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Abstract: The coupling between multiple energy sources such as electricity, gas, and heat is
strengthened in an integrated energy system (IES), and this, in turn, improves the operational flex-
ibility of the IES. As an upper-level energy supply system, an IES can play a role as virtual energy
storage, which can provide regulating power to smooth out the volatility from large-scale renewable
energy generation. The establishment of an aggregating virtual energy storage model for IESs has
become an important issue. Under this background, a multi-objective optimization-based adjustable
capacity evaluation method is proposed in this paper. Firstly, the mathematical model of an IES
considering the coupling of multiple kinds of energy forms is proposed. Then, an aggregating model
considering demand response and economic constraints is established to demonstrate the adjustable
capacity of the IES. In addition, multi-objective optimization is used to identify parameters in the
proposed model, and the normal boundary intersection (NBI) method is used to solve the problem.
Finally, a simulation example is provided to verify the effectiveness and feasibility of the proposed
method. The external energy demand boundary of the IES can be modeled as virtual energy storage,
and the coupling relations of electricity and gas can be presented. Case studies demonstrate that
economic constraints narrow the adjustable capacity of the IES while the demand response extends
it.

Keywords: integrated energy system; adjustable capability; demand response; economic
constraints; multi-objective optimization; normal boundary intersection

1. Introduction

In recent years, the energy consumption structure dominated by non-renewable en-
ergy has caused serious pollution, causing severe challenges such as environmental and
climate change [1,2]. The emergence and development of renewable generations (RGs)
provide an opportunity to address such problems [3,4]. An integrated energy system (IES)
achieves multi-energy interaction, realizing the stepped utilization of energy by coupling
various energy forms such as electricity, gas, and heat, and gives full attention to the com-
plementary characteristics of various heterogeneous energy sources [5,6]. With the cou-
pling of multi-energy forms, the efficiency of energy utilization is improved compared
with that of the independent operation of various energy sectors [7,8]. An IES engages
with the upper energy supply system (UESS) via the procurement of energy such as elec-
tricity and natural gas. Because of the complementary coupling of multi-energy resources
in IESs, the energy requirement of an IES for a UESS is no longer a fixed value of a single
energy resource but a requirement interval of multi-energy resources. An IES, for the
UESS, is an integrated load with adjustable potential, and thus the IES can be guided by
the UESS to provide regulating power or participate in demand response by issued incen-
tives [9,10]. From the view of dispatching, the centralized dispatching method that in-
forms the UESS’s dispatching operator of various equipment information is difficult to
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ensure user privacy. At the same time, with the increase in distributed flexible resources,
the centralized dispatching mode places great burdens on communication. In this paper,
an IES is aggregated and modeled as virtual energy storage, which can be easily embed-
ded into the existing dispatching architecture. Moreover, it requires that IESs clarify their
own adjustable range to participate in market bidding. Therefore, a study on the adjusta-
ble capacity of IESs considering various factors is important and necessary.

The adjustable capacity evaluation of various flexible resources has been widely stud-
ied. The concept of flexibility in power systems was proposed early. Degefa et al. [11] and
Liu et al. [12] explain the concept of flexibility and propose a method for classifying the
characteristics of flexible resources. Wen et al. [13] built a mathematical model of a unified
energy storage form of flexible resources and calculated a high-precision cluster flexibility
external model. Das et al. [14] propose the strategy of electric vehicle aggregation charging
and evaluate the charging control method of electric vehicle aggregation. The electricity
market is studied by considering the participation role of electric vehicle aggregators and
individuals. Wang et al. [15] propose a coordinated evaluation method for aggregating
electric vehicles without compromising the use by independent electric vehicle owners
and for determining the flexibility of the optimal utilization time of electric vehicles after
aggregation. Wang et al. [16] propose a virtual power-plant model containing a virtual
generator and a virtual battery and present a high-dimensional polytope-based bound
shrinking method to solve the whole feasible domain. Zhou et al. [17] aggregate electric
vehicles as a controllable storage system via the Internet of Things, and a dispatchable
region formation approach of electric vehicle aggregation is proposed to capture its avail-
able flexibility in the electricity market. Li et al. [18] consider the multi-demand response
plan and the peak-filling effect of electric load, thermal load, and gas load aggregation,
proposing a robust optimization model based on a data-driven set to improve the stability
and economy of the system. Zhao et al. [19] aggregate distributed energy resources into a
virtual power plant to participate in the wholesale market as a single entity. Pan et al. [20]
construct a district heating system (DHS) model considering the thermal inertia of build-
ings and propose a greedy method for solving a new modified feasible domain by calcu-
lating a series of linear programming problems. However, the above research on the ad-
justable ability of IESs seldom investigates the coupling of multi-energy forms. With the
rapid development of IESs for supplying multi-energy end-user loads, it is necessary for
the UESS to understand the adjustable capability of the IES’s effective incentive measures
formulated to promote IES coordinate with the UESS.

In addition, economic concerns have been rarely mentioned in the above studies on
adjustable capacity evaluation. Regarding economics, existing research mostly focuses on
the optimal scheduling of IESs with the objective of the lowest operating cost or the high-
est profit. Somma et al. [21] optimize the operation of a distributed energy system (DES)
and improve the overall power generation efficiency. Teng et al. [22] introduce a hybrid
energy storage model based on electricity, hydrogen, thermal energy conversion, and en-
ergy storage, and propose a micro-grid autonomous operation strategy. Rahimi et al. [23]
establish a dispatching model for a virtual power plant that satisfies both electrical and
thermal loads to maximize the profit of participants. Wang et al. [24], based on modeling
of an electric-thermal-natural gas network, propose an economic dispatching model of
regional integrated energy systems. Xiang et al. [25] establish a comprehensive operation
model of an electric-heat-natural gas coupling system with the goal of minimizing the
economic cost considering the price-based and incentive-based demand response. Guo et
al. [26] optimize data centers’ energy generation and consumption, and their adjustable
capacity potential is investigated. However, a specific operational strategy can only be
obtained by the above research, which cannot reveal the adjustable capability of an IES
when various economic constraints are considered. In practice, people do not strictly limit
the operating cost to the minimum but consider setting it to be less than a certain value or
controlling it within a certain interval when the regulating power is needed by the UESS’s
operator.
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Meanwhile, in response to the carbon peaking by 2030 and carbon neutrality by 2060
proposed by China’s government, CO2 emissions should also be considered [27-29]. With
the progress of various detection technologies, especially the intelligent and low-cost
monitoring technology for different parameters such as temperature [30,31], the emissions
of COz2 can be well measured and promote the control of CO: further. Some researchers
have investigated the impacts of carbon emission control on an IES’s operation [32]. Wang
et al. [33] develop a multi-objective optimization model considering system economy, sys-
tem autonomy, and carbon emissions. Wang et al. [34] take into account the multiple un-
certainties of renewable energy and propose a multi-objective optimal dispatching model
that considers park-level participation in carbon market trading. However, the existing
papers rarely focus on the impacts of carbon emissions on the evaluation of the adjustable
capacity of an IES.

In this paper, to address the above problems, an IES is regarded and modeled as vir-
tual energy storage for a UESS using a multi-objective optimization method for evaluating
the parameters in the proposed virtual energy storage model of the IES. The coupling of
multiple energy forms consisting of electricity, heat, and gas is considered in this work.
The novelties and contributions of this paper are as follows:

(1) Considering the coupling of multiple types of energy forms in the IES and IES’s in-
teraction with upper-level energy supply systems, an aggregating model for demon-
strating the adjustable capacity of the IES is proposed in this paper.

(2) Both demand response and economic constraints are involved in the proposed
model, and a multi-objective optimization method is proposed to identify the rele-
vant parameters in the proposed aggregating model.

The rest of this paper is organized as follows. The mathematical model of the IES is
presented in Section 2. Section 3 proposes the economic costs of the IES including carbon
emission costs. Section 4 defines the adjustable capacity of the IES and proposes the multi-
objective model for identifying parameters. Section 5 carries out a case study, and Section
6 concludes this paper.

2. IES Modeling
2.1. Structure of the IES

The system structure of the integrated energy system is shown in Figure 1. The inte-
grated energy system built in this paper includes three different energy forms as electric-
ity, gas, and heat, which are composed of energy production equipment, energy conver-
sion equipment, energy consumption equipment, and energy storage equipment [35-37].
Specifically, the selected equipment includes wind turbine (WT), photovoltaic (PV), elec-
tric boiler (EB), power-to-gas (P2G), combined heat and power (CHP), gas boiler (GB),
electricity storage (ES), heat storage (HS), and gas storage (GS) units. The IES purchases
and sells electricity and purchases gas for the upper-level distribution network and natu-
ral gas system. After the conversion of the coupling equipment, it is finally supplied to
users in different energy forms. It should also be pointed out that the structure of the IES
is proposed here to demonstrate the effectiveness of the presented adjustable capacity
evaluation method. The presented method can be easily extended and applied for an IES
with different energy equipment.
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Figure 1. IES structure diagram.

2.2. Mathematical Model
2.2.1. Renewable Energy

At any time, WT and PV have the maximum power related to wind speed, light in-
tensity, temperature, and other factors, and this changes over time. In this paper, the max-
imum output of WT and PV in the next day is predicted based on the day-ahead phase,

suchas P, , . and P, .
{0 < PPV/f < PPV,t/max (1)
O S Pw,r S PW,f,max
where P,,, and P, , are, respectively, the scheduled PV and WT power at time interval
t. Py, mex and Py, are, respectively, the maximum available power outputs of PV

and WT at time interval £.

2.2.2. Electric Boiler and Gas Boiler

An EB is an energy conversion device that converts electrical energy into heat energy,
thereby supplying heat load. Its mathematical model and constraints in the operational
process are as follows:

0<P_ < @

EB,t — © EB,max

{HEB,t = nEBPEB,t

where H,,, is the heat production power of the EB at time interval t; 7, is the heat

EB,t

production efficiency of the EB; P,,, and P, are, respectively, the consumed and

maximum electric power of the EB at time interval ¢.

A GB is an energy-coupling device that converts the chemical energy in natural gas
into heat energy by combustion to meet the thermal needs of users. The constraints of its
operation are as follows:
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{HGBJ = GGB,tnGB 3)

0<H . <H

GB,t — GB,max

where H_,, isthe heat production power of the GB at time interval t; G, is the natural

t GBt

gas power consumed by the GB at time interval ¢; 7, is the heat production efficiency of

the GB; and H_,, . is the maximum heat production power of the GB.

2.2.3. CHP System

CHP is a very important piece of equipment in the energy-coupling system. By burn-
ing natural gas, the chemical energy in natural gas is converted into electrical energy and
thermal energy. Generally speaking, the operation mode of CHP is determined by heat
and determined by electricity. The electricity and heat production of CHP under these two
operation modes are diverse. An IES can adjust its demand for energy by adjusting the
operation mode [38]. The constraints of the CHP operational process are as follows:

5 CHP, min <P CHP, t <P CHP,max
1% CHP,t — /JCHP/PGCHP/t @)
Heyp = Horp G,
RCHP,down < PCHP,t - PCHP,t-l < RCHP,up
where P, and H,,, are, respectively, the electric and heat power of CHP at time
interval t; P, . and P, . are the maximum and minimum electric powers of the

unit, respectively; G is the gas consumption of CHP at time interval t; x,,, and

CHP,t

Heypy are the generation and heating efficiencies of CHP, respectively; and R, ,, and

are R the upward and downward ramping powers of CHP, respectively.

'CHP,down

2.2.4. P2G Device

A P2G device can convert the additional electric energy generated by wind power,
photovoltaic energy, or electric energy that cannot be consumed into artificial natural gas
for storage. It is used during the valley load period. The main process of P2G technology
is to first produce oxygen and hydrogen via electrolysis of water, and then hydrogen re-
acts with carbon dioxide to form methane gas.

The constraints of the P2G operation are as follows:

GPZC,t = oo Dy P2G, t @)
0 S PPZG,I S PPZG,max (6)

where G is the power converted into artificial natural gas at time interval t; P, is

P2G,t 2G,t

the power consumed by P2G at time interval ; 7,,; is the conversion efficiency; P, ...

is the maximum electric power consumed by P2G.

2.2.5. Energy Storage Device
The different energy storage device model established in this paper includes power
storage, heat storage, and gas storage devices. The operational principle of the three dif-
ferent energy forms of energy storage devices is similar, so one model can be used to de-
scribe the three energy storage devices. Here, using electric energy storage as an example,
the mathematical model is as follows:
Pesd t
W, ,=W_,  +P_ r.At———At (7)

es,t es,t—1 esc,t
Va

where W_, is the storage electricity of electric energy storage at time interval ¢.

es,t
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Its capacity should have the following constraints:

Wes,min < Vves,f < Vves,max (8)
where W_ .~ and W__  are, respectively, the minimum and maximum storage capac-

ities of electric energy storage.

The charge and discharge power of the energy storage device is continuously adjust-
able, but within a certain range, and the charging and discharging energies cannot be car-
ried out at the same time, so the following constraints should be met:

0<P,,<B,P

¢t esc,max
0<P_, <B,P )

esd,t — Td,t" esd,max

B, +B,, <1

dt —
where y_and y, are the charging and discharging efficiencies of electric energy stor-

age, respectively; P, and P, arethe chargingand discharging powers of electric en-

ergy storage at time interval f, respectively; P and P,

esc,max

are the maximum per-

ax

mitted charging and discharging powers of electric energy storage, respectively; B, and
B

d,t
ing at time interval ¢, respectively.
In a scheduling period, the energy charged by the energy storage device should be
equal to the energy released. At the beginning and end of a scheduling period, the stored
energy should be equal, that is:

are binary variables indicating online and offline statuses of charging and discharg-

Wes,O = Vves,T (10)

where W, and W, , are the storage capacities at the beginning and end of the dis-

patch horizon, respectively.

2.3. Demand Respond

Demand response (DR) refers to users that adjust their energy-use behavior accord-
ing to incentive mechanisms or electricity price, take part in grid interaction, optimize
load curve, promote the uptake of renewable energy, and improve system operation effi-
ciency [39]. According to the scheduling method, DR is divided into incentive-based de-
mand response (IDR) [40] and price-based demand response (PDR) [41].

The load type can be divided into (1) basic loads: a fixed uncontrollable load in which
the energy-use mode and energy-use time will not change; (2) shiftable loads: the running
time of this kind of load can change with the plan, but it should be translated as a whole;
(3) transferable loads: the power consumption time and power consumption can be flexi-
bly changed, but in the whole scheduling horizon, it is necessary to meet the total load
before and after the transfer to remain unchanged; (4) reducible loads: this kind of load
can interrupt operation or reduce the running time and power consumption, and can be
partially or completely reduced according to the actual situation.

The operation of shiftable loads and transferable loads can be changed, but there are
some differences between them: When the demand response of a shiftable load occurs, it
needs to be translated as a whole and the operation cannot be interrupted during opera-
tion and the power consumed cannot be changed, such as for a washing machine. When
a transferable load participates in demand response, it does not need to shift the load. The
power consumption time and power consumption can be freely adjusted, and the opera-
tion can be interrupted. However, it is necessary to ensure that the total load demand
before and after the transfer of the transferable load remains unchanged. Compared with
the shiftable load, its demand response characteristics are more flexible. The power con-
sumption time and power consumption can be freely changed, such as for electric vehicles
and energy storage.
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2.3.1. IDR Modeling
(1) Shiftable loads

The operational constraints of shiftable loads are as follows:

T

D =ty (11)

t=1

t, +t 1

st lcon

a2t (o, —a, —e =y ) (12)

t con
t=t

where ¢, denotes the levelling state of the levelling load at time interval f, @, =1 de-
notes that the load is levelling, ¢, =0 denotes that the load is not levelling, ¢, denotes
the starting moment, and f_, denotes the duration of operation of the levelling load.

Formula (11) limits the total operating hours of the translatable load. Formula (12) ensures
that shiftable loads are able to be shifted as a whole.

(2) Transferable loads
Users can transfer some transferable loads from the peak period of electricity con-
sumption or the period of high electricity price to the period of low electricity consump-

tion or the period of low electricity price. The power transfer constraints of transferable
loads are as follows:

tran,f, min S ljtran,t S Rran,t,max (13)
T
2 Py =0 (14)
t=1
where P__, is the transferred load at time interval t; P, . and P__ = denote the

minimum and maximum values of transferable loads, respectively. Formula (13) is the
constraint on the amount of transferable load, and Formula (14) indicates that the total
amount of transferable load remains constant during a dispatch horizon.

(3) Reducible loads

Load curtailment will directly reduce the power consumption of users during the
peak period, such as lighting and air conditioning loads. The marking ¢ indicates the
curtailment status of a curtailable load at a given time, 6 =1 indicates a situation in
which curtailment of the load occurs, and 6 =0 indicates that the load is not curtailed.
The power of the load curtailment after participating in demand response is as follows:

SP™ <P <5P"™ (15)

t* cut,t — Tcut,t — Tt cut,t

The maximum number of cuts is constrained as follows:
24
25t S Nmax (16)
t=1

where P is the power that can be curtailed at time interval t; P, is the curtailed

cut,t cut,t
load at time interval t; N__ is the maximum number of load curtailments.

X

2.3.2. PDR Modeling

Power loads also respond to the electricity price variation. The price—demand elastic-
ity matrix is used to describe PDR characteristics. The element at the ¢-th row and j-th
column in the elasticity matrix can be expressed as follows:

APL f/ PL t

=l L 17
Ap;/p; 47

tj

The constraints of PDR can be shown as:
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24 Ap.
APSL,t = PSL,t {Zet,j _]J (18)
j=1 p]'
T
AR, , =0 (19)
=1 '
_APSL,max < AI)SL,t < AI:)SL,max (20)

where AP, and P, are, respectively, the load change for demand response and initial
load at time interval £; Ap, is the electricity price change at time interval j; p, is the ini-

tial electricity price at time interval j; P,

s, 18 the initial power load at time interval ¢;

AP, . is the load change after demand response at time interval ¢; AP, is the maxi-

SL,t SL, max

mum load change of a price-based demand response.

3. Economic Costs of an IES

An IES regulates the operation of inner devices to coordinate with power grids. The
operation of an IES should be constrained by operational costs since both the power sys-
tem’s operational safety and IES’s economy should be balanced. The operational cost of
an IES includes the cost of energy purchase, wind and photovoltaic abandonment costs,
degradation cost of energy storage, carbon emission cost, and demand response cost as
shown in Equation (21).

C Cpw tC, +C, +C  +Cp (21)

total — buy W, p

C C

the IES, renewable energy abandonment costs, degradation cost of energy storage, carbon
emission cost, and the cost of demand response.

where C C..,and C_, are, respectively, the energy purchase cost of

buy 7 w, pv’/ sto /

3.1. Energy Purchase Cost and Constraints

The cost of electricity purchase includes the cost of electricity and gas purchase as
expressed in Equation (22).

24

Couy = 2(Pp/fl’gﬁd,t + Pc,thuy,,) (22)
t=

where p,, and p;, are prices of exchange electricity and gas at time interval ¢, respec-

tively.

3.2. Wind and Photovoltaic Abandonment Costs

When renewable energy cannot be fully consumed, the abandoned renewable energy
power causes abandonment costs as expressed in Equation (23).

24 24
Cw, pv = aw Z (PW/t,max - PW,f) + apv z (PPV,r/max - PPV,f) (23)
t=1 t=1

where «, and «,, are the cost coefficients of wind and photovoltaic abandonment, re-

spectively.

3.3. Degradation Cost of Energy Storage

The IES built in this paper includes an electric storage device, gas storage device, and
heat storage device. Using electric storage as an example, the degradation cost of electric
storage is expressed in Equation (24). Due to similar operational characteristics, the de-
preciation costs of gas and heat storage devices can be established by analogy with Equa-
tion (24).
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24
Csto = Z(k P +k P ) (24)
t=1

esc™ esc,t esd” esd,t

where k. and k,, are, respectively, the cost coefficients of charging and discharging.

3.4. Carbon Emission Cost

At present, China’s electric power industry allocates the initial carbon emission quota
in the form of gratuities. If the carbon emissions of an IES in actual operation are greater
than the initial carbon emission quota, there will be extra carbon emission costs. This pa-
per adopts the stepped trading carbon prices to establish the carbon emission model, and
the more carbon emissions generated by the IES, correspondingly more carbon emission
costs will be charged. The model of carbon emission cost is shown in Equations (25) and
(26).

24
Eall = z(/uepgrid,t + tugGgrid,t - /"chGch,r) - EIES (25)
t=1
IUEall Eall S l
pu(1+a)(Ey — 1)+ pl I<E, <2
C., =1 u(1+2a)(E, —2I)+puQ2+a) 20<E, <3 (26)

<4l

all —

>4l

all —

u(1+3a)(E,, —3l)+ u(3+3a)l 3I<E
u(1+4a)(E,, —4l)+ u(4+6a)l E

where g is the cost per unit of carbon emissions; [ is the length of the carbon emission

interval; E is the total carbon emissions; E,. is the free carbon credits of the IES; u,

1ES

and p, are the carbon emission factors of electricity and gas purchases, respectively;

Hpo 1s the carbon absorption factor of P2G.

3.5. Demand Response Cost

Since loads with IDR adjust their own energy-use behavior according to the instruc-
tions issued by the system operator, the demand response cost is paid to users for com-
pensation. In this paper, we consider the IDR to include electric loads and thermal loads.
Modeling the compensation cost of the demand response using electricity load as an ex-
ample, the total cost of demand response compensation is shown in Equation (27).

24 24

24
CDR = kshift Pshift,t +k tran Z Ptran,t + kcuf Z PC““ 27)
t=1

t=1 t=1

where k k..,and k_, are, respectively, the compensation prices for shiftable, trans-

shift /

ferable, and reducible loads.

4. Adjustable Capacity Evaluation Model for an IES

Because of the intricate coupling of multi-energy flows in an IES, its energy demand
for the UESS which includes upper-level distribution grids and natural gas pipeline sys-
tems in this paper is an intricate and integrated load. The IES interacts with the UESS by
purchasing and selling energy, such as electricity and natural gas. Meanwhile, the termi-
nal load needs to be satisfied via energy production, conversion, and storage devices. Due
to multi-energy coupling and demand response, the exchange electric and gas power of
the IES with the UESS can be adjusted. The adjustable capability of the IES is defined as
its potential to coordinate with the UESS while meeting its own multi-energy loads, ex-
pressed as Equations (28)—(33).

Pmin < < Pmax (28)

grid, t grid,t — * grid,t
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P, mi - P,
, min , max
Egrid,t < Zpgrid/r < Egrid,t (29)
=1
min max
Ggrid,t < Ggrid,t < Ggrid,t (30)
G, mi : G
,min ,max
Egrid,f < ZGgrid,r < Egrid/t (31)
=1
min min
t, min (Pgrid/t 4 Ggrid,t ) = 0 (32)
max max \ __
t,max (Pgn'd,t 4 Ggrid,t ) =0
P, min G,miny __
Ht,min( ‘grid, ¢+ / Egrid,t ) =0 (33)
P, max G,max\ __
Hf/max(Egrid,t 4 Egrid,f ) - 0

where PR and Pj7 are, respectively, the minimum and maximum exchange electric

powers of the IES with upper-level distribution grids at time interval ¢; G;:;/, and Ggiy,
are, respectively, the minimum and maximum exchange gas powers of the IES with up-

per-level natural gas systems at time interval ; E_77 and E_;}7 are the minimum and
maximum accumulated electric powers in tie-lines between the IES and upper-level dis-

G,mi G, . . .
"rand ET are the minimum and maximum ac-

tribution grids at time interval £; E_ /" o

cumulated gas powers in pipes between the IES and upper-level natural gas systems at
time interval t; F,(g is the relationship of exchange of electric and gas power at time in-

terval t; H,(9 is the relationship of accumulated electric and gas power at time interval

t.

Therefore, the adjustable capacity evaluation for the IES is to obtain parameters and
coupling relations of exchange of electric and gas power of the IES with the UESS, as
shown in Figure 2.

£2(X)
A

Soy,
* (77,8
f,(¢) |-=————- [/0’7&

fz (Xz*) ____________

|
|
|
|
Pareto Frontier :
|
|
|

; >
f,(x) f,0¢) fl(X)

Figure 2. Schematic diagram of NBI algorithm for multi-objective problem.
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4.1. Objective Function

As mentioned above, to obtain the parameters and relations in Equations (28)—(33),
the following multi-objective optimization is established as shown in Equations (34)—(37).

Equation (34) is used to identify P17y,, G ,and F __ (PxY,,Gr% )=0, while Equation

grid,t / grid,t 7 t,max \" grid,t/ "~ grid, ¢

(35) is used to identify PMF,, G™% ,and F__(P™" ,G™% )=0.Similarly, E", EV&m™

grid,t / grid,t / f,min( grid,t 7 grid, ¢ grid,t / grid, t
EG,min EG,max H

EPmin ESminy _ 0 and H EPm> ES™>) =0 can be identified

7 grid,t 7 grid,t 7/ t,mir\( grid, + 7 “grid, ¢ t,max( grid,t 7/ grid,t

using Equations (36) and (37).

(34)
(35)
(36)

(37)

4.2. Constraints

Despite the operational constraints of multiple devices as shown in Equations (1)-
(20), during IES operation, the following constraints should be included:

(1) Power balance constraints

In the IES, a power balance of various forms of energy should be maintained during
its operation.

Pgrid,t + PI’V,t,c + Pw,f,c + Pesd,t + PCHP,t = PPZG,f + Pesc,t + PEB,t + ljload,t (38)
Ggrid,l + Gy, + ng,r =Gepp,y +Ggp, + ch/t + Gy (39)
ch,t + Hrd,t + HGB,t + HCHP,t = Hrc,t + Hload,t (40)

(2) Total cost constraint

Ctotal < gctotal,min (41)

where C is the minimum operational cost of the IES, which can be obtained by

total, min

solving the problem with the objective of minimizing C, ; ¢ isa pre-determined value

total
that is larger than 1. Providing regulation power to upper-level distribution grids will
change the operational strategy of the IES away from the most economic operation point,
which correspondingly induces larger operational costs. ¢ indicates the tolerant maxi-
mum value of operational costs for the IES’s operator.

4.3. NBI-Based Multi-Objective Solving

The adjustable capability evaluation model of the IES established in this paper is a
multi-objective optimization problem, and the normal boundary intersection (NBI)
method can be adopted. The NBI method is easy to realize by transforming the multi-
objective problem into a single objective. For a multi-objective optimization problem as in
Equation (42),
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min F = min[ £, (x), f,(x)]
h =
51 10 =0 (42)
g(x)<0
f, and f, are objective functions; h(x)=0 and g(x) <0, respectively, denote equation

and inequality constraints.
The specific process of the NBI algorithm is as follows:

(1) Solving for the optimal values of the two objective functions:

f,(x,")=min f,(x), f,(x,") = min f,(x)
Solve for f,(x,’) and f,(x,) by substituting x,” and x, , respectively. By evalu-

L) fi(x)
JACHRNACY

(f,(x,), f,(x,)), the utopian line is obtained, as shown in Figure 2.

ating the matrix d):( J and connecting (f,(x,), f,(x,)) and

(2) Normalization: The solved objective function values are normalized and the normal-
ized objective function is shown in Formula (43).

L) - fi(x,))
fiGe)) = fix))
fz(x)_fz(xz*)
fz(xl*)_fz(xz*)

fi(x)=
~ (43)
fr(x)=

— 1
The normalized matrix is: ® = [(1) OJ .

The distance 4 between any point (f,,5,) on the utopian line and a point

(j_fl(x),?z(x)) on the Pareto frontier is:

{1=A—ﬁw) )

ﬂ’:ﬂz_fz(x)
where B +4,=1 and 0<p,0,<1.

The normalized schematic is shown in Figure 3.
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Pareto Frontier

>
(%)

Figure 3. Schematic diagram of NBI algorithm after normalization.

(3) Solving single-objective optimization problems
The Pareto solution set in the multi-objective problem can be obtained by solving the
maximized distance A.We can change the values of g, and p, to keep distance mov-

ing and the Pareto frontier can be obtained. So, the original multi-objective problem can
be transformed into a series of single-objective problems as in Equation (45).

max A
A=p - fi(x)

stAd=p,— f,(x) (45)
B+pB,=1

5. Case Study
5.1. Basic Data

In this paper, an IES as shown in Figure 1 is selected for simulation to evaluate the
adjustable capacity during a typical day. Renewable energy includes wind and photovol-
taic power and their output curves are shown in Figure 4. The PV output is 0 at night, and
the PV output is larger at time intervals 10 to 15, when sunlight is more abundant. The
wind is lower at midday and higher at night, with more output from wind turbines at
night and less output from wind turbines at midday. The load demand of the IES includes
electric load, heat load, and gas load. Load demand curves are shown in Figure 5. The
load demand is higher in the daytime and lower at night. The parameters of the energy-
coupling devices and energy storage devices in the IES are shown in Tables 1 and 2. De-
mand response parameters are shown in Table 3. To demonstrate the effectiveness and
feasibility of the proposed model, five scenarios are set with regards to whether demand
response and economic constraints are considered, as shown in Table 4. Based on the
above scenarios, the adjustable capacity evaluation of the IES is solved and compared in
this study.
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Figure 4. Output curves of wind power and photovoltaic power.
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Figure 5. Load demand curves.

Table 1. Coupling device parameters.

Coupling Device Maximum/Minimum Power Conversion Efficiency Rate of Climb
P2G 1000/0 0.85
EB 500/0 0.85
GB 1000/0 0.9

CHIP Generating power: 1000/0 0.4 Uphill rate: 100

Heating power: 1333.33/0 0.3 Downbhill rate: -50
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Table 2. Parameters of energy storage equipment.

Energy Storage  Maximum Initial Reserves Maximum Charge/Discharge Power Charge/Discharge Efficiency

Device Reserves
Storage battery 3000 500 250/250 0.98/0.98
Gas storage 3000 500 250/250 0.98/0.98
Heat storage 4000 0 1000/1000 0.95/0.9
Table 3. Demand response parameters.
Load T Continuous Time Period of Operation Power/kW Compensation
° ype Runtime /h ¢ ternoc ot Liperatio owe Price/CNY-kWh-1
Shiftable electrical loads A 2 5:00-20:00 250 0.2
Shiftable electrical loads B 3 7:00-21:00 250 0.2
Shiftable heat loads 3 5:00-19:00 450 0.1
Transferable electrical loads 4 0:00-24:00 250 0.3
Load Type Maximum number of reductions Compensation price/CNY-kWh!
Reducible electrical loads 8 04
Reducible heat loads 8 0.2

Table 4. Simulation scenarios.

Scenario IDR PDR Economic Constraints
I x x x
1I ~ x x
11 x w/ x
v \ x ~
\ x v v

5.2. Results Analysis
5.2.1. Adjustable Capacity in Scenario I

In scenario I, both the demand response and economic constraints are not considered,
and the coupling relation of exchanged electric and gas power at the single-time interval
12 is shown in Figure 6a. The coupling relation of accumulated exchanged electric and gas
power at single-time interval 12 is shown in Figure 6b. When considering the time dimen-
sion, the adjustable capacity of the IES is a three-dimensional surface, as shown in Figure
7. For the lower boundary of coupling relations of exchanged electric and gas power, the
maximum exchanged electric power corresponds to the minimum exchanged natural gas
power, and vice versa. Due to energy storage and renewable energy abandonment, the
coupling relations of electric and natural gas power are not a line but interact within a
certain range.
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Figure 6. Adjustable capacity at a single time interval in scenario I. (a) coupling relation of ex-
changed electric and gas power; (b) coupling relation of accumulated exchanged electric
and gas power.
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Figure 7. Three-dimensional adjustable capacity in scenario I. (a) coupling relation of exchanged
electric and gas power; (b) coupling relation of accumulated exchanged electric and gas power.

5.2.2. Influence of Demand Response on the Adjustable Capability of the IES

To illustrate the influence of demand response on the adjustable capacity of the IES,
scenarios II and III are set to be compared with scenario I. The adjustable capacities of the
IES in scenarios II and III are shown in Figure 8 and Figure 9, respectively.

As shown in Figure 8, compared with scenario I, the adjustable capacity of the IES
expands when the IDR is considered in scenario II. The upper boundary of coupling rela-
tions of exchanged electric and natural gas power is taken as an example to illustrate the
reason. When the IDR is integrated into scenario II, the shiftable electric and thermal loads
and the transferable electric load will all be shifted and transferred to a certain time inter-
val, in response to the objective of maximizing electric and gas power exchange at the time
interval. Also, at that time interval, the reducible load will not be reduced. At the same
time, wind power and photovoltaic power are abandoned. Accordingly, in order to



Energies 2023, 16, 8048

18 of 24

minimize exchange power, the IES will fully absorb wind power and photovoltaic power,
and all shiftable loads and transferable loads will be shifted and transferred away from
the time interval, and reducible loads will be reduced.
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Figure 8. Comparison of adjustable capacities in scenario I and scenario II. (a) Coupling relations

of exchanged electric and gas power; (b) Coupling relations of accumulated exchanged electric
and gas power.

As shown in Figure 9, the range of adjustable capacity of the IES will also expand
after considering the PDR. When evaluating the maximum exchanged electric power at
the 12-th time interval, the IES’s operator will reduce the price of electricity. After the de-
mand response occurs, the electric power load at the time interval increases and outputs
of wind and photovoltaic power are curtailed. Correspondingly, the lower boundary of
the adjustable capacity of the IES can be obtained by increasing the electricity price at this
moment to reduce the energy consumption on the demand side. In summary, when de-
mand response is considered, the range of the adjustable capacity of the IES will be ex-

panded accordingly.



Energies 2023, 16, 8048

19 of 24

8000 T T

[E; = = = =! = = —&— scenario |
—+&— scenario III

7000 b

6000 - b

5000 b

4000 b

Gas exchange power/kW

3000 i

2000 b

1000 Il Il Il Il Il Il Il
-3000 -2000 -1000 0 1000 2000 3000 4000 5000

Electrical exchange power/kW

(a)

4
8><10 : :

= = = = =t a —8— scenario [
75 —H&— scenario III | 4

6.5

55

457

Cumulative exchange gas volume/m3

35

3
-2 -1 0 1 2 3 4 5
Electrical exchange power/kWh %104

(b)

Figure 9. Comparison of adjustable capacities in scenario I and scenario III. (a) Coupling relations

of exchanged electric and gas power; (b) Coupling relations of accumulated exchanged electric
and gas power.

5.2.3. Influence of Economic Constraints on the Adjustable Capability of the IES

Economic constraints have a wider effect on the adjustable capacity evaluation of the
IES. Economic constraints affect the all-operation period. The smaller the value of & is,
the narrower the adjustable capacity of the IES will be. In this case, lower-cost operational
strategies are more inclined to be chosen by the IES. When ¢ equals 1, it means that the
IES is constrained to the point with the smallest operational costs. Then, no adjustable
capacity can be provided by the IES. Obviously, if there are too-tight total economic con-
straints, in a dispatching horizon, all operational strategies may not meet the extreme sit-
uational economic constraints. As shown in Figures 10 and 11, with economic constraints,
the adjustable capacity of the IES significantly narrows. In scenario IV, the IDR is a re-
sponse mode that changes the load behavior via the command issued by upper-level dis-
tribution grids. Therefore, demand response compensation costs will further limit the
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range of adjustable capacity of the IES. In contrast, PDR enables users to spontaneously
adjust their energy-use behavior by adjusting the energy-use price. There are no addi-
tional demand response compensation constraints, meaning there is more adjustable
space in the purchase of energy, so the adjustable capacity range under scenario V is
slightly larger than that under scenario IV.
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Figure 10. Comparison of adjustable capacities in scenario I and scenario IV. (a) Coupling rela-

tions of exchanged electric and gas power; (b) Coupling relations of accumulated exchanged elec-
tric and gas power.
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Figure 11. Comparison of adjustable capacities in scenario III and scenario IV. (a) Coupling rela-
tions of exchanged electric and gas power; (b) Coupling relations of accumulated exchanged elec-
tric and gas power.

6. Conclusions

This paper presents an NBI-based multi-objective optimization model for evaluating
the adjustable capacity range of an IES. The effects of demand response and economic
constraints on the adjustable capability of the IES are included. The effectiveness of the
method was verified using simulation examples, and the following conclusions were
drawn:

(1) The adjustable capacity of an IES can be modeled as virtual energy storage, which
can be further applied into existing dispatching architecture. Many factors including
renewable energy generation, multiple types of energy storage, and demand re-
sponse can impact the adjustable capacity of an IES. Specifically, both energy storage
and demand response can be adjusted to extend the adjustable capacity.
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(2) Economic constraints limit the adjustable capacity of an IES by affecting the operation
of a variety of equipment. The adjustable capacity is significantly reduced with eco-
nomic constraints, which indicates that the regulation power provided by the IES to
the UESS causes extra operational costs. The IES can adjust its adjustable capacity by
changing the budget, which makes the IES more competitive in the market.

(3) Due to the energy conversion of multi-energy sectors, the electricity and natural gas
demands of the IES for the UESS are deeply coupled. The electricity demand de-
creases while the natural gas demand increases, and the coupling relationship func-
tions can be pictured using proposed multi-objective methods.

Various uncertainties including wind power, photovoltaic power, and demand will
obviously impact the robustness and accuracy of the adjustable capacity evaluation of an
IES, which is not studied in this paper. In addition, the multi-time-scale characteristics of
the energy sectors of electricity, gas, and heat are not considered. In our future work, the
influences of uncertainties and multi-time-scale characteristics on the adjustable capacity
of IESs will be investigated. The optimal coordination of an IES with a UPSS will be stud-
ied as well.
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