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The integrated energy system is an effective way to achieve carbon neutrality. To
further exploit the carbon reduction potentials of IESs, an optimal dispatch
strategy that considers integrated demand response and stepped carbon
trading is proposed. First, an integrated demand response (IDR) pricing
approach is proposed based on the characteristics of different load types.
Classify multi-energy loads into curtailable and substitutable loads, and
incentivize both loads through a price elasticity matrix and low-price energy in
the same period. Then, to better incentivize IESs to reduce carbon emissions, a
stepped pricing mechanism was introduced in the carbon price. Finally, an optimal
dispatch model is developed with an objective function that minimizes the sum of
energy purchase cost, carbon trading cost, and operation and maintenance (O&M)
cost. Considering the high-dimensional and non-linear characteristics of the
model, an improved differential evolution (DE) algorithm is introduced in this
paper. In addition, this paper also analyzes the effects of the stepped carbon
trading parameters on the optimal dispatching results of the system in terms of
carbon trading base price, carbon emission interval length, and carbon price
growth rate. Compared to the case of adopting a single IDR model or a single
stepped carbon trading, carbon emissions from the IESs decreased by 6.28% and
3.24%, respectively, while total operating costs decreased by 1.24% and 0.92%, The
results show that the model proposed in this paper has good environmental and
economic benefits, and the reasonable setting of stepped carbon trading
parameters can effectively promote the low-carbon development of IESs.

KEYWORDS

integrated demand response, stepped carbon trading, integrated energy system, carbon
emission, differential evolution algorithm

1 Introduction

Nowadays, the greenhouse effect is serious and energy consumption lacks sustainability due
to the increase of a large amounts of fossil energy consumption. How to promote the
transformation of energy structure and make the system achieve low-carbon economic
operation is an urgent issue to be solved. The integrated energy system (IES) can reduce
operating costs by coupling multiple independent energy systems such as electricity, gas, and heat
to achieve complementary and synergistic multi-energy sources. However, the allocation of
various energy sources in IESs and the dispatching strategies of different devices directly affect the
economy and the efficiency of energy use. Therefore, it is important to investigate how to make
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the operation of IESs meet the needs of the customer side while
achieving the efficient goal of a low carbon economy.

Due to the popularity of demand-side management, demand
response (DR) techniques are widely used in traditional power
systems (Luo et al, 2019). In the study of lhsan et al. (2019), DR
was introduced to encourage customers to optimize their electricity
consumption behavior through flexible pricing policies that bring
benefits and improve operational efficiency on the supply side. Lynch
etal. (2019) introduced DR to encourage customers to respond to system
dispatch by implementing a differentiated tariff policy, which alleviated
the shortage of electricity in the public grid. However, the above literature
only considers DR in the traditional electricity system, which cannot fully
utilize the interactive capability of demand-side resources. Therefore, on
the basis of traditional power DE, Integrated Demand Response (IDR)
(Wang et al,, 2017) came into being. Among them, Wang et al. (2020a)
proposed an IES bi-objective operation optimization model considering
the IDR mechanism for electric and heat loads. In literature (Liu et al.,
2019), three levels of multi-energy day market structure and operation
mechanism that allows simultaneous trading of electricity, heat, and
natural gas are proposed based on the optimal trading strategy modeling
of IDR. Li et al. (2021) introduced horizontal complementarity and
vertical time-shifting strategies for electricity, gas, and heat to establish a
stochastic robust optimal operating model based on IDR, which
effectively reduces operating costs. However, most of the above IDR
models model the demand response in terms of energy types, and
although the differences in the characteristics of multiple energy sources
are considered, the important role of different DR types of a single energy
source and the mutual substitution of multiple energy sources is ignored.
Therefore, in this paper, IDR is divided into the curtailable load (CL),
shiftable load (SL), and replaceable load (RL). Demand response
modeling based on IDR types.

The above studies on IESs optimal dispatching have been done
from an economic perspective (Gu et al., 2017; Wang B et al., 2022). The
impact of carbon emission on IESs dispatch is not considered. To
improve this point, Cheng et al. (2019) studied the low carbon operation
of IES by coordinating the transmission-level and distribution-level via
the energy-carbon integrated prices. Xiong et al. (2022) considered the
low-carbon nature of the system and established a low-carbon
economic operation model of the power system. Zhang et al. (2021)
also considered carbon emissions and discussed the impact of carbon
emissions on wind power consumption. With the proposal of a carbon
trading market (Cao et al., 2022; Wang et al., 2020b), carbon emission
allowances have also evolved into a carbon trading mechanism. In the
existing literature, most of the traditional carbon trading mechanism
models currently applied are fixed-value models (Li et al., 2019a; Wang
etal, 2020c; Wang et al,, 2020d; Hu et al., 2021). Based on this point. In
the study by Wang B et al. (2022), a step carbon trading mechanism was
proposed to address the shortcomings of the traditional carbon trading
mechanism. In addition, Guo et al. (2022) introduced the stepped
carbon trading mechanism into the IESs optimal dispatching model
and established a multi-objective optimal dispatching model containing
economic and environmental objectives. However, there is little
literature on the application of the ladder carbon trading mechanism
that also considers IDR, so a comprehensive consideration of the ladder
carbon trading mechanism and IDR is the focus of this paper.

In the problem of solving the model for the stepped carbon trading
mechanism, Ma et al. (2022) adopted the segmented linear method to
deal with the quadratic term part of the objective function, but the
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treatment of the objective function is mostly approximate calculation,
which lacks accuracy and comprehensive consideration. In order to
improve the above problems, Wu et al. (2022) used the particle swarm
algorithm to solve the system optimization model, but the particle
swarm algorithm was difficult to set the appropriate inertia weights, and
it was easy to make the algorithm fall into local optimal solutions. The
traditional DE algorithm (Mi, 2022) is also used to solve the complex
objective function with the risk of premature aging.

Based on the above research, this paper proposes an optimal
dispatching strategy for IESs considering IDR strategy and stepped
carbon trading. An improved DE algorithm is used to solve the
model developed in the paper. Based on the traditional model, the
following additions are made.

1) IDR is considered in the multi-energy load section of IESs. The
multi-energy loads are categorized and modeled by various DR
types. A proposed IDR model with CL, SL, and RL is also
included.

2) In this paper, a stepped carbon trading mechanism is also
considered in the optimal dispatch of the IESs, and a stepped
carbon price is set with rewards and penalties. With the
minimum value of energy purchase cost, O&M cost, and
carbon trading cost of the system as the objective function, a
low-carbon economic operation model of the IESs is established.

3) Because the model constructed in this paper is a highly non-
linear programming problem. In this study, an improved DE
algorithm is used to solve the dispatching model, The algorithm
is improved in two aspects: the adaptive operator and the
variational strategy, which improves the convergence and
efficiency of the procedure.

2 Optimal dispatch model with IDR and
stepped carbon trading of the IES

The energy supply side mainly includes wind turbines (WT),
photovoltaic (PV), upper electrical grid, and upper gas grid. In the
energy trading section, IES purchases electricity and natural gas
from the upper power grid and the upper gas grid. Among the multi-
energy coupling devices, the combined heat and power (CHP)
system in the IES mainly consists of a gas turbine (GT), a waste
heat boiler (WHB), and a low-temperature waste heat generator
based on the organic Rankine cycle (ORC). The operation mode is
thermal-electrolytic coupling, which can adapt to different operating
conditions of the system and meet the requirements of system
stability. In addition, the system also includes a gas boiler (GB)
and heat pump (HP), which help to consume wind power and take
up part of the heat load at the same time, realizing the two-way flow
of electricity and heat energy. Electric energy storage (ES), heat
energy storage (HS), and gas energy storage (GS) are the energy
storage devices in the IES. The structure of the IES and the IDR in
this paper is shown in Figure 1.

The IDR model constructed in this paper mainly includes
price-based DR and replaceable-based DR, which realize the
transfer of multiple loads in horizontal time and mutual
substitution in vertical time, respectively. The IDR model is
developed below according to the types of multi-demand
responses.
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The structure of the IES and the IDR.

2.1 Price-based DR

Different types of loads differ in their sensitivity to the same electricity
price signal, and the price-based DR electrical loads are divided into the
CL and SL, and these two types of loads are modeled separately below.

2.1.1 CL characteristic modeling

For curtailable electric load, it means that the customer can
reasonably curtail part of his electric load without affecting his
satisfaction with energy use according to the price information. The
DR characteristics are described by the price-demand elasticity
matrix. The element in the tth row and jth column of the
elasticity matrix M (¢, j) is the elasticity coefficient of the load at
time ¢ with respect to the electricity price at time j, defined as:

AL (Ac;\ "
myj=—< — (1)
Le,O Cjo0

where, AL! is the load change at time t after DR, Li,o is the initial load
attime f, Ac; is the change of electricity price at time j after DR, ¢; ¢ is
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the initial electricity price at time . ¢, j is the time scale of 1 day, from
1 to 24.

According to the power elasticity matrix established by the
above equation, the amount of change in CL at time t after DR
is defined as:

24
ALi,c = Li,c,o [ZMCL (t’ ]) Cj — Cj,o] (2)
= €0
where, Li,c,O is the initial CL shedding of the customer at time ¢,
Mecy (t, j) is the demand elasticity matrix of the CL, which is a
diagonal array, and c; is the price of electricity at time j.

2.1.2 SL characterization modeling

SL refers to the flexibility of customers to adjust their load
according to the electricity price information released by the system,
based on the peak-to-valley electricity price as a signal to shift peak
loads to valley times. Similarly, the price elasticity of the demand
matrix is used to describe the DR characteristics. The amount of
change in SL at time ¢ after DR is defined as:
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t t < A€~ Cjo
ALe,s = Le,s,O ZMSL (t’ ]) (3)
j=1

Cc 3,0

where, L, is the initial SL shedding of the customer at time ¢, and
Mgy, (¢, j) is the demand elasticity matrix of the SL.

2.2 Replaceable-based DR

For the heat load directly supplied by electricity or heat,
electricity can be consumed during low electricity price hours
and heat can be consumed directly to meet its demand during
high electricity price hours, thus achieving a mutual substitution of
electricity and heat. The RL model is as follows:

AL;re = —we,hAL;)re (4)
Ve,

e = —Fe 5)
Unh@y,

where, AL, and AL[, are the replaceable electric load and
replaceable heat load at time t respectively, w.y is the electric
and heat replacement coefficient, v, and v, are the unit calorific
value of electric and heat energy respectively, ¢, and ¢, are the
energy utilization rate of electric and heat energy respectively.

The negative sign in Eq. (4) indicates that the reduction of the
replaceable electrical load corresponds to the increase of the replaced
heat load. For the RL, the constraints of the maximum RL amount
need to be considered:

{ AR <AL < AL ©)

AR ALY < ALY

where, AL, ™" and ALy, ™" are the minimum substitutions of
replaceable electrical load and replaceable heat load respectively,
AL, ™ and ALy, ™ are the maximum substitutions of replaceable
electrical load and replaceable heat load respectively.

The actual customer load is:

L =L{,+ ALl + AL + AL 7)

ire

where, i belongs to the customer load type, i € {e,h} , taking
electricity and heat, Lf- is the load demand after the DR at time ¢,
L{, is the load demand before the DR at time ¢.

2.3 Modeling of stepped carbon trading
mechanism

The stepped carbon trading mechanism consists of three main
components: initial carbon emission allowances, actual carbon emissions
and stepped carbon trading cost. The following mathematical models are
established for each of these three components.

2.3.1 Initial carbon emission allowances

The allocation of initial carbon emissions is the basis for
implementing a carbon trading mechanism, and the allocation of
initial carbon emissions in IESs was established based on the
baseline method. First, the initial carbon emission allowances
mainly come from the output of GB, CHP and the purchase of
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electricity from the upper grid. Initial carbon allowances are as
follows:

Cies = Carid + Cas + Cerp
T

Coria = 5GridZ(P ;Suy)
t=1

T
1 8
CGB = 6GaszP;,,GB ( )
t=1
T

Cecnp = aGaSZ(pte,CHP + Pth,CHp)

t=1

where, Cigs, Caric» Cop, and Cccpp are the carbon emission
allowances of the IES, the purchase of electricity, GB, and CHP,
respectively, 8gria and g, are the allowances of carbon emission
rights per unit of electricity consumption of coal-fired units and per
unit of natural gas consumption of natural gas units, respectively,
P! cyp and Py oy are the electric and heat energy output of CHP
units at time f, respectively, P, ;; is the heat power produced by the

GB at time t, P,

Buy 15 the purchase of electricity from the upper grid at

time £.

2.3.2 Actual carbon emissions

When the actual carbon emissions of IESs are fewer than the
initial carbon emission allowances, the government provides some
incentive allowances. Otherwise, the IESs must pay a carbon trading
penalty to the government. Ma et al. (2022) gives a method for
calculating carbon emissions from electricity and heat supply in the
IESs. The actual carbon emissions from IESs are determined by the
following equation.

Creal _ (real + Creal
155 = ~Grid T Toul
. 2
Cgﬁld = Zl:al + blP;Suy + CI(P;uy) ]
H ©)

1 2

C&‘e:tal = Z [az + bzP’Total TG (P'tI‘otal) ]

=1
¢ _ pt ¢ ¢
Proa = Ponpr + Popn + Prgs

where, C‘Ge?ild and C'Tegtlal are the actual carbon emissions of IES and

the purchase of electricity respectively, Crdl

Total
carbon emissions of CHP and GB, P, is the equivalent output

power of CHP and GB at time t, a;, by, and ¢; are the actual carbon
emission calculation parameters of coal-fired units of purchasing

is the total actual

power, a,, by, and ¢, are the actual carbon emission calculation
parameters of gas-fired units.

The carbon emissions of the IES participating in the carbon
trading market are shown as follows.

Cies Total = C;Easl = Cres (10)

where, Cigs Total is the total carbon emissions from IES participation
in the carbon trading market.

2.3.3 Stepped carbon trading cost

Compared with the traditional carbon trading mechanism. To
better reduce the carbon emissions of IES and stimulate the emission
reduction potential of energy companies. A stepped carbon trading
(Qiu et al, 2022; Wang L et al,, 2022) calculation cost model is
established in this paper. The cost of stepped carbon trading is:
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_0(1 + 2,‘") (CIES,Total - L)

-0 (1 +24)L - 0 (1 + p)CesTotal
0CEs Total 0 < Crgsronl <L
oL+o(1+1) (CIES,Total - L) L < Cigs,rota <2L
02+ ML+ 0(1+21)(Cresroat — 2L) 2L < Crgs;otal < 3L
o(3+ 3A)L +0(1+ 3A) (CIES,Total - 3L) 3L< CIES,Total <4L
0(4+6A)L+0(1+4A) (Crsrors —4L)  Cipsrot 2 4L

(11)

where, Fco, is the cost of stepped carbon trading, o is the benchmark

CIES,Total <-L
=L < Cigs rota <0

FCOz =

price of carbon trading, 4 and A is the reward and penalty coefficient
of stepped carbon trading, L is the interval length of carbon
emission.

3 Objective function

3.1 The total cost of IES

The total cost of the IES includes the cost of purchasing energy,
the cost of stepped carbon trading, and the cost of equipment O&M,
so the objective function is:

Fyix = Fpuy + Feo, + Fou (12)

where, Fpyy is the cost of purchasing energy, Fco, is the cost of
stepped carbon trading and is shown in Equation (11), Foy is the
cost of equipment O&M.

T

_ t t 13 t
FBUY - Z(Pe,buyﬂe,price + Pg,buyﬂg,price)
t=1

(13)

where, P!

t
fPL

purchased power price at time £, 7z

i}buy is the purchasing power from the superior grid at time

is the purchased natural gas volume at time f, 7, ; , is the
tg,price is the purchased gas price per

unit of natural gas at time .

T 8
FOM = ZZ(S,Pf

t=1i=1

(14)

where, i takes 1, 2, ..., 8, representing WT, PV, CHP, HP, GB, ES,
GS, and HS respectively, §; is the O&M coefficient of the device i, Pf
is the output of the device at time .

3.2 Constraints

The IESs optimal operation constraints considering the IDR under
stepped carbon trading include power balance constraints, converting
equipment constraints, energy storage equipment constraints, external
network constraints, and customer satisfaction constraints.

3.2.1 Power balance constraints
3.2.1.1 Electrical power balance

t t t t 13 t t t
Pe,buy - Pe,sale + Pe,WT + Pe,PV + Pe,CHP + Pe,discharge - Pe,charge - Pe,HP
=L
€
(15)
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where, PL . and P, ,, are the output of WT and PV at time £, P% -1

is the electric power generated by the CHP unit at time £, P! ;;, is the

t
e,charge

are the charging and discharging power of ES at time t.

electric power consumed by the HP unit at time ¢, P and

Pt

e,discharge

3.2.1.2 Heat power balance

t t t t t
Ph,CHP + Ph,GB + Ph,HP + Ph,discharge - Ph,charge

=L (16)
where, P| . is the heat power generated by the WHB unit in CHP
at time t, P}, ; is the heat power generated by the GB unit at time £,
P} p is the heat power generated by the HP unit at time ¢, Pfl)dmgE
and P} g par o are the charging and discharging power of HS at time

t, respectively.

3.2.1.3 Gas power balance

t

= _5 (17)

¢ t ¢ t t
gbuy ~ g CHP — Qg,GB + Qg,discharge ~ gcharge H
8

where, th,buy is the amount of natural gas purchased from the

upper gas network at time #, Q; cyp is the amount of natural gas

consumed by the GT in the CHP unit at time ¢, th,GB is the

t
g.charge

are the charging and discharging power of GS at

amount of natural gas consumed by the GB unit at time ¢, Q

t
and Qg,discharge
time t, respectively, Hy is the calorific value of natural gas, taken

as 9.88 kW - h/m?>.

3.2.2 Converting equipment constraints
3.2.2.1 CHP unit constraints

P ;,CHP =P i,ORC +P i,GT (18)
Pl cup = PhgroYwmp (19)
P te,ORC =P ;,GTﬁiPORC (20)

Pyr < Pir < Pgp™ (21)
o +p =1
0<a,p, <1 (22)

where, P! -y is the total power generated by the GT in the CHP
unit at time ¢, P, ;. is the electrical power generated by the GT in
the CHP unit at time ¢, P} ; is the heat power generated by the
GT in the CHP unit at time t, PQ,ORC is the electrical power
generated by the ORC unit at time ¢, «; is the proportionality
factor of the waste heat generated by the GT unit to the WHB
unit, 3, is the proportionality factor of the waste heat generated by
the GT to the ORC, pp. is the power generation efficiency of the
waste heat generation unit, y,,y; is the heat conversion efficiency
of the WHB unit.

3.2.2.2 GT unit constraints

t _ t
Pe,GT - Qg,Cpre,GTHg

t — t
P hGT — Qg,CHPgh,GTH g
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3.2.2.3 GB unit and HP constraints

Pil,GB = th,Gth,GBHg (25)
Piyp = P& (26)
Pgy <Py < Py (27)
Py < Pip < Pip™ (28)

where, Pty and Pl are the total power output of the GB and HP at
time £, P} i and P} ;,, are the heat power produced by the GB and HP
at time f respectively, &}, gp is the heat conversion efficiency of the GB
unit, &, 15p is the electric heat conversion efficiency of HP unit.

3.2.3 Energy storage equipment constraints

The three energy storage devices are treated with a generalized
energy storage system model, including energy storage balance
constraints, storage energy upper and lower limit constraints, and
charging and discharging power constraints.

P
Ei’tﬂ = Ei’t + (P:—charrli—char - M) (29)
Hi-dischar
B s By < B (30)
0<P . <nPMX (31)
0< Pzidischar < (1 - nx)Pz'\i[:i\i)s(char (32)

where, i belongs to the customer load type, i€ {e, h, g} , taking
electricity, heat, and gas, E;; is the power stored in the energy
storage system at the time £, P{_
discharge power of the energy storage system at the time £, ,_g,,. and

¢
and P;_j .. are the charge and

Hi_dischar ar€ the charge and discharge efficiency of the energy storage
system, EMN and EMAX are the upper and lower limits of the stored
energy in the energy storage system, PMAX and PM{X, are the upper
limits of the charge and discharge power of the energy storage system,
1y is a 0-1 variable to ensure that the energy storage system can only
maintain one working state of charge and discharge at time ¢, when it is

1, it means charging energy, when it is 0, it means discharging energy.

3.2.4 External network constraints
The external network constraints are as follows:

MIN _ pt MAX
Pe,buy < Pe,buy < Pe,buy (33)
MIN _ MAX
g.buy < gbuy = <gbuy (3 4)
where, Pé‘fﬂ, and Pgﬁl’; are the upper and lower limits of the amount of

electricity purchased by the system from the external grid at time ¢,
respectively, Q{g\fgfy and Qgﬁﬁf}f are the upper and lower limits of the
amount of gas purchased by the system from the external grid, respectively.

3.2.5 Customer satisfaction constraints

Changing customers’ energy use habits can affect their
satisfaction with electricity use and thus their motivation to
participate in DR, so the following constraints on customer
satisfaction with energy use patterns are introduced.

T
¥ |Li
K=1-2_—

. (35)
2L
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K=Ky (36)

where, K and Ky are the minimum values of customer satisfaction
with energy use and energy use satisfaction, respectively.

4 Optimization algorithm

Since the IESs low carbon economy optimization dispatching
model based on IDR strategy and stepped carbon trading
mechanism constructed in this paper is a mixed integer non-
linear programming. The actual carbon emission of the system is
a quadratic function. Therefore, the model constructed in this paper
is a mixed-integer non-linear programming problem. Therefore, this
paper adopts the improved DE algorithm to solve the problem.

4.1 Improved differential evolution
algorithm

The differential evolution (DE) algorithm is a population-based
heuristic stochastic search method (Wang et al, 2018). DE
highly adaptable
convergence ability, and few control parameters. It is widely used

algorithm s due to its strong global
in solving practical optimization problems in various fields, but the

disadvantages are algorithmic stagnation and premature
convergence.

In calculating the complex objective function in this paper, the
traditional DE is prone to fall into local optimal solutions due to
insufficient population diversity and a single variance vector. In the
iterative process of the algorithm, the variation process is a very
significant part, and the selection of optimal individuals in each
generation is related to it. Setting the appropriate variation operator
and the variation strategy is crucial for the optimal dispatching
calculation in this paper. Therefore, based on the traditional
differential evolution algorithm. In this paper, a differential evolution
algorithm with improved variance vectors and adaptive operators is
proposed, which makes the improved DE algorithm more suitable for
solving the model in this paper. Compared to traditional mixed integer
non-linear mathematical algorithms such as MINP, the improved DE
algorithm does not require either specific segmental linearization
conversions or non-convex judgments for the entire mathematical
model. The time for manual analysis is greatly reduced. And the
improved DE algorithm also has good accuracy. The specific flow of
the algorithm is shown in Figure 2. Compared with the traditional
differential evolution algorithm, the specific improvements are as
follows.

1) In the variation operation, the improved differential evolution
algorithm is changed from the optimal individual guidance
mechanism to a ranking-based feasible solution selection
decreasing strategy guidance mechanism to the
problems of lack of population diversity and early maturity.

solve

So that the two random positions are used to develop new
variants and the best position is used to guide the best search,
and the improved variance vector is the following equation:

Viga = Xig + Fy (Xbest,G - Xi,G) + Fy (Xrl,G - sz,c) (37)

frontiersin.org


https://www.frontiersin.org/journals/electronics
https://www.frontiersin.org
https://doi.org/10.3389/felec.2023.1110039

Ye et al.

10.3389/felec.2023.1110039

Start —>

v

i<Gm N Output IES optimal dispatch

data

| S A |

Input raw load, electricity |

price, gas price, heat price |
data

I

| |

Derive optimized load curve |

I

I

based on demand response
model

: |

Calculate the variation I
operator for each generation

and the scaling factor F I

I

I

End

v

Calculate the variance vector Improvement points
Vic based on the ranked in this paper
feasible solution strategy

I

el R ===

Input WT, PV, CHP and other Calculate the experimental
data, and input upper and individuals Uic based on
lower limits of variables binomial crossover

.

Initialize population size NP
and population location
Xic, and set i=1

v

Calculate the fitness value fi
for the current population

FIGURE 2
Flow chart of improved differential evolution algorithm.

where, i denotes the sequence of individuals in the population, G
denotes the number of current iterations, V;,; denotes the variance
vector of individual 7 in the Gth generation, Xy denotes the optimal
value of individual 7 in the Gth generation, F is the scaling factor, which
has the role of controlling the amplification of the variance vector, the
values are generally within [0,1], where i, r, and r, are the reciprocal
random numbers in the population size number, respectively.

2) To enhance the adaptiveness of the variational operator, the
differential evolution algorithm is avoided to fall into a locally
optimal solution due to the decrease in population diversity as
the number of iterations increases. The adaptive operator is
introduced to ensure the diversity of the variance vector, thus
increasing the diversity of the population, and reducing the
probability of the algorithm falling into premature
convergence or local convergence. The adaptive operator is as
follows.

(;):el_Gm(i%
Fo=Fx?2°
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Calculation of experimental
individual fitness values and ——»

}

Determine the
boundary conditions

N

Y

v

Re-generate new individuals

selection randomly
i=i+tl

where, @ is the adaptive operator, G, is the maximum number of
iterations of the algorithm, Fy is the changed variational operator.

5 Simulation and analysis
5.1 Example analysis

In this paper, the arithmetic simulation is based on the unit
equipment parameters and underlying data in the literature (Zhang
etal., 2020; Wei et al,, 2022; Wang et al,, 2020d). The data source for the
arithmetic example is a community in Jinan, Northern China. The
predicted output of loads, WT, and PV is represented by a typical day of
winter in this community. Among them, the WT output, PV output,
and electricity, gas, and heat load curves are shown in Figure 3. The
parameters of each unit within IESs are shown in Table 1 and Table 2,
the peak-valley time electricity price is shown in Table 3(Wei et al,
2022), the electricity price elasticity matrix of IDR is shown in Table 4,
the actual carbon emission model parameters are shown in Table 5.
Where the natural gas price is taken as 2.55¥/m’, the carbon emission
right allowance 8¢;iq consumed per unit of electricity generated by coal-
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The output of PV, WT and Electricity, gas, heat load.

TABLE 1 Parameters of the variables.

Parameter Value Parameter Value
EMIN, EMAX (kw) 0, 80 E;’”N, Eg““‘ (m?) 0, 80
EMIN, EMAX (kW) 0, 50 EMIN EMAX (kw) 0, 400
pgg}jy, pgg}fy( (kW) 0, 1500 EMIN, EMAX (kW) 0, 400
Qg Qi (m?) 0, 500 EYIN, EYAX (m?) 0, 400
PYNPMN (W) 0,400 PYAXPYAX, (kW) 250
PMIN, pYAX (kW) 0, 800 PMAX | PMAX o (KW) 250
PMIN pMAX (kW) 0, 1000 Pg{*gﬁ; o Pé’{ﬁﬁchar (m?) 250

TABLE 2 Parameters of the IES.
Parameter Value Parameter Value
Wep 1.83 Ennp 4.44
YWHB 0.8 o 0.5
Porc 08 B; 05
et 0.3 He-char> Mle-dischar 0.95, 0.90
Eher 0.4 TTh—char> "Th-dischar 0.95, 0.90
Eho 0.9 Hg—char> Mg-dischar 0.95, 0.90

fired units is taken as 0.789kg/(kW - h), and the carbon emission right
allowance dg,s consumed per unit of natural gas generated by natural
gas-fired units is taken as 0.385 kg/(kW - h). The base price o of carbon
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TABLE 3 Electricity price parameters of IES.

Electricity price Time ¥/kWeh
Time-of-use electricity price 1:00-5:00, 23:00-24:00 0.35
6:00-7:00, 13:00-16:00, 19:00-22:00 0.68
8:00-12:00, 17:00-18:00 1.09
TABLE 4 Electricity price elasticity matrix.
Parameter name Off-peak Mid-peak On-peak
Off-peak -0.1 0.01 0.012
Mid-peak 0.01 -0.1 0.016
On-peak 0.012 0.016 -0.1

TABLE 5 Parameters of actual carbon emission calculation.

36 -0.38 0.0034 3 -0.04 0.001

trading is 210 ¥/ton, the penalty factor A of carbon trading is taken as
0.25, the interval length L of carbon emission is taken as 10 ton.

To verify the effectiveness of IESs optimal dispatching
considering the stepped carbon trading mechanism and IDR
strategy, the following five scenarios are set:

Scenario 1: without considering the stepped carbon trading
mechanism and IDR strategy. The IES is optimally dispatched
with an improved DE algorithm.

Scenario 2: only considering the IDR strategy, without
considering the stepped carbon trading mechanism, The IES is
optimally dispatched with an improved DE algorithm.

Scenario 3: only considering the stepped carbon trading
mechanism, without considering the IDR strategy, The IES is
optimally dispatched with an improved DE algorithm.

Scenario 4: consider the stepped carbon trading mechanism and
IDR strategy. The IES is optimally dispatched with a traditional DE
algorithm.

Scenario 5: consider the stepped carbon trading mechanism and
IDR strategy. The IES is optimally dispatched with a traditional DE
algorithm.

The above calculations for IES optimal dispatch were
implemented on a PC with MATLAB. The dispatching results of
the five scenarios are shown in Table 6, and the power balance
diagram in Scenario 5 is shown in Figure 4.

5.2 Comparative analysis of different
scenarios

5.2.1Scenario 1 and scenario 2 comparison analysis

Comparing Scenario 1 and Scenario 2, since Scenario 1 does
not consider the IDR strategy, the multi-energy customers
cannot flexibly adjust their energy use strategy according to
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Scenario Energy purchase cost/¥ O & M cost/¥  Carbon emissions/t  Carbon trading cost/¥  Total operating cost/¥
1 26071.8 742.5 402 11639.9 38454.2
2 25381.2 762.9 38.2 10905.7 37049.8
3 25738.4 744.3 37.0 10448.6 36931.3
4 25962.7 757.8 38.1 10870.8 375913
5 258313 754.8 35.8 10004.7 36590.8
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FIGURE 4

The power balance for scenario 5: (A) Electric Power Balance of
the IES; (B) Heat Power Balance of the IES; (C) Gas Consumption
Balance of the IES.

the price information and actively shift the energy load from the
peak price period to the low price period. As a result, the
coupling equipment in IESs operates at a high-power state
during the peak energy time, which is

insufficient to meet the energy demand of customers, thus

consumption
increasing the demand for purchasing energy from external

energy networks. This leads to the generally high carbon
transaction cost and operation cost of the IES.
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As shown in Table 6, compared with Scenario 1, the total IES
operation cost and system carbon emission of Scenario 2 are reduced by
3.65% and 4.98%, respectively. It is verified that the introduction of the
IDR strategy can not only realize the economic and optimal operation of
the IES but also reduce the carbon emission of the system.

5.2.2 Scenario 1 and scenario 3 comparison
analysis

Comparing Scenario 1 and Scenario 3, since Scenario 1 does not
consider the stepped carbon trading mechanism, the purchased
energy from the upper energy grid is increased during the peak of
energy consumption, which leads to the increase of carbon emission
of the system. In Scenario 3, since the carbon emission source of the
system mainly comes from the power purchase from the upper grid
and the coupling equipment, when considering the stepped carbon
trading mechanism, the capacity of the units and the power purchase
from the grid are enhanced. In this case, the situation of purchasing a
large amount of a single energy source in Scenario 1 is avoided. The
output of each coupling equipment in the unit is optimized. Thus,
the system’s carbon emissions are reduced. Compared with Scenario
1, the total cost of IES operation and system carbon emission of
Scenario 3 is reduced by 3.96% and 7.96%, respectively. It is verified
that scenario 3 has good carbon reduction capability and economy
by considering the stepped carbon trading mechanism.

5.2.3 Comparison analysis of scenario 2, scenario
3 and scenario 5

Comparing Scenario 2 and Scenario 5, since Scenario
5 introduces the stepped carbon trading mechanism and the IDR
strategy. The limits of CHP and GB unit output are further
strengthened when supplying energy to the multi-energy load
after adopting the IDR strategy. The carbon trading mechanism
makes the system’s electricity and gas purchases from the upper
energy grid to be mutually constrained, thus reducing the carbon
emissions of the IES system. Compared with Scenario 2, the total
operation cost and system carbon emissions of Scenario 5 are
reduced by 1.24% and 6.28%, respectively. Comparing Scenario
3 and Scenario 5, since Scenario 5 not only considers the stepped
carbon trading mechanism but also adopts the IDR strategy. On the
customer side, it makes multi-energy loads realize peak shaving and
multi-energy substitution. While the system shifts the energy load
from peak to trough periods, it uses replaceable DR to achieve
different low-cost energy sources to meet the demand of multi-
energy loads. Together with the synergy of the stepped carbon
trading mechanism, the low-carbon economic benefits of the IES
are enhanced. Compared with Scenario 2, the total operation cost
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The comparison of electricity, gas and heat load participation IDR and single DR: (A) Comparison of IDR and single DR for electrical load; (B)
Comparison of IDR and single DR for heat load; (C) Comparison of IDR and single DR for gas load.

and system carbon emissions of Scenario 5 are reduced by 0.92% and
3.24%, respectively, which verifies that Scenario 5 can improve the
economy of the system while maintaining low-carbon operation by
considering the IDR strategy and the stepped carbon trading
mechanism.

5.3 Analysis of IDR results

To verify the advantages of IDR dispatching results, this
paper compares the dispatching results of taking the IDR
strategy and taking a single curtailable response strategy. As
shown in Figure 5. From the figure, each load on the customer
side is smoothed to a certain extent. The reason is that after
considering the IDR strategy, customers can reasonably adjust
their energy usage strategy to meet their energy demand and shift
the load from peak times to low times based on time-of-use
energy price information. Because of the replaceable DR,
customers can satisfy their energy demand by replacing each
other with low-cost energy in the same period, which further
stimulates the customers to actively participate in the energy
adjustment process.

For example, in Figure 5A, during the peak times of 9:00-12:
00 and 18:00-22:00, the price of electricity is relatively high, so
customers voluntarily shift their peak load to the low times of 23:
00-6:00, thus playing a role in peak shaving and valley filling. At
the same time, due to the effect of replaceable DR in IDR, the cost
of electricity is lower than the cost of heat in the 20:00-22:00 time
of the electric load, so customers voluntarily convert part of the
heat load to electric load in this time. The electric load in the 20:
00-22:00 time shows a rising trend. The price DR and
substitution DR act simultaneously to cancel each other out,
and the heat load which should show an increasing trend remains
unchanged at this time.

The peak-to-valley differences before and after the DR of
electricity, gas, and heat load decreased by 10.74%, 17.24%, and
7.99%, respectively, and effectively balanced the load fluctuations of
customers. In addition, as shown in Table 6, the IDR strategy not
only reduces the operating cost of IES but also reduces the amount of
energy purchased by the system from the upper energy grid, which
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effectively reduces the carbon emissions of the IES. The analysis of
heat and gas loads is similar and will not be repeated here.

5.4 Analysis of different carbon trading
mechanism participation

In the stepped carbon trading model, different parameters of the
carbon trading mechanism also have an impact on the economic
dispatch of IESs, which is analyzed in this paper from three aspects:
carbon trading base price, carbon emission interval length and
carbon price growth rate. Figure 6 shows the impact of the three
parameters on the total operating cost and total carbon emissions of
the system.

As shown in Figure 6A, with the gradual increase of carbon
trading base price, the carbon emission of the IES decreases and the
total cost of the IES increases. When the carbon trading price is
lower than 300 ¥/t, as the carbon trading base price increases, the
proportion of carbon trading cost in the total operating cost of IES
also rises, and the total operating cost of the IES also rises
continuously. In this case, the stronger the binding effect of
carbon trading cost, the more the system has to seek a carbon
emission balance when purchasing from the upper energy grid.
Thus, the carbon emission of the IES is reduced to reduce the carbon
trading cost. When the carbon trading base price is greater than
300 ¥/t, the output of each coupling equipment in IESs tends to
stabilize as the carbon trading base price increases. The increase in
carbon trading base price has less impact on carbon emission, and
the carbon emission level tends to be flat. However, the high carbon
trading base price will further increase the total operating cost of the
system. Therefore, the appropriate carbon trading base price is
customized.

As shown in Figure 6B, with the gradual increase of carbon
trading interval, the carbon emission of the IES increases, and the
total cost of the IES decreases. When the length of the carbon
trading interval varies in [0,2], the carbon emissions of the IES
are strictly following the stepped carbon trading mechanism to
purchase carbon trading credits because the length of the interval
is small. it has the greatest constraint on carbon emissions, so the
carbon emissions in this interval are the least and the carbon
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Impact of different carbon trading parameters on the system operating cost: (A) Analysis of Carbon trading base price; (B) Analysis of carbon trading

interval length; (C) Analysis of carbon trading price growth rate

trading cost to be paid is the greatest. When the length of the interval
changes in [2,8], the carbon emission interval is larger currently, and
due to the existence of load demand within the system, most of the
carbon trading costs that the IES need to pay at this time are in the
interval with lower costs, the IES constraint for carbon emission
decreases. Therefore, the carbon emission of the IES rises rapidly and
the system operation cost shows a decreasing trend. When the length
of the interval varies [8,12], the longer interval makes the stepped
carbon trading mechanism a little different from the traditional one,
resulting in most of the system’s carbon emissions buying carbon
credits at the base price or very little above the base price. Although
the carbon emissions of the system increase, after the interval length is
greater than 8, the variation of the interval length has no effect on the
carbon emissions, the output of each unit in IESs is in a stable state,
and the total operating cost of the system tends to be flat.

As shown in Figure 6C, with the gradual increase of the growth
rate of the carbon price, the carbon emissions of the IES decrease,
and the total cost of the IES increases. When the price growth rate
varies between [0, 0.3], IESs face a higher carbon trading cost, and
the IES will reduce the amount of energy purchased from the upper
energy grid and adjust the output of each internal unit to reduce the
carbon emissions of the system as much as possible. When the price
growth rate varies between [0.3, 0.6], the output of each unit of the
IES tends to be stable due to the fixed load demand, so the carbon
emission gradually tends to be stable. However, due to the large
growth rate of carbon trading currently, the total system cost
continues to rise.

To sum up, when the carbon trading base price is lower than
300 ¥/t, the length of the carbon emission interval is less than 8t, and
the price growth rate is less than 0.3, the carbon emissions of the IES
will all decrease to different degrees. When the parameters are larger
than the above values, the carbon emissions of the IES will stabilize
and bring only the increase in total system cost. Therefore, for IESs,
the carbon trading cost and operation cost of the system can be
coordinated according to the carbon trading base price, the carbon
emission interval length, and the carbon price growth rate. For
regulators, by setting reasonable carbon trading parameters, they
can achieve reasonable guidance on carbon emissions of production
organizations. However, if a high price is set blindly to control
carbon emissions, the stepped carbon trading mechanism will be
useless.
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5.5 Algorithm performance analysis

In this paper, the improved DE algorithm is used to validate and
analyze the proposed optimal dispatch model. The improved DE
algorithm and the traditional DE algorithm are used to optimize the
output of IES under the system considering the IDR strategy and the
stepped carbon trading mechanism, respectively. The overall
economic efficiency of the system is optimized. Maximum number
of iterations is set to 500. Comparing Scenario 4 and Scenario 5, the
minimum value of each population change iteration is recorded and
the generated adaptation curves are shown in Figure 7, respectively.

As shown in Figure 7, compared with the traditional DE algorithm,
the adaptive operator improved DE algorithm used in this paper has
better convergence characteristics and robustness and does not fall into
the local optimal solution during the global variational iterations. The
algorithm has completely converged to the optimal value in about
400 iterations, and the computation time is 18.741 s. In contrast, the
traditional DE algorithm has not converged after 420 iterations and has
fallen into the local optimal solution, and does not find the global
optimal solution after the iterative variation. This proves that the
improved DE algorithm proposed in this paper is feasible and effective.
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6 Conclusion

This paper constructs an IES low carbon optimal dispatch
considering the stepped carbon trading mechanism and IDR
strategy. In order to verify the results of low carbon economy
dispatch of IES, five different scenarios were set up for analysis.
The following conclusions can be drawn from the analysis.

1) By introducing price-based DR and substitution-based DR in IESs,
the IDR model of electricity, gas, and heat loads is constructed. It
enables customers to reasonably adjust their own energy use
strategies within a certain satisfaction range, which not only
smooths out the load peak-valley differences but also realizes
the complementarity and substitution of different loads.

2) In the IES optimal dispatching model, the stepped carbon trading
mechanism and the IDR strategy are introduced and compared
with the models with only the stepped carbon trading
mechanism and only the IDR strategy, respectively. The
results show that with the combined effect of the IDR strategy
and the stepped carbon trading model, the constraint on IES
carbon emissions is more stringent at this time. The model
established in this paper effectively reduces the carbon
emissions and operation cost of the IES, It improves the
economic and environmental benefits of IES effectively.
3) The effects of three coefficients: carbon trading base price, carbon
emission interval length, and price growth rate on system carbon
emission and total cost are discussed. The results show that the
system carbon emission decreases gradually with the increase of
the unit carbon trading price, while the total system cost
increases rapidly with the increase of the unit carbon trading
price, then tends to level off and finally decreases. Setting the
appropriate carbon trading parameters plays an important role
in the low-carbon operation of IESs.

In the subsequent study, it is necessary to introduce electric-to-gas
devices and carbon capture technologies in the structure of IES. Further
study of the impact of carbon capture processes in an electric-to-gas
device on the optimal dispatch of the IES. Also, there are many
uncertainties in the model developed in this paper, and we will
consider different timescales (Li and Xu, 2019). This part can be
referred to the integrated uncertainty model proposed (Li et al,
2022). The specific uncertainties in the generation side and demand
side are modeled as an interval range instead of fixed values. This
consideration makes the optimal dispatch of IES more realistic. Finally,
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Nomenclature
Variables

t, j the time scale of 1 day, from 1 to 24

M (t, j) the elasticity coefficient of the load at time ¢ with respect to
the electricity price at time j

AL’ the load change at time ¢ after demand response
L., the initial load at time ¢

Ac;j the electricity price change at time j after demand response
cjo the initial electricity price at time j

AL the amount of change in CL at time ¢ after DR
L., the initial CL shedding of the customer at time ¢
Mgy (2, j) the demand elasticity matrix of the CL

c;j the price of electricity at time j

AL{ the amount of change in SL at time ¢ after DR
LL,, the initial SL shedding of the customer at time ¢
Mgy (t, j) the demand elasticity matrix of the SL

AL JALL . the replaceable electric load/replaceable heat load at
time ¢

we the electric and heat replacement coefficient
ve/vy, the unit calorific value of electric/heat energy
¢./¢,, the energy utilization rate of electric/heat energy

ALgre ™"/ALp e ™ the minimum substitutions of replaceable
electrical/heat load

ALeye ™ /ALy ze ™ the maximum substitutions of replaceable
electrical/heat load

L! the load demand after the demand response at time ¢
L, the load demand before the demand response at time ¢

Cigs/Caria/Cgp/Cccup the carbon emission allowances of the IES/
purchase of electricity/ GB/CHP

Ogrid/0Gas the allowances of carbon emission rights per unit of
electricity/natural gas consumption of coal-fired units/natural gas
units

P cup/ Pl cnp are the electric/heat energy output of CHP units at
time ¢

P} ;g the heat power produced by the GB at time ¢
Py, the purchase of electricity from the upper grid at time ¢

Cieal /Creal | the actual carbon emissions of IES/purchase of

electricity
Cieal | the total actual carbon emissions of CHP and GB
Pl the equivalent output power of CHP and GB at time ¢

a,/b;/c, the actual carbon emission calculation parameters of coal-
fired units of purchasing power

ay/by/c, the actual carbon emission calculation parameters of gas-
fired units

Cigs.Total the total carbon emissions from IES participation in the
carbon trading market

Fco, the transaction cost of carbon trading
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o the benchmark price of carbon trading

ul) the reward/penalty coefficient of stepped carbon trading
L the interval length of carbon emission

Fgyy the cost of purchasing energy

Fco, the stepped carbon trading cost

Fowm the cost of equipment O&M

Py
Pty
exprice

the purchasing power from the superior grid at time ¢
the purchased natural gas volume at time ¢
T the purchased power price at time ¢

s the purchased gas price per unit of natural gas at time ¢

¢
g,price
&; the O&M coefficient of the device i. i takes 1, 2, . . ., 6, representing
WT/PV/CHP/HP/GB/ES/GS/HS

P! the output of the device at time ¢

PL\w1/P.py are the output of WT/PV at time ¢

PL cyp the electric power generated by the CHP unit at time ¢
P yp the electric power consumed by the HP unit at time ¢

t t
P e,charge/ P

e,discharge

the charging/discharging power of ES at time ¢
P} wis the heat power generated by the WHB unit in CHP at time ¢
Pj g the heat power generated by the GB unit at time ¢
P} yp the heat power generated by the HP unit at time ¢
P}, charge! Ph discharge the charging/discharging power of HS at time

;,buy the amount of natural gas purchased from the upper gas

network at time ¢

Q;,CHP the amount of natural gas consumed by the GT in the CHP

unit at time ¢

Qg p the amount of natural gas consumed by the GB unit at time ¢
o charge/ Qg discharge the charging/discharging power of GS at time ¢

H, the calorific value of natural gas

P! cyp the total power generated by the GT in the CHP unit at time ¢

PL ;1 the electrical power generated by the GT in the CHP unit at
time ¢

P} gr the heat power generated by the GT in the CHP unit at time ¢
P ore the electrical power generated by the ORC unit at time ¢

«o; the proportionality factor of the waste heat generated by the GT
unit to the WHB unit

B; the proportionality factor of the waste heat generated by the GT to
the ORC

Porc the power generation efficiency of the waste heat
generation unit

Ywup the heat conversion efficiency of the WHB unit

Pip/Pyp the total power output of the GB/HP at time ¢

P} gu/Phup are the heat power produced by the GB/HP at time ¢
&, the heat conversion efficiency of the GB unit

&nmp the electric heat conversion efficiency of HP unit

E;; the power stored in the energy storage system at the time ¢

P f—char/ P

i—dischar

the charge/discharge power of the energy storage
system at the time ¢
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Hi-char Mi—dischar the charge/discharge efficiency of the energy storage
system
EMIN/EMAX the upper/lower limits of the stored energy in the energy
storage system

MAX /pMAX
P i—char/ P i—dischar

the energy storage system

the upper limits of the charge/discharge power of

ny the 0-1 variable
PYony/ Py
purchased by the system from the external grid in period ¢
by Uy
by the system from the external grid

the upper/lower limits of the amount of electricity

the upper/lower limits of the amount of gas purchased

K/Kyn the minimum values of customer satisfaction with energy
use and energy use satisfaction

i the sequence of individuals in the population

G the number of current iterations

Vig+ the variance vector of individual 7 in the Gth generation
Xbpest, the optimal value of individual 7 in the Gth generation

F, the scaling factor

r1/r, the reciprocal random numbers in the population size number
@ the adaptive operator

G, the maximum number of iterations of the algorithm
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F, the changed variational operator

Abbreviations

IES integrated energy system
DR demand response

IDR Integrated Demand Response
CL curtailable load

SL shiftable load

RL replaceable load

WT Wind Turbine

PV Photovoltaic

CHP combined heat and power
GT gas turbine

WHB waste heat boiler

ORC organic Rankine cycle

DE differential evolution

O&M operation and maintenance
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