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Abstract: In South Korea, Renewable Energy Sources (RES) have been increasing with the application
of energy policies, such as Feed in Tariff (FIT) and the Renewable Portfolio Standard (RPS). However,
a rapid increase in RES supply leads to an uncertain power supply due to the intermittent output of
RES. A representative example is the curtailment of Wind Turbines (WT), which frequently occurs
in Jeju Island, South Korea. The proportion of RES power on Jeju Island is 67%, and there are cases
where WT is curtailed among the operable sections to maintain the balance of power supply and
demand. This paper applies Power-to-Gas (P2G) technology to hydrogenate, store, and utilize unused
power to solve this problem. In this paper, Aewol-eup in Jeju Island is selected as a target site for case
study. An Integrated Energy System (IES) for various energy operations is designed to control RES
output. This paper proposes the optimal facility configuration and finally drives the optimal design
and operation solution of IES by analyzing the objective functions and focusing on the Independent
Power Producer (IPP) perspective.

Keywords: sector coupling (SC); integrated energy system (IES); independent power producer (IPP)
power-to-gas (P2G); Curtailment of WT; renewable energy sources (RES)

1. Introduction

The distribution of Renewable Energy Sources (RES) in South Korea has been steadily
increasing as part of South Korea’s energy policy, such as Feed in Tariff (FIT) in which the
government pays fixed prices to operators of RES according to power generation of RES.
Renewable Portfolio Standard (RPS) mandates power generation through RES for power
generation operators with a power generation capacity of 500 MW or higher. South Korea
has raised nationally dedicated contributions through the 2021 United Nations Climate
Change Conference. Therefore, a goal was selected to reduce greenhouse gas by more than
40% compared to 2018 by 2030, and accordingly, a plan is being made to gradually reduce
the capacity of coal-fired power generation facilities, which are the leading cause of carbon
emissions, and replace the capacity of reduced coal-fired power generation facilities with
RES capacity. As a result, the spread of RES in South Korea is expected to accelerate further.
As a way to implement the decarbonization policy, many countries have adopted green
hydrogen energy. South Korea also announced a roadmap for revitalizing the hydrogen
economy in 2019 and implementing hydrogen production and utilization policies. The
Clean Hydrogen Portfolio Standard (CHPS) is scheduled to be implemented as a policy.
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CHPS is a policy that independently implements the RPS system on hydrogen power
generation obligations and is scheduled to be implemented for the first time in 2022. Laws
are currently pending in the Korean National Assembly. With the introduction of CHPS,
the supply of RES-linked hydrogen production facilities and produced hydrogen operation
facilities is also expected to accelerate.

Representative facilities of RES include Wind Turbine (WT) and Photovoltaic (PV),
and WT and PV are classified as Uncontrolled Generators (UCG), the operator cannot
control the output. Although UCG is on the rise due to national policy, power supply and
demand imbalances occur due to RES output exceeding load due to unpredictable power
generation that occurs at a specific time zone or intermittently as the proportion of UCG
increases. One of the problems caused by the uncertain output of UCG is the Duck-Curve
phenomenon caused by PV. The Duck-Curve phenomenon is a phenomenon in which
the amount of power supplied from the grid decreases sharply in the afternoon when the
output of PV is concentrated. The Duck-Curve phenomenon may cause problems in power
quality, such as voltage and frequency fluctuations in the system. In addition, due to the
rapid expansion of PV, PV that produces over-output is curtailed, and the power supply
from PV is stopped during the corresponding time [1]. In addition, when overpowering
occurs due to unpredictable changes in wind speed, in order to match the power balance
of the power system, the WT is curtailed [2]. Since the curtailment of UCG reduces IPP
benefits by causing a decrease in power transaction volume, IPP needs to reduce UCG’s
curtailment by utilizing IES.

Deep learning, which has been implemented relatively recently, is part of a method to
reduce the curtailment of UCG. Through Deep learning, a stable facility plan, including
UCG and a power supply operation plan, are established based on the predicted insolation
and wind speed. However, the technology has a clear limit to prediction accuracy, and
the prediction-dependent development plan has uncertainty and cannot be a definite solu-
tion [3]. Therefore, this paper proposes a method to eliminate the uncertain output of UCG
and reduce the curtailment of WT economically using Independent Energy System (IES).

One of the ways to eliminate the output of the uncertain UCG proposed in this paper
is to link and utilize Battery Energy Storage System (BESS) with UCG. BESS can reduce
UCG’s curtailment by storing the excess power generation of UCG. In [4], the degree to
which the curtailment of WT is reduced was analyzed using BESS based on the two-stage
optimization technique. Another way to eliminate the uncertain output of UCG is using
an IES based on Sector Coupling (SC) technology. SC technology designs an integrated
energy operation system, by converting energy, such as power, heat, and gas into each other.
Recently, the supply of hydrogen production and utilization facilities has increased rapidly
following South Korea’s hydrogen utilization policy, and hydrogen has been adopted as a
critical energy source for SC technology based on these policy moves.

Power to Gas (P2G) technology, a hydrogen utilization technology among SC technolo-
gies, is a representative green hydrogen production technology that produces hydrogen
and oxygen by electrolyzing water using an Electrolyzer (Elz). Oxygen generated by P2G
technology is emitted into the atmosphere, and hydrogen is stored in the Hydrogen Energy
Storage System (HESS). Furthermore, it may supply fluid power and thermal energy using
a Fuel Cell (FC), which generates water and electricity by combining hydrogen and oxygen
at the judgment of the system operator [5]. P2G technology has a significant advantage in
terms of UCG operational efficiency because it can operate Elz with the output of UCG,
and the generated hydrogen can be injected into the gas system to commercialize hydrogen
itself or produce synthetic natural gas [6]. In addition, FC supplies power and thermal
energy simultaneously, and load following operation is possible due to its excellent respon-
siveness [7]. Since Elz and FC do not emit carbon, the operation of SC technology based
on P2G technology is adopted as an energy operation technology that perfectly meets the
purpose of the carbon-neutral policy.

Unlike the existing single-energy operating system, IES is unsure of its operating entity.
In most research cases, an objective function of an IES is selected to minimize system design
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and operation costs. In this paper, the objective functions are classified to minimize the
curtailment of RES and IES’s investment and operation cost. Then, both objective functions
are applied to optimization, respectively. In addition, previous studies on IES constitute
a single topology of IES, assuming the facility configuration of IES. However, additional
injection of equipment must be considered in IES as various energy facilities are applied.
Therefore, this paper considers whether various energy conversion and storage facilities are
input from the facility configuration perspective of IES. Finally, in this paper, the optimal
design and operation solution of IES is derived for each facility configuration of IES, and
the optimal facility configuration of IES is proposed based on the results. In this paper, the
objective functions are derived from an Independent Power Producer (IPP) perspective
that assists power supply to the IES and an optimal design and operation solution of IES
through Mixed-Integer Linear Programming -based optimization.

2. Structure of Integrated Energy System

In this paper, IES utilizes power and gas as energy sources and supplies energy to
power and thermal loads, respectively, through P2G, Power to Heat (P2H), Gas to Power
(G2P), and Gas to Power (G2H) technologies. Figure 1 is the structure of IES proposed in
this paper.
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Figure 1. Schematic diagram of IES.

In Figure 1, the energy storage facilities include BESS, HESS, and Thermal Energy
Storage System (TESS), and the natural gas storage system is operated as a supply facility for
natural gas. Energy conversion facilities include Elz, FC, Gas Boiler (GB), and Electric Heat
Pump (EHP). Elz produces and supplies hydrogen in the process of electrolyzing water. FC
supplies power in the process of combining hydrogen as opposed to Elz. Technologies that
supply energy through Elz and FC are called P2G and G2P technologies, respectively. GB
supplies heat as a medium for hot water through the combustion of natural gas. A process
commonly referred to as G2H technology. EHP supplies heat to the air as a medium from
heat conversion of power, and this process is commonly referred to as P2H technology. It is
assumed that the power supply is supplied through the Diesel Generator (DG) to simulate
100% self-reliance of the target site.
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2.1. Power Supply Facilities
2.1.1. Modeling of Wind Turbine

The output characteristics of the WT vary depending on the wind speed. The power
generation output section of the WT is largely determined by cut-in speed, rated speed,
and cut-off speed [8].

PWT,t =
1
2
· ρv · A ·V3, V ∈ {Cutin, Rate, Cuto f f } (1)

PWT,t = PCT
WT,w,t + PN

WT,w,t (2)

In Equation (1), PWT,t, ρv · A, and v refer to the output of WT [kWh], density of the
wind [kg/m3], the area of the blade [m2], and the velocity of the wind [m/s], respectively.
Cutin, Rate, and Cutoff wind speeds, with values of 3, 15, and 25 [m/s], respectively. The
total output of the WTh in this paper is classified into PN

WT,w,t operated output of WT and
PCT

WT,w,t curtailed output of WT, as shown in Equation (2).
This paper utilizes the observed wind speed data of Jeju Island in 2021. It calculates

the error range of the measured data based on a 5% error in the seasonal and hourly Weibull
distribution of the observed data to consider the output uncertainty of the WT. Weibull
distribution’s shape and scale factors are applied with 2 and 5, respectively. Figure 2 shows
the lower and upper bound of wind speed data derived based on an error of 5% in the
Weibull distribution by seasonal and hourly wind speed data and a wind speed sample of
24 h. In this paper, random data of wind speeds within range is applied to consider the
output uncertainty of WT.
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2.1.2. Modeling of Photovoltaic

In Equation (3), Ppv,t, Cpv, f , Gt, σ, Tcell , and Tcell,STC refer to the output of PV
[kWh], the capacity of PV, [kW] the yield of the solar radiation [m2], solar radiation
[kWh/m2], constant for loss, temperature [°C], and standard temperature [°C], respectively.
The amount of insolation generally utilizes the amount distributed according to the beta
distribution or normal distribution [9]. However, similar to wind speed data, actual
insolation data from Aewol-eup during 2020 is used. Furthermore, as the output of PV is
proportional to the insolation, the predicted output volatility is equal to that of WT. Thus,
only WT with relatively high output uncertainty among UCG is considered the target for
curtailment. Therefore, PV output is used to store and convert energy for the optimal
operation of IES, and PV facilities are not considered curtailment targets.

Ppv,t = Cpv · f ·
(

Gt

1000

)
· [1 + σ(Tcell − Tcell,STC)] (3)
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This paper utilized the observed solar radiation of Jeju Island in 2021. It calculates the
error range of the measurement data based on an error of 5% in the standard distribution
by the seasonal and hourly observation data to consider PV output uncertainty. Figure 3
shows the lower and upper bound of solar radiation data derived based on an error of 5%
in the standard distribution by solar radiation and shows a solar radiation sample of 24 h.
In this paper, random data of solar radiation within the range is applied to consider the
output uncertainty of WT.
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2.1.3. Modeling of Diesel Generator

A Diesel Generator (DG)is capable of load-following operation. It is in charge of the
load-following operation for power balance if there are no other power generation facilities
capable of load-following operations. Therefore, it is assumed that the fuel of DG consumed
is infinite. DG is modeled through Equation (4).

Pdg,t =
Qt · E · ηdg

860 · cosθ
(4)

In Equation (4), Pdg,t is the output of DG [kWh] Qt is the amount of fuel consumed
[kg-oil], ηdg is the efficiency of DG, and E is the amount of heat generated by fuel [Kcal/kg-oil].

2.2. Heat Supply Facilities
2.2.1. Modeling of Gas Boiler

Gas Boiler (GB) utilizes G2H technology to convert natural gas into thermal energy. For
the gas network, the gas flow can be interpreted using the Weymouth equation considering
the hydraulic pressure and flow rate of gas in the pipeline [10]. This paper does not interpret
gas flow because it focuses on energy operations based on the UCG output within IES.
Therefore, it is assumed that the gas fuel supply through the natural gas storage system is
infinite. GB is modeled through Equation (5).

Tgb,t = Ggb,t · ηgb · HHVng (5)

In Equation (5), Tgb,t, Ggb,t, and ηgb refer to the output [kWh], input [kg-ng], and
efficiency of GB, respectively. HHVng is a higher heating value of natural gas [kWh/kg-ng].
Natural gas supplied from the natural gas storage system is expressed in kg. Therefore, to
convert the amount of energy, HHVng of natural gas is applied and converted [11].
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2.2.2. Modeling of Electric Heat Pump

An Electrical Heat Pump (EHP) utilizes P2H technology to convert electrical energy
into thermal energy. The EHP supplies the heat generated through electrical resistance to
thermal energy in the form of air and is modeled through Equation (6).

Tehp,t = Pehp,t · ηehp,t, ∀t (6)

In Equation (6), Tehp,t, Pehp,t, and ηehp refer to the output [kWh], input [kWh], and
efficiency of EHP, respectively.

2.3. Hydrogen Operation Facilities
2.3.1. Modeling Electrolyzer

An Electrolyzer (Elz) produces hydrogen and oxygen through electrolysis, wherein the
hydrogen is stored in HESS. Generally, Elz’s electrolysis is expressed in Equations (7) and (8).

H2O→ 1
2

O2 + 2H+ + 2e− : Anode (7)

2H+ + 2e− → H2 : Cathode (8)

Elz is classified into a proton exchange membrane electrolyzer (PEMEL), alkaline
electrolyzer (AEL), and solid oxide electrolyzer (SOEL) based on the catalyst. In this paper,
Elz assumes a PEM type [12]; it experiences a loss of movement during its initial operation,
and research [13] has been conducted to minimize the loss of mobility and produce stable
hydrogen through Elz’s switch control. Therefore, in this paper, Elz’s switch control was
applied as a constraint for its modeling. Elz is modeled as shown in Equation (9).

Htotal
elz,t = Pelz,t · ηelz/HHVH2 (9)

In Equation (9), Htotal
elz,t , Pelz,t, and ηelz, refer to produced hydrogen [kg], input of Elz

[kWh] and efficiency of Elz, respectively. HHVH2 is higher heating value of hydrogen
[kWh/kg-H2].

2.3.2. Modeling of Fuel Cell

As shown in Equations (10) and (11), a FC produces electricity and heat simultaneously
in the anode and the cathode through the combination of hydrogen and oxygen, respectively.
That is, an FC is a facility that simultaneously utilizes the G2P and G2H technologies [14].

H2 → 2H+ + 2e− : Anode (10)

2H+ + 2e− +
1
2

O2 → H2O : Cathode (11)

FC is classified into alkaline fuel cell (AFC), proton exchange member fuel cell
(PEMFC), molten carbonate fuel cell (MCFC), and solid oxide fuel cell (SOFC), depending
on the catalyst [15]. This paper assumes that the FC is of the PEMFC type. The modeling of
FC is expressed as Equations (12) and (13).

Pf c,t = H f c,t · ηP
f c · HHVH2 (12)

Tf c,t = H f c,t · ηT
f c · HHVH2 (13)

In Equation (12), Pf c,t, H f c,t, and ηP
f c refer to electric output of FC [kWh], input of FC

[kg-H2], and efficiency of FC’s electric output, respectively. In Equation (13), Tf c,t refers to
thermal output of FC [kWh], and ηP

f c refers to efficiency of FC’s thermal output.
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2.4. Energy Storage Facilities

In this paper, the operation characteristics of each energy storage device, except for
the natural gas storage system are commonly applied using Equations (14)–(22) [16].

SOCs,t = SOCs,t−1 + Ech
s,t · ηs − Edch

s,t /ηs, s ∈ {BESS, HESS, TESS} (14)

SOCs ≤ SOCs,t ≤ SOCs, s ∈ {BESS, HESS, TESS} (15)

Ech
s,t ≤ C− rates · Cs, s ∈ {BESS, HESS, TESS} (16)

Edch
s,t ≤ C− rates · Cs, s ∈ {BESS, HESS, TESS} (17)

Ech
s,t ≤ αch

s,t ≤ M · bch
s,t, s ∈ {BESS, HESS, TESS} (18)

Edch
s,t ≤ αdch

s,t ≤ M · bdch
s,t , s ∈ {BESS, HESS, TESS} (19)

bch
s,t ≤ βch

s,t ≤ Ech
s,t, s ∈ {BESS, HESS, TESS} (20)

bdch
s,t ≤ βdch

s,t ≤ Edch
s,t , s ∈ {BESS, HESS, TESS} (21)

bch
s,t + bdch

s,t ≤ 1, s ∈ {BESS, HESS, TESS} (22)

Equation (14) represents the state of charge (SOC) of the ESS at each time t. Equation (15)
implies the minimum and maximum operating ranges of the SOC. In Equations (14)–(22),
Ech

s,t and Edch
s,t refers to amount of charge and discharge for each ESS [kWh]. Cs is capacity of

each ESS [kW]. αch
s,t, αdch

s,t , βch
s,t and βdch

s,t refer to linear variables for charge and discharge of
each ESS, auxiliary variables for charge and discharge of each ESS, respectively. bch

s,t and
bdch

s,t refer to binary operation variables for each ESS.

3. Energy Operation Analysis of IES

Equation (23) means the power balance of the IES.

Pdg,t · ηdg + ∑
∀w

Pwt,w,t · ηwt + Ppv,t · ηpv + Edch
bess,t · ηbess

−Echa
bess,t/ηbess − Pehp,t/ηehp − Pelz,t/ηelz = Pload,t

(23)

This paper considers the power supply and demand imbalance caused by the ex-
cess output of UCG. As UCG utilizes confirmed facilities, it is necessary to maintain a
balance between power supply and demand by reducing the excess power when UCG
is overpowered.

The first excess power elimination mode reduces excess power by curtailing a part of
the WT operating when excess power occurs. As the curtailed power is determined based
on the output of the WT to be curtailed, the operator cannot control it. Therefore, a case in
which the total power supply amount is instantaneously lower than the load amount may
occur owing to the curtailment of WT. In this case, insufficient power must be supplied
through facilities capable of load-following operation. Furthermore, the curtailment of
the WT implies that the output of the WT is 0, and additional DG operation is required
from the power balance perspective. Therefore, the curtailment of WT generally causes
additional power generation costs for the DG.

The second excess power elimination mode stores excess power using the charging
mode of BESS when excess power occurs. As the operator can control the BESS operation,
BESS can reduce excess power without the further involvement of DG. Due to BESS’s
charging and discharging characteristics according to the constraints of Equations (14)–(22),
BESS cannot flexibly eliminate excess power. However, the discharging power of BESS
has an economic profit of reducing the facility cost and power generation cost of DG by
replacing a part of the DG power generation.
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The third excess power elimination mode hydrogenates excess power through the P2G
technology when excess power occurs. As the operator can control the operation of Elz,
P2G technology can reduce the excess power without the further involvement of the DG.
HESS can charge and discharge hydrogen independently through Elz and FC. Therefore, it
is possible to eliminate excess power more flexibly than BESS.

The fourth excess power elimination mode converts excess power into thermal energy
and supplies it through P2H technology through EHP. As the operator can control EHP,
it can reduce excess power without the further involvement of DG. This paper does not
consider waste heat; therefore, using EHP at a level exceeding the heat load cannot occur.

In the event of an excess power, one or more of the four proposed excess power
elimination modes must be applied to maintain the power balance of the IES.

4. Objective Functions of IES

The objective functions for the optimal design and operation of the IES are set differ-
ently depending on the operating entity of the IES. In this paper, the objective functions
are derived from the perspective of IPP, which assists in power supply through UCG.
From the IPP perspective, the objective functions refer to the high utilization rate of UCG
operated within the IES. Furthermore, minimize the total system cost. Therefore, after
securing the maximum utilization rate of UCG, the optimal economic objective function of
IES is applied.

The economic objective function is to minimize all costs incurred in constructing and
operating a system. Therefore, the objective function minimizes Investment cost and Main-
tenance costs. Here, Investment cost implies the facility’s capital cost, and Maintenance cost
implies the operation cost and fuel cost. Investment cost and Maintenance cost equations for
deriving economic objective functions are expressed as Equations (24) and (25), respectively.

CI = Cdg · φdg + Cgb · φgb + Cehp · φehp + Celz · φelz + C f c · φ f c + ∑
∀s

Cs · φs (24)

CM = Cdg · θdg + Cgb · θgb + Cehp · θehp + Celz · θelz

+C f c · θ f c + ∑
∀s

Cess,s · θess,s + ∑
∀t

Tng,t · θng + ∑
∀t

Pdg,t · θoil
(25)

φ refers to the installation cost for each facility and θ refers to the operation cost for
each facility, and fuel cost. PV is not included in this paper in the curtailment target, so it
operates fixedly. Finally, the objective function from an IPP perspective is a function that
simultaneously optimizes the investment cost of IES and the curtailment of WT, and It is
represented by Equation (26).

min( f ) = min

(
∑
∀t

∑
∀w

PCT
WT,w,t + CI + CM

)
(26)

In this paper, as random values according to probability distribution and probability
distribution are applied to consider the power uncertainty of WT and PV, optimization
is implemented 100 times, the observation value is derived, and the result is applied.
Equation (27) represents this paper’s observation value of the optimization value.

E[X] = ∑
∀m

xm fm(xm) (27)

5. Simulation Result

The simulation result of this paper derives the optimal design and operation solution
of IES from an IPP perspective and constructs a composition set based on BESS, Elz, and
EHP facilities that can reduce curtailed power and analyzes the simulation result. The case
is shown in Table 1.
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Table 1. Composition of IES.

Cases Facilities

1 (UCG + DG) + (GB + EHP)
2 Case 1 + BESS
3 Case 1 + (Elz + HESS + FC + TESS)
4 Case 3 + BESS

Aewol-eup, four WT with a capacity of 2000 kW from No. 1 to 4 and 3000 kW from
No. 5 to No. 8 are installed. Load data considers seasonal load characteristics. The cost
information of the facilities in the IES is applied. as shown in Table 2, based on the reference.
In Table 2, capital expansion (CAPEX) and operational expansion (OPEX) refer to the
investment and operation costs of the facility, respectively. Oil and gas prices are calculated
based on the prices distributed in Korea. In this case study of this paper, all scheduling
figures are shown based on 70–120 [h], highlighting the plan to reduce curtailed power.
The figure below schematically illustrates the time series load data used in this paper, and
power and heat show the maximum demand in summer and winter, respectively. The
parameters applied to the modeling for each facility are shown in Table 3. The seasonal
load profile of power and heat are shown in Figure 4.

Table 2. Facilities economical parameters.

Facilities CAPEX OPEX Eff

BESS 700 [$/kW] 14 [$/kW] ηbess:0.98
HESS 574 [$/H2 kg] 11.48 [$/H2 kg] ηhess:0.98
TESS 3.2 [$/kWh] 0.064 [$/kWh] ηtess:0.98

FC 1000 [$/kW] 20 [$/kW] η
p
f c : 0.3

ηt
f c : 0.6

ELZ 760 [$/kW] 21 [$/kW] ηelz : 0.8
DG 400 [$/kW] 0.5 [$/h] ηcg : 0.35
GB 220 [$/kWh] 10.76 [$/kWh] ηgb : 0.8

EHP 690 [$/kW] 4.9 [$/kW] ηehp : 1
Oil - 0.87 [$/kg]

Natural gas - 0.0047 [$/kWh]

Table 3. Facilities modeling parameters.

Applied Facility Parameters Value Applied Facility Parameters Value

WT
ρv

1.225
[kg/m3] DG E 1000

[kcal/kg-oil]

A 314
[m2] GB HHVng

15.4
[kWh/kg-ng]

PV

f 3000
[m2] ELZ HHVH2

39.4
[kWh/kg-H2]

σ 0.75
ESS C− rates 0.5TCell,STC 25
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5.1. Case 1: (UCG + DG) + (GB + EHP)

The IES design and operation from an IPP perspective is for the economical operation
while always satisfying the constraints that do not occur in the curtailment of WT. In
Case 1, the facility used in excess power elimination mode is EHP. Therefore, in Case 1,
the curtailed power cannot be removed completely. However, as EHP is the only facility
deployed to eliminate excess power, it derives economical design and operation results
compared to other cases. Figure 5 shows the scheduling result of Case 1. Figure 5 show the
scheduling result of the power load and the heat load, respectively, and it can be confirmed
that the operation of the EHP occurs up to the limit in Case 1.
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5.2. Case 2: Case 1 + BESS

Case 2 additionally applies BESS in Case 1 as a facility used in excess power elimination.
Therefore, excess power is eliminated when excess power occurs by supplying heat energy
through EHP and storing power through BESS. In BESS, more than the necessary capacity
is selected to reduce continuous excess power by charging and discharging characteristics.
Therefore, the design and operation results of the uneconomical IES are derived compared
to Case 4 using P2G facilities, and Case 1 and Case 3 are not applied with BESS. Figure 6
demonstrates the scheduling result of Case 2. Figure 6 represent the scheduling result of
the power load and the heat load, respectively. Contrary to Case 1, BESS is mainly used to
reduce the curtailment of WT, and through this, it can be seen that the operation of EHP is
reduced, and the supply of thermal energy is also increased through GB.
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5.3. Case 3: Case 1 + Elz + HESS + FC +TESS

Case 3 is additionally applied by P2G facilities in Case 1 as a facility in excess power
elimination. Therefore, when excess power is generated, the excess power is eliminated by
supplying heat energy through EHP and hydrogenating power through Elz. Unlike BESS,
HESS does not select excess facility capacity for excess power elimination because charging
and discharging may occur independently by the FC and Elz. Therefore, although the Elz
and FC are additionally applied using P2G, they show more economical operating results
than Case 1 and Case 2. Figure 7 is the scheduling result of Case 3. Figure 7 represent the
scheduling result of the power load and the heat load, respectively. Elz is mainly used
as an operation to reduce the curtailment of WT, and through this, it can be confirmed
that the operation of EHP is reduced compared to Case 1, as in Case 2. Additionally, the
use of FC occurs from the production of hydrogen energy and the heat supply by FC is
added accordingly.
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5.4. Case 4: Case 3 + BESS

Case 4 simultaneously applies BESS and P2G facilities in Case 1 as the facilities in
excess power elimination. Therefore, when excess power is generated, excess power is
eliminated by supplying thermal energy through EHP, storing power through BESS, and
hydrogenating power through Elz. As Case 4 includes both BESS and P2G facilities, the
operation result is expected to be uneconomical compared to other cases. However, when
excess power occurs in the simulation, the capacity of each facility is moderately selected
through a complementary operation. Through this, the most economical IES design and
operation results are derived while reducing the same level of curtailed power in all cases.
Figure 8 is the scheduling result of Case 3. Figure 8 represent the scheduling result of the
power load and the heat load, respectively. In Case 5, Elz and BESS are simultaneously
used as an operation to reduce the curtailment of WT. Through this, it can be confirmed that
the capacity of Elz and BESS is relatively shared compared to Cases 2 and 3, and thus the
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system cost is reduced. Furthermore, it can be observed that the amount of heat supplied by
FC decreases compared to Case 3. The numerical results of each case are shown in Table 4.
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Table 4. Optimization results of each case.

Case 1 Case 2 Case 3 Case 4

System cost [$ ×103/year] 32,950 50,002 42,170 40,435
Curtailed power [MWh/year] 3197 0 0 0

As shown in Table 4, the system cost of Case 1 is the cheapest because the facility
combination of Case 1 cannot completely remove the curtailed power, so the investment
in the facility is technically limited. However, in Case 2, Case 3, and Case 4, the curtailed
power is completely removed, and as mentioned above, the operation of Elz and BESS is
dispersed in Case 4, and thus the system cost is the cheapest. Therefore, it is reasonable to
use Elz and BESS simultaneously to reduce the economic curtailment of WT.

6. Conclusions

This paper analyzes the measures undertaken to resolve the effects of rapidly in-
creasing UCG output on a power system’s power supply and demand balance. The case
study was conducted in Aewol-eup, Jeju Island, South Korea, the target site. Here, WT
curtailment occurred due to excess power generation. The designed IES prevented WT’s
curtailment based on P2G, P2H, G2P, and G2P technology. The results of this paper first
considered the operational efficiency objective function of UCG from the IPP perspective
before applying the economic objective function, which is a general objective function.
Therefore, IES has the most economical washing and operation solution when the WT
curtailment is minimized.

As a result, if only P2H is applied to IES, the curtailment of WT can be partially
removed. Where BESS is additionally injected with IES, a high investment cost of BESS
is induced by the constraint that the charge and discharge of BESS cannot be operated
simultaneously, and as a result, the system cost rises rapidly. If P2G technology is addi-
tionally injected with IES instead of BESS, a high capacity of the facility is not caused by
an independent charging and discharging operation of the HESS. However, it is verified
that the limitations of P2G facilities are clear in the process of reducing the curtailment
of discontinuous WT. IF BESS and P2G technology are injected with IES simultaneously,
discontinuous curtailment of WT is reduced through charging mode of BESS and the contin-
uous curtailment of WT is reduced through P2G technology. Therefore, this paper proposes
a structure in which the optimal facility configuration for reducing the curtailment of WT
using IES includes both BESS and P2G facilities.

Many countries worldwide have adopted semi-permanent and highly utilizable hy-
drogen as next-generation energy and encourage its active use. Accordingly, hydrogen
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infrastructure construction is being accelerated for the production and utilization of hy-
drogen. As the hydrogen economy is achieved by building hydrogen infrastructure, the
importance of Elz and FC is greatly emphasized. Elz and FC have witnessed a decline
in facility costs due to the utilization of hydrogen. The results of this paper include costs
resulting from applying the excess power elimination mode. As the facility costs of Elz and
FC, which are cheaper than the present, are applied in the future, this paper will achieve
excellent economic feasibility and stable WT.

The use of hydrogen employing the P2G technology is essential for energy poli-
cies, such as RE100. Accordingly, various profit-generating measures using hydrogen
are expected to be proposed following national policy, and Korea’s CHPS will be imple-
mented. This paper derives IES’s optimal design and operation solutions with various
structures from an IPP perspective. The results show that it is optimal to operate BESS
and P2G technologies simultaneously in the optimization process, and it is determined
that WT’s curtailment can be reduced economically. Based on the results, it can be used
as a criterion for reasonably calculating CHPS subsidies scheduled to be introduced in
South Korea.

Author Contributions: Methodology, Y.-G.S.; Software, Y.-G.S.; Formal analysis, Y.-G.S., E.-T.S.,
M.-A.A., D.-M.K. and S.-Y.K.; Data curation, E.-T.S., M.-A.A., S.-H.C., H.-S.J. and J.-E.L.; Writing –
original draft, Y.-G.S.; Funding acquisition, S.-H.C., H.-S.J. and J.-E.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the Bisa Research Grant of Keimyung University in
2022 (20220244).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sevilla, F.R.S.; Parra, D.; Wyrsch, N.; Patel, M.K.; Kienzle, F.; Korba, P. Techno-economic analysis of battery storage and curtailment

in a distribution grid with high PV penetration. J. Energy Storage 2018, 17, 73–83. [CrossRef]
2. Chen, P.; Thiringer, T. Analysis of Energy Curtailment and Capacity Over installation to Maximize Wind Turbine Profit Consider-

ing Electricity Price–Wind Correlation. IEEE Trans. Sustain. Energy 2018, 8, 1406–1414. [CrossRef]
3. Wang, H.; Lei, Z.; Zhang, X.; Zhou, B.; Peng, J. A review of deep learning for renewable energy forecasting. Energy Convers.

Manag. 2019, 198, 111799. [CrossRef]
4. Dui, X.; Zhu, G.; Yao, L. Two-Stage Optimization of Battery Energy Storage Capacity to Decrease Wind Power Curtailment in

Grid-Connected Wind Farms. IEEE Trans. Power Syst. 2017, 33, 3296–3305. [CrossRef]
5. Thema, M.; Bauer, F.; Sterner, M. Power-to-Gas: Electrolysis and methanation dstatus review. Renew. Sustain. Energy Rev. 2019,

112, 775–787. [CrossRef]
6. Deymi-Dashtebayaz, M.; Ebrahimi-Moghadam, A.; Pishbin, S.I.; Pourramezan, M. Investigating the effect of hydrogen injection

on natural gas thermo-physical properties with various compositions. Energy 2018, 167, 235–245. [CrossRef]
7. Akinyele, D.; Olabode, E.A. A Review of Fuel Cell Technologies and Applications for Sustainable Microgrid Systems. Inventions

2020, 5, 42. [CrossRef]
8. Rad, M.A.V.; Ghasempour, R.; Rahdan, P.; Mousavi, S.; Arastounia, M. Techno-economic analysis of a hybrid power system

based on the cost-effective hydrogen production method for rural electrification, a case study in Iran. Energy 2020, 190, 116421.
[CrossRef]

9. Lv, Y.; Guan, L.; Tang, Z.; Zhao, Q. A Probability Model of PV for the Middle-term to Long-term Power System Analysis and Its
Application. Energy Procedia 2016, 103, 28–33. [CrossRef]

10. Zeng, Z.; Ding, T.; Xu, Y.; Yang, Y.; Dong, Z.Y. Reliability Evaluation for Integrated Power-Gas Systems with Power-to-Gas and
Gas Storages. IEEE Trans. Power Syst. 2020, 35, 571–583. [CrossRef]

11. Fassinou, W.F.; Sako, A.; Fofana, A.; Koua, K.B.; Toure, S. Fatty acids composition as a means to estimate the high heating value
(HHV) of vegetable oils and biodiesel fuels. Energy 2010, 35, 4949–4954. [CrossRef]

12. Buttler, A.; Spliethoff, H. Current status of water electrolysis for energy storage, grid balancing and sector coupling via power-to-
gas and power-to-liquids: A review. Renew. Sustain. Energy Rev. 2018, 82, 2440–2454. [CrossRef]

13. Fang, R.; Liang, Y. Control strategy of electrolyzer in a wind-hydrogen system considering the constraints of switching times. Int.
J. Hydrogen Energy 2019, 44, 25104–25111. [CrossRef]

14. Motapon, S.N.; Dessaint, L.-A.; Al-Haddad, K. A Comparative Study of Energy Management Schemes for a Fuel-Cell Hybrid
Emergency Power System of More-Electric Aircraft. IEEE Trans. Ind. Electron. 2014, 61, 1320–1334. [CrossRef]

http://doi.org/10.1016/j.est.2018.02.001
http://doi.org/10.1109/TSTE.2017.2682820
http://doi.org/10.1016/j.enconman.2019.111799
http://doi.org/10.1109/TPWRS.2017.2779134
http://doi.org/10.1016/j.rser.2019.06.030
http://doi.org/10.1016/j.energy.2018.10.186
http://doi.org/10.3390/inventions5030042
http://doi.org/10.1016/j.energy.2019.116421
http://doi.org/10.1016/j.egypro.2016.11.244
http://doi.org/10.1109/TPWRS.2019.2935771
http://doi.org/10.1016/j.energy.2010.08.030
http://doi.org/10.1016/j.rser.2017.09.003
http://doi.org/10.1016/j.ijhydene.2019.03.033
http://doi.org/10.1109/TIE.2013.2257152


Energies 2023, 16, 28 14 of 14

15. Martín, J.I.S.; Zamora, I.; Martín, J.J.S.; Aperribay, V.; Eguia, P. Hybrid fuel cells technologies for electrical microgrids. Electr.
Power Syst. Res. 2010, 80, 993–1005. [CrossRef]

16. Son, Y.-G.; Hwang, S.-W.; Lee, H.-J.; Kim, S.-Y.; Kim, D.-S. Optimal Operation of Standalone Microgrid Based on Wind Power
Generation Linked to P2G Technology. KIEE 2021, 70, 1662–1669. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.epsr.2010.01.006
http://doi.org/10.5370/KIEE.2021.70.11.1662

	Introduction 
	Structure of Integrated Energy System 
	Power Supply Facilities 
	Modeling of Wind Turbine 
	Modeling of Photovoltaic 
	Modeling of Diesel Generator 

	Heat Supply Facilities 
	Modeling of Gas Boiler 
	Modeling of Electric Heat Pump 

	Hydrogen Operation Facilities 
	Modeling Electrolyzer 
	Modeling of Fuel Cell 

	Energy Storage Facilities 

	Energy Operation Analysis of IES 
	Objective Functions of IES 
	Simulation Result 
	Case 1: (UCG + DG) + (GB + EHP) 
	Case 2: Case 1 + BESS 
	Case 3: Case 1 + Elz + HESS + FC +TESS 
	Case 4: Case 3 + BESS 

	Conclusions 
	References

