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Abstract—An integrated energy system (IES) contributes to
improving energy efficiency and promoting sustainable energy
development. For different dynamic characteristics of the system,
such as demand/response schemes and complex coupling charac-
teristics among energy sources, siting and sizing of multitype
energy storage (MES) are very important for the economic
operation of the IES. Considering the effect of the diversity of the
IES on system reserve based on electricity, gas and heat systems
in different scenarios, a two-stage MES optimal configuration
model, considering the system reserve value, is proposed. In the
first stage, to determine the location and charging/discharging
strategies, a location choice model that minimizes the operating
cost, considering the system reserve value, is proposed. In the
second stage, a capacity choice model, to minimize the investment
and maintenance cost of the MES, is proposed. Finally, an
example is provided to verify the effectiveness of the MES con-
figuration method in this paper in handling operational diversity
and ensuring system reserve. Compared with the configuration
method that disregards the system reserve value, the results
show that the MES configuration method proposed in this paper
can reduce the annual investment cost and operating cost and
improve the system reserve value.

Index Terms—Integrated energy system, multitype energy
storage, optimal configuration, renewable source, system reserve
value.

NOMENCLATURE
A. Acronyms
AC Absorption chiller.

CHP Combined heat and power.
CCHP Combined cooling, heating, and power.
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DHS District heating system.

EC Electric chiller.

EES Electrical energy storage.

EPS Electric power distribution system.
GES Gas energy storage.

HE Heat exchanger.

HES Heat energy storage.

HR Heat recovery unit.

IES Integrated energy system.

MES Multitype energy storage.

NGS Natural gas distribution system.
P2G Power-to-gas.

T Power transformer.

B. Sets and Indices

G Index of the generator.

1,7,k Index of the bus of one line in the system.
n Index of the gas well.

s Index of each type of energy.

SPipet GPIPC™ Index of pipes connected to node i and
starting and ending from node 7.

t Index of the sub-hourly time interval.

C. Constants

as,bs,cs,ds,es  Cycle life factor of the st MES.

C Specific heat capacity of the hot water.

Cst Energy market price of the s energy at
time .

Cow Cost coefficient of abandoned wind.

Cs.e Cost of the unit capacity of the st MES.

Csm Maintenance cost per year of the sth
MES charging and discharging power
unit.

Csp Unit cost of the charge and discharge of
the s** MES.

Coyt, Cny, Cgy Prices of electricity, heat, and gas at
time t.

The gas and electricity prices in the
medium-long-term market.

Csm,a,t» Csm ks The gas and electricity prices in the spot
market.

Constant related to the efficiency, temper-
ature, length, inner diameter, and com-
pression factor of pipe ij.

Cumi,cs CMLE

Cij
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PCHP

Discount rate.

Reserve market price of the s energy at
time ¢.

Upper and lower limits of the EES ca-
pacity.

Upper and lower limits of the GES ca-
pacity.

Conductance and susceptance between
nodes ¢ and j.

System output upper limit of the s'P
energy.

Upper and lower limits of the HES ca-
pacity.

Rate of inflation.

Load consumption of electricity.

Load consumption of gas.

Load consumption of heat.

Load consumption of cooling.

Constant related to the length, radius,
temperature, gas density, compression
factor of pipe j.

Max number of EES, GES and HES.

Load active power of node ¢ at time ¢.
Active power transmission upper limit of
the line between nodes ¢ and j at time t.
Upper and lower limits of the active
power output of the g** generator.
Upper and the lower limit of pressure at
nodes ¢ and j.

Load reactive power of node : at time ¢.
Upper and lower limits of the reactive
power output of the ¢g*" generator.
Upper and lower limits of the natural gas
supply flow rate of the gas well in node .
Gas load on node ¢ at time ¢.

Maximum active power rise and decrease
of the generator.

Supply and return temperature limit.
Upper and lower limits of the allowable
value of node ¢ voltage.

Voltage phase angle difference between
nodes ¢ and j.

Coefficient of the compressor.

Loss rate of EES, GES and HES.
Efficiency of CHP, HE, T, HR, AC, P2G,
EC.

Charge and discharge efficiency of EES.
Injection and extraction efficiency of
GES.

Endothermic and exothermic efficiency
of HES.

Thermoelectric ratio of CHP.

D. Variables
Bsﬁl,i’ Bs,2,i

Bs,l, Bs,2

W
P

Dits Pjt
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Psme,t

Pcw,t
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Investment cost and maintenance cost in
the lifetime of the i*" and the s** MES.
Investment cost and run maintenance cost
of the s** MES.

Depth of discharge of the s*" MES.
Nominal capacity of the s'" MES.
Storage capacity of EES on node i at
time ¢.

Storage capacity of GES on node i at
time ¢.

Power loss and heat loss at time t.

Pipe storage in pipe ¢j at time t.

Annual system operating costs.

Sum of the annual cost of all types of MES.
Injection and extraction flow of node ¢ at
time ¢.

Gas and electricity consumption at time .
Total output of the system of the s en-
ergy.

Storage capacity of HES on node i at
time .

Consumption quantity of heat in node ¢ at
time ¢.

Number of configurations for the st" MES.
Number of HES by node i.

Number of EES by node <.

Number of GES by node i.

Theoretical cycle number of the s MES.
Cycle number of the s** MES.
Consumption of electricity.

Consumption of gas.

Active power of the line between nodes @
and j at time .

Active power of the g*P generator at time ¢.
Wind power active power of node i at
time t.

Pressure values of the first and last nodes
¢ and j at time .

Rated power of the charge and discharge
of the s'" MES.

Average pressure of pipe ¢j at time ¢.

The gas and electricity consumption in time
t in the medium-long-term market.

The gas and electricity consumption in time
t in the spot market.

Amount of abandoned wind at time ¢.
Charging and discharging power of the
node 7 at time ¢.

Reactive power of the line between nodes
i and j at time t.
Reactive power of the g
time ¢.

Mass flow of hot water in pipe j at time t.

th generator at

Endothermic and exothermic heat of node
4 at time t.
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Gij,t Average flow rate flowing through pipe ¢5 at
time ¢.

q%”t, qu‘lg First natural gas injection flow and the end
natural gas output flow of pipe ¢j at time ¢.

q%\ItG Output of the gas source at time ¢.

4 i P2G supply flow rate at node 7 at time .

air Natural gas flow consumed by the CHP at node
1 at time ¢.

qStB Natural gas flow consumed by the GB at node
1 at time t.

T, Life cycle of the s MES.

TJ% Hot water outlet temperature in pipe j at time ¢.

T,g . Hot water inlet temperature in pipe k at time ¢.

Tft Water supply temperature in node ¢ at time t.

TP, Water return temperature in node ¢ at time ¢.

Vi;t Node voltage of node ¢ at time ¢.

Us Year of the s'" energy storage use.

Ae,1> Ae,2, Input power distribution ratio.

)\6,3

Ag,1> Ag,2 Input natural gas distribution ratio.

I. INTRODUCTION

N IES involves energy production, conversion and coor-

dination, which is conductive to promoting the efficient
use of energy [1]. Due to the coupling and complementation
of different energy forms in the IES [2], [3], the system
itself has a certain flexibility and reserve value. When the
operation scene changes, the system can change the operating
mode of the coupled device to adapt to the requirements
of the scene. When the energy supply is insufficient, the
system line pack can also provide an amount of spare energy
supply demand [4]. However, as renewable energy becomes
increasingly available, the system supply uncertainty also
increases, which complicates the system’s economic operation
and energy utilization [5]. As a time conversion device for
energy, the storage of power, gas and heat can smooth the
fluctuations of renewable energy and improve the economy and
energy utilization efficiency of the IES [6]. Therefore, aiming
at the system uncertainty caused by renewable energy access,
we consider the economic value of the spare capacity of the
system itself and the use of system reserve value to improve
the economy, the comprehensive planning of multiple types of
reserve energy storage from the level of the IES is of great
significance to fully use the flexibility and reserve value of the
system. It is also beneficial to improve system economy and
energy utilization efficiency.

The integrated planning method of MES is closely related
to the IES planning research. At present, most studies on
IES planning focus on the modeling and planning of the
“source” and “network” of the MES with different back-
grounds and components. On the “source” side, existing
studies have been able to establish planning models that
consider electrical/thermal/gas multi-energy coupling based on
the energy hub [7]-[9]. In addition, based on the running of the
typical scenario [10], such planning models can consider the
differential energy requirements of multiple stakeholders [11]
and the energy storage properties of cold, heat and power [12].
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Aiming at improving energy utilization efficiency [13] and op-
eration costs [14], the optimal bilevel programming model for
system configuration and day-ahead operations are established,
and a regional integrated energy station planning method is
proposed [15]. In terms of source and network, according to
the heating period and cooling period [16], one can establish
the entire energy transportation model [17], introduce the
evaluation index and method of energy characterization [18],
consider the day-ahead dispatch and market uncertainty [19],
[20], and propose a multi-region IES collaborative planning
method [21]. At present, planning and research on the IES
are mostly based on different benefit objectives to determine
equipment selection, equipment capacity and the operation
strategy of the system and rarely involve configuration meth-
ods of the MES [22], [23]. Most studies are based on the
battery model considering the absorption of wind and power
of the system and the configuration of optimal economic
operations for energy storage [24]. The research on MES
is also primarily concerned with optimization configuration
methods of hybrid energy storage, such as batteries and
supercapacitors. The profit strategies of cold storage, heat
storage, electricity storage and mixed energy storage under the
situation of the CCHP and electric refrigeration’s coordinated
operations are studied in [25]. A two-layer optimization model
to schedule and plan cold storage, heat storage and electrical
energy storage is established. It can be seen that the existing
research not only lacks the configuration research of MES, but
also only considers the cost of investment and operations when
configuring MES, and lacks consideration of other values.

For the insufficient research on site selection and capacity
determination, this paper studies the optimal MES configura-
tion of electricity, gas and heat storage in the IES in terms
of system reserve value, based on the IES with renewable
energy, considering the reserve value of the system. As an
important hub of the IES [26], energy stations connect power
networks, gas networks, and thermal networks via CCHP
with other energy coupling equipment. The Energy station
operation mode has a great effect on the reserve value of
the entire system [27]. Therefore, when studying the MES
configuration method, this paper considers the reserve values
of both the energy subsystem and energy station. The main
technical contributions of this paper are as follows:

1) Regarding MES configuration, we consider the system
operation method and the value of the system reserve and
propose a two-stage energy storage, gas storage and heat
storage configuration method. Considering the reserve value
of the system and system operation mode, it is beneficial to
fully exploit the flexibility and reserve value of the system.

2) Based on the MES configuration method of the IES
considering the system reserve value, the effects of different
reserve values on multiple types of energy storage configura-
tion are analyzed in different scenarios, such as the changes of
the reserve value, coupling degree and system supply capacity.

The remainder of this paper is structured as follows. Section
IT presents basic assumptions about the operating mechanism
of the reserve market and establishes the system reserve value
model. Section III establishes the IES model, including the
energy station. In Section IV, a two-stage MES configura-
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tion model, considering the reserve value of the system, is
established, which includes the location optimization model
and capacity optimization model, and the solution process is
provided. Section V analyzes through examples the effects
of factors, such as whether to consider the reserve value
of energy stations, the method to participate in the reserve
market, and whether to consider the energy stations, on the
configuration result. The effectiveness of the proposed method
is also verified. Section VI summarizes the main conclusions
of this paper. Section VII provides a brief outlook for the
future in this area of research.

II. BASIC ASSUMPTION
A. Reserve Market Operation Mechanism

As shown in Fig. 1, the operating mechanism of the reserve
market assumed in this paper includes the energy contract
market, a balancing mechanism, and settlement. The trading
volume of the contract market accounts for the majority of the
total volume, including medium- and long-term contracts and
spot contracts. The remaining unbalanced trading volume is
solved through the balancing mechanism in the reserve service
market. Medium- and long-term contracts are allowed to be
signed several years in advance and are primarily completed
by bilateral organizations, while short-term spot transactions
are primarily completed through centralized matching. After
trading activity is stopped, the dispatching agency arranges the
scheduling plan according to the load prediction, day-ahead
safety check, unit start and stop arrangement, etc. One hour
before the actual operation, the demand for reserve service
is obtained through the balancing mechanism to solve the
constraint problem of the energy system and maintain the
balance of supply and demand of the system. After dispatching
according to the price of the reserve service, the unbalanced
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certain profit can be simultaneously obtained. Therefore, the
reserve value of the system can be measured by the reserved
capacity of the system units and energy stations (including
actual participation and nonparticipation).

B. System reserve value Model

The system reserve value model in this paper includes
the capacity opportunity cost and reserve energy cost. The
capacity opportunity cost refers to the loss of power generation
profit due to the lost opportunity to participate in the energy
market because of the reserved capacity during a short run
of the system. The reserve energy cost refers to the cost
of actually participating in the short-term reserve market.
Combined with the distribution network characteristics of the
IES in this paper, the system reserve value is shown in (1):

Rs,t = (Gs,t - Gs,t) ' (Cs,t + Ds,t) (1)

III. POWER-GAS-HEAT INTEGRATED ENERGY
SYSTEM MODEL

A. Energy Stations Model

Energy stations serve as energy hubs for EPS, NGS and
DHS. An energy station’s normal operation is restricted by the
states of the EPS, NGS and DHS. The change of the station’s
running state also causes changes to the entire system with
EPS, NGS and DHS.

The energy station constructed in this paper includes CHP,
T, HE, HR, P2G, EC, and AC. The source-load supply
relationship of the EPS, NGS and DHS is connected through
the equipment in these energy stations. The energy balance
equation is:

settlement is made according to the actual energy supply curve Le
of the unit. The market subject that provides the reserve service Ly _
will obtain the corresponding profit [28]. Ly
Energy station and energy subsystem units arrange day- | Le
ahead dispatching plans according to the transaction value [ Ao Ag,1nrncup (1 + dcrp) !
of medium- and long-term contracts and spot contracts. By e, eNP2G Ag,2 Pg
reserving the capacity to participate in the ancillary services 0 g 1MuEPcuPcup (1 + ¢CHP)_1 Pg
market, the balance between supply and demand of the system Ae3NEC Ag1MAacTHRIHEPcHPNCHP (L + ¢CHP)’1
can be maintained through the balance mechanism, and a 2)
)
Market place Energy trading market Reserve market
—
Bilateral Bidding in day- Bidding in
Trading activity transaction ahead energy reserve energy Settlement
\ ), (Concentrated) market market
: - Medium- and Reserve
Dispatch
Q)S(l;:uii(;ﬁg long-term energy Day-ahead resources
load forecasting dispatching dispatching
—_——____mm@S= IR TR ————
Time scale Year Day-ahead Hour Within the year
P ——

Fig. 1. Reserve market operation mechanism.
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B. EPS Model
The EPS model includes the power balance constraint, node
voltage constraint, three-phase power flow constraint, line
power constraint, generator set output constraint and generator
set climbing constraint [29].
S Pji= Y P+ P+ PG 4 P

17

jeQ] geQl
N Pi]jitES,out o Pil?tzG _ Pi]::tL 3)
D Qiji= > Qui—QFF )
JjeQ; geQ,
V, <Vie <V o)
Z Hjﬂg — ‘/i,t Z Vjﬂg (GU COSs aij + Bq;j sin 97,]) =0 (6)
JjeQi JjeQ;

Z Qij,t - ‘/;725 Z V}',t (GZJ sin 9”- - Bij (¢0)] 9”) =0 (7)

JEQ] Jje
—Py; < Py < Py ®)
P, <P, <P, ©))
Q, <Qgi<Q (10)
Pyt — Pyi—1 < RUg (11
Pyt—1— Pyt < RDy (12)

C. NGS Model

The NGS model includes the pipeline flow constraint,
gas source point constraint, flow balance constraint, com-
pressor constraint, line pack constraint and node pressure
constraint [30].

Gij.tl@ij el = C35(07, — 15) (13)

Gije = 27 (ai — P2} (14)

Uye < G < nau (15)

0=qy + Z Giju +ar i + FﬁES’Out

i€Q;

— BGPIM — gl — gCFT (16)

Dt < 5compi,t (17)

Eij: = M;;Pij (18)

Py =27 iy +jst) (19)

Eiji = Eija1 + a5 — @) (20)

p, <pit <P @1

D. DHS Model

Steam and hot water are commonly used as heat carriers
in thermal systems. Considering a heat network as a fluid
network, the node flow balance, node power fusion, load
access characteristics, water supply and return temperature
constraints, and heat transfer characteristics of the pipe seg-
ments are considered [31].

g _ g
Z 95t = Z Tkt (22)
jespipet keSPiPeT
O g _ ml g
§ Tj,t‘]j,t = Tk,t E it (23)
jegpiret kesprire—
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hiy = cqf (TE — T}, (24)

T, <T; <T, (25)

T, <T" <T, (26)

T, = (To — To)x(Repf) ' + Ty 27)

IV. OPTIMAL CONFIGURATION MODEL OF MULTITYPE
ENERGY STORAGE CONSIDERING THE SYSTEM
RESERVE VALUE

A. MES Location Model

1) Objective Function of the Location Model
In the objective function, the electric loss of the EPS [17],
heat loss of the DHS [21], operating cost of the system, value
of the system reserve and loss of curtailment are considered
as follows.
T
min Fl = Z (Ce,tEloss,t + Ch,tHloss,t + CML,GPML,G,t
t=1
+ Csm,a,tPsm,a,t + OmL,EPMLE ¢

+ CsmpsPomes — O Rt + cechw,t> (28)

2) Constraint of the Location Model

The power storage, gas storage and heat storage participate
in system operations by switching charging and discharging
modes [32]. The constraint of the mathematical model of EES
is expressed as follows:

EEFS = (1 - pe) EFFS,
n ( PEESIn, Pi]:Z}tESwutn;iliS) At (29)
EvEFS = Eszfa a=12--,365 (30)
Egps X N;grs < E;EiES < Egps x Niprs S

The constraint of the mathematical model of GES is ex-
pressed as follows:

EEPS = (1 - pg) B,
i (FftES,inngch . FiiES,outng—dlis) At (32)
ESPS = EfPa=1,2,---,365 (33)
Eags X Nigrs < EStES < FEggs X Niges (34

The constraint of the mathematical model of HES is ex-
pressed as follows:

Hz'I,{tES =(1- Hh)Hi},ItE—Sl

+ (Qg?s,innhch - QEF&OUtnh_dlis) At (35)
EIPS = EIPS a=1,2,---,365 (36)
Hypg X Nijugs < Hi},ItES < Hyups % Ninps 37)

The quantity constraints of the electricity, gas and heat
storage are as follows:

> Niges < Negs (38)
> Nices < Nags (39)
(40)

Z N; ues < Nugs
i
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B. MES Capacity Optimization Model

1) Cycle Life Loss Model

Temperature and charging and releasing energy cycle times,
among other factors, affect the cycle life of electricity storage,
gas storage, and heat storage. In this paper, energy storage
cycle life refers to the service life of electricity storage, gas
storage and heat storage under certain charging and discharg-
ing efficiencies. The depth of discharge directly affects energy
storage cycle life and is denoted as D, gis. In this paper,
the effects of energy depth and cycle times on cycle life are
considered.

According to [33], the effect of the depth of the discharge
energy on cycle life is expressed by a polynomial function of
order 4, and the functional relationship is shown in (41).

Ns(Ds,ais) = asD?,dis + bng’,dis + csDz,dis +dsDs qis + €5
(41)

Energy storage operating conditions can be considered to
be a series of linear combinations of charging and discharging
cycles with different discharge depths. The operating condition
is decomposed into several operating conditions with different
discharge depths, and the cycle life of energy storage in each
condition after decomposition is calculated. Then, according
to the cycle times of energy storage in each corresponding
working condition, the life loss of the energy storage cycle
can be directly calculated by linear superposition. The cycle
life loss of energy storage in operations can be calculated
according to (39):

(42)

- 3w

Do a1a=0 s dls)

For each D, gq;s between 0-1, there is a corresponding
number of cycles Ng(D; qis) and the number of cycles ng
that appear. The corresponding ns/N,(D; 4i5) are calculated
and summed through (42). When L, = 1, the energy storage
life is considered exhausted and must be replaced.

The energy charge and release cycle times of the energy
storage and the corresponding release energy depth are calcu-
lated by the rain flow counting method. The cycle life loss in
the operation process is obtained from (41) and (42).

2) Full-Life-Cycle Cost Model

The energy storage life cycle cost refers to the total cost of
energy storage investment, maintenance and guarantee during
the life cycle. The entire life cycle cost of energy storage
includes investment cost and the operation and maintenance
Ccosts.

The primary investment cost is a function of the rated
capacity of energy storage and rated power and is expressed as:

Bs,l = Cs,eEs,e + Cs,pPs,e (43)

The energy storage operation and maintenance costs are a
function of the rated capacity of the energy storage, related to
its operation cycle, and expressed as:

T.
: 1+ \”
Bs = CsmPse P

(44)
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3) Objective Function of the Capacity Optimization Model

According to the energy storage charging and releasing
strategy, which is solved by the location model of energy
storage in the first stage and the relationship between energy
storage cycle life and energy release depth, we know that a
larger capacity connected to the energy storage corresponds
to a longer energy storage service life for a certain number
of cycles per day. However, given the high cost per unit
of energy storage capacity, if energy storage with excessive
capacity is configured simply to extend its service life, its
primary investment cost will significantly increase. Although a
higher capacity will extend the service life, the total investment
and maintenance cost will also increase. Therefore, it is
necessary to further optimize energy storage capacity based
on a comprehensive consideration of the energy storage life
cycle cost and service life to maximize the economy of the
electricity, gas and heat storage.

In this paper, the full-life cycle cost of MES is allocated to
each year of the life cycle. To minimize the sum of the annual
costs of all types of energy storage within the service life of
the energy storage, the energy storage capacity is optimized.
The target function expression is as follows:

k
min Fy = Z Z W
s i=1 R

C. Model Solving

Based on the reserve market mechanism of the IES includ-
ing energy stations, this paper establishes a two-stage MES
optimization configuration model for the IES to optimize the
site selection and capacity determination of batteries, heat
storage tanks, gas storage tanks, etc. The solution process
is shown in Fig. 2. In the first step, wind power and load
data are input, a random scene is generated through Latin
cube sampling, and then a fuzzy c-means clustering method is
used for scene reduction. Second, for the site selection model
to minimize the system operating cost, behaving as a mixed
integer nonlinear programming problem, GAMS software is

(45)

( Input of historical wind power and load data ] |
|

|

| Step 1:

N R sezme ( Scene generation by Latin cubic sampling j |

| generation ]

L ( Scene reduction by fuzzy C-means clustering j |

| (Tree structure encoding-partheno genetic algorlthnﬂ |

| Step 2:

| Location ( Primal-dual interior point method ] |

| optimization )

L (Locatlon number, charge and discharge strategy] |

(T T A_..__A___._\L_____._._.__‘

| ( Initialization of particle swarm optimization j |
|

: Step 3: Determination of the depth of release and life by | |

| Capacity raindrop counting |

| optimization |

| |

( Output of the optimal solution and data analysis]

Fig. 2. Solution flow.
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used to obtain both the location of energy storage and a
charging strategy by combining the parthenogenetic algorithm
and primal-dual interior point method encoded by the tree
structure. The third step is to obtain the capacity of the MES
by using the particle swarm algorithm of the nested energy
storage life calculation on MATLAB software. This method
realizes the solution of nonlinear models to minimize the
investment and maintenance costs of the MES in the system.

V. RESULTS

A. Basic Data

This paper is based on using the MATLAB and GAMS
platforms on a WinlO operating system, i7CPU, 2.20 GHz
processor environment for the simulation and optimization
analysis. The structure of the IES with renewable energy
discussed in the example is shown in Fig. 3. The IES is
composed of three main parts: the modified IEEE 14-node
EPS, the 11-node NGS [34], and the modified DNS based
on [27]. The energy flow is conducted through the regional
energy station for energy coupling and energy interaction.
The regional energy station is located at the coupling node
formed by 4 nodes of the EPS, 7 nodes of the NGS, and 8
nodes of the DHS. We convert the natural gas flow through
the calorific value to the power per unit of kW. The energy
price of the system is referred to the peak-valley price in [35].
The equipment parameters in the energy station are referenced
in [36]. The main relevant operating condition constraints
include:

« In the EPS, the per-unit voltage range is 0.95-1.05

¢ In the NGS, the minimum pressure is 22.5 mbar; the
upper limit of pipeline 12-14 flow is 150 m?/h;

e In the DHS, the maximum mass flow allowed in the
pipeline is 1.6 kg/s, the upper and lower limits of the

o1
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water supply temperature are 70°C and 69°C, respec-
tively, and the upper and lower limits of the return water
temperature are 30°C and 29°C, respectively.

B. Result Analysis

1) Analysis of the Configuration Results

S1: MES-integrated configuration considering the energy
station and short-term system reserve value

First, based on the data from a location in Germany [37],
the method of Step 1 in Section IV-C is used. The wind power,
power load, gas load and heat load of 8,760 hours per year
are shown in Fig. 4. The 24-h price is adopted in the reserve
market. Fig. 5 shows the price of electricity and natural gas in
the reserve market. The price of electricity has a peak-valley
form. The price of natural gas is a fixed value. Heat reserve
decides to use the reserve electricity price or reserve gas price
according to the input of heating equipment.

Then, based on the wind power, electric load, gas load
and heat load power, the model of Section III and Section
IV-A uses the method of Step 2 in Section IV-C to obtain the
location, quantity and charging and releasing energy strategy
of EES, GES, and HES.

Finally, based on the above results and the model in Section
IV-B, the capacities of EES, GES and HES are obtained by
using the method of Step 3 in Section IV-C. The convergence
is shown in Fig. 6.

According to Fig. 6, after approximately 280 iterations, the
particle swarm reached convergence and obtained the final
configuration scheme.

We convert the mass flow rate of natural GES into a success
rate unit according to the calorific value of natural gas. The
solution results are shown in Table I.

Due to the relatively large fluctuation of the electric load
in Fig. 4, there is more demand for EES charging and
discharging. Even if the P2G in the energy station can convert
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electric energy into natural gas for storage, the electric load
fluctuation must be balanced in a timely way due to the fast
dynamic characteristics of the power system. Due to the power
flow constraints, some node loads on the EPS far away from
the energy stations still need a timely supply of electric energy
storage. Therefore, in Table I, EPS node 2 and node 11 are
connected with the EES. The configured EES capacity is also
large. The fluctuation of the electric load leads to frequent
charging and discharging, and the operating life of the EES
is only 1.87 and 1.75 years. Excepting seasonal differences,
the fluctuation of the gas load and heat load curve in Fig. 4 is
relatively small. The NGS system itself has certain attributes

of the line pack. The DHS has certain temperature delay
characteristics. The requirement of the gas and heat supply
is not as high as that of electricity, and the energy station
coupling equipment has a certain energy conversion capacity,
which can use the surplus electricity to supply gas and heat
loads. Therefore, only 9 nodes of the NGS and 2 nodes of
the DHS are connected to GES and HES, respectively. The
capacity is smaller than that of the EES, the charging and
discharging frequency is not particularly frequent, and the
service life of the GES and HES is 2.46 and 2.53 years,
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TABLE I
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RESULT OF THE MES-INTEGRATED CONFIGURATION CONSIDERING THE
ENERGY STATION AND SHORT-TERM SYSTEM RESERVE VALUE

S 1 Es,e (kW-h) Ps,e (kW) Y Fs ($) 1P ($)
Egs 2, 106 15 187 34738 64

11 9% 10 175 796250
GES 9 128 50 246 758576 :
HES 2 59 10 253 25638.12

respectively. According to Table I, the EES has the highest
configuration cost, and most of the expenses are used to
invest in the EES. The fluctuations of electric load and the
fast dynamic characteristics of the power system leads to the
demand of MES in the IES, which is still the main type of
electric energy storage.

2) Effect of the System reserve value on the Configuration

S2: MES-integrated configuration without considering the
system reserve value

In the model in Section IV-A, the reserve value of the
system is not considered, but the system operation cost is only
used as the objective function. Then, according to the solution
steps of STEP3 in Section IV-C, the configuration results are
shown in Table II.

Because the reserve value of the system is not considered,
the system loses part of the profit of providing the reserve
service during the run time, which results in an increase in
running cost. As shown in Fig. 7, for example, with the
discharge depth of the electricity, gas and heat storage on

TABLE 1T
RESULT OF THE MES-INTEGRATED CONFIGURATION WITHOUT
CONSIDERING THE SYSTEM RESERVE VALUE

the same day in scenes S1 and S2, since no reserve value
is reserved for the system in S2, the adjustable range is large.
In addition, without considering the impact of the charging
and discharging frequency and depth on the system operation
during site selection optimization, scenario II has a greater
charging and discharging frequency of the MES in scenario
S2 than in scenario S1. The charging and discharging curve
of scenario S2 is more tortuous, which decreases the cycle
life of multiple types of energy storage, especially GES and
HES, and increases the investment cost. Therefore, in Table II,
the configuration results of EES, GES and HES in scenario
S2 are compared with those in scenario S1. The result of
access location is identical to that in scenario S1, with a
small difference in capacity, but the operating life is relatively
decreased, and the annual investment cost is increased.
3) Effect of the reserve value of the Energy Station on MES
Configuration

S3: Independent configuration of MES without considering
the reserve value of the energy station

Without considering the reserve value of the energy station,
other conditions and solution methods are identical to those in
S1 in V-B(1). The configuration results are shown in Table III.

TABLE III
RESULT OF THE INDEPENDENT CONFIGURATION OF THE MES WITHOUT
CONSIDERING THE ENERGY STATION

s i Ese (kWh) Pse (kW) g Fs (%)
2 116 15 1.85
EES 1, o6 10 |75 6940234
GES 9 100 50 2.40
HES 2 59 10 2.48

The alternate capabilities between the EPS, NHS and DHS

S 1 Es,e (kW-h) Ps,e (kW) Y I ($)
2 136 15 1.85
EES 1 9 10 171 70408.88
GES 9 100 50 2.39
HES 2 60 10 2.48
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Fig. 7. S1 and S2 scene multi-type discharge depth of energy storage. (a) The
filling depth of multi-type energy stroage in S1. (b) The filling depth of multi-
type energy stroage in S2.

are primarily realized through energy stations. Without con-
sidering the reserve value of the energy station, the reserve
value of the system, especially the coupling equipment of
the energy station, is not sufficient, the reserve value of the
system decreases, and the operating cost increases. Meanwhile,
similar to S2, without considering the reserve value of the
energy station, the adjustable range of the system increases,
the cycle life of S3 MES decreases, and the annual investment
cost increases. Therefore, in Table III, even if the installed
position of MES does not change compared to S1, the final
annual investment cost is $69402.34, which is higher than that
of scenario S1.

4) Effect of the Coupling of EPS, NGS, and DHS on MES
Configuration

S4: The coupling of the EPS, NGS and DHS is not consid-
ered for the independent configuration of each type of energy
storage; EES is only configured in the EPS system, GES is
only configured in the NGS, and HES is only configured in
the DHS. Other conditions and solution methods are identical
to those in S1 of V-B(1). The configuration results are shown
in Table IV.

EES, GES and HES are independently configured in their
respective systems, that is, the interaction between the EPS,
NGS, and DHS is ignored. As a result, higher requirements
are introduced for the charging and releasing energy of energy
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TABLE IV
RESULT OF THE INDEPENDENT CONFIGURATION OF MES WITHOUT
CONSIDERING THE ENERGY STATION

S i Es,e (kW-h) Ps,e (kW) Y F> (%)
7136 5 185

EES . " 1S 02684
1 9% 10 175
7 s 10 2.86

GES g og 50 223

HES 2 59 10 2.48

storage in each subsystem, especially for EES. It is difficult for
the independent equipment of the EPS to convert the surplus
gas in the NGS into electricity to supply the electric load,
so it can only be supplied through EES, which increases the
demand for EES. Similarly, the NGS can only store natural gas
at lower gas prices through gas storage. Therefore, in Table IV,
EES is accessed at node 2, node 5 and node 11 of the EPS,
while GES is accessed at node 7 and node 9 of the NGS. One
more EES and one more GES are connected than in scene
S1. The final annual investment cost is $84,026.84, which is
much higher than the investment cost in scenario S1. Thus,
whether the EPS, NGS and DHS are coupled significantly
affects the position, quantity, capacity and cost of the system
energy storage configuration.

5) Effect of the Configuration Scheme on the Annual In-
vestment Cost, System reserve value and Operating Cost in
Different Scenarios

The configuration capacity and annual investment cost of
electricity storage, gas storage and heat storage in different
scenarios (S1, S2, S3 and S4) are compared and analyzed.
The results are shown in Fig. 8.

350 90000
I EES
| T GES
300 L HES 185000

| [ Annual investment cost

D
250 80000 %
—_ o
; 200 E
2 75000 £
@ 150 2
= 70000 =
100 E
<

50 65000

0 60000

S1 S2 S3 S4
Scenes

Fig. 8. Comparison of configuration capacity and annual investment cost for
different scenarios.

According to Fig. 8, S1 and S2 have high and low electricity
storage, gas storage, and heat storage capacity configurations.
However, S1 considers the reserve value of the system, which
makes the charging and discharging strategy of MES relatively
smooth and the service life relatively prolonged. Therefore, S1
has slightly lower annual investment cost than S2. S3 does not
consider the reserve value of the energy station, but only part
of the reserve value of the system, whose configuration cost
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is between S1 and S2. Compared with S1, S2 and S3, S4
has the largest capacity of electricity, gas and heat storage; in
particular, the electric energy storage is significantly higher
than that of S1, so S4 has the highest annual investment
cost. Thus, whether the EPS, NGS and DHS couplings are
considered in the MES configuration process has a great
impact on the annual investment cost of the configuration.
The system reserve value and annual operating cost of
different scenario configuration results of S1, S2, S3 and S4
are compared and analyzed, and the results are shown in Fig. 9.

[ Annual operating costs
[ System reserve value

3.5r

3.0r

25

2.0

1.5

1.0

Annual operating costs (107$)

0.5

0.0 S1 S2 S3 S4

Scenes

Fig. 9. Comparison of the configuration capacity and annual investment cost
for different scenarios.

The coupling effect between the EPS, NGS and DNS was
not considered in scenario S4. Compared with scenarios S1, S2
and S3, which consider the coupling effect between systems,
S4 has the highest operation cost. Among S1, S2 and S3,
S2 does not consider the system reserve value, which is the
lowest, and S2 has the highest operation cost because it has not
gained any benefit from the reserve market. Compared with
S2, S3 considers the reserve value of the system except for
energy stations. The reserve value of the system is relatively
increased, and some benefits are obtained from the reserve
market, so its operating cost is relatively reduced. S1 considers
the reserve value of the system, which is the highest, while
the reserve market gains, and its operating cost are the lowest.
Therefore, MES planning with the system reserve value has
certain cost advantages in system operation.

6) Effect of the Method to Participate in Reserve Markets

S5: MES-integrated configuration considering the contrac-
tual system reserve value

In order to study the effect of the price of contract reserve
services on the MES-integrated configuration, it is assumed
that the price of the reserve market is the price of the medium-
and long-term reserve service contract signed in advance. All
other conditions and solution methods are identical to those
of S1 in V-B(1). To fully compare the results of the MES
configuration at different contract prices, based on the 24-h
price in the reserve market as shown in Fig. 5, and within
the range of the maximum and minimum prices of the reserve
market price, 6 sets of reserve contract prices are taken. In
ascending order, the electricity price is 0.05, 0.06, 0.07, 0.08,
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0.09 and 0.10 ($/(kW-h)). Considering the slight fluctuation
of the gas price in the reserve market, we take 6 groups
of gas reserve contract prices: 0.057, 0.061, 0.064, 0.068,
0.072 and 0.076 ($/(kW-h)). Natural gas is converted to power
unit kW according to the calorific value. In ascending order,
the reserve contract electricity and gas prices constitute 6
groups of different reserve contract prices. The comparison
of configuration results is shown in Fig. 10:
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Annual operating costs
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Fig. 10. Comparison of configuration results of different system alternate

service contract price.

The system signs medium- and long- term reserve services
at different contract prices. Different prices of reserve services
directly affect the benefits of the system to provide reserve
services and consequently affect the operation mode of the
system. When the price of the reserve service rises, the
system can profit more from the reserve market, which reduces
operating costs and increases the reserve value reserved.
According to the relationship between the cycle life of the
MES and system reserve in S2, the investment costs of
electricity, gas and heat storage will decrease. However, due
to the physical constraint of load balance and the constraint of
market participation, the increase in reserve service price has a
certain limit on the decrease in operating cost and investment
cost, and the effect of the decrease is gradually reduced.
When the reserve service contract price of group 5 and group
6 is reached, it is no longer decreasing. The reserve value
increases, and the remaining adjustable range of the system
decreases. To ensure the normal energy supply requirements
of the system, the amount of energy storage will increase,
which will increase the investment cost of the energy storage
configuration of the system. Therefore, as shown in Fig. 10,
with the increase in reserve service price, the investment cost
of energy storage gradually decreases, and the decrease range
becomes increasingly smaller. After reaching the limit, the
energy storage investment cost bounces up, while the operating
cost gradually decreases and reaches the minimum with the
increase in reserve service price.

7) Evaluation of MES configuration results of the IES consid-
ering the system reserve value

S6: Assume that the 1-node EPS unit is dismantled due to
aging, and the system supply capacity is reduced.
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The running situation of the S1, S2, S3 and S4 configuration
results is analyzed in the scenario of reduced system supply
capacity. The results are shown in Fig. 11.

0.40F Incremental annual operating cost
Remaining system reserve value
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[\
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Fig. 11. Comparison of system annual operating costs and remaining system

reserve value in S7.

After the removal of the EPS1 nodal unit, the incremental
annual operating cost and remaining system reserve value rep-
resent the change when the system supply capacity decreases.
According to Fig. 11, the coupling effect among the EPS, NGS
and DNS was not considered in scenario S4. When the system
supply capacity decreases, the energy supply is only obtained
from the subsystem interior due to the absence of coupling and
complementation among the systems. The annual incremental
operating cost is the highest, and the remaining system reserve
value is the lowest. Therefore, the MES configuration method
considering the system reserve value also has a certain cost
advantage in the system operation when the system supply is
insufficient.

VI. CONCLUSION

In this paper, a MES optimization configuration model for
an IES is established. We consider the system operation mode
and system reserve value under the environment of a reserve
market. For system uncertainty caused by renewable energy
access, the model can solve the problem of insufficient system
reserve, which is conducive to giving full play to the flexibility
and reserve value of the system. The following conclusions are
drawn from our study.

1) The MES configuration of the system reserve value
is conducive to improving the income of an IES including
renewable energy in the reserve market and reducing the
annual investment cost of electricity, gas and heat storage.

2) Different reserve service prices significantly affect the
annual investment cost of the configuration. With the increase
in price of the medium and long-term reserve service, the an-
nual investment cost gradually and slowly decreases. Affected
by the energy storage life and market constraints, the annual
investment cost will rebound and increase after reaching the
limit.
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3) Compared with the independent configuration the energy
station’s power storage, gas storage and heat storage, a com-
bined configuration of electricity, gas and heat storage based
on energy stations is conducive to reducing operating costs.
More coupling corresponds to a lower investment cost.

4) When the system supply capacity is sufficient or insuf-
ficient, the MES configuration considering the system reserve
value is beneficial for improving system reserve value and
reducing system operating cost.

VII. OUTLOOK

In the future, in terms of the form of participation of the
reserve market, further consideration should be given to the
combination of medium- and long-term reserve service con-
tracts and short-term reserve services. Based on the contract
price of medium- and long- term reserve service and the
price of short-term reserve service, the participation amount
of medium- and long-term reserve service is allocated to give
full play to the benefits of participating in the reserve market.
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