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Abstract: The power industry is rapidly changing as demand for eco-friendly and stable power
supply increases along with global greenhouse gas emission regulations. Small-capacity renewable
power sources represented by photovoltaics and wind are continuously increasing as a form of
microgrid to supply electric power to a community or island. As a result, microgrids based on
renewable resources have come into wide usage around small areas or islands in Korea. In particular,
the microgrid development policy of Korea is focused on electric power quality, as well as expansion
in renewable energy supply for reducing greenhouse gas emissions. From 2009, the government
began to develop independent carbon-free microgrids with photovoltaic and wind powers instead of
traditional power diesel generators for small islands. The goal of this paper is to investigate a feasible
economic microgrid topology for implementing the carbon-free island (CFI) under an acceptable
level of reliability. First, we derive three scenarios of power systems including photovoltaics, wind,
battery, and fuel cells. Next, we assess economic feasibility on top of the power supply reliability
of the scenarios. Then, we perform a sensitivity test to suggest economic conditions for achieving
the CFI goals. Finally, we present carbon-free-based microgrid models considering the CFI policy of
Korea.

Keywords: hydrogen; stand-alone microgrid; battery energy storage system; distributed generator;
wind power turbine; photovoltaic; Carbon-Free Island; levelized cost of electricity

1. Introduction

Climate change, which is partly caused by continued use of fossil fuels in the energy
sector, is emerging as an important global issue. Most economies around the world have
autonomously established greenhouse gas reduction targets since the adoption of the
United Nations Framework Convention on Climate Change (UNFCCC) in 1992 [1]. Korea
also joined the stream of low-carbon, green growth policy. In particular, “carbon-free
island” (CFI) or “energy-independent island” is an electricity policy model for stand-alone
microgrids, replacing the diesel-oriented power systems with renewable energy sources
such as photovoltaic and wind power [2,3]. It means the policy transition from diesel-
based power generation systems to 100% renewable energy. However, energy storage
systems are required to mitigate uncertainty and variability from renewable resource
output. In practice, the key question is how to optimize the existing island power system,
which currently consists of diesel generators (DG), with new renewable sources such as
photovoltaic, wind, and energy storage system (ESS). In particular, there are a wide range
of selections in ESS depending on physical duration and energy storage methods. Among
them, the hydrogen energy storage system is gaining attention as a promising means for
implementing microgrids into carbon-emitting agents due to ease of capacity expansion and
long-term usage duration properties [4]. Microgrids have gained more usage with the goal
of saving electricity bills from the consumer side, and with the goal of reducing greenhouse
gas emissions and fuel cost by expanding renewable energy usage from the national point
of view [5]. Examples of such policies include eco-friendly energy towns, CFIs, zero-energy
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buildings, energy self-reliance campuses, and so on. In particular, the renewable-based
microgrid for CFI is expected to be greatly utilized when improving economic feasibility
in the island area. The goal of this paper is to investigate a feasible economic microgrid
topology for implementing a carbon-free island (CFI) under an acceptable level of reliability
(unmet load) condition.

The microgrid of the island is determined considering the distribution and demand of
renewable resources at the specific location. Photovoltaics (PV) and wind turbines (WT) are
the main power sources in Korea. The BESS (Battery Energy Storage System) capacity is also
determined considering the output variability and uncertainty of the renewable sources.
Several hybrid-type island microgrids, composed of diesel generators and renewables,
were built in Korea. Table 1 shows these examples built between 2012 and 2017.

Table 1. Hybrid-type island microgrids in Korea.

Island Gasado [6] Geochado [7] Sammado [8]

Load
Max (kW) 173 305 110

Min (kW) 61 80 45

DG (kW) 100 150 80

PV (kW) 314 111 122.4

WT (kW) 100 100 3

BESS (kWh) 3000 500 1231

The three islands are located on the southwest seashore of the Korean Peninsula.
Their microgrids comprise PV, WT, BESS, and DG. This combination may be determined
considering such conditions as dynamic characteristics as well as economic feasibility of
microgrids.

This paper analyzes the economic feasibility (i.e., levelized cost of electricity: LCOE)
of microgrid scenarios under acceptable level of power supply reliability (unmet load) for
CFI, using HOMER (Hybrid Optimization of Multiple Energy Resources) following the
methodology of Reference [9]. In addition, this paper provides a scenario-specific test to
find out economically feasible conditions for introducing a set of electrolyzer, hydrogen
tank, and fuel cell (P2H2P). The rest of the paper consists of the following. Section 2
analyzes previous research on microgrid design and operation. Section 3 describes input
data required for the scenario design and HOMER simulation on the island microgrid
considering national energy policy. Section 4 analyzes scenario-specific simulations using
HOMER in terms of economic feasibility and power supply reliability, and suggests finan-
cially feasible investment cost level for the battery and P2H2P to be competitive. Finally,
Section 5 contains the conclusions of this paper.

2. Literature Review

The composition of microgrids in island areas is generally determined by comprehen-
sively considering residents’ power consumption patterns, renewable energy potential,
investment capability, and power quality. In addition, various mathematical algorithms
and commercial tools [10] are used for optimal microgrid design considering economic
and technical aspects. In many countries, microgrids are being carried out for various
purposes. Reference [11] evaluates the economics and power supply of wind–diesel, and
wind–diesel–hydrogen systems on Grimsey Island, 40 km off Iceland’s north coast, and
presents a step-by-step strategy for building a 100% renewable microgrid. Reference [12]
presents the effectiveness of applying hydrogen storage systems to conventional power
systems such as South Australia’s solar power generation and WT.

The introduction of hydrogen storage systems to microgrids has been shown to be eco-
nomically advantageous, with LCOE decreasing from USD2.540/kWh to USD 0.626/kWh
than by battery alone. It was also argued that the introduction of hydrogen storage sys-



Energies 2021, 14, 1913 3 of 16

tems can reduce the power generation of hydrogen as a fuel source, reducing the cost of
microgrids. Reference [13] presented the possibility of optimizing green energy systems for
island resorts in Malaysia. The PV–WT–FC model (green energy model) and diesel-only
model were compared using HOMER. In addition to PV, WT, and FC, the green energy
model also considered electrolyzer, hydrogen tank (HT), and batteries as investable factors
for backup power and short- and long-term power storage. As a result of the simulation by
HOMER, the minimum cost was USD1.104/kWh, which consisted of PV–WT, but with the
battery as a backup power source, and USD1.108/kWh for the LCOE including fuel cell
(FC) and hydrogen production/storage facilities. In addition, the NPC was USD1,900,576,
which was about 74% of the former model for diesel generators alone. Therefore, it is
expected that there will be a drop in FC costs or a drop in diesel prices in order for a
100% renewable microgrid to be economically viable while securing economic feasibility.
Then, Reference [14] presented the possibility of introducing hydrogen storage systems
for independent microgrids based on 100% renewable power for Australian communities.
Economic and environmental advantages and disadvantages of PV-Battery (S1), PV-P2H2P
(S2), and PV-P2H2P-Battery (S3) scenarios were analyzed and compared other than diesel-
only scenarios (BS). As a result of the simulation by HOMER, the LCOEs of S1, S2, and
S3 were USD0.394/kWh, USD0.474/kWh, and USD0.342/kWh, respectively, at 51–71%
compared to USD0.665/kWh of BS. In addition, Reference [15] proposed a stand-alone
microgrid consisting of PV-P2H2P for irrigation, expected to be more competitive in the
future, although more expensive than diesel-only generators. As such, microgrids have dif-
ferent compositions and economic evaluations depending on the distribution and cost level
of renewable resources in the target area. Most studies evaluate scenario-based economics
and power supply adequacy, taking into account uncertainties in microgrid investment
and operating costs. In addition, microgrids designed through this process actually were
built in specific regions and the economic and technical points were evaluated [16]. This
leads to the establishment of a microgrid model suitable for the region, which leads to
commercialization. However, essentially, a key issue in microgrid design and operation
is the combination of economics and power supply reliability. To the best of the authors’
knowledge, there are no comprehensive studies on the economic analysis of MG (Micro
grid) considering the unmet load by HOMER in Korea.

Furthermore, considering the optimal operation point of view, the real feasibility of
the energy mix and its realization can be limited by infrastructure and other technical
availability. Such factors include power flows and inversion management, power flows
optimization, communication infrastructure, interaction management between distribution
system operator (DSO) and distributed generation, storage systems, and so on. We cannot
think of real deployment of microgrids without considering these key issues. An isolated
hybrid microgrid poses a significant challenge to conventional load flow technique due to
small-rating, droop-based distributed generation and by variable but coupled frequency
and DC voltage levels [17–19]. In particular, the absence of a slack bus, resulting from
the small distributed generation rating, hinders the application of traditional analysis
approaches. The power flows management and operation are one of the critical topics
in power systems analysis [20]. These problems cannot be directly solved because of the
nonlinearity of power flow equations. As a result, an iterative method must be used to
solve the nonlinear equations. The combination of renewable energy resources with flexible
demands such as electric vehicles and air conditioners makes distribution systems more
complex and important [21]. The increase in energy prosumers and exchange of electricity
in two-way directions increase the complexity and uncertainty of the distribution system
operation, too. The observability makes a critical impact on the operation and quality of
electricity distribution grids.

The DSOs, who manage the communication infrastructure, confront an increasing
complexity due to high complexity in distributed energy systems along with volatile de-
mand such as electrical vehicles [22]. With the increase in renewable energy and decreasing
load flexibility, the role of DSO is becoming more complex in microgrids [23]. A two-
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way electricity flows occurs when the generation from the distributed unit exceeds the
local load. In this case, the voltage profile of the distributed network will have a strong
influence, and the smart distribution network configuration will change dynamically to
minimize power loss and voltage deviations. In summary, the real-time monitoring of
the distribution network will become much harder due to the increasing dynamics. The
distribution system state estimation will become more challenging due to the scarcity of
real-time measurements [24].

Also, the interaction between distributed generation and DSO must be carefully
planned [25]. The distributed generation increases along with the microgrid. However,
there are still various barriers such as technology, economic feasibility, and regulations for
the vitalization of distributed systems. Bayindir, R. et al. [26] presented well the practical
issues related with establishing smart power grids, including the technological methods
of data transmission, energy efficiency of smart grids, and smart grid application. Smart
grids enable monitoring distributed energy systems through remote sensing facilitates
and providing load shedding function in case of an emergency. Additionally, they can
manage supply and demand response, using historical energy generation and consumption
data. In particular, the remote sensing and controls are usually installed in the smart grid
application. These functions require a heavy communication system to collect usage data
and monitor the operation of the grid. As a result, for considering real feasibility, we need
to consider limits in a comprehensive manner including data communication method and
network, load flow and demand, energy source efficiency, power quality and intelligent
network application, and so on.

3. Methodology
3.1. Scenario Description

Three scenarios are established as shown in Table 2, considering the CFI vitalization
policy and needs for hydrogen fuel cells for islands in Korea.

Table 2. Scenario settings.

Scenario S1 S2 S3

Topology Topology_A
(DG only)

Topology_B
(PV-WT-Battery)

Topology_C
(PV-WT-Battery-P2H2P)

Scenario1 (S1) consists of DGs with a capacity of 150 kW, considering maximum
power demand and reserve power. Due to the increase of fuel cost for DGs which includes
the transportation cost from the mainland and problems caused by the CO2 emission by
DGs, the use of renewable energy resources has become vital. So, scenario2 (S2) consists
of PV and WT as renewable sources, together with BESS with the intention of ensuring
flexibility in the microgrid. Scenario3 (S3) is designed to achieve compatible output as S2
except adding hydrogen fuel cells, which is a clean energy policy direction of the Korean
government.

3.2. Data Assumption

Electrical Load: We set the assumption of 220 inhabitants (130 households), most of
them in the fishing industry, from previous research [27]. Figure 1 shows daily load patterns
for each month. Power demand increases from around 5 a.m. to 8 a.m. in preparation for
fishing, and the demand peaks around 8 p.m.
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Figure 1. Daily load pattern.

In terms of seasonal power demand patterns, overall demand for electricity is high in
the summer and winter seasons due to cooling and heating usages. Especially in January,
peak and average power demands are 186 kW and 159.7 kW, respectively. The annual
average demand is 140.4 kW, and the average daily energy is 3370 kWh/day with a load
factor of 76%.

Solar Radiation: Figure 2 shows average monthly radiation and clearance index. The
average solar radiation and clarity are 4.26 kWh/m2/day and 0.49, respectively. Solar
radiation from April to August is above average, with the lowest rate of 2.22 kWh/m2/day
in December. It shows the highest value of 5.74 kWh/m2/day in June.

Figure 2. Monthly average solar radiation and clearness index.

Temperature: Solar panels are made of semiconductor materials that reduce power
generation efficiency as temperatures rise, so ambient temperatures should also be consid-
ered when calculating power generation [28]. The average annual temperature is 16.39 ◦C,
the highest temperature (in August) is 25.82 ◦C, and the lowest temperature (in January) is
7.5 ◦C.

Wind Speed: Figure 3 shows the annual wind speed pattern, with an average wind
speed of 6.71 m/s, a monthly average maximum wind speed of 8.17 m/s in February, and
a minimum wind speed of 5.59 m/s, in June.
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Figure 3. Monthly average wind speed.

PV Panel: We apply single-crystalline solar panels, assuming 20% efficiency and
35 years of life cycle. It is more expensive than other types such as polycrystalline solar
cells, thin films, but has better efficiency and longer life. In addition, 80% of the attenuation
coefficient and −0.5%/◦C of the temperature effect for power are applied for modules
considering environmental factors such as dust, snow, and aging. With respect to panel
costs, the initial capital cost is set at USD995/kW [29] and the replacement cost is estimated
at 80% of the initial cost. In addition, operational and maintenance (O&M) costs are
assumed to be USD18.3/kW.

WT: A wind generator is assumed to have a 30 m rotor diameter, 50 m of tower height,
35 years of life span, and 250 kW of unit capacity. The workable wind speed range is 4 m/s
to 25 m/s and is expected to generate 250 kW corresponding to the rated output at 14 m/s.
The initial investment cost is assumed to be USD1473/kW [29] and the O&M cost to be
USD44.5/kW. The replacement cost is assumed at 80% of the initial cost.

Battery: We select a lithium-ion battery considering its fast charge capacity, long life
cycle, and high energy density. The initial capital cost is set at USD350/kWh [30] and the
replacement cost at 80% of the initial cost, the O&M cost at USD20/kW-year [30], and the
round-trip efficiency at 90%. Table 3 shows the summary of technical characteristics of the
lithium-ion batteries selected in this research.

Table 3. Technical characteristics of BESS unit.

Properties Value Properties Value

Nominal voltage (V) 48 Max. charge current (A) 200

Nominal capacity (kWh) 9.6 Min. discharge current (A) 500

Round efficiency (%) 90 Series string size 15 units

Converter: Life expectancy and efficiency are assumed at 15 years and 95%, respec-
tively. The initial investment and O&M costs are set to be USD600/kW and USD3/kW-year,
respectively [30]. The replacement cost is assumed as 80% of the initial investment.

DG: A diesel generator with 150 kW of unit capacity, 55,000 h of operation life,
USD806/kW of initial investment cost, and 100% of the replacement cost to initial in-
vestment is assumed [31]. We also assumed USD2/kW/h of O&M and USD1/liter of
fuel costs. In addition, 96 h of maintenance with USD10,000 per 2400 h of operation is
considered. The fuel consumption is set as 45 L/h at rated output and the CO2 emissions
as 17.794 g/L, the data having been provided by HOMER.

Electrolyzer: An electrolyzer produces hydrogen using surplus power from PV and
WT, so its capacity should be higher than the output of PV and WT. The initial investment
cost is applied at USD2500/kW and the replacement cost is assumed as 80% of the initial
investment. The O&M cost is set as USD80/kW-year. The stack life and lower heat value
efficiency are 10 years and 65%, respectively.

HT: We assumed compressed hydrogen storage in a gas form, which will require a
storage pressure of 300 bar due to the low density [32] at ambient temperature. The HT
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investment cost is selected at USD1000/kg, and the replacement and O&M are assumed as
80% and 10% of initial investment, respectively.

Fuel Cells: We selected proton-exchange membrane fuel cells, after analyzing various
types of fuel cells, because it has such advantages as high power density, high efficiency,
fast electrochemical reactions, and environmental friendliness [33,34]. The FC capacity
is assumed at 250 kW considering the peak load, however, the waste heat from electro-
chemical reactions is not considered. The lifetime is assumed at 60,000 h and the initial
investment cost at USD2500/KW [14]. The replacement cost is assumed at 80% of the initial
investment cost, USD0.02/op.hour for O&M and 17 kg/h for hydrogen consumption at
maximum rated output. Table 4 shows the summary of input data.

Table 4. Summary of major component inputs.

Component Initial Capital
Cost (USD/kW)

Replacement
(USD/kW)

O&M Cost
(USD/kW)

Lifetime
(Year)

PV 995 796 18.3 35

Wind Turbine 1473 1178 44.5 35

BESS 350 USD/kWh 280 USD/kWh 20 USD/kW-year 10

Converter 600 300 3 USD/kW-year 15

Diesel Generator 806 806 2 USD/op. hour 55,000 h

Electrolyzer 2500 2000 80 15

HT 1000 USD/kg 800 USD/kg 10 USD/year 15

Fuel Cell 2500 2000 0.02 USD/op.hour 60,000 h

4. Analysis Result

We established three scenarios reflecting island fuel mix, future microgrid policies,
renewable generation, power supply adequacy, economic feasibility, and environmental fea-
sibility using the HOMER tool. We set 1% of unmet load per year (the amount of electricity
not supplied) as an indicator for the adequacy of electricity supply. We assessed economic
feasibility based on LCOE and environmental performance based on CO2 emission.

4.1. Scenario 1: Topology_A (Diesel-Only System)

The first scenario includes only diesel generators in the microgrid. We ran HOMER to
find out the optimal topology that incurs minimum LCOE and meets our unmet criteria
(less than 1%) under this scenario. The selected microgrid topology_A is composed of two
units of diesel (150 kW) generators as shown in Figure 4.

Figure 4. Microgrid topology_A in S1.
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We estimated LCOE and CO2 emissions based on the optimal size of diesel generators
that satisfies less than 1% of unmet load. Table 5 shows the result. If the microgrid is
built with two diesel generators with a capacity of 150 kW, the annual unmet load is 1607
kWh, which is 0.13% of the total electricity demand and meets the unmet criteria (less than
1%). And thus, we determine two units as the optimal size. With this size, the LCOE is
calculated at USD0.445/kWh.

Table 5. Simulation result of topology_A (diesel-only system).

Composition Generation
(kWh/year)

Unmet Load
(kWh/year)

CO2 Emission
(kg/year)

NPC
(USD)

LCOE
(USD/kWh)

DG 150 kW*2 1,228,443 1607 (0.13%) 1,012,824 9,573,457 0.445

DG 150 kW*3 130,050 0 1,016,237 9,696,931 0.450

Under this scenario, the effect of CO2 penalty on LCOE is USD0.028/kWh, when
the penalty for CO2 emissions is priced at USD33/ton. Within this scenario, without
considering CFI policies, the plant size will be determined based on the policy weight
among power supply reliability, economic feasibility, and environmental concern. Table 6
illustrates the cost structure in case two diesel generators are included in microgrids. Fuel
cost accounts for 70.9% of the total cost. In order to reduce this cost, it is essential to replace
high-efficiency DGs and improve performance along with reducing CO2 emissions.

Table 6. Cost structure of topology_A (unit: USD).

Capital Replacement O&M Fuel Salvage Total

242,000 415,443 2,148,944 6,787,252 −20,182 9,573,457

2.5% 4.3% 22.4% 70.9% −0.2% 100.0%

Table 7 also shows the power generation, operation time, and utilization rate for each
diesel generator. The DG1 and DG2 account for 74.1% and 19.4% of power generation,
respectively.

Table 7. Generation and capacity factor of diesel generators (unit: USD).

Component Total Generation
(kWh/year)

Hours of
Operation (/year)

Capacity
Factors (%)

DG1 973,432 8472 74.1

DG2 255,011 5949 19.4

4.2. Scenario 2: Topology_B (PV + WT + BESS System)

The second scenario is designed to achieve the CO2 free energy policy goal. The
selected topology_B is composed of WT, PV, and BESS as described in Figure 5 below.

Figure 5. Microgrid topology_B in S2.
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We simulated various cases of topologies under the second scenario, and the result
is illustrated in Figure 6 below. It shows the achievable combinations of LCOEs at corre-
sponding unmet loads. The efficient frontier line can be identified as the set of points with
minimum LCOEs under given unmet loads. As the unmet load increases, the achievable
LCOE decreases, a result that is due to savings in both investment and operation costs.

Figure 6. Unmet load and LCOE distribution under S2.

We derived Equation (1) that describes the efficient frontier line of Figure 6 as follows:

LCOE = 0.0127 ∗ (Unmet load)2 − 0.0616 ∗ ( Unmet load) + 0.2621 (1)

It is estimated that the minimum LCOE under the second scenario will be USD
0.254/kWh at 0.13% of unmet load which is compatible with the topology_A.

By selecting the minimum LCOE under 1% unmet load criteria again, we got topol-
ogy_B, which is composed of PV (700 kW), three units of WT (250 kW), BESS (2304 kWh),
and converter (200 kW) from HOMER. The configuration is summarized below in Table 8.

Table 8. Microgrid composition of topology_B under S2.

Component Optimal Capacity Component Optimal Capacity

PV 700 kW BESS 2304 kWh

Wind Turbine 250 kW*3unit Converter 200 kW

By selecting the minimum LCOE that meets under 1% unmet criteria again, we got
topology_B. Table 9 shows the estimation result of topology_B: power generation, unmet
load, excess electricity, NPC, and LCOE. The LCOE is estimated at 0.21/kWh when the
unmet load is 0.939%, which satisfies under 1% unmet load criteria and achieves the
minimum LCOE under S2. This result is smaller than the above USD0.254/kWh under the
0.13% of unmet load condition.

Table 9. Simulation result of topology_B under S2.

Component Generation
(kWh/year)

Unmet Load
(kWh/year)

Excess Electricity
(kWh/year)

CO2 Emission
(kg/year)

NPC
(USD)

LCOE
(USD/kWh)

PV 912,562 (32.6%)

11,545 (0.939%) 1,531,897 (54.6%) 0 4,498,510 0.21WT 1,892,983 (67.4%)

Total 2,805,545 (100%)
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Table 10 shows the lifetime (25 years) cost structure, with initial investment cost
accounting for the highest share of 60.6%, followed by replacement cost at 10.1%, operating
cost at 36.2%, and residual value at (−)6.9% of total costs. When compared with S1, the
initial investment cost and replacement cost increased 11 times and 1.61 times, respectively.
However, the O&M cost and fuel cost decreased 76% and 100%, respectively. The residual
value increased by 98%, and thus the overall NPC decreased by 12%.

Table 10. Lifetime cost structure of topology_B by source (unit: USD).

Initial Capital Replacement O&M Fuel Salvage Total

2,727,650 456,485 1,627,722 0 −313,337 4,498,520

60.6% 10.1% 36.2% 0% −6.9% 100%

Table 11 also shows the cost portions for microgrid components, with PV, WT, BESS,
and converters accounting for 18.8%, 34.8%, 42.8%, and 3.5%, respectively. In particular,
BESS, which has a 10-year lifespan, is required for at least two replacements, and has a high
initial cost over the life of the project. We expect the LCOE of this scenario will decrease as
the cost of lithium-ion batteries is still in a decreasing trend.

Table 11. Cost structure of topology_B by components (unit: USD).

PV WT BESS Converter Total

843,903 1,567,405 1,927,542 159,670 4,498,520

18.8% 34.8% 42.8% 3.5% 100%

4.3. Scenario 3: Topology_C (PV-WT-BESS-P2H2P)

The third scenario is intended to assess the economic feasibility of a microgrid with
P2H2P in the second scenario. As illustrated in Figure 7, the electrolyzer and storage
(H2TK) using surplus electric power and FC are added.

Figure 7. Microgrid topology_C in S3.
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Considering the available island area and peak demand, we fixed the FC capacity at
250 kW and set the search space of H2TK as 100 and 500 kg, and the electrolyzer as 50 to
300 kW into HOMER to find the optimal capacity. Table 12 shows the optimal composition
(topology_C) under S3 that meets the unmet criteria of less than 1% and achieves minimum
LCOE, which was USD 0.208/kWh.

Table 12. Microgrid composition of S3.

Component Optimal Capacity Component Optimal Capacity

PV 500 kW H2TK 200 kg

Wind Turbine 250 kW*3unit Electrolyzer 200 kW

BESS 288 kWh Fuel Cell 250 kW

By adding a P2H2P, the unmet load level was decreased to 0.78%, which was 0.159%p
lower than S2, and the LCOE also decreased to USD0.208/kWh, which was USD0.002/kWh
lower than the topology_B of S2. The cheaper price as well as the higher reliability in
topology_C is mainly due to adding P2H2P in substitution for the decreased BESS capacity
and thus, generating cheaper electricity. We analyzed how the LCOE changes due to the
change in BESS capacity under S3. We found out the LCOE of S3 arrived at a minimum
point when BESS capacity was 288 kWh. Of course, the optimal size of P2H2P changes
together as the capacity of BESS changes. The result is illustrated in Figure 8.

Figure 8. LCOE based on BESS capacity under S3.

We found that combining a P2H2P together with BESS can contribute to building an
efficient microgrid system under a same unmet load condition. The result may be improved
with an optimization algorithm because our result is derived based on limited input range
to HOMER.

Table 13 shows the power generation of each component, with WT accounting for
57.1%, PV accounting for 41.3%, and FC accounting for 1.6%. This paper considers the WT
and the PV, which contribute to smooth the total generation compared to the WT or PV
output, and thus result in reduced storage investment. As a result, the excess electricity of
both scenarios (54.6% in S1 and 34% in S2) is estimated lower than previous research such
as Reference [14], where only solar PV is applied to all scenarios and the excess electricity
was estimated at 74.9% (without hydrogen system scenario) and 35.2% (with hydrogen
system scenario). And comparing the excess electricity between the two scenarios of this
paper, topology_C (34%) is lower than topology_B (54.6%) by 22.4%. The difference is due
to additional storage and usage of extra electricity through the hydrogen system. From the
frequency and voltage maintenance point of view, the excess electricity should be curtailed,
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stored, or consumed in another form of energy. Accordingly, depending on the strategy of
excessive electricity usage and investment cost, relative competitiveness will be different.

Table 13. Simulation result of S3.

Component Generation
(kWh/year)

Unmet Load
(kWh/year)

Excess Electricity
(kWh/year)

CO2 Emission
(kg)

NPC
(USD)

LCOE
(USD/kWh)

WT 1,892,983 (57.1%)

14,148 (0.78%) 944,421 (34%) 0 4,429,553 USD0.208/kWh
PV 651,830 (41.3%)

FC 236,840 (1.6%)

Total 2,781,652 (100%)

Table 14 shows the lifetime cost structure in S3, with initial investment costs accounting
for 71.1%, facility replacement costs accounting for 10.2%, and O&M costs accounting for
26.5%.

Table 14. Lifetime cost structure of topology_C by source (unit: USD).

Initial Capital Replacement O&M Fuel Salvage Total

3,148,050 453,584 1,172,999 0 −345,080 4,429,553

71.1% 10.2% 26.5% 0.0% −7.82% 100.0%

Table 15 shows the cost structure by components, with P2H2P being the highest at 42%,
followed by WT at 35.4% and PV at 13.6%. It is observed that the portion of BESS among
investment cost decreased from 42.8% in topology_B to 5.4% in topology_C, whereas the
portion of P2H2P investment cost increased.

Table 15. Cost structure of topology_C by components (unit: USD).

Component Cost Component Cost

WT 1,567,404 (35.4%)

P2H2P

Electrolyzer 974,821 (22.0%)

BESS 240,942 (5.4%) HT 312,798 (7.1%)

PV 602,788 (13.6%) Fuel Cell 571,148 (12.9%)

Converter 159,670 (3.6%) Sum 1,858,767 (42%)

Table 16 shows the capacity factor and operation time for each power source. The
capacity factors of PV, WT, and FC are 14.9%, 28.8%, and 10.8%, respectively, and the
operating hours are 4360 h, 6668 h, and 1860 h, respectively, which indicates that most of
the electricity is supplied by PV and WT directly.

Table 16. Power generation and operation time for each power source in S3.

Quantity PV WT FC

Capacity Factor (%) 14.8 28.8 10.8

Hours of Operation 4360 6668 1860

4.4. Capital Cost Forecast and Sensitivity Test

A large number of studies have forecasted price reduction of microgrid components
both in capital investment and operation due to a learning curve. Reference [35] forecasted
PV cost would decrease around 35.0–41.4% from 2016 to 2025, and around 47.1–55.3% by
2030. It also forecasted the solar LCOE would decrease around 19.6–30.8% from 2016 to
2025, and around 26.5–41.4% by 2030. Reference [36] predicted the price of solid oxide
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electrolyzer cells (SOECs) would be 1090 €/kW in 2030 based on 12.4% of annual decreas-
ing rate. Reference [37] estimated the cost of Li-ion batteries for ESS would drop from
USU94/kWh in 2024 to USD62/kWh in 2018 based on 18% of annual cost saving rate.
Reference [38] estimated the cost of electrolyzer would drop to 40% of 2019 price in 2030
based on 16–21% of annual cost reduction rate.

We forecasted the capital costs of microgrid components in 2025 and 2030 based on
the annual cost reduction rates from the literature. The result is summarized in Table 17.
We also assumed the electricity demand will increase 9.9% by 2020 and 19% by 2030 based
on the long-term electricity plan of the Korean government [39].

Table 17. Forecasted capital cost in 2025 and 2030.

Components

Capital Cost (Base Case: Table 4)

Year of 2025 Year of 2030

Forecasted
Capital Cost Ratio to Base Case Forecasted

Capital Cost Ratio to Base Case

PV (USD/kW) 806 81% 657 66%

Wind Turbine (USD/kW) 1287 87.4% 1141 77.5%

BESS (USD/kWh) 94 27% 62 18%

Converter (USD/kW) 480 80% 360 60%

P2H2P

Electrolyzer (USD/kW) 2000 80% 1500 60%

HT (USD/kg) 800 80% 800 60%

FC (USD/kW) 1443 57.7% 1090 43.6%

We executed another set of simulations, applying the forecasted capital costs of
Table 17, under S2 and S3. Table 18 summarizes the results of the optimal topologies
and LCOE estimations under each of the scenarios. The LCOE of topology_B is estimated
to become USD0.121/kWh in 2025, and USD0.105/kWh in 2030. That of topology_C,
which adds electrolyzer/H2TK and FC, is estimated to become USD0.128/kWh in 2025,
and USD0.10/kWh in 2030. The forecasted LCOE of both scenarios is expected to converge
into similar levels in the long term.

Table 18. Simulation result by topologies.

Topology Topology_B
(PV + WT + BESS)

Topology_C
(PV + WT + BESS + P2H2P)

Year 2025 2030 2025 2030

PV (kW) 700 600 700 800

WT (kW) 250 kW*3 250 kW*4 250 kW*2 250 kW*2

BESS (kWh) 2880 2880 2304 2880

Converter (kW) 200 300 200 200

Electrolyzer (kW) 0 0 100 100

HT (kg) 0 0 100 100

FC (kW) 0 0 250 250

Excess Elec (%) 50.0 54.1 30.3 30.6

Unmet Load (%) 0.99 0.91 0.87 0.91

LCOE (USD/kWh) 0.121 0.105 0.128 0.100
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5. Conclusions

This paper proposed a plan to build a microgrid based on 100% renewable energy in
the island system in conjunction with the CFI policy in Korea. We analyzed and compared
economic feasibilities of different microgrid scenarios under an acceptable level of power
supply reliability. As is expected, when the unmet load condition increases, the achievable
LCOE decreases due to savings in both investment and operation costs. We empirically
derived an efficient frontier line that shows inverse relation between minimum LCOE and
reliability of the microgrid system.

The conventional power configuration with diesel generators as the power source
was set as a basic scenario (S1). The economic feasibility and power supply reliability of
topology_A (WT + PV + BESS) and topology_B (WT + PV + BESS + P2H2P) were compared,
using HOMER.

The topology_A under S1, which comprises two units of DG (150 kW), is estimated
to have USD0.445/kWh of LCOE under 0.13% of unmet condition. The portion of fuel
cost is by far the largest (over 70% among NPC) and so it may cause vulnerability to the
local electricity price when the global oil price is unstable. More importantly, it is estimated
S1 will generate 1012 ton/year of CO2. The requirement for reducing greenhouse gas
emissions and carbon-free microgrid policy will vitalize renewables, reducing DG-based
microgrids.

The S2 is designed to achieve the CO2-free energy policy goal. The topology_B is
selected among options within S2 to achieve minimum LCOE with less than 1% of unmet cri-
teria, resulting in a system with PV (700 kW), three units of WT (250 kW), BESS (2304 kWh),
and converter (200 kW). The LCOE of topology_B is estimated at USD0.21/kWh under
0.939% unmet load condition, which is approximately 47% of topology_A. The combination
of solar PV and WT, by smoothing the total generation pattern and thus saving storage sys-
tem budget, can lower LCOE as well as excess electricity more than previous research [14],
where a single source of generator (photovoltaic) was used. The major portion of NPC is
composed of WT (35%) and BESS (43%), and the resulting cost reduction due to technical
development can lead to a further drop of LCOE in the future.

The topology_C is designed to assess the economic feasibility of a microgrid with
BESS and P2H2P. The system includes PV (500 kW), two units of WT (250 kW), BESS
(288 kWh), HT (200 kg), electrolyzer (200 kW), and FC (250 kW). The LCOE of topology_C
is slightly lower than that of topology_B, meaning the combination of BESS and P2H2P
topology (topology_C) is more competitive than topology_B. Combining a P2H2P with
a BESS enhanced the efficiency of the microgrid system under the same unmet load
condition. Our study proved lower LCOE as well as higher reliability can be achieved by
partly substituting P2H2P for BESS capacity in topology_C. Also, topology_C resulted in
lower excessive electricity than topology_B by 22% due to the additional hydrogen system.
However, there may be additional investment needed for monitoring and operation due
to higher complexity in topology_C, the cost of which is not considered in this paper. In
any case, with the same context with topology_B, the LCOE of topology_C is expected to
decline in the future.

We conclude that scenarios with different options of power sources and excessive
energy storage will differentiate system composition as well as economic feasibility. We
would like to study wider microgrid composition scenarios, taking into account the uti-
lization and dynamic characteristics of surplus electricity, in addition to the economic and
power supply reliability as further research.
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