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ABSTRACT

To better reduce the carbon emissions of a park-integrated energy system (PIES), optimize the comprehensive
operating cost, and smooth the load curve, a source-load flexible response model based on the comprehensive
evaluation index is proposed. Firstly, a source-load flexible response model is proposed under the stepped carbon
trading mechanism; the organic Rankine cycle is introduced into the source-side to construct a flexible response
model with traditional combined heat and power (CHP) unit and electric boiler to realize the flexible response of
CHP to load; and the load-side categorizes loads into transferable, interruptible, and substitutable loads according
to the load characteristics and establishes a comprehensive demand response model. Secondly, the analytic network
process (ANP) considers the linkages between indicators and allows decision-makers to consider the interactions
of elements in a complex dynamic system, resulting in more realistic indicator assignment values. Considering
the economy, energy efficiency, and environment, the PIES optimization operation model based on the ANP
comprehensive evaluation index is constructed to optimize the system operation comprehensively. Finally, the
CPLEX solver in MATLAB was employed to solve the problem. The results of the example show that the source-load
flexible response model proposed in this paper reduces the operating cost of the system by 29.90%, improves the
comprehensive utilization rate by 15.00%, and reduces the carbon emission by 26.98%, which effectively enhances
the system’s economy and low carbon, and the comprehensive evaluation index based on the ANP reaches 0.95,
which takes into account the economy, energy efficiency, and the environment, and is more superior than the
single evaluation index.
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Nomenclature
Abbreviations

CHP Combined heat and power
ANP Analytic network process
IES Integrated energy system
IDR Integrated demand response
DR Demand response
PIES Park integrated energy system
WT Wind turbine
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PV Photovoltaic
GT Gas turbine
WHB Waste heat boiler
ORC Organic Rankine cycle
HP Heat pump
EB Electric boiler
EC Electricity chiller
AC Absorption chiller
EES Electric energy storage
HST Heat storage tank
AHP Analytic hierarchy process

Symbols

P Power
η Conversion efficiency
S Capacity of energy storage equipment
μ Charge and discharge symbol
�t Unit time duration
�P Power variation
P∗ Load power before demand response
Pm, Ps, Pd Transferable, interruptible, substitutable load power after demand

response
ξ Load demand response sign
β Transferable load change limitation amount
τ Interruptible load change limitation amount
E Carbon emission
ρ, θ , l Parameters related to stepped carbon trading
C Cost
K Operation and maintenance cost factor
γ Energy price
υ Demand response compensation coefficient
cwp Energy abandonment penalty coefficient
α Gas turbine start-stop sign
fGT Gas turbine start-stop penalty factor
Vg Volume of natural gas consumed
LHV Calorific value of natural gas
f1, f2, f3 Economic, energy efficiency, and environmental indicators
χ Affiliation function
ψ Relative weights of indicators
P1, P2, · · · , Pm Control layer element group
U1, U2, · · · , UN Network layer element group
W Hypermatrix
Y Weighting matrix
W Weighted hypermatrix
B Buy and sell electricity sign
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Superscript and Subscript

e Electric energy
h Thermal energy
c Cold energy
g Natural gas
min-max minimum–maximum
k Type of energy storage
cha/dis Energy charge/discharge
x Load type
r Actual carbon emissions
z Device type
in/out Power input/power output
om Operation and maintenance
BUY/buy Energy purchase
SELL/sell Energy sale

1 Introduction

With environmental pollution and energy scarcity on the rise, there is an urgent need to transform
China’s energy system from high-carbon to low-carbon, and to this end, China is actively building a
low-carbon, clean, and sustainable energy supply system to promote the realization of the goals of
carbon peaking and carbon neutrality [1,2]. Integrated energy system (IES), because of its internal
coupling of various energy conversion equipment, can realize the interactive conversion of different
types of energy, which is of great significance for vigorously developing low-carbon power and
improving the consumption capacity of renewable energy [3,4]. Currently, the primary studies on
microgrids and IES include system stochasticity and flexibility [5]. References [6,7] considered the
system’s uncertainty and constructed the system’s management operation framework to optimize the
system operation through the fuzzy primal-dual method of multipliers and stochastic transmission
switching integrated interval robust chance-constrained approach, respectively. Reference [8] proposed
an intelligent energy management strategy based on the intelligent probabilistic wavelet fuzzy neural
network-deep reinforcement learning algorithm considering renewable energy uncertainties and load
power variations, which has high efficiency and speed in dealing with all kinds of uncertainties.
This paper focuses on the system’s flexibility by introducing some coupling devices to convert and
coordinate the energy sources to meet the load demand and improve the economy and flexibility of
the system operation.

CHP units have high energy utilization efficiency, which is crucial for solving the energy crisis [9].
Reference [10] proposed a low-carbon economic dispatch model of IES coupled with two-stage power-
to-gas equipment and CHP units, which reduces the CHP’s “heat-to-power” operation constraints and
facilitates low-carbon economic operation of the system. Reference [11] constructed a flexible response
model of CHP units and thermal energy storage system, which can meet the fluctuation of heat load
demand and effectively improve the system’s flexibility. Reference [12] introduced an electric boiler
(EB) to realize the coupling with CHP, which realized the internal thermoelectric decoupling of the
system and fully utilized the excess electricity to meet the heating demand. Reference [13] introduced
the organic Rankine cycle (ORC) in the CHP system to convert excess waste heat into electrical energy,
thus improving the flexible response to electrical loads. Although the above references address the issue
of source-side flexible response to thermal or electric loads, they do not consider the simultaneous



3440 EE, 2024, vol.121, no.11

flexible response to thermal and electric loads and do not maximize the role of load-side demand
response.

Integrated demand response (IDR) is a modification of traditional demand response (DR) for
multiple load systems and plays a vital role in IES optimization operation [14]. Reference [15]
considered demand response and energy storage system participation in smart microgrid operation,
and two-stage energy management through an intelligent probabilistic wavelet petri neuro-fuzzy
inference algorithm, which effectively improved the system’s response speed. Reference [16] proposed
a stochastic framework for renewable energy integrated microgrid operation and scheduling, which
improved demand-side flexibility by unifying the load distribution through demand response. Refer-
ence [17] proposed an energy management scheme based on price-elastic demand response for multi-
microgrid systems to obtain dynamic energy pricing and load adjustment demand to improve the
economic and environmental efficiency of the system. Reference [18] proposed a stochastic objective
optimization method for multi-energy system planning, which exploited the flexibility of load-side
resources and effectively ensured the synergistic operation of the system. All of the above references
have introduced demand response on the load side, but almost few consider flexible response on both
the source and load side simultaneously. Therefore, in this paper, while IDR is considered on the load
side, the ORC is introduced on the source side to couple with the electric boiler, gas turbine, and
waste heat boiler to construct a thermoelectric flexible response CHP unit model, which realizes the
thermoelectric flexible response, and thus constructs the source-load flexible response model, which
further improves the flexibility of the system.

Reference [19] proposed a novel multi-vector energy system based on electricity, heating, and
water generation sources and optimized the economics of the system operation by using a price-
based demand response scheme to reduce the final cost throughout the study period. Reference [20]
proposed a two-stage optimal scheduling strategy for hybrid energy systems to optimize the economics
of the system with the objective of minimizing the system operating cost and maximizing the profit
from energy storage, respectively. Reference [21] proposed a day-ahead intra-day optimal dispatch
strategy for renewable energy generation and power fluctuation uncertainty, which took system’s
operating cost as the optimization objective, and performed a two-stage system optimization to
improve the system economics. The above studies were mainly conducted regarding system economics
and did not simultaneously consider the influence of the system’s economic, energy efficiency and
environmental indicators on the IES optimal scheduling. Therefore, this paper adopts ANP to consider
the interactions between indicators and proposes a comprehensive evaluation index based on ANP,
which considers the three aspects of the economy, energy efficiency, and environment.

This paper constructs an optimized operation strategy for the PIES based on the comprehensive
evaluation index of ANP and the source-load flexible response, aiming at optimizing the system
operation, smoothing the energy consumption curve of the users, and making the system operation
take into account of the three aspects of the economy, energy efficiency, and environment. Finally,
the effect of the strategy proposed in this paper in lowering system operating costs, carbon emissions,
and load peak-to-valley differences is analyzed by comparing different scenarios. It is verified that the
comprehensive evaluation index is more advantageous than the single index.



EE, 2024, vol.121, no.11 3441

2 PIES Structure and Model
2.1 System Structure

As a multi-energy coupling structure, PIES can break down barriers between energy sources,
increase renewable energy consumption levels, and reduce system carbon emissions [22]. The PIES
framework constructed in this paper is shown in Fig. 1.

Figure 1: PIES structure diagram

Energy is supplied by wind power (WT), photovoltaic (PV), grid, and natural gas. The power
supply equipment mainly consists of gas turbine (GT) and ORC. Heating equipment mainly includes
GT, electric boiler (EB), heat pump (HP), and waste heat boiler (WHB). Cooling equipment mainly
includes absorption chiller (AC) and electricity chiller (EC). Energy storage equipment mainly includes
electric energy storage (EES) and heat storage tank (HST). Within the CHP, it consists of GT, ORC,
WHB, and EB.

2.2 Heat Pump Model{
Ph,HP (t) = ηHPPHP (t)

Pmin
HP ≤ PHP (t) ≤ Pmax

HP

(1)

where Ph,HP (t) is the HP output thermal power at moment t; PHP (t) is the HP input electric power at
moment t; ηHP is the HP conversion efficiency; and Pmax

HP , Pmin
HP are the HP input power upper and lower

limits, respectively.

2.3 Absorption Chiller Model{
Pc,AC (t) = ηACPAC (t)

Pmin
AC ≤ PAC (t) ≤ Pmax

AC

(2)

where Pc,AC (t) is the AC output cold power at moment t; PAC (t) is the AC input heat power at moment
t; ηAC is the AC conversion efficiency; and Pmax

AC , Pmin
AC are the AC input power upper and lower limits,

respectively.
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2.4 Electricity Chiller Model{
Pc,EC (t) = ηECPEC (t)

Pmin
EC ≤ PEC (t) ≤ Pmax

EC

(3)

where Pc,EC (t) is the EC output cold power at moment t; PEC (t) is the EC input electric power at
moment t; ηEC is the conversion efficiency of the EC; Pmax

EC , Pmin
EC are the EC input power upper and

lower limits, respectively.

2.5 Energy Storage Equipment Model
From the point of view of energy transfer and conversion, the models of energy storage equipment

are similar [23]. Therefore, the EES and HST are expressed in a unified model in this paper.⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Sk (t + 1) = Sk (t) + (
ηcha

k Pcha
k (t) − Pdis

k (t)/ηdis
k

)
�t

0 ≤ Pcha
k (t) ≤ μk (t) Pcha,max

k

0 ≤ Pdis
k (t) ≤ (1 − μk (t)) Pdis,max

k

Sk (1) = Sk (T)

Smin
k ≤ Sk (t) ≤ Smax

k

(4)

where k denotes the energy type, including electric and thermal energy; Pcha
k (t), Pdis

k (t) denote that the
energy storage device’s charging and discharging power at moment t, respectively; ηcha

k , ηdis
k denote that

the energy storage device’s charging and discharging efficiency, respectively; Pcha,max
k , Pdis,max

k denote the
energy storage device’s upper limit of the charging and discharging power, respectively; Sk (t) denotes
storage energy stored by the energy storage device at moment t; μk (t) is a binary variable, when
μk (t) = 0, it means that energy is discharged at moment t, and when μk (t) = 1, it means that energy
is charged at moment t; Smax

k , Smin
k denote the capacity upper and lower limits of the energy storage

device; Sk (1), Sk (T) denote the energy stored by the energy storage device from the beginning to the
end moment of the system operation, respectively; and �t is the unit moment.

3 Source-Load Flexible Response Model
3.1 Source Side Flexible Response Model

Traditional CHP units usually consist of the GT and WHB, and generally operate on a heat-to-
electricity or heat-to-electricity basis, resulting in a lack of flexible response capability in the event
of changes in electricity and thermal loads. In order to optimize the thermoelectric output of CHP
to meet the electric and thermal load demands, this paper introduces the ORC, together with the EB
and traditional CHP units to construct a CHP thermoelectric flexible response model to realize the
thermoelectric flexible response within the system. CHP units can be flexibly adjusted to meet the
different demands of electric and thermal loads, which optimizes the system operation.
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3.1.1 Gas Turbine Model⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

Pe,GT (t) = ηe,GTPGT (t)

Ph,GT (t) = ηh,GTPGT (t)

Pmin
GT ≤ PGT (t) ≤ Pmax

GT

�Pmin
GT ≤ PGT (t + 1) − PGT (t) ≤ �Pmax

GT

(5)

where Pe,GT (t), Ph,GT (t) denote GT’s electrical and thermal output power at moment t, respectively;
PGT (t) denotes GT’s input power at moment t; ηe,GT, ηh,GT are the GT’s efficiency in converting to
electrical and thermal energy, respectively; Pmax

GT , Pmin
GT are GT’s upper and lower limits of input power,

respectively; and �Pmax
GT , �Pmin

GT are GT’s upper and lower limits of hill climbing, respectively.

3.1.2 Organic Rankine Cycle Model⎧⎪⎪⎨
⎪⎪⎩

Pe,ORC (t) = ηORCPORC (t)

Pmin
ORC ≤ PORC (t) ≤ Pmax

ORC

�Pmin
ORC ≤ PORC (t + 1) − PORC (t) ≤ �Pmax

ORC

(6)

where PORC (t) denotes ORC’s input power at moment t; Pe,ORC (t) denotes ORC’s output electric power
at moment t; ηORC denotes ORC’s conversion efficiency; Pmax

ORC, Pmin
ORC are ORC’s upper and lower limits

of input power, respectively; and �Pmax
ORC, �Pmin

ORC are ORC’s upper and lower limits of hill climbing,
respectively.

3.1.3 Waste Heat Boiler Model{
Ph,WHB (t) = ηWHBPWHB (t)

Pmin
WHB ≤ PWHB (t) ≤ Pmax

WHB

(7)

where PWHB (t) denotes WHB’s input power at moment t; Ph,WHB (t) denotes WHB’s output thermal
power at moment t; ηWHB denotes WHB’s waste heat recovery efficiency; Pmax

WHB, Pmin
WHB are WHB’s upper

and lower limits of input power, respectively.

3.1.4 Electric Boiler Model{
Ph,EB (t) = ηEBPEB (t)

Pmin
EB ≤ PEB (t) ≤ Pmax

EB

(8)

where PEB (t) denotes the power input to the EB at moment t; Ph,EB (t) denotes EB’s output thermal
power at moment t; ηEB denotes EB’s conversion efficiency; and Pmax

EB , Pmin
EB are EB’s upper and lower

limits of input power, respectively.

3.1.5 Gas Turbine Electrical and Thermal Power Output Model

GT electrical power flows to the EB and the system, and GT thermal power flows to the WHB
and the ORC.{

Pe,GT (t) = PEB (t) + PNET (t)

Ph,GT (t) = PWHB (t) + PORC (t)
(9)
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where PNET (t) is the electric power flowing into the system from GT at moment t.

3.1.6 CHP Electrical and Thermal Power Output Model{
Pe,CHP (t) = PNET (t) + Pe,ORC (t)

Ph,CHP (t) = Ph,WHB (t) + Ph,EB (t)
(10)

where Pe,CHP (t), Ph,CHP (t) are the electric and thermal heat power output from the CHP at moment t,
respectively.

3.1.7 CHP Thermoelectric Output Percentage

In order to reflect the flexibility of CHP thermoelectric output more intuitively, this paper
proposes the CHP thermoelectric output percentage to reflect the change of CHP’s thermoelectric
output during the scheduling cycle, which is expressed as:{

Xe (t) = Pe,CHP (t)/
(
Pe,CHP (t) + Ph,CHP (t)

)
Xh (t) = Ph,CHP (t)/

(
Pe,CHP (t) + Ph,CHP (t)

) (11)

where Xe (t), Xh (t) are the CHP electrical and thermal output percentage at moment t, respectively.

In order to further reflect the flexible adjustment of the CHP thermoelectric output power
according to the load condition, the maximum values X max

e , X max
h and the minimum values X min

e , X min
h

in Xe (t), Xh (t) are taken to determine the CHP electric output percentage interval X min
e ∼ X max

e and
the CHP thermal output percentage interval X min

h ∼ X max
h , respectively, and the larger the range of the

percentage interval, the higher the flexibility of the CHP.

3.2 Load Side Flexible Response Model
Loads can be generally categorized as fixed loads, transferable loads, interruptible loads and

substitutable loads. This paper considers transferable loads, interruptible loads and substitutable loads
as regulators to participate in the DR, which is expressed as:

Px,Load (t) = P∗
x,Load (t) + Pm

x,Load (t) + Ps
x,Load (t) + Pd

x,Load (t) (12)

where x denotes the load type, consisting of electric, heat, and cold; Px,Load (t) is the power
of x load at time t after DR; P∗

x,Load (t) is the power of x load at moment t before DR; and
Pm

x,Load (t) , Ps
x,Load (t) , Pd

x,Load (t) are the amount of transferable loads, interruptible loads, and substi-
tutable loads after DR for x load at moment t, respectively.

3.2.1 Transferable Load⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Pm
x,Load (t) = Pm,0

x,Load (t) + �Pm
x,Load (t)

�Pm
x,Load (t) = ξm,in

x (t) Pm,in
x,Load (t) − ξm,out

x (t) Pm,out
x,Load (t)

ξm,in
x (t) + ξm,out

x (t) = 1

T∑
t=1

�Pm
x,Load (t) = 0

βmin
x ≤ �Pm

x,Load (t) ≤ βmax
x

(13)
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where Pm,0
x,Load (t) denotes the transferable load before DR at moment t of x load; �Pm

x,Load (t) denotes the
transferable load participating in DR at moment t of x load; ξm,in

x (t), ξm,out
x (t) are binary variable, which

denote transferable load’s transfer-in and transfer-out parameters at moment t of x load, respectively;
Pm,in

x,Load (t), Pm,out
x,Load (t) denote transferable load’s transfer-in and transfer-out power at moment t of x load,

respectively; βmax
x , βmin

x denote that the transferable loads participate in DR at each moment with upper
and lower limits, respectively; and T is the scheduling period.

3.2.2 Interruptible Load{
Ps

x,Load (t) = Ps,0
x,Load (t) + �Ps

x,Load (t)

0 ≤ �Ps
x,Load (t) ≤ τ max

x

(14)

where Ps,0
x,Load (t) denotes the interruptible load before DR at moment t of x load; �Ps

x,Load (t) denotes the
interruptible participating in DR at moment t of x load; τ max

x indicates the upper limit of participation
in DR for each moment of interruptible load.

3.2.3 Substitutable Load⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Pd
x,Load (t) = Pd,0

x,Load (t) + �Pd
x,Load (t)

�Pd
x,Load (t) = ξ d,in

x (t) Pd,in
x,Load (t) − ξ d,out

x (t) Pd,out
x,Load (t)

ξ d,in
x + ξ d,out

x = 1

T∑
t=1

�Pd
x,Load (t) = 0

(15)

where Pd,0
x,Load (t) denotes the substitutable load before DR at moment t of x load; �Pd

x,Load (t) denotes
the substitutable load participating in DR at moment t of x load; ξ d,in

x (t) , ξ d,out
x (t) are binary variable,

which denote substitutable load’s substitute-in and substitute-out parameters at moment t of x load,
respectively; Pd,in

x,Load (t) , Pd,out
x,Load (t) denote transferable load’s substitute-in and substitute-out power at

moment t of x load, respectively.

4 Stepped Carbon Trading Mechanism
4.1 Carbon Right Initial Quota Model

Unremunerated carbon allowances for the IES are determined through the baseline method. The
carbon right allocations in the PIES studied in this paper include both GT and purchased electricity
[24]. All of the purchased electricity originates from heat-engine plants. The carbon right initial quota
is modeled as follows:⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

EIES = Ee,BUY + EGT

Ee,BUY = δe

T∑
t=1

Pe,BUY (t)

EGT = δh

T∑
t=1

(
δe,hPe,GT (t) + Ph,GT (t)

) (16)

where Ee,BUY and EGT are the free carbon right allowances for GT and power purchase, respectively;
EIES is the total PIES carbon emission allowance; δe and δh are the carbon emission right allowances
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for generating unit electric power and unit thermal power, respectively; δe,h is the electric and thermal
power conversion parameter; Pe,BUY (t) is the power purchase at moment t.

4.2 Actual Carbon Emission Model
The actual carbon emission is modeled as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

EIES,r = Ee,BUY,r + EGT,r

Ee,BUY,r =
T∑

t=1

(
a1 + b1Pe,BUY (t) + c1P2

e,BUY (t)
)

EGT,r =
T∑

t=1

(
a2 + b2Peh,GT (t) + c2P2

eh,GT (t)
)

Peh,GT (t) = Pe,GT (t) + Ph,GT (t)

(17)

where EIES,r is PIES actual carbon emission; EGT,r is the GT’s actual carbon emission in PIES; Ee,BUY,r is
the thermal power generating unit’s actual carbon emission; Peh,GT (t) is the total output power of GT
at moment t; a1, b1, c1 are the thermal power generating unit’s carbon emission parameter; a2, b2, c2

are the GT’s carbon emission parameter. Therefore, the actual amount of carbon right traded is:

E = EIES,r − EIES (18)

4.3 Stepped Carbon Emission Trading Model
The stepped carbon trading model is divided into different intervals for different carbon emissions.

If the actual carbon emissions are less than the quota at a particular moment, E is negative and IES
can sell the extra carbon credits to realize the revenue, while if the actual carbon emissions are more
than the quota, E is positive and IES needs to purchase the carbon credits, and the carbon allowance
price will increase with the rise of the carbon emissions to limit the carbon emissions [25]. The stepped
carbon trading model is:

CCO2
=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

ρE, E ≤ l

ρl + ρ (1 + θ) (E − l) , l < E ≤ 2l

ρ (2 + θ) l + ρ (1 + 2θ) (E − 2l) , 2l < E ≤ 3l

ρ (3 + 3θ) l + ρ (1 + 3θ) (E − 3l) , 3l < E ≤ 4l

ρ (4 + 6θ) l + ρ (1 + 4θ) (E − 4l) , 4l < E

(19)

where CCO2
is the cost of stepped carbon trading, ρ is the base price of carbon trading, l is carbon

emission interval length, and θ is the price growth rate.

5 PIES Optimization Model

IES is regarded as an approach to reduce environmental pollution and the use of fossil energy,
and the index should reflect its core features at the same time. Therefore, to evaluate the system more
comprehensively and scientifically and optimize the system’s equipment output configuration scheme,
this paper considers three aspects: economy, energy efficiency, and environment.
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5.1 Economic Index
The comprehensive system operation cost f1 includes system operation and maintenance cost Com,

income from electricity sales Csell, energy purchase cost Cbuy, stepped carbon trading cost CCO2
, DR

compensation cost CDR, wind and light abandonment cost Cwp and gas turbine startup and shutdown
cost CGT. The expression of the economic evaluation index is:

min f1 = Com + Cbuy + CCO2
+ Cwp + CDR + CGT − Csell (20)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Com = ∑
z∈Q

T∑
t=1

(
KzPout,z (t)

)
Cbuy =

T∑
t=1

γ1Pe,BUY (t) +
T∑

t=1

γ2Pg,BUY (t)

Csell =
T∑

t=1

γ3Pe,SELL (t)

Cwp =
T∑

t=1

cwpPwp (t)

CDR = ∑
x

T∑
t=1

(
υm|�Pm

x,Load (t) | + υs|�Ps
x,Load (t) | + υd|�Pd

x,Load (t) |)
CGT = T

�
t=1

(α (t) (1 − α (t + 1)) fGT + (1 + α (t)) α (t + 1) fGT)

(21)

where z is the device type; Q is the set of devices in this paper, Q = {WT, PV, GT, WHB, ORC, EB,
HP, EC, AC, EES, HST}; Pout,z (t) is the output power of device z at moment t, and Kz is the operation
and maintenance cost per unit of output power of device z; Pg,BUY (t) is the purchased gas quantity at
moment t; Pe,SELL (t) is the electricity sold at moment t; γ1, γ2, γ3 are the electricity and gas prices at
moment t, respectively; Pwp (t) is wind and solar power abandonment at moment t; cwp is wind and solar
power abandonment penalty cost coefficient; υm, υs, υd denote per-unit compensation coefficients
after the participation of transferable, interruptible, and substitutable loads in DR, respectively; α (t)
denotes the 0-1 variable for the gas turbine start-stop state at moment t, where 0 means stop and 1
means start; fGT is the start-stop penalty cost factor.

5.2 Energy Efficiency Index
Energy is the basis of industrial production, and a high energy utilization rate can save energy.

Therefore, this paper adopts the comprehensive energy utilization rate f2 as the energy efficiency
evaluation index, and its expression is:

min f2 =
3600

T∑
t=1

(
Pe,Load + Ph,Load + Pc,Load

)
VgLHV + 3600

T∑
t=1

P
(22)

where Vg is the volume of natural gas consumed; LHV represents the natural gas calorific value; and
P represents system input power.

5.3 Environmental Index
Green and low-carbon energy utilization can achieve the goal of environmental protection

and sustainable development. Therefore, this paper takes carbon emission f3 as the environmental
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evaluation index, and its expression is:

min f3 = Ee,BUY,r + EGT,r (23)

5.4 Index Fuzzification
The smaller the operating costs and carbon emissions values, the better their evaluation index;

the larger the comprehensive energy utilization rate value, the better their evaluation index. Therefore,
the operating costs and carbon emissions are used as decreasing half-�-type affiliation function; and
the integrated energy utilization is used as increasing half-�-type affiliation function.

χ1 (f1) =
⎧⎨
⎩

1, f1 ≤ f1 min

exp
(

f1 min−f1
f1 min

)
, f1 > f1 min

(24)

χ2 (f2) =
⎧⎨
⎩

1, f2 > f2 max

exp
(

f2−f2 max
f2 max

)
, f2 ≤ f2 max

(25)

χ3 (f3) =
⎧⎨
⎩

1, f3 ≤ f3 min

exp
(

f3 min−f3
f3 min

)
f3 > f3 min

(26)

where χ1 (f1), χ2 (f2), χ3 (f3) are the affiliation function of operation cost, comprehensive energy
utilization rate and carbon emission, respectively; f1 min, f2 max, f3 min are the optimal value of operation
cost, comprehensive energy utilization rate and carbon emission, respectively.

5.5 Comprehensive Evaluation Index Based on ANP
A single evaluation index can only reflect the performance of PIES in one aspect of the economy,

energy efficiency, and environment. In order to effectively carry out the comprehensive evaluation
of the optimized operation of PIES, a rational and feasible evaluation method is needed to obtain
the weighted values of the system’s economic index, energy efficiency index, and environmental
index. Although simple and easy to use, the analytic hierarchy process (AHP) is often distorted for
complex systems due to over-idealized assumptions [26]. In order to evaluate the complex system more
objectively and thoroughly consider the links and constraints between the indicators, this paper adopts
ANP to assign weights to the indicators at all levels, thus achieving the green economic evaluation of
PIES optimal operation. The expression of the comprehensive evaluation index based on ANP is:

min f = ψ1χ1 (f1) + ψ2χ2 (f2) + ψ3χ3 (f3) (27)

where ψ1, ψ2, ψ3 is the relative weight of the economic, energy efficiency, and environmental index,
respectively.

The relative weights of the indexes can be obtained by ANP calculations, which are generally
calculated in the following steps:

1) Compare two by two and construct a judgment matrix. Assuming that the ANP control
layer has m criteria, respectively P1, P2, · · · , Pm, and the network layer has N groups of
elements, respectively U1, U2, · · · , UN, where the group of elements Ui contains n elements
ui1, ui2, · · · , uin (i = 1, 2, · · · , n) and the group of elements Uj contains v elements, the n elements
in Ui are compared two by two, using Ps (s = 1, 2, · · · , m) as the criterion and element
ujl (l = 1, 2, · · · , v) as the sub-criterion. The evaluation scale is Saaty’s 1 to 9 scale method.
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2) Solve the eigenvectors of the judgment matrix and normalize them to obtain the vector[
ω

jl
i1, ω

jl
i2, · · · , ωjl

in

]T
. This yields hypermatrix block Wij.

Wij =

⎡
⎢⎢⎢⎣

ω
j1
i1 ω

j2
i1 · · · ω

jv
i1

ω
j1
i2 ω

j2
i2 · · · ω

jv
i2

...
...

. . .
...

ω
j1
in ω

j2
in · · · ω

jv
in

⎤
⎥⎥⎥⎦ (28)

where the column vector of Wij is the weight vector of the importance of the elements in Ui to the
elements in Uj. If the elements in Uj are not affected by the elements in Ui, then Wij = 0. This yields
the hypermatrix W as

W =

⎡
⎢⎢⎣

W11 W12 · · · W1N

W21 W22 · · · W2N

...
...

. . .
...

WN1 WN2 · · · WNN

⎤
⎥⎥⎦ (29)

3) Obtain the importance weight of each element to Uj and normalize to obtain the sorting vector[
y1j, y2j, · · · , yNj

]T
, the group of elements unrelated to Uj corresponds to a sub-vector of zero,

and obtain the weighting matrix as

Y =

⎡
⎢⎢⎣

y11 y12 · · · y1N

y21 y22 · · · y2N

...
...

. . .
...

yN1 yN2 · · · yNN

⎤
⎥⎥⎦ (30)

So the individual word blocks of the weighted hypermatrix W is

W ij = yijWij (31)

4) In order to react to the dependencies between elements, the weighted hypermatrix W needs to
be stabilized. Its limit value is

W ∞ = lim
N→∞

1
N

N∑
q=1

W
q

(32)

5) The weight values corresponding to each index are calculated by solving the hypermatrix.

5.6 Constraint Conditions
5.6.1 Renewable Energy Constraints{

0 ≤ PWT (t) ≤ Pmax
WT

0 ≤ PPV (t) ≤ Pmax
PV

(33)

where PWT (t), PPV (t) are the output power of WT and PV at moment t, respectively; Pmax
WT , Pmax

PV are the
upper limit of the output power of WT and PV, respectively.
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5.6.2 Electric Power Balance Constraints

⎧⎪⎪⎨
⎪⎪⎩

Pe,Load (t) = PWT (t) + PPV (t) + Pe,BUY (t) + Pe,CHP (t) + Pdis
e (t) − Pe,SELL (t) − PEC (t) − PHP (t) − Pcha

e (t)

0 ≤ Pe,BUY (t) ≤ B (t) Pmax
e,BUY

0 ≤ Pe,SELL (t) ≤ (1 − B (t)) Pmax
e,SELL

(34)

where Pe,Load (t) is the power of electric load after DR at moment t; Pmax
e,BUY is the upper limit of power

purchase at each time; Pmax
e,SELL is the upper limit of electricity sale for each time period; B (t) is a binary

variable, when B (t) = 0 indicates that electricity is sold at moment t, when B (t) = 1 indicates that
electricity is purchased at moment t.

5.6.3 Thermal Power Balance Constraints

Ph,Load (t) = Ph,CHP (t) + Ph,HP (t) + Pdis
h (t) − PAC (t) − Pcha

h (t) (35)

where Ph,Load (t) is the thermal load power after DR at moment t.

5.6.4 Cold Power Balance Constraints

Pc,Load (t) = Pc,EC (t) + Pc,AC (t) (36)

where Pc,Load (t) is the cold load power after DR at moment t.

6 Case Analysis
6.1 Case Setting

This paper selects a PIES in Northwest China as an example, takes the time step as 1 h and
the dispatch cycle as 24 h, and verifies the optimized operation strategy of the IES proposed in this
paper. The primary study in this paper is the operation of the proposed flexible response model, so the
predicted values of renewable energy output are used. The predicted renewable energy output curves
and various load profiles within this PIES are shown in Fig. 2; the hourly electricity prices are shown
in Table 1; the parameters of the equipment included in the system are shown in Tables 2 and 3; the
parameters of the actual carbon emission model are referenced in the literature [27]; the parameters
of the carbon right initial quota model and stepped carbon emission trading model are referred to
in the reference [28]; the natural gas calorific value is 9.7 kWh/m3, the unit price of natural gas is
2.55 CNY/m3 [29].

6.2 Optimization Results Analysis
6.2.1 Comparative Analysis of Different Optimization Indexes

In order to compare the differences in scheduling schemes caused by different optimization
indexes. Under the source-load flexible response model, the following four optimization indexes
are set:

Optimization index 1: Best economic index

Optimization index 2: Best energy efficiency index

Optimization index 3: Best environmental index
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Optimization index 4: Best comprehensive index

The results of its operation are analyzed using this as an optimization strategy. The optimization
results are shown in Table 4.

Figure 2: Predicted renewable energy output and individual load curves in PIES

Table 1: Electricity tariffs by time period

Time Tariff type Power purchase price
(CNY/kW·h)

Power sale price
(CNY/kW·h)

00:00–08:00 Valley 0.38 0.35
08:00–12:00 Flat 0.68 0.35
12:00–15:00 Peak 1.20 0.35
15:00–19:00 Flat 0.68 0.35
19:00–23:00 Peak 1.20 0.35
23:00–24:00 Valley 0.38 0.35

As seen from Table 4, the comprehensive evaluation index for the optimization of economic,
energy efficiency, and environmental indicators is smaller than the comprehensive evaluation index for
the comprehensive optimization. In order to optimize each index, the value of several other indicators
is often reduced, making the value of the comprehensive evaluation index smaller. For comprehensive
optimization, although the individual indicators are not optimal, the individual indicators are taken
into account to optimize the value of the comprehensive evaluation index. Therefore, the optimal
operation scheme based on the comprehensive evaluation index can effectively consider the economy,
environmental protection and energy saving of the system operation, and meet the all-round demand
of the complex system.

Currently, most IES adopt only the economic index as the only evaluation index. However, Table 4
shows that the environmental and energy benefits of optimization index 1 are poor. Compared with
optimization index 4, the environmental benefit of the system is reduced by 8.87%, the energy benefit
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is reduced by 9%, and the economic benefit is only improved by 5.30%, which is not in line with
the requirements of green, low-carbon, and sustainable development. The comprehensive evaluation
index based on ANP considers the economy, environment, and energy efficiency, which is more
comprehensive and more advantageous than the economic index alone as the only evaluation index.

Table 2: Equipment parameters

Equipment type Equipment capacity/kW Energy conversion efficiency/%

GT 1000 30 (gas-to-electricity conversion),
60 (gas-to-heat conversion)

EB 500 90
WHB 600 90
ORC 600 80
HP 250 410
EC 400 240
AC 500 80
WT 2000 /
PV 800 /

Table 3: Energy storage parameters

Equipment type Equipment capacity/kW Capacity constraint/%

EES 450 20, 90
HST 500 20, 90

Table 4: Optimization results with different optimization indexes

Optimization index Operating cost
/CNY

Comprehensive
utilization rate

Carbon emission
/kg

Comprehensive
evaluation index

1 13,767.13 0.71 21,129.85 0.92
2 15,982.64 0.83 22,152.43 0.86
3 16,635.02 0.75 18,070.31 0.88
4 14,538.39 0.80 19,254.75 0.95

6.2.2 Analysis of Optimized Scheduling Results

In order to verify the impact of analyzing the source-load flexible response on PIES and the
validity of the proposed method, the following four scenarios are set up under the comprehensive
evaluation index:

Scenario 1: Fixed thermoelectric ratio output using traditional CHP.

Scenario 2: Fixed thermoelectric ratio output using traditional CHP with IDR consideration.
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Scenario 3: Adopt CHP’s flexible response.

Scenario 4: The source-Load flexible response proposed in this paper is used.

The proposed four scenarios are solved, and the system operation results for each scenario are
shown in Table 5.

Table 5: Running results of each scenario

Scenario Operating cost
/CNY

Comprehensive
utilization rate

Carbon emission
/kg

Comprehensive
evaluation index

1 20,738.33 0.65 26,368.89 0.88
2 16,865.75 0.73 22,475.63 0.91
3 17,946.58 0.71 24,726.42 0.89
4 14,538.39 0.80 19,254.75 0.95

Scenario 3 compared to Scenario 1, the operating cost decreased by CNY 2791.75, i.e., 13.46%; the
comprehensive utilization rate increased by 6.00%; and the carbon emissions decreased by 1642.47 kg,
i.e., 6.23%. In Scenario 4, compared to Scenario 2, the operating cost decreased by CNY 2327.36, i.e.,
13.80%; the comprehensive utilization rate increased by 7.00%; and the carbon emissions decreased by
3220.88 kg, i.e., by 14.33%. It can be seen that source-side flexible response can effectively decrease the
system operating costs and carbon emissions, and increase the system energy utilization, and effectively
improve the system economy and low-carbon performance.

Scenario 2 compared to Scenario 1, the operating cost decreased by CNY 3872.58, i.e., 18.67%; the
comprehensive utilization rate increased by 8.00%; and the carbon emissions decreased by 3893.26 kg,
i.e., 14.76%. Scenario 4 compared with Scenario 3, the operating cost decreased by CNY 3408.19, i.e.,
18.99%; the comprehensive utilization rate increased by 9.00%; and the carbon emissions decreased
by 5471.67 kg, i.e., 22.13%. It can be seen that IDR has good green economic benefits.

In Scenario 4, compared to Scenario 1, the operating cost decreased by CNY 6199.94, i.e., 29.90%;
the integrated utilization rate increased by 15.00%; and the carbon emissions reduced by 7114.14 kg,
i.e., 26.98%. The comprehensive evaluation index of Scenario 4 is optimal, reaching 0.95, which shows
that the source-load flexible response model proposed in this paper is superior to other models, and it
can also improve the low-carbon and economic efficiency of the IES.

6.2.3 Source-Load Flexible Responsivity Analysis

Figs. 3–5 show the results of the system’s optimized operation under Scenario 4, and Fig. 6 shows
the source-side CHP power output.

From Figs. 3–5, it can be seen that the 00:00–06:00 time period is the valley time, the electric load
is small and the thermal load demand is large, the electric load is fully satisfied by WT, the thermal
load is mainly satisfied by HP, CHP mostly carries out the heating, and EC primarily supplies the cold
load, and EES carries out the energy storage. The system also sells electricity to the grid due to this
period’s abundance of electricity resources. During the 07:00–18:00 time period, the electrical load is
large and the thermal load is small, the PV, WT and CHP supply electrical energy simultaneously and
also purchase power from the grid, the EES is charged and discharged according to the situation, the
HP meets the thermal load demand, the HST is used for thermal storage, the EC and the AC in a
flexible way supply the cold load. During the 19:00–24:00 time period, the electrical load first rises
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and then decreases, the thermal load gradually increases, the PV is no longer supplied At this time, it
is mainly supplied by the WT and CHP, the remaining electrical load is satisfied by purchased power
and EES discharges, the thermal load is primarily satisfied by the HP and CHP, and the remaining
thermal load is satisfied by the HST discharges, and the cold load is satisfied by the EC.

Figure 3: Electric power optimization operation results

Figure 4: Thermal power optimization operation results

Fig. 6 shows that after the introduction of ORC and EB in CHP, the thermal power output from
GT in CHP is provided to ORC for waste heat generation at the higher stage of electrical load, so CHP
only outputs electrical power. In the higher thermal load stage, the electrical power output from the GT
in the CHP is provided to the EB for heating, so the CHP only outputs thermal power. In other stages,
the CHP outputs the corresponding electric and thermal power to meet the load demand according
to the system operation. It can be seen that the ratio of the output electric power and thermal power
of the source-side CHP can be flexibly adjusted depending on the system’s scheduling requirements.
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Figure 5: Cold power optimization operation results

Table 6 shows the CHP thermoelectric output percentages for Scenarios 1 and 4. It can be seen
that the traditional CHP unit in Scenario 1 adopts a fixed thermoelectric ratio output. Its electric
and thermal energy output percentage are fixed values, which cannot realize the flexible change of
thermoelectric output. The flexible response model proposed in this paper is used in Scenario 4. Its
electric and thermal energy output percentage can be varied within 0∼100%, which realizes the flexible
response of source-side CHP to the load change.

Figure 6: CHP power output diagram

Fig. 7 shows a graph of the change in each load after IDR. From Fig. 7, it is clear that the
peak-to-valley difference of electricity, heat, and cooling loads after IDR has decreased by 27.89%,
13.80%, and 4.74%, respectively relative to the pre-IDR, so IDR can effectively smooth out the energy
consumption curve. Peak electrical load is reduced, and power purchases from the grid at peak hour
tariffs are reduced, thus improving the system’s economy. Increased electrical load in the valley period
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allows for more renewable energy to be consumed, reducing the output of gas-fired equipment, which
in turn reduces the carbon emissions of the system. Each load cuts a portion of its load during its
corresponding peak period and raises a portion during the valley period, effectively reducing the peak-
to-valley difference of the system and achieving peak shaving and valley filling.

Table 6: CHP thermoelectric output percentage

Scenario CHP electric energy output percentage CHP thermal energy output percentage

1 40% 60%
4 0%∼100% 0%∼100%

Figure 7: Curve of change in each load after IDR

Fig. 8 shows the system’s renewable energy consumption before and after IDR. From Fig. 8, it
can be seen that for Scenario 3 without considering IDR, there is wind and solar abandonment in
the 01:00–06:00 and 23:00–24:00 time periods, and for Scenario 4 considering IDR, there is wind and
solar abandonment in the 02:00–03:00 time period. From this, it can be seen that considering IDR can
adjust the load side energy consumption to reduce reduces the peak energy use and increase the valley
energy use, thus increasing the level of renewable energy consumption in the system and reducing the
system’s carbon emissions.

6.2.4 Sensitivity Analysis of Stepped Carbon Trading

The stepped carbon trading mechanism can effectively limit the carbon emissions of the system
operation, and the change of its parameters will also impact the system’s energy saving and carbon
reduction effect. Due to the value of the interval length of the stepped carbon trading mechanism,
which has the most significant impact on the system operation, the effect of different interval lengths
on the system operation cost and carbon emissions is analyzed based on Scenario 4. Fig. 9 shows the
effect of interval length change.

Fig. 9 shows the system operating costs and carbon emissions for interval lengths ranging from
400 to 2400 kg. When the interval length is small, the system must pay a higher cost to offset the high



EE, 2024, vol.121, no.11 3457

gradient carbon emissions. Hence, a smaller interval length reduces the carbon emissions. Still, the
carbon emission cost will be significantly increased, which increases the system operating cost. As the
interval length increases, the cost of carbon emissions from the system is reduced, resulting in higher
carbon emissions and lower system operating costs. However, as the length of the carbon emission
interval continues to increase, the carbon emission capacity reaches the upper limit of the interval
under the premise of ensuring that the system operates in a low-carbon economy. The total amount of
carbon emissions from the system basically remains unchanged. Thus the operating costs also remain
basically unchanged.

Figure 8: System renewable energy consumption before and after IDR

Figure 9: The effect of interval length change

7 Conclusion

This study proposes the PIES model of source-load flexible response under the stepped carbon
trading mechanism, and thus a comprehensive evaluation index optimization operation model based
on ANP is established. The following conclusions are obtained through the analysis of cases:
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(1) The introduction of EB and ORC in the source-side CHP to construct the source-side flexible
response model results in a reduction of 13.80% in the operating cost, an increase of 7.00%
in the integrated utilization rate, and a decrease of 14.33% in the carbon emissions. The CHP
thermoelectric output percentage can be varied from 0% to 100% so that the CHP output power
can be flexibly adjusted according to the system’s scheduling needs. The model proposed in this
paper effectively enhances the flexibility of PIES operations and reduces system operating costs
and carbon emissions.

(2) Considering IDR on the load side, the peak-to-valley difference between electricity, thermal,
and cold loads decreased by 27.89%, 13.80%, and 4.74%, respectively, the operating cost
decreased by 18.99%, the integrated utilization rate increased by 9.00%, and the carbon
emissions decreased by 22.13%. The model proposed in this paper effectively reduces the
peak-to-valley load difference, smooths the energy use curve, and improves the system’s
renewable energy consumption level, thereby optimizing the economics of system operation
and improving the low-carbon nature of the system.

(3) By considering the interconnections between indicators through ANP, a comprehensive eval-
uation index based on ANP is constructed to consider the economy, energy efficiency, and
the environment. The comprehensive evaluation index of the model proposed in this paper
reaches 0.95, which is superior a single index. The stepped carbon trading mechanism can
effectively reduce carbon emissions. By reasonably setting the interval length, it can guide the
PIES to operate at the expected carbon emission level while ensuring economy. It can effectively
improve the system’s low-carbon performance.
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