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Optimal Operation of Energy Hub Based
Micro-energy Network with Integration of

Renewables and Energy Storages
Thanhtung Ha, Ying Xue, Kaidong Lin, Yongjun Zhang, Vu Van Thang, and Thanhha Nguyen

Abstract——This study proposes an optimized model of a micro-
energy network (MEN) that includes electricity and natural gas
with integrated solar, wind, and energy storage systems (ESSs).
The proposed model is based on energy hubs (EHs) and it aims
to minimize operation costs and greenhouse emissions. The re‐
search is motivated by the increasing use of renewable energies
and ESSs for secure energy supply while reducing operation
costs and environment effects. A general algebraic modeling sys‐
tem (GAMS) is used to solve the optimal operation problem in
the MEN. The results demonstrate that an optimal MEN
formed by multiple EHs can provide appropriate and flexible
responses to fluctuations in electricity prices and adjustments
between time periods and seasons. It also yields significant re‐
ductions in operation costs and emissions. The proposed model
can contribute to future research by providing a more efficient
network model (as compared with the traditional electricity sup‐
ply system) to scale down the environmental and economic im‐
pacts of electricity storage and supply systems on MEN operation.

Index Terms——Micro-energy network (MEN), natural gas
price, electricity price, energy hub (EH), renewables, energy
storage optimal operation.

I. INTRODUCTION

EXHAUSTION of traditional energy resources and the
problems posed by environmental pollution are two ma‐

jor issues that the modern world must address. In the past,
different forms of energy such as electricity, heat, and cool‐
ing often existed as single stand-alone systems [1]. In recent
years, researchers have turned their focus to optimal combi‐
nations of these types of energy because of the benefits pre‐

sented in [2], [3]. Different forms of energy can be trans‐
formed and be mutually supportive in energy networks [4] -
[6]. In terms of energy costs, households may choose differ‐
ent low-cost energy forms to meet their energy needs. In
general, the goal of an energy network is to satisfy two eco‐
nomic factors and meet the energy needs of consumers. This
model enhances reliability, reduces environmental pollution,
promotes the development of optimal energy-consuming sys‐
tems, enhances stability, and achieves the goals of using eco‐
nomical and efficient energy.

The energy hub (EH) is a concept that was introduced in
[1] and has attracted considerable interests from researchers.
EH was considered as a versatile system that combines pow‐
er and load through a converter system [7], [8]. A series of
studies [9] - [11] previously addressed issues related to EH
and the relationships among different forms of energy
through the EH model. In general, an EH provides an opti‐
mal combination of various forms of energy, which can then
be used for storage, distributed energy resources (DERs),
electric vehicles, etc. With these advantages, energy network
models that include different forms of energy through EH
have been studied. An energy network model is formed from
relatively small, diversified EHs that are applied to residen‐
tial areas, where a greater scale may be applied to a nation
as a whole.

The study in [12] constructed a test system of 11 EHs in a
multi-carrier energy system to solve the optimization prob‐
lem of power flow in the system. The study in [13] analyzed
an energy network including three EHs. The results showed
that the system could meet node voltage stability, reduce
losses on the power grid, and reduce the cost of converting
gas into electricity. The studies in [14] and [15] optimized
an energy network consisting of multiple EHs considering
the voltage limits of the power grid. Results showed that the
price band was lowered, the electricity was successfully con‐
verted, and the losses of the entire system were reduced.

With the emergence and development of energy networks
and EHs, renewable energy and energy storage technologies
are two additional solutions that have been extensively stud‐
ied. Traditional energy distribution through an electricity net‐
work has been shown to have greater energy efficiency and
operation when these two solutions are applied [16]. Howev‐
er, fully exploiting applications from renewable energies re‐
mains primarily in the form of electric power, and heat has
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been rarely discussed. Some previous studies have evaluated
the efficiencies of renewable energies and energy storage sys‐
tems (ESSs) in relation to the independent EH optimization
problem [17]-[20]. However, the impact of energy network
models formed by multiple EHs on energy systems has not
been adequately assessed. The new operation problems are
solved only within the context of optimizing power flow be‐
tween EHs and without comparing the concrete efficiencies
of energy networks and traditional electricity networks.

Previous studies have shown that cooling, heat, and power
systems for residential areas can be used as standard EH
models [7], [17], [18]. In large areas, energy networks must
supply the loads that are separated by large distances. There‐
fore, to supply energy to customers, many EHs are connect‐
ed to large-scale EH networks by distribution networks. The
operation through multiple EHs has been discussed in [21]-
[29]. However, these studies have not fully addressed the op‐
timization problems with multiple EHs. They have also
failed to consider the integration of storage and regeneration
systems and to assess their ability to solve operation prob‐
lems. Table I summarizes model parameters evaluated in pre‐
vious research and in this study, where C1, C2, and C3 are
the total energy cost, total energy loss cost, and total emis‐
sion cost, respectively; SHE, ES, CS, TS, PV, and WP stand
for solar heat exchanger, electricity storage, cooling storage,
thermal storage, photovoltaic, and wind power, respectively;
and √ represents that the corresponding item is considered.

Major contributions of this study are as follows.
1) This study analyzes the problems of optimizing opera‐

tion costs in the micro-energy network (MEN) with EHs and
integrating renewable energies in ESSs and distribution net‐
works by applying mixed-integer nonlinear programming.

2) This study presents the way of achieving optimal opera‐
tions of the MEN in four operation cases by considering var‐

ious operation parameters and energy losses in both electrici‐
ty and natural gas distribution networks.

3) This study assesses the impact of energy sources and
energy storage equipment on MEN performance by measur‐
ing system energy consumption and emissions across four
operation cases.

The EH can be considered as a grand network node that
incorporates different forms of energy. The demands for elec‐
tricity, heat, and cooling loads can be fulfilled by using con‐
version and storage devices. This study presents four opera‐
tion cases to evaluate how energy sources and storage systems
affect an MEN. The MEN assessed in this study is based on a
10 kV power distribution network with six load nodes. Solar,
wind, and ESSs are considered in the case studies.

The remainder of this paper is organized as follows. The
concept, structure, and mathematical descriptions of the EH
model are described in Section II. Section III discusses ener‐
gy balance and the MEN system structure in relation to elec‐
tricity and natural gas networks. Section IV formulates the
optimal operation problem for an MEN with the objective
function of minimizing energy costs and reducing green‐
house emissions derived from the use of natural gas. Section
V describes how we solve the optimal operation problem us‐
ing general algebraic modeling system (GAMS). The MEN
optimization problem is considered with four configurations
that simultaneously meet the demands for cooling, heat, and
power with six additional load nodes. Finally, Section VI
presents the conclusion and discusses the future work.

II. CONCEPT, STRUCTURE AND MATHEMATICAL

DESCRIPTION OF EH MODEL

The concept and structure of the EH were previously de‐
scribed in [30]. The EH uses energy-centric routers and opti‐
mally converts energy to electricity, heat, and cooling, etc.
The goal of the EH is to convert energy sources so as to in‐
crease energy efficiency and promote rationality and environ‐
mental friendliness while meeting the diverse demands of en‐
ergy consumers. In general, an EH is considered as a node
in an energy network with multiple inputs and outputs. Fig‐
ure 1 presents the topology of an EH, in which different
forms of energy are represented, where P and L denote the
input energy and output energy, respectively; and α, β, ω rep‐
resent energy types such as natural gas and electricity. The
EH model has n conversion devices with efficiencies of
η1,η2,,ηn.

TABLE I
COMPARISONS OF PROPOSED AND PREVIOUS MODELS BASED ON ENERGY

SYSTEM PARAMETERS

Reference

[7]

[8], [17]-[20], [30]

[9]

[10], [26], [27], [31]

[11]

[12]-[15]

[16]

[21], [28]

[22]

[23]

[24]

[25]

[29]

[32]

Proposed model

Objective
function

C1

√
√
√
√
√
√
√
√
√
√
√
√
√
√
√

C2

√

√

√

C3

√

√

√

DER

WP

√
√
√
√
√
√

√
√

√
√

√

PV

√
√
√
√
√

√

√

√

√

SHE

√
√

√

ESS

ES

√
√

√
√

√
√
√
√

√
√
√
√

CS

√
√

√

√

√

TS

√
√
√
√

√
√

√

√
√

Pα

Pβ

Pω

Lα

Lω

Lβ

Conversion device 1
Efficiency ƞ1

Conversion device 2
Efficiency ƞ2

Conversion device 3
Efficiency ƞ3…

 

Conversion device n
Efficiency ƞn

EH model

Fig. 1. Topology of EH.
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III. SYSTEM MODELING

A. MEN Based on EH

An MEN extends the concept of a microgrid and can be
considered as a small-scale regional power distribution net‐
work with an innovative topology and configuration. It is
suitable for households in urban areas, which has some ad‐
vantages. From a power-supply perspective, MEN can pro‐
mote new and renewable energy applications, particularly so‐
lar applications (e. g., PV and solar thermal), wind energy
combined with natural gas, electricity, and other forms of en‐
ergy. In terms of energy-service supply, an MEN can reduce
energy costs and emissions, and cut down on additional
loads while simultaneously accommodating the diversity of
loads. Regarding the energy network structure, the coordinat‐
ed operation of electricity and natural gas networks can pro‐
mote diversified and sustainable development of energy tech‐
nologies. With these advantages, this study proposes an
MEN model formed by multiple EHs to link electricity and
natural gas networks, as shown in Fig. 2.

B. Electricity Network

A power distribution network can be expressed through
the active power and reactive power basic nodes, which are
given as:

P G
Ei =P D

Ei +Vi∑
j = i

nE

Vj (GEijcos θ ij +BEij sin θ ij) (1)

QG
Ei =QD

Ei +Vi∑
j = i

nE

Vj (GEij sin θ ij -BEijcos θ ij) (2)

where Vi and Vj are the voltages of the buses i and j, respec‐
tively; nE is the number of buses in the electricity network;
P G

Ei and QG
Ei are the active and reactive power generations,

respectively; P D
Ei and QD

Ei are the active and reactive load de‐
mands, respectively; GEij and BEij are the conductance and
susceptance between buses i and j, respectively; and θ ij is
the phase angle between buses i and j.

C. Natural Gas Network

Pipeline gas flow can be calculated from the pressure at
both pipe ends and the pipe parameters given in [33], [34]:

f L
ij = k L

ij × sign ( )pipj × sign ( )pipj ( )p2
i - p2

j (3)

where f L
ij and k L

ij are the natural gas flow and gas pipe coeffi‐
cient from bus i to bus j, respectively; pi and pj are the gas

pressures at buses i and j, respectively; and sign ( )pipj is the

direction of flow in the gas pipeline. Its specific values are
determined by:

sign ( )pipj = {1 pi > pj

-1 otherwise
(4)

Because of the decrease in gas pressure along with its
transmission, it is necessary to allocate compressors to en‐
sure sufficient gas pressure. Two types of compressors exist:
gas-fired and electric. In this study, we assume all compres‐
sors are air compressors that consume natural gas. Natural
gas flow can be described by:

f C
ij = k C

ij f L
ij ( )pj - pi (5)

where k C
ij is the constant of the compressor; and f C

ij is the
pressure drop from bus i to bus j.

Natural gas flow can be calculated based on the natural
gas flow in the pipeline and gross heat value GHV of the
natural gas as:

{P L
Gij =GHV·f L

ij

P C
Gij =GHV·f C

ij

(6)

where P L
Gij and P C

Gij are the capacities of natural gas and
pressure pumps from bus i to bus j, respectively.

Then, the gas equilibrium equation can be written as:

P S
Gi =P D

Gi +∑
j = 1

nG

P C
Gij +∑

j = 1

nG

P L
Gij (7)

where P S
Gi is the capacity of natural gas flowing into bus i;

P D
Gi is the natural gas capacity attained at bus i; and nG is

the number of nodes in the natural gas network.

IV. OPTIMAL OPERATION MODELS

A. Proposed Model

1) MEN Modeling
This study proposes a structured MEN model, as shown

in Fig. 3.

An MEN is formed based on a microgrid with a voltage
of 10 kV that meets the demands for electricity, heat, and
cooling of six additional loads. Natural gas and electricity
networks are connected through EHs. Within the framework
of the research model, applications from solar energy (can

EH 3

3
EH 2

2

EH 1
1

EH 6

6

EH 4
4

EH 5
5

Natural
gas

PV

SHE

WPPV

SHE

WPPV

WP

Electricity
Natural gas

Heat demand
Cooling demand
Electricity demand

Fig. 3. Structured MEN model.

Electricity
network

Natural gas
network

Natural gas

Fuel

Renewable
energy

EH 1
EHs

EH 2

EH 3

EH n

…

MEN

Fig. 2. Structure of MEN model based on EHs.
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be exploited in the form of electricity through solar thermal
and electricity via PV systems), WP, and electricity, heat,
cooling storage systems are equipped in EHs. The proposed
model demonstrates how to meet diverse energy needs of
loads using electricity (from distribution systems, solar pan‐
els, and wind turbines) and heat (from an SHE network).
EESs play the role of charging and discharging according to
the optimal operation mode of the MEN.
2) Structures of EHs

The structure of each EH in the MEN greatly influences
the optimal operation of the MEN. The structures of EHs
must ensure the connection between the input energy ele‐
ments (from the power distribution network, natural gas net‐
work, solar and WP) and the output energy elements includ‐
ing electricity, heat, and cooling.

A general EH structure consists of 12 devices, as shown
in Fig. 4. In particular, the input energy for an EH includes
the energy from the power distribution network, natural gas
network, and decentralized energy generations (wind and so‐
lar). The conversion equipment includes the voltage trans‐
former (T), micro turbine (MT), air conditioner (AC), gas
boiler (GB), absorption chiller (ACh), SHE, and electric
heater (EHe). The storage system group contains ES, TS,
and CS. Demands for energy include additional loads, heat,
and cooling.

The MEN consists of six EHs corresponding to n = ne =
ng = 1, 2,, 6. The parameters in the energy equation of the
EH at the nth node are described as follows. The output pow‐
er of EH n consists of Le,n(t), Lh,n(t), and Lc,n(t), which are the
demands for electricity, heat, and cooling of loads, respec‐
tively. Pe,n(t) and Pg,n(t) are the input power of EH n for elec‐
tricity and natural gas, respectively. ηT

en, η
MT
gen, η

MT
ghn, η

GB
hn, η

AC
en,

ηACh
hn , and ηEHe

hn are the conversion performances of the Tn,
MTn, GBn, ACn, AChn, and EHen, respectively. νACn (t),
νMTn (t), νAChn (t), and νEHen (t) are the conversion rates of the
devices ACn, MTn, AChn, and EHen, respectively (these are
also considered as the dispatching ratios of electricity, natu‐
ral gas, and heat conversion, respectively). P PV

en (t), P WP
en (t),

and P SHE
hn (t) are the discharging power capacities of the PV,

WP, and SHE, respectively. The charging and discharging
power of the ES, TS, and CS devices are denoted by
P dis

ESn (t) P ch
ESn (t)P dis

HSn (t)P ch
HSn (t)P dis

CSn (t)P ch
CSn (t), respectively.

Len (t)= ( )Pen (t)ηT
en +Pgn (t)νMTn (t)ηMT

gen +P WP
en (t)+P PV

en (t) ·

( )1- νEHen (t) ( )1- νACn (t) +P dis
ESn (t)-P ch

ESn (t) (8)

Lhn (t)= {Pgn (t) [ νMTn (t)ηMT
ghn + (1- νMTn (t))ηGB

hn ]+P SHE
hn (t)+

Pen (t)ηT
en +Pgn (t)νMTn (t)ηMT

gen +P PW
en (t)+P PV

en (t)}·

ηEHe
hn νEHen (t) (1- νAChn (t))+P dis

HSn (t)-P ch
HSn (t) (9)

Lcn (t)= {Pgn (t) [ νMTnη
MT
ghn + (1- σMTn)ηGB

hn ]+P SHE
hn (t)+

(Pen (t)ηT
en +Pgn (t)νMTn (t)ηMT

gen +P WP
en (t)+P PV

en (t))ηEHe
hn νEHen (t)}×

νAChnη
ACh
hn + (Pen (t)ηT

en +Pgn (t)νMTn (t)ηMT
gen +P WP

en (t)+

P PV
en (t)) (1- νEHen (t)) νACn (t)ηAC

en +P dis
CSn (t)-P ch

CSn (t) (10)

Equation (8) shows that load power is provided by the
electricity network through the T and the natural gas system
through MT, PV, and WP. The demand for thermal energy of
the load is retrieved from the natural gas system through
MT and GB and from the electricity network through EHe,
and the remaining heat is supplied by the solar power
through SHE according to (9).

Cooling demands are met simultaneously by two AC and
ACh devices, which are supplied by the electricity and natu‐
ral gas networks according to (10). Binary numbers (1,0) are
used to indicate the availability of all devices in the six
EHs. Based on the demand for energy consumption, the
structures of all six EHs are listed in Table II.

B. Mathematical Model

1) Objective Function
The optimal operation of MEN is to minimize total ener‐

gy payment cost EPC, which includes the cost of purchasing
electricity cNet

e (t) and natural gas cNet
g (t) and the total cost of

greenhouse emissions generated from MT and GB devices in
a day (24 hours).

min EPC =∑
t = 1

24 (Petot (t)c
Net
e (t)+Pgtot (t)c

Net
g (t)+

)∑
n= 1

6 ∑
em= 1

3

cem·EF MT
em ·P MT

gn (t)+∑
n= 1

6 ∑
em= 1

3

cem·EF GB
em ·P GB

gn (t)

(11)

where Petot (t) and Pgtot (t) are the total energy of electricity
and natural gas purchased from an external system at time t,
respectively (considering total power loss∑DPe and total

Electricity flow; Solar energyHeat flow;
Natural gas flow;Cooling flow; WP

hL

cL

eL
eP

gP

Solar

WP

PV

ESWind

SHE

MT

GB

TS

EHe

AC

ACh IS

Solar

T

MT1−

EHe1−
EHe

AC1−

ACh1−

AC

ACh

MT

v
v

vv
v v

v

v

Fig. 4. General EH model.

TABLE II
STRUCTURES OF SIX EHS IN MEN MODEL

EH

EH 1

EH 2

EH 3

EH 4

EH 5

EH 6

Availability

T

1

1

1

1

1

1

MT

1

1

1

1

1

1

GB

1

1

1

1

1

1

AC

1

1

1

1

0

1

EHe

0

0

0

0

1

1

ACh

0

1

1

1

0

1

PV

0

1

1

0

0

1

WP

0

1

0

1

0

1

SHE

0

0

1

0

0

1

ES

0

1

1

0

0

1

TS

0

0

0

0

0

1

IS

0

1

0

0

0

1
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natural gas loss ∑DPg during the energy transmission);

EF MT
em and EF GB

em are the emission factors of MT and GB, re‐
spectively; cem is the emission cost; em = 1, 2, 3 represents the
emissions of CO2, SO2, and NO2, respectively; and P MT

gn (t)
and P GB

gn (t) are the purchased power of natural gas from the
network for MT and GB at time t, respectively.
2) Constraints

1) Transmission network constraints
In Section III, we introduce a mathematical model of ener‐

gy balance for natural gas and electricity network using (1)-
(7). In addition to the constraints previously described, other
constraints of the system include the limitations to active
power, reactive power, and node voltages in the electricity
network and limitations to pressure and compression ratios
in the natural gas network, which are represented as:

P Gmin
Ei £P G

Ei £P Gmax
Ei (12)

QGmin
Ei £QG

Ei £QGmax
Ei (13)

pmin
i £ pi £ pmax

i (14)

V min
i £Vi £V max

i (15)

pmin
ck £ pck £ pmax

ck (16)

where superscripts max and min represent the maximum and
minimum values of the corresponding variables, respective‐
ly; and pck is the compression ratio of the compressor.

2) Constraints of EHs
The constraints of energy balance for EH n is introduced

by (8)-(10). Other constraints include (17), which represents
constraints of the input power of electricity and natural gas
in EH n (Pegn (t)), and (18), which represents conversion lim‐
its for AC, MT, ACh, and EHe by state variables νACn (t),
νMTn (t),νAChn (t), and νEHen (t), respectively, at time t of EH n.

Pegn (t)£P max
egn (17)

νACn (t)νMTn (t)νAChn (t)νEhen (t)Î [01 ] (18)

3) ESS
The ESS in the MEN uses three types of storage devices,

i. e., ES, TS, and CS, at EH n. Basically, the principles of
their charging/discharging effects are the same. When every
EH at time t is considered, the ESS is investigated through
the charging/discharging process and the corresponding ener‐
gy loss factor ρ loss

Xn, where X represents ES, TS, or CS. For‐
mulae (19) and (20) represent the energy stored and storage
capacities of the storage devices, respectively. Equation (21)
represents the energy loss during the charging/discharging
process of the storage devices, and (22) represents the charg‐
ing/discharging limit of the storage devices. Through binary
variables ψ ch

Xn (t) and ψ dis
Xn (t), (23) represents the operation

mode (charging or discharging) of the storage devices.

PXn (t)=PXn (t - 1)+P ch
Xn (t)-P dis

Xn (t)-P loss
Xn (t) (19)

P min
Xn £PXn (t)£P max

Xn (20)

P loss
Xn (t)= ρ loss

Xn PXn (t) (21)

{0£P ch
Xn (t)£P chmax

Xn

0£P dis
Xn (t)£P dismax

Xn

(22)

ì

í

î

ï
ïï
ï

ï
ïï
ï

ψ ch
Xn (t)P ch

Xn (t)> 0Ûψ ch
Xn (t)= 1

ψ dis
Xn (t)P dis

Xn (t)> 0Ûψ dis
Xn (t)= 1

ψ dis
Xn (t)+ψ ch

Xn (t)= 1

ψ dis
Xn (t)ψ ch

Xn (t)= 0

(23)

where PXn (t) and P loss
Xn (t) are the energy stored and energy

loss of the storage devices, respectively.
The energy balance constraint in the calculation cycle T =

24 hours is expressed as:

PXn (0)=PXn (T) (24)

4) Energy prices
Energy prices, including electricity and natural gas prices,

are the determinants of the objective function in (4). Natural
gas prices are constant [31], [32], [35]. The tariffs are deter‐
mined by the time-of-use (TOU) [31]. A TOU price is the
simplest form of dynamic price. The primary objective of
the pricing program is to encourage less energy consumption
during the peak hours.

V. CASE STUDIES

Four operation cases for the MEN, as listed in Table III,
are used to assess the effects of renewable energies (solar
and wind) and ESSs on the performance of the proposed
model.

In all the cases, the demands for electricity, heat, and cool‐
ing of six additional loads are the same. In Case 1, because
only one form of energy is used, electricity is required at the
node n to convert power from heat to electricity and to cool‐
ing through EHe and AC. The structure of the EH n is
shown in Fig. 5.

Then, the input power of EH n is calculated by:

Pen (t)=
1

ηT
en
(Len (t)+

Lcn (t)

ηAC
en

+
Lhn (t)

ηEHe
en

) (25)

A. Database

The parameters and values for the MEN shown in Fig. 3
are described as follows. The bounded power from the pow‐

TABLE III
FOUR OPERATION CASES OF MEN

Case

1

2

3

4

Electricity
network

√
√
√
√

Natural gas
network

√
√
√

Solar and
wind

√
√

ESS (ES,
HS, CS)

√

Le,n

Lc,n

Lh,n

Pe,n

EH n

EHeηe,n

ACηe,n
Tηe,n

Fig. 5. Structure of EH n when using only electricity.
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er system through the T is 20 MVA, the rated voltage is 10
kV, and the allowable voltage node limitation is [0.9, 1.1]p.u..
The natural gas system has a nominal capacity of 20 MW
for the MEN. The base pressure of the natural gas network
is 10 bar. The detailed information on the load and system
parameters as well as energy prices is described in the fol‐
lowing subsections.
1) Demand for Electricity, Heat, and Cooling

As described in Section IV-A, the MEN is designed for
use in residential urban areas where the demands for electric‐
ity, heat, and cooling energy are clearly distinguished. Load
parameters, including the demands for electricity, heat, and
cooling, are based on the studies in [7] and [8] and present‐
ed in Fig. 6.

2) Energy Price
Real-time energy prices are presented in Fig. 7 and are de‐

termined by the TOU price [36]. By contrast, the natural gas
price is regarded as being constant [37].

3) Network Parameters
The parameters of the electricity and natural gas networks

(the line type is YJV22-3*240) are presented in Table IV,
whereas those of the six EHs are presented in Table V and
those of emissions (CO2, NO2, SO2) in [31] are adopted. In
Table IV, RE, XE, BE are the resistance, reactance, suscep‐
tance of the electricity network, respectively. In Table V, μES

and μHS are the storage efficiencies of the ES and HS, respec‐
tively.

To simplify computations, the output energies of PV, WP,
and SHE are assumed to be the same due to the fact that
wind and solar power generations are considered in all four
operation cases, as shown in Fig. 8.

B. Calculation Results

The programming language of GAMS (solver MINOS)
[38] is used to analyze the MEN and conduct the optimiza‐
tion for integrated electricity and natural gas networks in

EH 1; EH 2; EH 3; EH 4; EH 5; EH 6
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Fig. 6. Demands for electricity, heat, cooling energy in a day. (a) Electrici‐
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Fig. 7. Prices of electricity and natural gas.

TABLE IV
PARAMETERS OF ELECTRICITY AND NATURAL GAS NETWORKS

Line

1-2

2-3

1-4

4-5

1-6

Electricity network

RE (Ω)

0.096

0.072

0.120

0.084

0.144

XE (Ω)

0.1080

0.0810

0.1350

0.0945

0.1620

BE (mS)

0.1300

0.0972

0.1620

0.1134

0.1944

Length (km)

1.2

0.9

1.5

1.5

1.8

Natural gas heating
value K (s)

7

9

6

8

5

TABLE V
DEVICE PARAMETERS IN EHS

Parameter

ηT
e

ηMT
ge

ηMT
gh

ηEHe
hn

ηGB
h

ηACh
h

ηAC
e

ρloss
ES

ρloss
HS

μES

μHS

Value

0.95

0.40

0.50

0.90

0.90

0.85

0.80

0.02

0.02

0.93 MW

0.96 MW

Parameter

P chmax
ES

P dismax
ES

P min
ES

P max
ES

P chmax
HS

P dismax
HS

P max
HS

P chmax
CS

P dismax
CS

P min
CS

Value

0.45 MW

0.45 MW

0.05 MW

4.2 MWh

0.45 MW

0.45 MW

4.2 MWh

0.45 MW

0.45 MW

0.05 MW

Time (hour)

0.1

0.2

0.3

0.4
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Fig. 8. Output energy of PV, SHE, and WP in a day.
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terms of the objective function (11) and constraints (12) -
(23). The comparisons of costs in four cases are listed in Ta‐
ble VI.

1) Case 1
Case 1 assumes that the MEN only operates with the

structure as a microgrid. Based on (24), the additional load
nodes are assumed to be equipped with EHs (the structure of
which is shown in Fig. 5) to meet the demands for electrici‐
ty, heat, and cooling. Using the programming language of
GAMS, the grid analysis consists of six additional load
nodes using the electricity network parameters listed in Ta‐
ble IV. The electricity purchased from the system in a day is
shown in Fig. 9(a). The optimal results reveal that the de‐
mand for the electricity purchased from the system during
peak hours is very high, reaching a high of 29.95 MW at 7
p.m.. This can be explained by the fact that the characteristic
lines of the EHs are quite similar, i. e., the demand during
peak hours is high.

2) Case 2
The optimal operation of the MEN, including the mi‐

crogrid and natural gas network (regardless of ESSs and re‐
newable energies involved), is considered in Case 2. The in‐
put energy of the network is calculated as shown in Fig. 9(b).
The results reveal that the simultaneous exploitation of the
electricity and natural gas networks dramatically change the
demand for electricity. Compared with Case 1, the peak de‐
mand for electricity is only 15.02 MW (down by 49.84%).

The addition of the natural gas network with the emission
cost of 799 $/day is remarkably effective considering the to‐
tal operation cost for the day is down by 29%, in which to‐
tal system losses fall from 8.48 to 5.21 MW, as shown in Ta‐
ble VI. This can be explained by the fact that natural gas
prices remain unchanged and are always lower than electrici‐
ty prices. Therefore, when electricity prices are high, the sys‐
tem uses natural gas to achieve a lower cost.
3) Case 3

The MEN structure in Case 3 considers the addition of so‐
lar (PV generation and SHE) and WP sources. The input en‐
ergy is illustrated in Fig. 9(c). The additional heat from the
SHE in EHs 1, 2, 3, and 6 considerably alters the energy de‐
mands. Compared with Case 2, the peak demand at 7 p.m. is
only 14.02 MW (down by 6.65%), especially at 12 p. m..
The total renewable energy discharged to the system is the
highest when every PV and SHE provide the maximum ca‐
pacity of 0.5 and 0.25 MW (WP is only allocated 0.13 MW
to the system), respectively. Then, the total energy demand
from the system drops from 12.21 to 11.75 MW. The results
listed in Table VI show that, compared with Case 2, the
MEN in Case 1 with solar and wind leads to a significant
improvement in operation efficiency (where the total opera‐
tion cost falls by 10.3%). In particular, the total capacity
loss during the operation is down by 15.16%. Although the
investment costs remain high, the effectiveness of these
sources in reducing environmental pollution is also reduced
from 799 to 688 $/day.
4) Case 4

Case 4 assesses the simultaneous impacts of solar, wind,
and ESSs on the optimal performance of the MEN. Figure
9(d) shows that the total power purchased from utilities is
significantly reduced compared with other operation cases,
particularly during peak hours. Specifically, the maximum
energy is 12.1 MW at 7 p. m. (down by 13.69% compared
with Case 3). The optimal charging/discharging energy of
the ESSs for EHs 2, 3, and 6 is shown in Fig. 10 with a rat‐
ed power of 0.45 kW and a storage capacity of 4.2 MW.
Specifically, at EH 2, ES stores energy during the time slots
with low electricity prices (from 1 a.m. to 4 a.m.), and the
electricity is discharged to the electricity network during the
time slots with high energy costs (from 7 a. m. to 9 a. m.).
During the remaining time slots, ES does not store or trans‐
mit energy to the network to reduce losses. At EHs 3 and 6,
the working mode is the same as shown in Fig. 10(a). The
charging/discharging mode of HS at EH 6 is shown in Fig.
10(b). HS is charged with a total capacity of 0.43 MW at 12
a.m., releasing 0.41 MW at 6 p.m.. This can be explained by
the working mode of HS, which depends on the optimal
working mode of the MEN.

In addition, the location of EH 6 is the furthest from the
source. Therefore, not only the ES but also the HS equipped
at EH 6 operates only at a particular time. Figure 10(c)
shows the charging/discharging mode of the ES fits on EHs
2 and 6. Similar to the HS, the operation mode of the CS
does not depend considerably on fluctuations in electricity
prices. However, cooling demand for the load on all EHs is
mainly provided by two devices (AC and ACh), the efficien‐

TABLE VI
COMPARISONS OF COSTS IN FOUR CASES

Case

1

2

3

4

Total operation
cost ($/day)

52653

38297

34335

33782

Total energy
loss (MW)

8.48

5.21

4.42

3.38

Total loss
cost ($/day)

857

721

615

528

Total emission
cost ($/day)

0

799

688

589

Electricity; Natural gas
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Fig. 9. Input energy of electricity and natural gas networks in four cases.
(a) Case 1. (b) Case 2. (c) Case 3. (d) Case 4.
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cies of which are lower than those of the heat converters.
Therefore, the CS is more involved in the optimal operation
mode of the system. Specifically, at EH 2, CS has the total
charging and discharging capacities of 1.79 MW/day and
1.71 MW/day, respectively. At EH 6, the full capacity is
1.86 MW/day and the released capacity is 1.78 MW/day.
The additions of ESSs, including those for electricity, heat,
and cooling, increase the operation efficiency of the model.
The total operation cost in this case is the lowest, as shown
in Table VI. Therefore, the MEN that includes electricity,
natural gas, solar, and wind is more efficient than in the oth‐
er three cases.

5) Discussion
Based on the previous calculation results, some primary

analysis can be performed.
The combined use of many EHs to form the MEN struc‐

ture (solar, wind, and ESS) responds appropriately and flexi‐
bly to the diversity of additional loads. The optimal calcula‐
tion results show that the optimal model can respond proper‐
ly to the changes in electricity costs and other energy prices.
Simultaneously, the model allows for the adjustment of re‐
newable energies over time and season.

Comparisons of four cases for the MEN clarify the role
and impact of ESS, solar, and wind on the performance of
the model in terms of reductions in total operation costs as
shown in Table VI, losses, and pollution. Specifically, we
find that the total operation cost in Case 4 drops by 35.84%
compared with Case 1, and the total loss in Case 4 is re‐
duced by 60.14%. Thus, it can be concluded that cutting
down electricity demands during peak hours helps meet the
urgent upgradation requirements of power distribution net‐
works.

Additional investment costs for natural gas networks, PV,
SHE, and wind turbine equipment are quite high but can be
offset by the operation cost savings of the MEN. The results
demonstrate that the proposed MEN model can significantly
contribute to future research of multi-energy systems that in‐
tegrate renewable energies and ESSs.

VI. CONCLUSION

Using the EH model in an MEN, this study proposes a
methodology for the optimal operation and coordination be‐
tween the electricity network and natural gas network that in‐
tegrate solar, wind, and ESS. Each EH is considered as a
node in the combined energy system to perform energy con‐
version.

This study analyzes the energy consumption of the whole
system and emission amounts through four cases to assess
the impacts of DERs and ESS on the performance of the
MEN. Compared with the traditional thermal-power opera‐
tion, the proposed model yields higher overall benefits and
provides a theoretical basis for optimizing the operation of
the systems with different forms of energy.

The cas study results show that the structures of the EHs
used in the energy network have a significant effect on oper‐
ation efficiency. Further research should be conducted on the
optimal operation strategy for the different EHs and the opti‐
mization of the EH structures in the entire energy network.
In addition, when investigating the effects of distributed ener‐
gies, including solar, wind, and new energy storage devices,
researchers should consider optimizing the locations and ca‐
pacities of those devices for optimal network performance
and efficiency improvement.
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