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Abstract: This paper discusses the economic operation strategy of the energy hub, which is being
established in South Korea. The energy hub has five energy conversion devices: a turbo expander
generator, a normal fuel cell, a fuel cell with a hydrogen outlet, a small-scale combined heat and power
device, and a photovoltaic device. We are developing the most economically beneficial operation
strategy for the operators who own the hub, without making any systematic improvements to the
energy market. First, sixteen conversion efficiency matrices can be achieved by turning each device
(except the PV) on or off. Next, even the same energy must be divided into different energy flows
according to price. The energy flow is controlled to obtain the maximum profit, considering the
internal load of the energy hub and the price fluctuations of the energy market. Using our operating
strategy, the return on investment period is approximately 9.9 years, which is three years shorter than
that without the operating strategy.

Keywords: energy management; energy conversion; power system economics; energy hub; sec-
tor coupling

1. Introduction

The challenging objective of net-zero greenhouse gases [1] and the difficulties in
maintaining a balance between the electrical energy supply and demand with the expansion
of renewable energy sources [2] have resulted in the constrain of only using electricity
in a “smart grid” [3–5]. Furthermore, owing to the increase in natural gas consumption
caused by the recent low natural gas prices [6,7], there is growing interest in not only the
efficient use of energy sources other than electricity but also in the integrated operation
of various energy sources [8]. Integrated operation of various energy sources is a method
of operating an entire energy grid in an integrated manner by establishing contact points
between the grids (e.g., electrical, gas, heat, and hydrogen) and converting the energy
sources [9]. These contact points between the energy sources form an energy hub, and the
use of an energy hub occurs in a smart energy system [10], an integrated energy system [11],
or sector coupling [12]. An energy hub is defined as a combination of devices that receive
various energy sources (e.g., electrical, heat, gas, renewable energy) as input, convert them
into different energy sources or store them, and subsequently provide them as output. The
issues related to operating an energy hub are complex because of the numerous factors to
consider, such as the operating restrictions for each energy conversion device, variability in
the input limit and output load, and variability in the energy market prices.

Some studies summarized in Table 1 proposed operation strategies that start with the
energy hub itself, as in this paper, and they are distinct from those on high-capacity energy
hubs that start with the optimization of the energy network [13].
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Table 1. Studies for operation strategies starting from the energy hub itself.

Ref. Resource Energy Type Objective Main Contribution

[14] Coal plant
Wind turbine Electricity Heat Revenue Constraints include CO2 emission

[15] Wind turbine
Photovoltaics Heat/Cool Operating cost

Connecting to district heating and
cooling systems, and introducing a

process that uses a group search
optimizer

[16] Power grid
Natural gas plant

Electricity Heat
Natural gas

Day-ahead operation
cost

Minimizes the energy input costs
using day-ahead scheduling for
stability of urban energy system

[17] Power grid
Natural gas network

Electricity
Natural gas Revenue

Operation strategy based on interval
optimization, which can highly
efficiently respond to gas and
electricity price fluctuations

[18]
Power grid

Natural gas network
Heat network

Electricity
Natural gas
Heat/Cool

Compressed air

Revenue, Energy loss
Multi objective optimization for
complex energy hubs with many

considerations

[19]

Power grid
Natural gas network

Photovoltaics
Wind turbine

Electricity
Natural gas
Heat/Cool

Operating cost,
Maximizing renewable

energy source

Connecting several energy hubs
simultaneously using an objective

function that increases the utilization
of renewable energy and minimizes

the operation costs

We focused on deriving the most economic operation for energy hub owners without
improving the energy market system. Unlike other papers, we have determined the
conversion efficiency matrix that can be operated considering the capabilities of each
facility in the energy hub. Next, for the most economic operation, even the same energy
must be divided into different energy flows according to price. For example, selling electric
energy to the power grid, consuming it in a building, and consuming it by an electric
vehicle have different economic values. Therefore, we classified the energy flow of the
energy hub according to its economic value and established an economic operation strategy
by optimizing the operating cost.

The simplest input/output (IO) matrix for such an energy hub can be expressed as
follows:

O = η I (1)

O is the energy discharged by the energy hub. η is the energy conversion efficiency.
I is a matrix representing the energy flowing into the energy hub. If energy is not stored
in the energy hub, (1) always holds true in real time. However, if energy is stored in the
energy hub, the model becomes more complex. When some of the inflowing energy is
stored, it is expressed as follows [20]:

O = η I − ςin I (2)

ςin is the storage efficiency for the inflowing energy. Similar to (1), (2) always holds
true in real-time. In addition, when some of the energy that is stored in the energy hub is
discharged, it is expressed as follows:

O = η I − ςin I + ςin ςout I−t (3)

ςout is the conversion efficiency when the stored energy is discharged. I−t is the energy
that flowed into the energy hub in the past. Unlike (1) and (2), (3) requires past information.
Specifically, an energy hub can be depicted using only the current information from a
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certain time if it has no storage function or if it has a storage function and only stores energy.
However, if the energy that is stored in an energy hub is discharged, it can only be depicted
if its past state information is known. Figure 1 shows a diagram of a general energy hub
model.

Sustainability 2022, 14, x FOR PEER REVIEW 3 of 19 
 

𝑂 =  𝜂𝐼 − 𝜍௜௡𝐼 + 𝜍௜௡ 𝜍௢௨௧ 𝐼ି௧ (3)𝜍௢௨௧ is the conversion efficiency when the stored energy is discharged. 𝐼ି௧ is the en-
ergy that flowed into the energy hub in the past. Unlike (1) and (2), (3) requires past in-
formation. Specifically, an energy hub can be depicted using only the current information 
from a certain time if it has no storage function or if it has a storage function and only 
stores energy. However, if the energy that is stored in an energy hub is discharged, it can 
only be depicted if its past state information is known. Figure 1 shows a diagram of a 
general energy hub model. 

 
Figure 1. General energy hub model. 

In an energy hub, the energy conversion matrix changes over time based on the ex-
ternal environment and the objective of the energy hub. Accordingly, an energy hub can 
vary its operations based on various external factors, such as the weather, amount of en-
ergy used from each energy source, and fuel prices. Furthermore, only when the energy 
hub responds flexibly to the external environment does it become possible to efficiently 
use all energy, which is the ultimate objective of an energy hub. Specifically, energy con-
version matrices such as 𝜂, 𝜍௜௡, and 𝜍௢௨௧ are not fixed but change selectively based on the 
scenario. 𝜂, 𝜍௜௡, and 𝜍௢௨௧ have various types but are limited in terms of number. This is 
because it is typical for the operations of internal devices to change in multiple stages, 
instead of changing continuously, and maximum efficiency operating conditions are rec-
ommended by the manufacturer. 

Section 2 introduces our energy hub, which will be installed, and presents the inter-
nal and external energy hub information needed to determine the hub operation method, 
including energy market information. Section 3 presents the energy conversion models of 
the energy hub with three assumptions for realistic operation, an algorithm for model 
conversion based on the external environment, and an operation strategy. Section 4 dis-
cusses a case study that calculates the profit when the hub is operated by the proposed 
operation strategy in the 2020 South Korean energy market environment, making certain 
assumptions about the internal energy consumption patterns of the energy hub. Section 5 
summarizes the conclusions of this study. As already mentioned, unlike other research 
results, we classify energy flows according to economic flows and suggest optimal oper-
ation plans. 

  

Figure 1. General energy hub model.

In an energy hub, the energy conversion matrix changes over time based on the
external environment and the objective of the energy hub. Accordingly, an energy hub
can vary its operations based on various external factors, such as the weather, amount of
energy used from each energy source, and fuel prices. Furthermore, only when the energy
hub responds flexibly to the external environment does it become possible to efficiently use
all energy, which is the ultimate objective of an energy hub. Specifically, energy conversion
matrices such as η, ςin, and ςout are not fixed but change selectively based on the scenario.
η, ςin, and ςout have various types but are limited in terms of number. This is because it
is typical for the operations of internal devices to change in multiple stages, instead of
changing continuously, and maximum efficiency operating conditions are recommended
by the manufacturer.

Section 2 introduces our energy hub, which will be installed, and presents the internal
and external energy hub information needed to determine the hub operation method,
including energy market information. Section 3 presents the energy conversion models of
the energy hub with three assumptions for realistic operation, an algorithm for model con-
version based on the external environment, and an operation strategy. Section 4 discusses a
case study that calculates the profit when the hub is operated by the proposed operation
strategy in the 2020 South Korean energy market environment, making certain assumptions
about the internal energy consumption patterns of the energy hub. Section 5 summarizes
the conclusions of this study. As already mentioned, unlike other research results, we
classify energy flows according to economic flows and suggest optimal operation plans.

2. Energy Hub

Figure 2 introduces the energy hub, which is under research and development in
Gyeonggi-do, South Korea and is expected to be completed in 2022. The proposed energy
hub inputs natural gas, which is the primary form of energy, as well as electricity and heat,
which are the secondary forms of energy. The hub outputs hydrogen and natural gas, which
are the primary energy sources, and electricity and heat, which are the secondary energy
sources. The input includes the electrical energy from the national electrical network,
natural gas from the national natural gas network, and heat energy related to the regional
networks. Regarding the output, electrical energy can be sold to the electrical network or
used in internally located office buildings and electrical automobile chargers. Even though
both these outputs are electrical energy, they are distinguished from each other. This is
because the monetary amount that is sold to the electrical network is different from that
saved by purchasing less electrical energy from the electrical network owing to internal
usage. In addition, natural gas is released as output to the natural gas network. Hydrogen
is also released as output to charge hydrogen vehicles.
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Figure 2. Energy hub device configuration and energy flow.

The internal devices of the energy hub are a turbo expander generator (TEG), two types
of fuel cells (FCs), a small combined heat and power (CHP) generator, and a photovoltaic
(PV) generator.

2.1. Turbo Expander Generator (TEG)

A TEG is a generating device that converts the energy lost during the process of
reducing the fluid pressure into electrical energy [21]. Natural gas flows through main lines
in a high-pressure gaseous state, is decompressed near the use location, and subsequently
distributed to the locations of use. In South Korea, there are 142 supply management
centers in a single national natural gas supply network, and decompression is performed
at these centers. TEGs are installed in the supply management centers, where natural gas
decompression is conducted, and they are used as generators that do not consume any fuel
and do not emit any GHGs. Figure 3 shows the major components of a TEG.
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The decompression devices of the constructed supply management center consist
of four units arranged in parallel, and the TEG is installed in one of these [22]. Because
the gas network is connected nationwide, its large scale allows for a constantly stable
supply to the energy hub. The amount of gas flowing through the piping may vary based
on the changes in natural gas demand; however, the TEG of our energy hub is only one
of the four decompression devices arranged in parallel and can independently adjust
the amount of gas. Therefore, the amount of gas that enters the TEG is stable and can
be freely adjusted. Although the TEG can generate electricity without any fuel loss or
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greenhouse gas emissions, it requires heat energy. The heat energy is needed to compensate
the temperature decline that is caused by the Joule–Thompson effect as the gas expands
from a high-pressure state to a low-pressure state [23]. In addition, a small fixed amount of
electrical energy is required to operate the TEG. The natural gas that is inputted into the
TEG is outputted as-is without any consumption; there is only a change in the pressure. In
addition, electrical energy, which is the main energy output source of the TEG, is outputted.
The energy I/O and energy conversion of the TEG is expressed in (4).

[
Og
Oe

]
= ηTEG

 Ig
Ie
Ih

. (4)

g denotes natural gas and e denotes electrical energy. h represents heat energy. ηTEG
is the TEG energy conversion efficiency matrix. Because continuous operation of the TEG
can strain the device, there is a device operation constraint that the TEG operation must be
suspended for at least 10% of one year.

2.2. Fuel Cell (FC)

FCs convert chemical energy into electrical energy. The electrical energy is produced
from the conversion of the difference in the internal energies of the elements during the
reaction of high-purity hydrogen and oxygen to form H2O. The methods of hydrogen
production include by-product hydrogen generation, reforming, and water electrolysis.
The proposed energy hub uses reforming, which extracts hydrogen from the natural gas
(CH4) obtained from the natural gas pipe network. This extraction produces high-purity
hydrogen on addition of a catalyst at high temperatures. In addition, a relatively high
temperature is required during reconversion process of hydrogen into H2O. The energy
hub uses a phosphoric acid FC, which requires temperatures of 150–200 ◦C. Specifically,
heat energy is discharged from the process of extracting hydrogen and generating electricity.
Two types of FCs are used in the energy hub: FC1 denoting FCs that output electricity and
heat energy, as expressed in (5), and FC2 denoting hydrogen-producing FCs that directly
output part of the reformed hydrogen as expressed in (6).[

Oe
Oh

]
= ηFC1

[
Ig
Ih

]
(5)

 Oe
Oh

OH2

 = ηFC2

[
Ig
Ih

]
(6)

H2 denotes hydrogen. ηFC1 and ηFC2 are the energy conversion efficiency matrices
of the normal FC and the hydrogen-producing FC, respectively. Because the continuous
operation of the FCs can strain the devices, there is a device operation constraint that the
FC operation must be suspended for at least 10% of one year.

2.3. Combined Heat and Power (CHP)

A combined heat and power (CHP) device takes a single fuel as the input and outputs
two forms of energy: electricity and heat. In our energy hub, natural gas is used as the fuel.
The CHP is as expressed in (7). [

Oe
Oh

]
= ηCHP

[
Ig
]
. (7)

ηCHP is the CHP energy conversion efficiency matrix.



Sustainability 2022, 14, 2004 6 of 18

2.4. Photovoltaic Generation (PV)

PV generation converts sunlight energy into electrical energy. It is common to add a
maximum point power tracking (MPPT) feature, which adjusts the impedance to transmit
maximum electrical energy. The maximum generated electricity is expressed as Epvmax =
E0 [1 + ρ(T − T0)]. E0 is the amount of electricity generated during the standard state. T
is the temperature of the PV panel. T0 is the temperature during the standard state. ρ is
a constant that varies according to the type of PV panel. For the generated electricity, a
DC–DC converter, which has an MPPT function while changing to a fixed voltage level,
and a DC–AC inverter, which makes the voltage and the frequency the same as those of the
electricity network, are added, and electrical energy is inputted to operate them.

[
Oe

]
= ηPV

[
Is
Ie

]
(8)

s is the photovoltaic energy. ηPV is the energy conversion efficiency matrix of the PV
device.

2.5. Installation Environment

The energy hub receives gas, electricity, and heat from gas, electricity, and regional
heat networks, and it also performs PV generation using PV energy. Because this study
determines the operation method for normal scenarios, instead of emergencies such as
natural disasters, the amounts of energy that can be received from the gas, electrical, and
heat networks are assumed to be sufficient. The output energy can be sold to energy
networks and consumed by the office buildings, electric vehicle charging devices, and
hydrogen vehicle charging devices that the hub itself operates. Figure 4 shows an overview
of the energy hub and its energy network connections. Flows that exist but are not used for
institutional reasons or because they are not important are indicated by dotted lines. These
are described subsequently.
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2.6. South Korean Market
2.6.1. Natural Gas Market

In Korea, there is no free market for natural gas where the price is determined by nu-
merous buyers and sellers based on the market principles. Instead, the unit price of natural
gas is declared by the government. KOGAS is a large public company that distributes
gas monopolistically, and there are private pipeline companies that have monopolistic
control regionally. In the energy hub, the amount of input natural gas is always smaller
than the amount of output. This is because the TEG is the only energy hub device that
emits natural gas, and its input and output are always the same. Therefore, the energy hub
always purchases natural gas at the government rate.

2.6.2. Electricity Market

Numerous energy-generating companies generate electrical energy, and the Korean
Electric Power Corporation, which has monopoly status, transmits and sells it. Specifically,
electrical energy sales are determined by the market prices, which fluctuate in the wholesale
market, and electricity purchases follow the electricity rates declared by the government
without a market. In the wholesale market, the price is determined by the day-ahead market,
and this is called the system marginal price (SMP). In addition to the SMP, electricity can
be sold by receiving a renewable energy certificate (REC) when selling the electrical energy
generated by renewable energy sources. An REC is an additional benefit provided by the
Renewable Portfolio Standard of the Korean government for promoting renewable energy.
The electrical energy generated by PV generation and FCs in our energy hub receives an
REC. Here, the weight value varies based on the generation source. According to the
standards for 2020, PV generation has a weight of 1 and FCs of 2. Specifically, even when
the same amount of electrical energy is sold, there is a larger profit when selling PV and
FC energy, and the FC energy provides a larger profit than PV energy. In the electricity
market of South Korea, to maintain a stable amount of energy generation, entities cannot
choose between self-use and sales according to their own discretion, except in the case of
PV generation. In the case of “generation devices for sales”, all generated electrical energy
must be sold, except the electrical energy required to operate them. In contrast, in the case
of “generation devices for self-use” that are registered to consume their own electricity, it is
recommended that they use the electrical energy that they generate. Moreover, there is a
sales constraint that 50% or less of the annual amount of generated energy must be sold to
the electrical network.

As mentioned before, electrical energy purchasing is achieved by paying the prices
declared by the government, without a retail market. The declared prices vary according
to the usage purpose, season, and time slot. The energy hub may provide an economic
profit that equals the cost saved by the self-consumption of electrical energy. However,
because electrical energy usage objectives vary, the profit provided by using electrical
energy in buildings and electrical vehicles must be calculated differently for each purpose.
In addition, the profit must be calculated differently based on the season.

2.6.3. Heat Market

As in the case of natural gas, there is no free market for heat in which the prices
are determined by numerous buyers and sellers based on the market principles. Instead,
the heat energy unit prices are declared by the government. The Korea District Heating
Corporation, which is a public company that has monopoly status, installs heat networks
for each region and supplies heat energy. Therefore, the heat energy that is outputted by
the FCs and the CHP devices can only be self-consumed. In addition, the heat energy that
is received from the suppliers is bought at the prices declared by the Korea District Heating
Corporation.
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3. Energy Hub Model and Optimal Operation

The objective of this study is to find the economically optimal operation method of
from the perspective of energy hub operators. This section presents a conversion model
(η) that can be operated considering the capabilities of each facility in the energy hub. The
conversion model has several modes that vary based on the internal equipment state (active
or inactive). After various conversion models are established, the benefits of selecting a
certain conversion model are determined based on the market prices of each energy source
and the internal energy usage amounts. For the most economic operation, even the same
energy must be divided into different energy flows according to price. Subsequently, the
amount of input from each energy source and the output routes are determined using the
conversion model to obtain the maximum economic value.

3.1. Energy Hub Conversion Model

We made three assumptions to obtain the conversion model of the energy hub. The
first assumption was that (i) when the same forms of energy are inputted and outputted
from the individual conversion devices, the larger amount is assumed to be the input or
the output, and the amount of input or output is the difference between the two. For
example, in the case of the TEG, electrical energy is outputted, and electrical energy input
is also needed to maintain stable electrical power quality. Specifically, electrical energy
is both inputted and outputted. To simplify the conversion model, it is assumed that the
TEG only has electrical energy output without any input, and the amount of output is the
difference between the two, as expressed in (9). Because the buying and selling unit costs
can differ even for the same form of energy, simplification of the conversion model must be
performed carefully. In this energy hub, such an assumption was made because it does not
significantly affect the operation decisions. The output electricity from the TEG is 1500 kW
and the input electricity is 24 kW, i.e., there is a large difference between them.

[
Og
Oe

]
= ηTEG

 Ig
Ie
Ih


︸ ︷︷ ︸

real model

====⇒
Assume

[
Og

]
= ηTEG

 Ig
Ie −Oe

Ih


︸ ︷︷ ︸

simple model

(9)

The second assumption was that (ii) there are no changes in the conversion efficiency
based on the amount of input energy for each device. For example, there may be a difference
between the conversion efficiencies when 15,000 kW and 1000 kW are outputted from the
TEG. However, in our energy hub, there are many cases where only the optimal amount
is inputted into each device, and, therefore, this is assumed to be true to simplify the
conversion model.

Because it is not easy to measure the amount of input energy for renewable energy
sources, it is difficult to obtain their conversion efficiencies. Furthermore, PV conversion
does not need output control and does not incur costs for the input fuel, unlike other energy
conversion devices. The third assumption was that (iii) PV generation still produces the
same measured amount of electrical energy as produced during similar weather in the past.

To define the conversion model, the input and output types of the energy hub must
be determined. Because the objective of this study is to obtain an economic operation
method from the perspective of the energy hub, it is reasonable to classify the energy types
based their economic value. The cases in which the economic values were different, were
distinguished, even for the same type of energy. As mentioned in Section 2, electrical
energy has different selling prices for all types in the energy market. In the case of the TEG
electricity, self-consumption by the generating company is not allowed, and external sales
are possible. The electrical energy that is generated by the PV devices and FCs can receive
the REC price, which may be different from the normal electrical energy sales unit price
(SMP) by a factor of 1 or 2. In contrast, since there is no market for gas, heat, and hydrogen,
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it is impossible to sell them to each network, and profit can only be obtained by savings via
self-consumption.

Figure 4 shows the energy flow in the energy hub. In this flow, electrical energy is
inputted and outputted from the TEG and the FCs, whereas it is assumed that the input
does not occur because the amount of output is large. These energy flows that do not reflect
the conversion efficiency accordingly are shown as dotted lines in Figure 4. The inputs in
the energy hub model are natural gas (Ig), heat (Ih), and PV generation electricity (Ie PV),
and the outputs are natural gas (Og), TEG electricity (OeTEG ), FC electricity (OeFC ), CHP
electricity (OeCHP), PV generation electricity (Oe PV), heat (Oh), and hydrogen of the FC
(OH2). The energy conversions for each device that reflect these inputs and outputs are
expressed in (10)–(19).

TEG : Og = α η
gg
TEG Ig + η

hg
TEG Ih (10)

Oe TEG = α η
ge
TEG Ig + ηhe

TEG Ih. (11)

FC1 : Oe FC1 = β η
ge
FC1 Ig (12)

Oh FC1 = β η
gh
FC1 Ig (13)

FC2 : Oe FC2 = γ η
ge
FC2 Ig (14)

Oh FC2 = γ η
gh
FC2 Ig (15)

OH2 = γ ηH2e
FC2 Ig (16)

CHP : Oe CHP = δ η
ge
CHP Ig (17)

Oh CHP = δ η
gh
CHP Ig (18)

PV : Oe PV = Ie PV (19)

g denotes natural gas, and e represents electricity. h is heat. H2 is hydrogen. For
example, symbol η

ge
TEG represents the efficiency of the natural gas conversion into electrical

energy by the TEG.
α, β, γ, and δ are the ratios at which the natural gas that enters the overall energy

hub is distributed to and inputted in the TEG, FC1, FC2, and CHP devices, respectively, as
shown in Figure 4. Therefore, it is expressed as follows:

α + β + γ + δ = 1 (20)

Equations (10)–(19) can be expressed as a single matrix as shown in (21). Specifically,
the general IO matrix in (1) is expressed as (21) in the proposed energy hub.



Og
OeTEG
OeFC

OeCHP
OePV

Oh
OH2


︸ ︷︷ ︸

0

=



αη
gg
TEG η

hg
TEG 0

αη
ge
TEG ηhe

TEG 0

βη
ge
FC1 + γη

ge
FC2 0 0

δη
ge
CHP 0 0

0 0 1

βη
gh
FC1 + γη

gh
FC2 + δη

gh
CHP 0 0

γηH2e
FC2 0 0


︸ ︷︷ ︸

η

 Ig
Ih

IePV


︸ ︷︷ ︸

I

(21)

The energy conversion efficiency, η, varies according to on/off state of each device.
The operating devices are listed in Table 2. The conversion efficiency of a device that
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is not operating is zero. Specifically, there are 16 conversion efficiencies based on the
combinations of the four devices being on or off.

Table 2. Energy conversion efficiencies for each device in the energy hub.

Device Symbol I →O (Conversion) Unit Value

TEG

η
gg
TEG Natural gas→ Natural gas - 1

η
hg
TEG Heat→ Natural gas Nm3/Mcal 0

η
ge
TEG Natural gas→ Electricity kWh/Nm3 0

ηhe
TEG Heat→ Electricity kWh/Mcal 1.156

FC1
η

ge
FC1 Natural gas→ Electricity kWh/Nm3 4.536

η
gh
FC1 Natural gas→ Heat Mcal/Nm3 2.305

FC2
η

ge
FC2 Natural gas→ Electricity kWh/Nm3 3.271

η
gh
FC2 Natural gas→ Heat Mcal/Nm3 1.286

ηH2e
FC2 Hydrogen→ Electricity Kg/Nm3 0.084

CHP
η

ge
CHP Natural gas→ Electricity kWh/Nm3 2.979

η
gh
CHP Natural gas→ Heat Mcal/Nm3 6.843

3.2. Algorithm for Determining ON/OFF State of Conversion Devices

It is necessary to determine which matrix will be selected among the 16 conversion
efficiencies for each time slot. Specifically, it is necessary to determine whether each energy
conversion device in the energy hub is on or off. As mentioned in Section 3, in the South
Korean energy market, it is first necessary to determine which type the generation devices
will be registered as. Specifically, one must first decide whether a conversion device will
be registered as a “generation device for sales” that sells its generated energy to energy
networks or registered as a “generation device for self-use.” This registration cannot change
dynamically based on the operations but must be maintained permanently after selection
unless there is a particular reason. It is found that it is economical to register the TEG and
the FCs as generation devices for sales and the CHP as a generation device for self-use.
All the electricity that is outputted from the TEG and the FCs is sold. The TEG has a large
amount of electricity at 1.5 MW, and its sales amount is larger than the required heat energy;
therefore, it is registered as a “generation device for sales” that runs for the maximum
operation time. FC generation can receive the REC sales price in addition to the SMP, and,
thus, it is beneficial to sell. In contrast, the CHP device is advantageous to act as a self-use
device operator that determines whether to operate by comparing the SMP that can be
received for sales with the energy cost savings, i.e., the electricity rates. These decisions may
change with the environment, including the fuel costs, energy market price fluctuations,
and energy load of the hub.

The decisions on whether the TEG, FC, and CHP energy conversion devices will be on
or off are taken by comparing the cost of the fuel needed during operation, energy selling
unit prices, and cost saved when using the energy internally. Specifically, the decisions
on whether to operate the devices are based on the comparison of the capital needed for
operation and the profit. In addition, this study considered the constraints regarding the
downtime needed for maintenance. The algorithm for determining whether the TEG, FC,
and CHP will operate is shown in Figure 5. Because the natural gas that is inputted in the
TEG varies in terms of the pressure but not the amount, only the invested heat costs are
compared to the selling unit price (SMP) to decide the TEG on–off state. Because the TEG is
registered as a generation device for sales only, there is no need to consider the profit that
is obtained from energy self-use. Briefly, the TEG is turned on if the SMP is larger than the
heating cost. However, the TEG has a constraint in that the operation must be suspended
for 10% of every year to avoid excessive strain on the device. Over the course of a year,
the TEG is selectively turned off at off-peak load time slots when the SMP is low. The
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FCs receive the REC price in addition to the SMP, which is the price that is received when
selling electricity to the market. Furthermore, their REC weight value equals 2. In addition,
the FCs output heat energy; however, because there is no selling market for the heat energy,
the cost savings achieved using it in the TEG or buildings are considered. Similar to the
TEG, the FC have a constraint in that their operation must be suspended for 10% of every
year to avoid excessive strain on the devices. Because heat fees are applied to the energy
hub using a single rate system that does not fluctuate with the season or time, the FCs
are selectivity turned off at off-peak load times when the SMP is low, similar to the TEG.
For the FC that produces hydrogen (FC2), the additional profit from charging hydrogen
vehicles is considered. The small CHP device is turned on if the sum of the cost that must
be incurred for electricity and the heat fees is larger than the natural gas fuel fee that is
needed to operate it; otherwise, it is turned off.
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3.3. Objective Function and Constraints

As mentioned in Section 1, we considered only the economic profit of the energy hub
operator, and not the overall benefit to the society. Only the profits and costs that change
with the changes in the energy conversion modes are considered. Under these conditions,
the objective function is as expressed in (22).

MAX (Psell + Psave − C) (22)

Psell = PSMP(OeTEG + OeFC1 + OeFC2 +X1 OeCHP + Y1 OePV) + PREC (2 OeFC1 + 2 OeFC2 + Y1OePV) (23)

Psave = Pe building(X2OeCHP + Y2OePV) + Pe EV(X3 OeCHP + Y3OePV)
+PgOg + PH2min(OH2, LH2) + Phmin(Oh, Lh)

(24)

C = Cg Ig + Ch Ih (25)

Psell is the profit when the output energy of the energy hub is sold externally. Psave is
the cost saving by self-use and buying less from the energy networks. C is the input cost
that changes based on the operation, including the fuel cost. Psell , Psave, and C are expressed
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in (23)–(25), respectively. P is the energy selling unit price. O is the output energy. L is the
load size of the energy hub. The SMP is the system marginal price of the electricity market,
and the REC is the renewable energy certificate of electricity market. EV denotes an electric
vehicle.

In the energy market of Korea, only electrical energy can be sold; therefore, Psell
contains only electrical energy. Electrical energy sales receive the SMP, which is determined
by the day-ahead market. In addition, sales can receive the REC sales price owing to the
renewable energy incentive policy. For the FCs, the amount is multiplied by 2 because the
weight value is 2. Psave, the cost saving by self-use, comprises electrical energy, natural
gas, hydrogen, and heat energy. Because electrical fees vary according to use, there is
a difference between Pe building (the electrical energy used in buildings) and Pe EV (the
electrical energy used in electric vehicles). For hydrogen and heat, which cannot be sold to
energy networks and must be consumed by the energy hub, the demand and production
amounts are compared, and the profit is calculated based on which is the smaller one.
Figure 4 shows the distribution of the sales profit (X1,Y1), profit from saving energy by
self-use in buildings (X2,Y2), and profit from saving energy by self-use in electric vehicle
charging (X3,Y3) for the electric energy generated by the CHP and PV, respectively. The
input change cost, C, is the natural gas and heat cost. In the proposed energy hub, an
operation is determined based on the objective function at every time interval because
there is no storage function.

The constraints for the individual devices are expressed in (26)–(35), and the numbers
are the same as in Table 3.

0 ≤ OeTEG ≤ Omax
eTEG (26)

0 ≤ OeFC1 ≤ Omax
eFC1 (27)

0 ≤ OeFC2 ≤ Omax
eFC2 (28)

0 ≤ Og ≤ Omax
gTEG (29)

0 ≤ Oh ≤ Omax
hFC1 + Omax

hFC2 + Omax
hCHP (30)

0 ≤ OH2 ≤ Omax
H2FC2 (31)

0 ≤ Ig ≤ Imax
gTEG + Imax

gFC1 + Imax
gFC2 + Imax

gCHP (32)

0 ≤ Ih ≤ Imax
hTEG + Imax

hFC1 + Imax
hFC2 (33)

X1 +X2 +X3 = 1 , 0 ≤ X1,X2, X3 ≤ 1 (34)

Y1 + Y2 + Y3 = 1 , 0 ≤ Y1,Y2, Y3 ≤ 1 (35)

Because the TEG is the only device that outputs natural gas, Og is less than the
maximum gas that can be outputted by the TEG (29). Because the FCs and the CHP devices
output heat and operate independently, the output is limited to being less than or equal to
the maximum possible output heat from each of the FCs and the CHP device (30). Because
FC2 is the only device that outputs hydrogen, OH2 is less than or equal to the possible
output value of FC2 (31). The natural gas that is inputted in the energy hub is distributed
to the TEG, FC1, FC2, and the CHP, and because they all operate independently, the input
is less than or equal to the sum of the maximum natural gas that can be inputted in each
device (32). The heat that is inputted in the energy hub is distributed to the TEG, FC1, and
FC2, and because they all operate independently, the input is less than or equal to the sum
of the maximum heat that can be inputted in each device (31). The constraints due to the
load are expressed in (36) and (37).

X2OeCHP + Y2OePV ≤ Lbuilding (36)

X3OeCHP + Y3OePV ≤ LEV (37)
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Table 3. Maximum capacity of each device.

Device Symbol Unit Value

TEG

Imax
gTEG Nm3/h 34,045

Imax
hTEG Mcal/h 1276

Omax
gTEG Nm3/h 34,045

Omax
eTEG kW 1476

FC1
Imax
gFC1 Nm3/h 97

Omax
eFC1 kW 440

Omax
hFC1 Mcal/h 223.6

FC2

Imax
gFC2 Nm3/h 107

Omax
eFC2 kW 350

Omax
hFC2 Mcal/h 137.6

Omax
H2FC2 kg/h 9

CHP
Imax
gCHP Nm3/h 47

Omax
eCHP kW 140

Omax
hCHP Mcal/h 321.6

4. Case Study

In addition to the three assumptions mentioned in Section 3.1, a case study that
made three additional assumptions was analyzed. (i) It was assumed that the energy
usage needed for the internal load, i.e., the building energy, electric vehicle charging, and
hydrogen vehicle charging, followed the pattern described below. (ii) It was assumed that
the electrical energy sales market price (SMP) was the same as the market price in 2020
and the REC was the average market price in 2020. (iii) It was assumed that the energy
purchase costs for the electricity, heat, and gas were at the levels declared by the South
Korean government in 2020. The case study calculated the economic profit when the energy
hub was operated in the South Korean energy market based on the proposed operation
method. This case study aims to verify the economic operation process presented in this
paper rather than the results of economic feasibility.

The installed energy hub includes a new three-story office building with a floor area of
376 m2. Because there are no measurement data for the energy usage of this building, the
case study used a figure by scaling down the real-time energy usage amounts of the other
buildings. The other buildings consist of six office buildings with a floor area of 54,000 m2

in which around 100 businesses reside, and data were measured in them for 365 days in
2020. Figure 6 shows the scaled-down energy patterns.

Electric vehicle charging demand varies significantly depending on the charger lo-
cation. Chargers that are installed at public buildings and business districts experience
little charging demand during pre-dawn hours, whereas their demand grows during the
daytime hours after the start of a work day. This research team of this study was unable to
obtain actual data on electric vehicle charging loads; therefore, the charging load shown in
Figure 7 is based on publicly available data. The office buildings located in the energy hub
show similar patterns as seen in the electrical usage in business districts. It was assumed
that hydrogen vehicle charging patterns are similar to electric vehicle ones. However,
because there are two charging ports installed at the energy hub, the maximum number of
hydrogen vehicles that can be charged is two. In addition, hydrogen is produced by the
energy hub at 9 kg/h, and this is considered when making assumptions about the charging
demand. Based on these assumptions, the hydrogen vehicle charging demand is assumed
to be as shown in Figure 7.
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The SMP is the market price of electrical energy, which is the only energy that can be
sold to networks in the South Korean energy market. The SMP fluctuates every hour in
the day-ahead market. In this case study, the 2020 SMP fluctuations were used without
modification. For the REC, it was assumed that the sales were made at the average price
for 2020. Figure 8 shows the SMP fluctuation trends in 2020. In 2020, the SMP decreased
slightly in autumn and maintained a high rate in summer and winter. Fluctuations in
energy prices are majorly affected by the fuel costs and the weather, and it is best to view
the patterns shown in Figure 8 as representative examples, instead of as general patterns.
Electricity, heat, and gas purchase prices do not fluctuate, and follow the prices declared by
the government. For them also, the 2020 prices were used without modification.
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Because the internal energy demand of the energy hub and the market prices were
assumed, whether the TEG, FCs, and CHP devices are on or off was determined using the
algorithm in Section 3.2 The time interval for deciding whether to turn the devices on or
off was set as 1 h, which is the SMP fluctuation interval. Specifically, energy conversion
efficiency matrices (η) were determined in units of 1 h for the 8760 h in one year. The
operation method for each hour was determined considering the constraints and objective
functions described in Section 3.3. Table 4 summarizes the economic profit in one year
of operation in accordance with the proposed algorithm and the objective function. The
one-year economic analysis in Table 4 is the result of adding the profits for 8760 h, i.e.,
365 days. A one-year profit of 1,018,551,000 KRW (South Korean currency) is found. As of
31 December 2020, 1 USD was 1104.9 KRW. The table also lists the installation and fixed
costs. The fixed costs are the investment costs of a fixed amount without regard to the
operation method, and they include the inspection cost for each device, administrative
labor costs, and other costs. Considering that the installation cost is KRW 10,038,000,000,
the return on investment period is approximately 9.9 years which is three years shorter
than that without the operating strategy. As mentioned previously, only the economic
profit of the energy hub operator was calculated, without considering societal benefits such
as an expansion of renewable energy, maintaining the balance between energy supply and
demand, stable operation of gas and electricity networks, and stability in regards to natural
disasters. Furthermore, the figures in Table 4 must be analyzed carefully, considering
these analysis results are for the current energy market system, which does not have an
energy hub.

Table 4. Results of calculating financial profit from operating energy hub using proposed operation
method for one year.

One-Year Financial Analysis (Unit: 1000 KRW)
Installation

Cost
Revenue

(a)
Variable
Costs (b)

Fixed Costs
(c)

Profit
(a-b-c)

TEG 5,393,000 815,779 230,667

363,000

585,112
FC1 2,030,000 542,186 304,131 238,055
FC2 2,380,000 787,036 335,439 451,597
PV 95,000 14,479 - 14,479

CHP 140,000 147,195 54,887 92,380

Total 10,038,000 2,306,675 925,124 363,000 1,018,551

Figure 9 shows the cumulative profit from each device during a given week in winter,
summer, and fall. The profit increased during the day and decreased at night periodically.
This was because the SMP and the electricity fees are low during the night and increase
during the day. The deviation between day and night was more extreme in FC2 than that in
FC1, and this was because the hydrogen charging that occurs in FC2 is concentrated in the
daytime hours. In addition, PV generation was only profitable during the daytime hours
when electricity production was possible because it was used immediately, as there are no
energy storage facilities. The profit during the weekend was reduced by approximately
10% compared to that on the weekdays. This was because the weekend SMP is smaller,
and the electricity self-use is reduced in comparison to those on the weekdays. The overall
amount of profit was the largest in winter, followed by summer, and then spring/autumn
owing to changes in the SMP, which is the electricity energy selling unit price. The SMP
used in the case study was higher in the winter/summer than that in the spring/autumn
of 2020. The profits abruptly dropped by a large amount on Sundays in autumn. This
was because operations were stopped owing to the TEG and FC inspections and the
operation constraint that the devices cannot operate for 10% of the entire year to prevent
excessive load. Operations were stopped in autumn because it was most economical to
stop operations when the SMP was the lowest during the year.
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5. Conclusions

In this paper, the economic operation strategy of the energy hub was established from
the efficiency of individual facilities inside the energy hub. First, an energy conversion
efficiency model considering the efficiency of each facility was determined. After that,
the energy flow was optimized in consideration of the energy market. Even if the energy
types are the same, they are classified differently according to their economic value. The
proposed method is expected to be more economical and realistic in that it considers the
energy market and the efficiency of individual conversion facilities.

The energy hub that we designed is an energy conversion facility that receives natural
gas, electricity, heat, and PV energy and outputs natural gas, heat, and hydrogen. It consists
of five energy conversion devices: a TEG, hydrogen FC (FC1), FC with a hydrogen outlet
port (FC2), small-scale CHP device, and PV generator (PV). Using the three assumptions
described in Section 4, 16 conversion models were calculated based on whether each device
was on or off. The conversion model matrix and the energy flow ratios were selected using
the objective function expressed in (22), which yielded the largest economic profit from the
energy hub while considering the internal load of the energy hub and the energy market
fluctuations. Assuming the same energy market as the market in South Korea during 2020,
the assumptions described in Section 4 were made regarding the internal load of the energy
hub, and an operational case study was conducted using the proposed operation method.
The case study showed that the energy hub made a yearly profit of 1,018,551,000 KRW.
The initial installation cost is 10,038,000,000, and the lifespan for most of the devices is
20 years or more. Using optimal operating strategy, the return on investment period
is approximately 9.9 years which is three years shorter than that without the operating
strategy.
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Our proposed operation method has limitations in that (i) it does not consider energy
storage devices and (ii) it assumes that the energy market prices and the generation capaci-
ties of the renewable energy sources are known. If energy storage devices are added to the
energy hub, more efficient operation is possible. However, in this study, decisions were
made using only current information. To include storage devices, it will be necessary to
upgrade the operation plan because past energy flows must be considered. In addition, by
incorporating predictions regarding the generation capacities of renewable energy sources,
which fluctuate with the weather and future energy market prices, the energy hub could
be operated more efficiently by adjusting the energy storage and the discharge capacity.
We plan to re-establish the operating strategy by adding energy storage devices inside the
energy hub, and add a deep learning algorithm to predict the amount of renewable energy
generation and market price.

Author Contributions: Conceptualization, H.Y., D.L.; methodology, I.-o.K., D.L.; software, I.-o.K.,
S.-k.J., J.L.; validation, H.Y., K.C., J.L.; formal analysis, I.-o.K., S.-k.J., D.L.; investigation, H.Y., K.C.;
data curation, I.-o.K., S.-k.J., J.L.; writing—original draft preparation, I.-o.K., D.L.; writing—review
and editing, D.L.; visualization, I.-o.K., S.-k.J.; supervision, D.L.; project administration, H.Y. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by Korea Institute of Energy Technology Evaluation and Planning
(Grant number 20193510100040).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Davis, S.J.; Lewis, N.S.; Shaner, M.; Aggarwal, S.; Arent, D.; Azevedo, I.L.; Benson, S.M.; Bradley, T.; Brouwer, J.; Chiang, Y.M.;

et al. Net-zero emissions energy systems. Science 2018, 360, eaas9793. [CrossRef] [PubMed]
2. Tahir, M.F.; Haoyong, C.; Guangze, H. Exergy hub based modelling and performance evaluation of integrated energy system. J.

Energy Storage 2021, 41, 102912. [CrossRef]
3. Alabdulwahab, A.; Abusorrah, A.; Zhang, X.; Shahidehpour, M. Coordination of interdependent natural gas and electricity

infrastructures for firming the variability of wind energy in stochastic day-ahead scheduling. IEEE Trans. Sustain. Energy 2015, 6,
606–615. [CrossRef]

4. Bahrami, S.; Sheikhi, A. From demand response in smart grid toward integrated demand response in smart energy hub. IEEE
Trans. Smart Grid 2015, 7, 650–658. [CrossRef]

5. Ceseña, E.A.M.; Capuder, T.; Mancarella, P. Flexible distributed multienergy generation system expansion planning under
uncertainty. IEEE Trans. Smart Grid 2015, 7, 348–357. [CrossRef]

6. Kienzle, F.; Favre-Perrod, P.; Arnold, M.; Andersson, G. Multi-energy delivery infrastructures for the future. In Proceedings of the
2008 First international Conference on Infrastructure Systems and Services: Building Networks for a Brighter Future (INFRA),
Rotterdam, The Netherlands, 10–12 November 2008; IEEE: Manhattan, NY, USA, 2008; pp. 1–5.

7. Zhang, X.; Shahidehpour, M.; Alabdulwahab, A.; Abusorrah, A. Hourly electricity demand response in the stochastic day-ahead
scheduling of coordinated electricity and natural gas networks. IEEE Trans. Power Syst. 2015, 31, 592–601. [CrossRef]

8. Favre-Perrod, P. A vision of future energy networks. In Proceedings of the 2005 IEEE Power Engineering Society Inaugural
Conference and Exposition in Africa, Durban, South Africa, 11–15 July 2005; IEEE: Manhattan, NY, USA, 2005; pp. 13–17.

9. Geidl, M.; Koeppel, G.; Favre-Perrod, P.; Klockl, B.; Andersson, G.; Frohlich, K. Energy hubs for the future. IEEE Power Energy
Mag. 2006, 5, 24–30. [CrossRef]

10. Lund, H.; Østergaard, P.A.; Connolly, D.; Mathiesen, B.V. Smart energy and smart energy systems. Energy 2017, 137, 556–565.
[CrossRef]

11. Li, Y.; Zou, Y.; Tan, Y.; Cao, Y.; Liu, X.; Shahidehpour, M.; Tian, S.; Bu, F. Optimal stochastic operation of integrated low-carbon
electric power, natural gas, and heat delivery system. IEEE Trans. Sustain. Energy 2017, 9, 273–283. [CrossRef]
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