/ kW

Maintenance cost

3% capital

PV Module [52] Data
Type in HOMER LONGI LR360
Local service provider Noursun Co.
Rated power per module 350 W
Operating Temperature (NOCT) 45°C
Temperature coefficient of power 0.41%/°C
Efficiency 18.1%
Lifetime 20 years
Capital cost $800/kW

Capital cost sensitivity analysis range

400-1200 $/ kW

Maintenance cost

1% capital

Wave energy converter (WEC) [12] Data
Imported device to the HOMER PELAMIS 750
International service provider PELAMIS Co.
Rated power per device 750 kW
Cut in - cut off wave height 1-12m
Approximate body length 250 m
Lifetime 20 years
Capital cost $6000/ kW

Capital cost sensitivity analysis range

3000-9000 $/kW

Maintenance cost

3% capital

Battery unit [25] Data
Storage Type Li-ion bank
Rated power per module 100 kWh
International service provider Jingsun Co.
Roundtrip Efficiency 90%
Lifetime 15 years
Nominal Capacity 167 Ah
Throughput 300000 kWh
Capital cost $300/kWh
Capital cost sensitivity analysis range 150-450 $/ kW
Maintenance cost 1% capital
Power Converter [53] Data
Local service provider Noursun Co.
Inverter Efficiency 95%
Rectifier Efficiency 90%
Lifetime 10 years
Capital cost $200/ kW

Capital cost sensitivity analysis range

100-300 $/kW

Maintenance cost

1% capital

Power Grid [48] Data

Max annual capacity shortage 2%
Peak-shoulder-off peak tariffs 0.03-0.05-0.06 $/kWh
CO; Emission factor 660.6 g/kWh
Main possible outage times Summer afternoon hours
Project Data

Project life time 20 years
Inflation rate 25%

Discount rate 23%
Maximum LPSP 2%
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