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In the context of “dual carbon’, in order to promote the consumption of
renewable energy and improve energy utilization efficiency, a low-carbon
economic dispatch model of an integrated energy system containing carbon
capture power plants and multiple utilization of hydrogen energy is proposed.
First, introduce liquid storage tanks to transform traditional carbon capture
power plants, and at the same time build a multi-functional hydrogen utilization
structure including two-stage power-to-gas, hydrogen fuel cells, hydrogen
storage tanks, and hydrogen-doped cogeneration to fully exploit hydrogen.
It can utilize the potential of collaborative operation with carbon capture
power plants; on this basis, consider the transferability and substitutability
characteristics of electric heating gas load, and construct an electric heating
gas comprehensive demand response model; secondly, consider the mutual
recognition relationship between carbon quotas and green certificates, Propose
a green certificate-carbon trading mechanism; finally establish an integrated
energy system with the optimization goal of minimizing the sum of energy
purchase cost, demand response compensation cost, wind curtailment cost,
carbon storage cost, carbon purchase cost, carbon trading cost and green
certificate trading compensation. Optimize scheduling model. The results show
that the proposed model can effectively reduce the total system cost and carbon
emissions, improve clean energy consumption and energy utilization, and has
significant economical and low-carbon properties.

KEYWORDS

liquid storage carbon capture, multiple utilization of hydrogen energy, integrated
demand response, integrated energy system, optimized scheduling

1 Introduction

“Under the dual-carbon background, building a clean, low-carbon, safe, efficient,
and decentralized energy system has become the development direction of Chinas
future energy system construction (Sun et al., 2015). Compared with a single energy
supply system, integrated energy system (IES) has to adapt to the rapid development of
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distributed energy and meet the needs of in terms of diversified
energy use by users, it has significant advantages such as reliability,
efficiency, economy, and environmental protection (He et al., 2020).
On the one hand, since China will still be in a coal-dominated
energy structure for a long time, it is necessary to consider how
to promote the production and utilization of renewable energy and
hydrogen energy. The coexistence of clean coal power generation
promotes the coordinated development of high-carbon energy and
low-carbon energy (Chen et al., 2021; Liu et al., 2023; Yang et al,,
2018). On the other hand, the development of a high proportion
of renewable energy has become an inevitable choice to achieve the
“dual carbon” goal, and the renewable energy power consumption
mechanism, carbon trading mechanism and The green certificate
trading mechanism has become a key way to help achieve this goal
(Liang et al., 2023). However, with the increase in the proportion
of renewable energy, internal load fluctuations in IES have become
a prominent problem, and demand response has a positive effect
on reducing load fluctuations and alleviating system energy supply
pressure (Liu et al, 2024). Therefore, it is crucial to explore
low-carbon economic dispatch strategies for IES that consider
demand response mechanisms and the coupling of power-to-gas and
carbon capture (Xiliang et al., 2022).

The emergence of carbon capture technology provides a solution
for clean coal-fired power generation. Traditional coal-fired power
plants can be transformed into carbon capture power plants
(CCPP) by introducing carbon capture devices. Existing literature
has conducted a lot of research on the operation mechanism
of carbon capture power plants. Faruque and Monzure-Khoda
(2022) studied the basic model of carbon capture power plants,
analyzed their internal energy flow, and pointed out that carbon
capture power plants have good flexible operation characteristics.
Liu et al. (2024) studied the typical operation mode of carbon
capture power plants. The results showed that the liquid storage
operation mode effectively expanded the operation range compared
with the diversion operation mode. Many scholars have also
studied the participation of carbon capture power plants in optimal
scheduling. Tian et al. (2020) considered the joint operation
of carbon capture power plants and wind power. The results
showed that carbon capture power plants can reduce the impact
of wind power fluctuations on system operation. Zhou et al.
(2018) established a synergistic model of carbon capture power
plants and power-to-gas (P2G). The results showed that the joint
operation of the two can promote the consumption of new energy
and realize carbon recycling. However, the above literature mostly
considers the diversion mode and less considers the impact of
liquid storage devices on system operation. Chen et al. (2012)
points out that there is a coupling phenomenon between carbon
absorption and renewable links in split-flow carbon capture
power plants. The introduction of liquid storage devices can
transform them and jointly dispatch them with wind power, greatly
improving the level of wind power consumption. Wang et al.
(2022) proposed a liquid storage carbon capture-power-to-gas-
combined heat and power (CHP) synergistic operation model,
which achieved good low-carbon economic benefits. In general,
existing studies have considered the operation mode of carbon
capture power plants participating in the integrated energy system
in a relatively simple way, and have not fully utilized their flexible
operation advantages. In addition, they are mostly combined with
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power-to-gas with low energy efficiency, and have not considered
the introduction of hydrogen energy to optimize the energy
consumption link.

If the value of hydrogen energy utilization in the intermediate
link of P2G can be fully explored, it will be beneficial to
improve energy utilization efficiency and achieve energy supply
substitution for traditional fossil energy (Rosen and Koohi-Fayegh,
2016). Hydrogen energy can be flexibly transferred through
hydrogen storage equipment. When combined with hydrogen-
using equipment, it will have great scheduling potential. Many
scholars have studied the participation of hydrogen energy in
system optimization scheduling (Arsad et al.,, 2022). Akarsu and
Serdar Geng et al. (2022) uses renewable synergistic electrolyzer
(EL) to produce hydrogen and realizes flexible consumption of
wind and solar power. Liwei etal. (2022) conducts a detailed
modeling of hydrogen storage tanks, refines power-to-gas into EL
and methane reactors (MR), and cooperates with hydrogen fuel
cells (HFC) to solve the problem of imbalance between supply and
demand of the integrated energy system. Li et al. (2023) considers
EL, hydrogen storage tanks, and gas-mixed hydrogen to construct
an electric-hydrogen-heat multi-energy complementary system,
which optimizes energy utilization efficiency while minimizing
operating costs and wind abandonment. However, existing research
mostly focuses on one or more hydrogen usage scenarios, and
does not involve the full range of hydrogen production, storage
and multi-use from EL, MR, hydrogen storage tanks (HES),
hydrogen fuel cell (HFC) and hydrogen blending from natural
gas. Hydrogen equipment is mostly scheduled with the goal of
improving operating economy or renewable consumption rate, with
less consideration given to carbon emission reduction targets, and
the potential for coordinated operation with other energy supply
equipment, especially carbon capture power plants, has not been
fully explored.

Improving the level of renewable energy consumption is an
important way to solve my country’s energy pollution (Cui et al.,
2020a). The introduction of carbon emission trading (CET) and
green certificate trading (GCT) provides a strong policy guarantee
for the realization of the above two approaches. As one of the most
effective measures to reduce carbon emissions, CET has been widely
developed in the study of IES. Wei et al. (2016) introduced the
CET mechanism into the IES scheduling model, comprehensively
considered the carbon trading cost and system energy supply
cost, and established a low-carbon economic scheduling model
suitable for the combined heat and power system (Fang et al,
2019). combines the demand response mechanism of carbon
capture power plants to further improve the level of wind power
consumption (Li and Xu, 2019). established a combined model
of electric to gas conversion and carbon capture, and the results
showed that this model has advantages in improving system
economy (Wang et al, 2020a; Wang et al, 2020b). proposes
a low-carbon economic dispatch model for regional integrated
energy systems based on a carbon trading green certificate joint
trading mechanism, which includes cogeneration units, carbon
capture, and electric to gas conversion equipment. Simulation
results show that the model can effectively reduce the system’s
carbon emissions. It proves that the model can effectively take
into account environmental benefits and improve the total benefits
of the IES.
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Demand response can enhance the two-way interaction
between the energy supply side and the energy consumption
side, reduce the load fluctuation within the IES, and achieve the
“peak shaving and valley filling” of the load curve (Zhang et al.,
2022). Cui et al. (2020b) introduces a price elasticity matrix
to describe the demand response behavior and analyzes the
effectiveness of demand response in alleviating the peak load
pressure of the system; Wang et al. (2021) adopts an incentive-
based demand response to make the electric load within
the dispatch cycle more matched with the wind and solar
output, which can effectively improve the consumption of new
energy. However, the types of demand response considered
in existing literature are relatively single, and the coordinated
optimization of demand response with energy supply equipment
and CET-GCT mechanism is not fully considered, which
cannot give full play to the green regulation capacity of the
demand side (Xu et al., 2023).

In summary, based on the existing literature, this paper proposes
a low-carbon economic dispatch method for IES that considers the
coupling of power-to-gas-carbon capture power plants, the mutual
recognition mechanism of carbon-green certificates, and flexible
loads of electricity and heat. The main innovations of this paper
are as follows:

1. Establish a flexible operation model of a carbon capture
power plant considering liquid storage tanks and a diversified
utilization structure of hydrogen energy to fully tap the flexible
operation advantages and high-efficiency energy utilization
potential of the system;

the

characteristics of flexible loads of electricity and heat in the

. Consider transferable, reducible, and replaceable
IES, and construct an electric-heat joint demand response
model to reduce the internal load fluctuation of the IES;

3. Introduce a green certificate trading mechanism and a reward-
and-punishment carbon trading mechanism, and explore the
principle of joint trading between the two, and construct a
CET-GCT joint trading mechanism considering carbon quotas
and mutual recognition of green certificates;

. Establish IES dispatch model with the minimum total cost as
the optimization goal. The low-carbon economic benefits of the
proposed model are verified through example simulation, and
the impact of demand response mechanism, flexible operation
characteristics of carbon capture power plants, diversified
utilization benefits of hydrogen energy, and green certificate-
carbon trading mechanism on the operation of the integrated

energy system is explored.

2 IES with carbon capture power plant
and multiple utilization of hydrogen
energy

The framework of the in this paper
is shown in Figure 1. The system’s electrical load is provided by
the upper power grid, CCPP, wind turbine, CHP and HFC, the
thermal load is provided by CHP, GB and heat storage tank (HST),
and the gas load is provided by P2G and purchased natural gas.

IES proposed
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2.1 Flexible operation model of CCPP

The typical carbon capture process includes three parts:
carbon absorption, regeneration and compression. Due to
physical structural limitations, the split-flow CCPP is coupled
in the carbon absorption and regeneration stages. When the
power supply demand is high, the coal-fired units generate
more carbon. At this time, if the carbon absorption is
increased, the energy consumption of the regeneration and
compression stages will increase, resulting in a decrease
in the net output level of the power plant, and it is
impossible to take into account the carbon capture and power
supply needs.

This paper makes a flexible transformation of the traditional
CCPP by installing a group of liquid storage tanks (including one
lean liquid tank and one rich liquid tank) between the absorption
tower and the regeneration tower. The liquid storage tanks are
used to balance the amount of solution entering and leaving the
absorption tower and the regeneration tower. The amount of carbon
processed by the regeneration tower no longer needs to match the
amount of carbon absorbed by the absorption tower.

The flexible operation model of the CCPP is shown in Formula 1.
Among them, the carbon capture energy consumption consists of
basic energy consumption and operating energy consumption. The
basic energy consumption does not change with the carbon capture
state and is regarded as a constant value; the operating energy
consumption is approximately proportional to the amount of CO,
that needs to be processed by the regeneration tower. In this paper,
the amount of CO, after the regeneration process is completed is
defined as the actual CO, capture amount.

P(t) = Pecpp,e() + Pegprure(t)
Peapture(t) = Ppage + Pope()
Pope(t) = @Ey(1)

1 Ec(t) = &g Pg (1)

E (t) = A(Op, Eg(D)

Eq () = Eq(0) + Ejiy ()
Eapture(t) = o Ecy (1)

Where: Pg(t) is the total power generation of the coal-fired unit

1

in period £ Peeppe(t) and Peypyyre
carbon capture energy consumption of the carbon capture power

plant in period t, respectively; Py . is the basic energy consumption

(t) are the net output power and

of the carbon capture power plant; P,

consumption of the carbon capture power plant in period #; @

(t) is the operating energy

is the carbon capture operating energy consumption coefficient;
E(2) is the total CO, generation of the coal-fired unit in period
f; gg is the carbon emission intensity of the coal-fired unit; A(f)
is the flue gas split ratio in period #; E_ () and E,(f) are the
CO, absorption amount of the absorption tower and the CO,
regeneration amount required to be processed by the regenerative
tower in period t, respectively; y; and y, are the absorption and
regeneration efficiencies, respectively; E ;4 (f) is the CO, outflow of
the rich liquid tank in period t, a positive value indicates that it flows
from the rich liquid tank to the regeneration tower, and a negative
value indicates that it flows from the absorption tower to the rich

liquid tank; E, e (#) is the actual CO, capture amount in period .
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FIGURE 1
Structure diagram of IES.

The mathematical model of the liquid storage tank is

shown in Equation 2:
[ Erich (1) = £co, Veien(t)

Viich () + Vpoor (1) = 0

Viien() = Viien (£ = 1) = vy, ()

Vioor() = Vigor (= 1) = Voo (£)

Viien(0) = Viien (1)

Vi00r(0) = Vioor(T)

0< Vi (8) S VEEX
L 0< Vioor(B) < Vigor

poor

Where: §- is the CO, solution density of the rich liquid tank;
Vpoor(t) and vy, (1) are the solution outflows of the lean and rich
liquid tanks in ¢ periods, respectively. The inflow of the lean liquid
tank is consistent with the outflow of the rich liquid tank at the
same time; v, () and vy, (f) are the solution reserves of the lean
and rich liquid tanks in ¢ periods, respectively; V5, and Vi23® are
the maximum storage volumes of the lean and rich liquid tanks,

respectively; T is a scheduling cycle.

2.2 Hydrogen energy diversified utilization
structure

The multi-utilization structure of hydrogen energy proposed in
this paper is shown in Figure 2. The P2G conversion is refined into an
EL and MR, and HES is introduced in the middle link. The hydrogen
production process is carried out in the EL. In addition to being used
as a raw material for the MR, the generated hydrogen can also be
used for gas-hydrogen cogeneration and hydrogen fuel cell power
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FIGURE 2
Hydrogen energy multi-utilization structure.

generation. The hydrogen storage tank can store excess wind power
in the form of hydrogen energy and share the energy supply pressure
for the system during periods of high load demand.

2.2.1 Two-stage power-to-gas model

2.2.1.1 EL model
The EL model is shown in Equation 3.

Pupce(t) = Mg Pr, npc(9)

in ax
P re S Prymrc() < Pyipe (€)

AP‘;I‘;‘HFC S Py, ppc(t+1) - PHZ,HFC(t) < APﬁ;’;{FC

Where: P,p; (¢) is the electric energy input into EL in period
Py, (1) is the hydrogen energy output from EL in period & 7,
is the energy conversion efficiency of EL; Pji[ and Py are the
upper and lower limits of the electric energy entering and leaving
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EL respectively; AP(5T and APL"’E‘i

the climbing of EL respectively.

are the upper and lower limits of

2.2.1.2 MR model
The MR model is shown in Equation 4.

Pyirg(0) = yp P, mr (1)
PR S Pr,vr(0) S Py

A pmin <

H,, MR

(4)

Py, i (t+ 1) = Py (1) < APBS o

Where: Py \r(?) is the hydrogen energy input to MR in period
Pyipg(#) is the natural gas power output by MR in period £ 1y is
the energy conversion efficiency of MR; "\ and PE;‘)‘MR are the
upper and lower limits of hydrogen energy input to MR respectively;

APR\p and APR

MR are the upper and lower limits of MR climbing

respectively.

2.2.1.3 HFC model
The energy conversion efficiency of hydrogen fuel cells can be
regarded as a constant, The HFC model is shown in Equation 5:

Pypce(t) = MiipcPa, pec ()

in max
Pitire < Pu,mrc(t) < P e Q)
APE:I,IHFC < PHZ,HFC(t +1)— PHZ,HFC(t) < AP:I’;’;{FC

Where: Py ypc(t) is the hydrogen energy of input HFC in ¢ period;
Pyrc,(t) is the power output of HFC output in the ¢ period; #jpc is
the eﬁigiency of the HFC converted into electrical energy; P‘}’;:’;{FC
and PE:‘I‘{FC are the upper and lower limits of thg hydrogen energy
input to the HFC, respectively; APE;’;IFC and AP}, are the upper

and lower limits of the climbing of the HFC, respectively.

2.2.1.4 HES model
The model of the HES needs to consider the storage

capacity constraint, the single hydrogen storage/release constraint,
the storage and release state complementarity constraint, and
the periodic reserve conservation constraint. The HES model
is shown in Equation 6:

— h h
Stiyo() = Syt = 1) + i PEkE (1) —

Smin

max
Hys S

< Spys(8) < Sy

cha, max
)Py

dis is, max
(t) < tus ( t)Pins

(1 < ucha

cha
jo<p o

Hys

dis
0< Pl

0< ug‘}‘,‘s
SHys(O) = SHys(T)

Where: Sy,(1) is the storage capacity of the HES in period £ Pﬁ’)’fs(t)

(6)

dis

+tu5<1

and Pg;s(t) are the hydrogen storage and release efficiencies in
period t respectively; S?_};;‘ and Sg}’;
of the hydrogen storage capacity respectively;

are the upper and lower limits

cha, max dis, max
PHys and PHyS
are the single maximum hydrogen storage and release powers
respectively; uﬁ’;‘s f;;s
discharging states respectively. If they cannot be 1 at the same
time, it means that the HES cannot store and release hydrogen at

the same time.

and uf; are 0-1 variables for the charging and
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2.2.2 Gas-hydrogen-blended cogeneration
model

The  Gas-hydrogen-blended
shown in Equation 7.

model s

0< (l’) <20%
17" @)

P (t P (®
PCHP(t) = Lmix( o + e )
Ly, Len,
U Linix = 1(O) Ly, + (1= x(8)) Ly,
Where: «(t) is the fuel gas hydrogen blending ratio in period t;
Py, cup(#) and P, cyyp(#) are the hydrogen and natural gas powers
input into the cogeneration unit through fuel gas hydrogen blending

cogeneration

Py, crp(®) . Py cup(t)

' k(t)

_ Py, crp(®) /<

Ly Ly, Ley,

in period t; Pcyp(t) is the mixed fuel gas power input into
the cogeneration unit in period £ Ly, Loy, and Ly, are the
lower calorific values of hydrogen, natural gas and mixed fuel gas
respectively.

The CHP with adjustable heat-to-electricity ratio can adjust the
electricity and heat output according to the real-time electricity and
heat energy demand, further optimizing the operation efficiency.
The CHP model is shown in Equation 8:

[ Pcip,e(t) = MeppPycrp(t)

h
Peppi(t) = ey Py .cup ()

| Pecie < Pacuel) < Pyip (®)
AP;gHP S Pgcnp(t+1) = Pycnp(t) < Angﬁp

[ k2o < Peppn(0/Pepp () < Ky

Where: Py cyp(1) is the natural gas power input to CHP in period
t; Pcyp () and Pcypy (£) are the electricity and heat energy output
by CHP in period ¢ respectively; 7.y, and n}C‘HP are the efficiency of
CHP conversion into electricity and heat respectively; AP‘g‘,‘é’I‘{
AP;‘S‘HP are the upper and lower limits of the natural gas power input

to CHP respectively; «

p and

max min

CHP CHP
of the heat-to-electricity ratio of CHP respectively.

and «,,, are the upper and lower limits

3 Carbon-green certificate joint
trading mechanism

3.1 Reward-and-penalty carbon trading
mechanism model

The reward-and-penalty ladder-type carbon trading mechanism
includes the carbon emission quota model, the actual carbon
emission model and the reward-and-penalty ladder-type carbon
emission cost model.

3.1.1 Carbon emission quota model

This paper adopts the benchmark value method in free
allocation to allocate carbon emission quotas for external power
purchases, GB, and CHP in the IES, and assumes that the electricity
of the external power grid comes from thermal power units.
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Among them, the CHP must provide heat energy while generating
electricity. When the heat-to-electricity ratio is greater than 1, the
cogeneration unit is used for heating. When the heat-to-electricity
ratio is less than 1, the CHP is used for power supply. Since the
heat-to-electricity ratio of the CHP in this paper is greater than 1, its
power generation is converted into heating, and the total equivalent
calorific value is used for carbon quota. The carbon emission quota
model is shown in Equation 9:

Qco,155 = Qepuy + Qerp + Qas
T

Qe,buy = Tezpe,buy(t)
t=1
< T

Qcup = TCHPZ (eenPrpe(®) + Peppp (D)
=

T
Qcp = T Popn(t)
=1

)

Where: T represents a dispatch cycle; Qco, rgs» Qebuy> Qe Qg are
the carbon emission quotas of IES, external grid power purchase,
Ty are the unit carbon
emission quota coeflicients of external grid thermal power units,
CHP, and GB respectively; Pe,buy(t), Peype(t), Pegpp(t) and Pgyy (£)

are the external grid power purchase, CHP output electric power,

CHP, and GB respectively; 7,, T¢yp, and

CHP output thermal power, and GB output thermal power in time
period &, respectively; e, is the conversion coefficient of CHP
power generation into power supply.

3.1.2 Actual carbon emissions

The actual carbon emissions of the IES are the sum of
the actual carbon emissions of the carbon capture power plant,
purchased electricity, GB, and CHP, The Carbon trading model
is shown in Equation 10:

i ECOZ,IES = Ee,buy + EG+B - Ecapture
T
Eopay = 3 (@1 + by Pepuy (D + P2y (1))

t=1
« ; (10)

Egip= z (ay +byPgp(8) + &, P, (D)
=

| Pg,5(f) = Pore(D) + Porp(f) + Pap (1)

Where: Eco, 155> Eebuy> Eg+Bs Ecapture are the actual carbon discharge
volume of IES, external power purchase, thermoelectricity units, gas
boilers, and carbon capture power plants; P (?) is the total output
power of thermoelectric joint production units and GB in ¢ periods;
a,,by,¢; and a,, b,, ¢, are respectively. Calculate the carbon emission
calculation parameters of the external grid thermal power set and
CHP and GB.

3.1.3 Reward and penalty ladder carbon emission
cost model

The carbon emission quota of IES participating in the carbon
trading market is:

(11)

Aco, s = Eco,ies = Qco,.ies

Where: Aqg jps is the carbon emission trading amount of the
comprehensive energy system.
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This paper adopts a step-type carbon price pricing mechanism,
which divides the carbon trading price into multiple intervals,
and increases stepwise with the intervals. In addition, a reward
and punishment mechanism is introduced. When A¢q g <0, the
system is rewarded, which is conducive to better selling the unused
carbon emission quotas. When A¢q, g > 0, the system is punished.
The more carbon emission quotas need to be purchased, the higher
the carbon trading price, and the greater the cost. The specific model
is shown in Equation 12:

#(1+30)(Eco, s +2d) — (3 + 3w)d Eco, ps < —2d
#(1+20)(Ego, ps +d) 2+ )d  =2d < Ego s < —d
#( +w)Eco, s —d <Eco, ps <0
HEco, 1Es 0<Eco,ps<d
#(1+0)(Eco, s — d) + pd d < Ego, s < 2d
(1 +260)(Eco, ps —2d) +u(2+ 6)d  2d < Eco, s < 3d
#(1+360)(Eco, gs — 3d) +u(3+30)d Eco, s > 3d

CCOZ,IES =

(12)

Where: Cqo jps is the step-type carbon emission cost; ¢ is the
carbon trading base price; w and 0 are the reward coefficient and
penalty coeflicient respectively; is the interval length of the carbon
emission quota.

3.2 Green certificate trading mechanism

Green certificates are the country’s certification of renewable
energy grid-connected electricity, and are also certificates for
demand-side consumption of green electricity. Similar to the carbon
trading mechanism, the green certificate trading mechanism also
uses transactions to play the role of the market in optimizing
resource allocation. When the number of green certificates in the
integrated energy system exceeds the system’ free green certificate
quota, the surplus number of green certificates can be sold in the
green certificate trading market to obtain revenue. On the contrary,
it is necessary to purchase additional insufficient green certificates
from the market to meet the green certificate quota indicators. The
calculation formula for the Green certificate trading mechanism
model is shown in Equation 13:

T
DP = aPzPload,e(t)

t=1
T

Dy = SLZZ Pyyr(t)

=1
Coer = eGCT(DS - Dp)

where: §p, is the quota coeflicient of the number of green certificates

(13)

allocated in IES; ¢, is the conversion coefficient of wind power
WT power generation into the number of green certificates, 1 green
certificate corresponds to 1 MWh of WT settlement volume, and this
paper takes 0.6; Py, (?) is the electricity load; Py, 1(t) is the output
power of WT; D, is the quota of the number of green certificates held
by IES; Dy is the number of green certificates obtained by IES new
energy power generation; eqcp is the green certificate transaction
price, and Cgy is the green certificate transaction cost of IES.
Considering that the transaction price of green certificates
changes with the change of the number of green certificates,
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this paper characterizes the transaction price of green certificates
based on the Cournot transaction model of quantity competition.
According to the Cournot model formula, the green certificate
model transaction price is shown in Equation 14:

oy
ecer = dger ~ bgerDe

! —
Acer = €6ero

b= (1- eé;CT)eGCT,O (14)
GCT T
6P z Pioad,e
t=1

Where: ag, ., bgp are the two positive parameters of the inverse
price function of the Cournot trading model; D, is the number of
green certificates sold by IES.

Among them, and b'GCT is shown in Equation 15:

!
aGer

! —
Acer = €6ero

!
r (1 - s(;CT)eGCT,O (15)
GCT — T
6P z P?oad,e
t=1

Where: eGcr is the basic transaction price of green certificates; e[,
is the GCT transaction price ratio calculated based on historical data.
As the upper limit of the green certificate transaction price, the basic
transaction price of green certificates will directly affect the wind
power output effect and the transaction cost of green certificates. The
basic transaction price of green certificates selected in this paper is
220 CNY/book.

3.3 Joint transaction mechanism based on
CET-GCT

At present, there are problems of incoordination between
my country’s carbon trading market, green certificate trading
market and electricity market. Among them, the Chinese certified
emission reduction (CCER) has strengthened the connection and
coordination of my country’s electricity market. Since CCER and
green certificates have a mutual recognition relationship through
electricity substitution, and CCER and carbon quotas can be
converted in equal proportion, CCER can be used as a bridge to
achieve mutual recognition of green certificates and carbon quotas,
so that the CET mechanism and the GCT mechanism are coupled
with each other to jointly promote carbon emission reduction.

The implementation steps of the CET-GCT joint trading
mechanism are as follows:

1) Calculate the initial carbon emission amount of IES

By adopting the baseline method to allocate the carbon emission
quota of IES, the calculation model is Formula 11.

2) Determine the carbon emission reduction of CCER

According to the “Integrated Baseline Methodology for

Renewable Energy Generation Grid-connected Projects”
promulgated in 2013, the emission reduction of each MWh of

renewable energy generation can be determined by the “regional
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grid baseline emission factor”, based on which the carbon emission
reduction corresponding to GCT can be shown in Equation 16:

T
Qccer = Z (AomVer + AsmYer) Pre(®)

t=1

(16)

In the formula: Qgcgy is the carbon emissions of IES, that is,
the carbon emissions offset by green certificates; y,, and y,, are
the marginal emission factor weights for electricity and capacity
respectively; Agy and Apy are the edited emission factors for
electricity and capacity respectively; Pp,(t) is the green electricity of
IES new energy quota.

3) Determine the carbon quota of IES after mutual recognition of
carbon and green certificates

After considering the carbon emissions behind the green
certificate, it can directly affect the carbon emissions of IES, which
can be shown in Equation 17:

Qco,.185 = Qepuy T Qar + Qap + Qecrr 17)

4) Analyze the benefits of CET-GCT joint trading mechanism

After the mutual recognition of carbon and green certificates
is completed, on the one hand, the carbon quota of IES can be
increased, effectively reducing the carbon trading cost of IES, and
on the other hand, the enthusiasm of power generation companies
to purchase green certificates can be increased. Although the market
functions of the CET mechanism and the GCT mechanism are
different, the ultimate goal of both is to absorb new energy and
reduce carbon emissions.

3.4 Comprehensive demand response

Comprehensive demand response is to guide users to change
their energy consumption habits through compensation methods
such as price incentives on the load side, thereby reducing or
shifting the load demand within a certain period of time. This
paper divides the comprehensive demand response load into fixed
type, shift type and replaceable type. The mathematical model is
shown in the Equation 18:

Pr10ad® = Prjoads(D) + Prtoad,p (D) + Prjoad.c (D)
Pk,load,i(t) = Pk,load,O,i(t) + APk,load,i(t)

in out _
Bk)i + Bk,i =1

BPygoua (1) = BLPLL(0 - BYYEC)
T

Y AP, (1) =0

t=1
APe,load,c(t) + APh,load,c(t) + APg,load,c(t) =0

(18)

Pk,load,i, min < Apk,load,i(t) < Pk,load,i,max

Where: k is the load demand, when = e, it is electric load; when = h,
itis heatload; when = g, it is gas load. 7 is the load type, when i = p, it
is shift load; when i = ¢, it is replaceable. Py },,4(t) is the load demand
at k moment #; Py 1.q.:(£)s Pr1oaa,i(f) and APy .4 :(t) are respectively
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the actual load, initial load and response load of k types of load
demands at moment £; B}(‘:‘i and Bi,‘;t are respectively the transfer-in
and transfer-out state parameters of the load demand at moment ¢,
both of which are 0-1 variables: P;{';(t) and Pf{’)‘gt(t) are respectively the
transfer-in and transfer-out powers of the load demand at moment t;
Py 1oad i max 314 Py joad ;. min aT€ respectively the upper and lower limits
of the load demand response at k moment.

4 |ES low carbon economic dispatch
model

4.1 Objective function

The IES optimization dispatch model takes the lowest IES
comprehensive cost F as the objective function, including green
certificate transaction cost, carbon transaction cost, energy purchase
cost, equipment operation and maintenance cost, demand response
cost, and wind curtailment cost. The objective function model
is shown in Equation 19:

min F = Cserumes + Ceo, s + Couy,ies (19)

+ Com,ies + Crories + Cwe,iss + Ccostore

Where: F is the total cost of IES; Cyyy s is the cost of IES energy

purchase; Coyyrps is the cost of IES operation and maintenance;

Ciprps is the cost of demand response subsidy; Cyyp g is the

cost of IES wind curtailment; Crp ore i the cost of IES carbon
=

sequestration.

4.1.1 Energy purchase cost

The Energy purchase cost model is shown in Equation 20:

Cauy,ames = Cebuy T Cobuy
T

Ce,buy = Z [Pepe,buy(t)]

t=1

T
Cobuy = ; [ng g,buy(t)]

(20)

Where: Cpyy» Cgpuy are the IES electricity and gas purchase
costs respectively; P, (1), Pypuy () are the IES electricity and gas
purchase powers respectively; p,, p, are the IES electricity and gas

purchase prices respectively.

4.1.2 Operation and maintenance cost

The Operation and maintenance cost model is shown in Equation 21:

Commes = Z Comi
i
T 1)
Cowm,i = Z [eom,iPiin(D)]
=1
Where: Cp); ; is the operation and maintenance cost of device i; g ;

is the unit operation and maintenance cost of device i; P; () is the

output power of device i.
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4.1.3 Cost of curtailed wind power
The Cost of curtailed wind power model is shown in Equation 22:

T

Cupis = Ot (Pwt, max() = Pyyr(8))
t=1

(22)

Where: &y is the unit wind abandonment penalty coefficient;
Py max(?) is the predicted wind power.

4.1.4 Demand response compensation cost
The
shown in Equation 23:

Demand response compensation cost model is

CIDR = Cdr,p (|APe,load,p(t)| + |APh,load,p(t)| + |APg,load,p(t)|)

(23)
+ Cdr,c(|APe,load,c(t)| + IAPh,load,c(t)| + |APg,load,c(t)|)

Where: ¢4, ¢4y, are the response compensation coeflicients of the
translatable load and replaceable load respectively.

4.1.5 Carbon storage cost

CCPP-P2G joint operation provides the CO, captured by
CCPP to MR for reaction first, and the rest is stored, which
reduces the carbon source cost of MR and the carbon storage
cost of the system. This paper assumes that the volume of
CO, consumed in the methanation reaction is equal to the
volume of methane generated, and the carbon storage cost
is shown in Formula 24.

Pcoz)(h_ep Mr—g(1)

b (24)

T
CCOz,store = CCSZ [Ecapture(t) - EMR(t)]
t=1

Eyr(t) =

Where: E;;(#) is the amount of CO, consumed by the MR reaction
at time t pg is the CO, gas density; ccg is the unit carbon
sequestration cost.

4.2 Constraints
4.2.1 Power balance constraint

The energy balance of the integrated energy system is shown in
Equations 25-28:

Pe,buy(t) + PWT(t) + Pccpp,e(t) + PCHP,e(t) + PHFC,e(t)

= Pejoad(t) + Pepr (1) + Ppg (1) (25)
Prc(8) + Pepp () + Popp(t) = Prjoaa(t) + Pys(t) - (26)
Ptuy () + Pai () = Pyjoaa(t) + Py crp(t) + Py p(t) — (27)

Pyp 1, (8) = Py air(0) + Prr, pipc(8) + Py, cip(8) + Prys(£) - (28)
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FIGURE 3
IES load forecast and wind power output forecast.

TABLE 1 Time-of-use electricity price information.

Initial electricity CNY/kWh/m3
price
Valley 1:00-6:00,23:00-24:00 0.5
Level 7:00-8:00,13:00-17:00 0.73
Peak 9:00-12:00,18:00-22:00 1.21

5 Example analysis

In order to verify the effectiveness of the model proposed in
this paper, an example is set up with T=24h as a scheduling
cycle for verification. The forecast of electricity, heat, gas load and
wind power output of the IES is shown in Figure 3. The internal
equipment parameters of the IES and the interactive electricity price
between the power grid and the integrated energy system are shown
in Table 1. The carbon trading base price y is 0.368 CNY/kg, the
reward coefficient w and the penalty coefficient 6 are 0.15 and 0.2
respectively, and the carbon emission interval length d is 2,000 kg.
The internal cost parameters of the system are shown in Table 2.
The low calorific value of natural gas and hydrogen is 39 MJ/m? and
11 MJ/m? respectively. In this paper, the proportion of shift load and
replaceable load in the system load is 10%. The internal equipment
parameters of the IES are shown in Table 3.

5.1 Analysis of the results of optimized
dispatch of IES

In order to verify the effectiveness of the integrated energy
system optimization scheduling model of comprehensive demand
response, carbon capture power plant and hydrogen energy
diversified utilization proposed in this paper, the following four
scenarios are set for analysis:
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TABLE 2 System internal cost parameters.

Parameters ’ Values
py (CNY/KWh) 0.35
Carp (CNY/KWh) 0.05
Care (CNY/KWh) 0.05
S8y (CNY/KWh) 0.25
ces (CNY/t) 40

Scheme 1: IES only considers carbon capture equipment.

Scheme 2: IES considers the coordinated operation of carbon
capture power plant and traditional P2G equipment.

Scheme 3: Consider the diversified utilization structure of hydrogen
energy on the basis of Scheme 2

Scheme 4: Consider the comprehensive demand response
mechanism on the basis of Scheme 3
Scheme 5: Consider the green certificate-carbon  trading

mechanism on the basis of Scheme 4, that is, the
optimization scheduling model proposed in this paper.

The optimization scheduling results of the above scheme
are shown in Table 4:

As shown in Table 4, the optimization scheduling model
proposed in this paper has achieved good results in low carbon
and economy. Compared with Scheme 1, Scheme 2 has a total
cost reduction of 20.1%, a carbon emission reduction of 25.3%,
and a wind abandonment rate reduction from 10.4% to 5.6%.
This shows that under the joint action of the carbon capture
system and traditional P2G equipment, the IES system can
effectively suppress the anti-peak characteristics of wind power
generation, reduce the interaction cost between the system and
the external power grid, and thus reduce the carbon emissions of
the system.

Scheme 3 has a total cost reduction of 18.3%, a carbon emission
reduction of 2.79%, and a wind abandonment rate reduction from
5.6% to 2.8% compared with Scheme 2. Scheme 3 introduces a
hydrogen energy multi-utilization structure on the basis of Scheme
2. Compared with traditional P2G, considering the hydrogen energy
utilization links such as HFC and gas hydrogen blending, it can
optimize the energy structure, and use part of the hydrogen
generated by EL for power and heat through HFC and CHP,
without the need to convert it into natural gas for reaction.
The process is cleaner and more efficient, reducing energy loss
and carbon emissions, and improving energy utilization efficiency,
thereby improving system flexibility and economy. At the same time,
compared with natural gas, hydrogen can effectively reduce the
carbon emissions of the system.

Compared with Scheme 3, Scheme 4 reduces the total cost by
1.14%, reduces carbon emissions by 29.1%, and reduces the wind
abandonment rate from 2.8% to 0, proving that demand response
can reduce the carbon emissions of the system while improving
the economy of the system. Under the influence of time-of-use
electricity prices, the interaction cost between the system and the
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TABLE 3 Internal equipment parameters of the IES.

10.3389/fenrg.2024.1447858

Energy conversion Efficiency Rated power/kW Climbing power/kW
equipment
CHP electricity0.45, Thermal0.55 900 200
GB 0.9 1,200 200
EL 0.87 400 100
HFC 0.95 250 50
MR 0.7 200 50
Energy storage equipment Charge/discharge Maximum capacity/kW Maximum
efficiency charge/discharge
power/kW
HST 0.97 1,000 200
HES 0.95 600 150
TABLE 4 |ES optimization scheduling results of Schemes 1-5.
Result Scheme 1 Scheme 2 ‘ Scheme 3 ’ Scheme 4 Scheme 5
Total cost 738.79 590.24 482.04 476.53 460.12
Interaction cost with the Upper grid 363.64 61.39 0.89 0 0
Coal-fired unit power Generation cost 151.2 221.37 225.20 229.69 207.46
Natural gas cost 172.87 254.26 206.84 202.72 227.10
Demand response Compensation costs - - - 1.81 1.79
Cost of curtailment 1.83 0.63 0.30 0 0
Carbon storage costs 0 15.80 13.05 16.96 11.89
Carbon trading costs 49.25 36.80 35.78 25.35 30.24
Carbon emission 4,104.20 3,066.77 2,981.28 2,112.26 1,578.45
Green Certificate Trading Mechanism Cost - - - - -18.36
Wind curtailment rate 10.4% 5.6% 2.8% 0 0

upper power grid is reduced by 8,900 yuan, which shows that
demand response can optimize the energy supply of the system
and make the output of the internal equipment of the system more
flexible; during the peak load during the day, part of the load is
transferred to the night when the electricity price is lower, which
effectively suppresses the anti-peaking characteristics of wind power
generation; the nighttime electricity price is relatively low, and the
use of low electricity prices to meet the load demand reduces the
cost of coal-fired power generation, and the overall power supply
cost is reduced. At the same time, part of the thermal load and
gas load are replaced by the electricity load at low electricity prices
through energy conversion equipment, which reduces the cost of
purchasing gas.

Frontiers in Energy Research 10

Compared with Scheme 4, Scheme 5 has a total cost reduction
of 3.44% and a carbon emission reduction of 25.27% under the
influence of the green certificate-carbon trading mechanism. Under
the influence of the green certificate-carbon trading mechanism,
the system will give priority to energy with lower carbon emissions
for energy supply. CET effectively reduces the system’s carbon
emissions by rewarding low-carbon units and punishing the output
power of high-carbon units. In addition, it can sell abundant
carbon quotas in the carbon trading market to obtain part
of the income. At the same time, the GCT mechanism can
effectively promote the proportion of green electricity in the
model. Due to the high proportion of green electricity in the
model, IES can obtain green certificate income in the green
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TABLE 5 IES optimization scheduling results of Schemes 6-8.

10.3389/fenrg.2024.1447858

Result Scheme 6 Scheme 7 Scheme 8
Total cost 590.24 512.44 482.04
Interaction cost with the upper grid 61.39 37.87 0.89
Coal-fired unit power generation cost 221.37 226.54 225.20
Natural gas cost 254.26 201.10 206.84
Demand response compensation costs 0.63 0.45 0.30
Cost of curtailment 15.80 9.86 13.05
Carbon storage costs 36.80 36.62 35.78
Carbon trading costs 3,066.77 3,001.48 2,981.28
Carbon emission
Green Certificate Trading Mechanism Cost 5.6% 4.3% 2.8%

certificate trading market, which improves the economic benefits of
the system.

5.2 Impact of multiple utilization of
hydrogen energy on system operation

In order to further verify the effectiveness of the hydrogen
energy multi-utilization model, the following four scenarios are set
for analysis:

Scheme 6. Consider only P2G, that is, Scheme 2 of this paper.

Scheme 7. Based on Scheme 6, consider hydrogen fuel cells.

Scheme 8. Based on Scheme 7, further consider gas-hydrogen
CHP, that is, 4 of this paper. The
optimization scheduling results of the above schemes

Scheme

are shown in Table 5.

As shown in Table 5, compared with Scheme 6, Scheme 7 has a
total cost reduction of 13.18% and a total carbon emission reduction
of 2.13%, which proves that considering hydrogen fuel cells can
effectively reduce the total cost and carbon emissions of the system.
After the introduction of hydrogen fuel cells, the hydrogen produced
by the EL can be directly used for cogeneration through HFC, which
is cleaner and more efficient than producing natural gas through MR
reaction and then cogeneration through CHP, reducing energy loss
and carbon emissions. Compared with Scheme 7, Scheme 8 has a
total cost reduction of 5.93% and a total carbon emission reduction
of 0.67%, which proves that considering gas-hydrogen CHP can
reduce the total cost and carbon emissions of the system to a certain
extent. Gas-hydrogen CHP only adds the way that hydrogen is
directly used for cogeneration through CHP, reducing the energy
loss of MR reaction, thereby reducing the cost of purchasing gas.
At the same time, hydrogen is directly supplied to CHP, replacing
part of natural gas and reducing carbon emissions. Affected by the
existing hydrogen blending technology and the upper limit of CHP
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FIGURE 4
IES hydrogen power balance diagram.

power, gas-hydrogen CHP can only optimize the total cost and
carbon emissions of the system to a small extent.

It can be concluded that the diversified utilization of hydrogen
energy can further reduce the total cost and carbon emissions of the
system compared with single utilization. The introduction of HFC
and gas-hydrogen-blended CHP can enable hydrogen to be directly
used for cogeneration and reduce energy loss. When the HFC power
reaches its upper limit, gas-hydrogen-blended CHP can increase the
application of hydrogen and use surplus hydrogen for cogeneration,
thereby improving energy utilization.

The hydrogen power balance diagram of the optimized
dispatching operation of Scheme 8 system is shown in Figure 4.

As shown in Figure 4, when there is surplus wind power at
night, in order to improve wind power consumption, the system
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uses EL to produce hydrogen, a part of the hydrogen is stored
in hydrogen storage tanks, and the surplus hydrogen is used for
cogeneration through HFC. Due to the power limit, a part of it
is used to produce natural gas through MR, and a small part of
hydrogen is used for gas hydrogen blending; during the peak power
consumption during the day, the system releases the hydrogen in
the hydrogen storage tank and uses it all for HFC energy supply,
and continues to produce hydrogen at night. When the HFC reaches
the power limit and hydrogen is surplus, the system will give
priority to hydrogen storage, and then MR reaction will produce
natural gas. The system will still produce natural gas through MR.
This is because the heat load demand is high at night and the
electricity load demand is low. The surplus hydrogen is used to
produce natural gas, using GB high-efficiency heating to reduce gas
purchase costs.

5.3 Comprehensive demand response
benefit analysis

The comprehensive demand response scheduling result of the
system in Scheme 4 is shown in Figure 5.

As shown in Figure 5, for loads that can be horizontally shifted,
due to the abundance of wind power resources at night and the
influence of time-of-use electricity prices, the system transfers part
of the electricity load during peak hours to the valley and flat
valley hours, which alleviates the pressure of electricity consumption
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during peak loads and reduces the power supply cost. The demand
for heat load and gas load is higher at night and lower during the
day. In order to alleviate the pressure of purchasing gas at night for
heating through GB and CHP, part of the heat load is transferred to
the daytime. Since the electricity load during the peak hours during
the day is reduced and affected by the time-of-use electricity price,
increasing the heat load can increase the output power of CHP and
HEC, thereby reducing the system’s electricity purchase cost during
the peak hours during the day. The system’s natural gas sources
mainly include the natural gas grid and MR. When the natural gas
produced by MR is not enough to meet the gas load, the transfer of
gasload will not affect the system’s carbon emissions, and will further
increase the demand response cost. Therefore, this article does not
consider the transfer of gas load.

For alternative loads, replacing part of the nighttime heat load
and gas load with electric load can not only promote the utilization
of wind power resources at night, but also purchase electricity from
the upper power grid at the nighttime valley price, reducing the total
system cost; during the peak period of daytime electricity load, since
the heat production efficiency of GB is higher than that of HFC and
CHP, replacing part of the heat load with gas load can alleviate the
heating pressure and reduce the energy consumption of the system.

Based on the above analysis, it can be seen that comprehensive
demand response can guide the shift and replacement of
multiple loads on the demand side, and can effectively adjust
the peak-valley difference of the system load, thereby smoothing
the load fluctuation, promoting the consumption of wind
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power, reducing the system carbon emissions and electricity
purchase costs,
operation of IES.

and promoting the low-carbon economic

5.4 Analysis of the impact of green
certificate-carbon trading mechanism on
the low-carbon economic benefits of the
integrated energy system

In order to further verify the effectiveness of the green
certificate-carbon trading mechanism, the following three scenarios
are set for analysis:

Scheme 9: Only consider the traditional carbon trading
mechanism, that is, Scheme 4 of this article.
Scheme 10: On the basis of Scheme 9, introduce a reward and
punishment carbon trading mechanism.
Scheme 11: On the basis of Scheme 9, introduce a green certificate
trading mechanism.
Scheme 12: On the basis of Scheme 9, introduce a green certificate-

carbon trading mechanism, that is, Scheme 5 of
this article.

Figure 6 shows the output of high and low carbon units in
Scheme 9 and Scheme 10. In this system, high carbon units are
purchased electricity, and low carbon units are gas units. Compared
with Scheme 4, after Scheme 5 introduces the reward ladder
carbon trading mechanism, since the proportion of gas units in
IES is relatively high, after introducing the reward and punishment
ladder carbon trading mechanism, IES can increase the output of
low carbon units and reduce the output of high carbon units by
rewarding the output power of low carbon units and punishing
high carbon units, effectively reducing the carbon emissions of
the system. In addition, it is also possible to sell the surplus
carbon quota in the carbon trading market and obtain part of
the income.

Figure 7 shows the comparison of new energy consumption
between Scheme 9 and Scheme 10. Scheme 5 introduces the GCT
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mechanism compared to Scheme 4. Since the proportion of green
electricity in the model is relatively high, IES can obtain benefits in
the green certificate trading market, which improves the economic
benefits of the system.

By considering the mutual recognition of CCER and green
certificates to calculate the carbon emission reduction behind the
new energy supply, and then affecting the carbon quota of the
system, the CET mechanism and the GCT mechanism are coupled
with each other. The CET-GCT joint trading mechanism can
further reduce the carbon emissions of the system and increase the
enthusiasm of the system to purchase green certificates and low-
carbon unit output. As shown in Table 4, compared with Scheme
10 and Scheme 11, Scheme 12 combines the advantages of the CET
mechanism and the GCT mechanism, so that the comprehensive
cost and carbon emissions of IES are further reduced, which verifies
the low-carbon economy of the CET-GCT joint trading mechanism
proposed in this paper.

6 Conclusion

This paper proposes a low-carbon economic dispatch model
for an integrated energy system containing carbon capture power
plants and multiple utilization of hydrogen energy. The model
takes into account the flexible operation characteristics of liquid-
storage CCPP, refines the P2G two-stage operation, and adopts a
hydrogen energy diversified utilization strategy to improve energy
utilization efficiency. On this basis, the green certificate-carbon
trading mechanism and comprehensive demand response are
introduced to Minimizing the total system cost is the optimization
goal, and through research and analysis, the following conclusions
are reached:

1) The calculation example results prove that the model proposed
in this article can effectively reduce the total system cost and
carbon emissions, improve clean energy consumption and
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energy utilization, and has significant economical and low-

carbon properties.
2) Diversified utilization of hydrogen energy increases the
utilization of hydrogen energy, gives full play to the clean and
efficient characteristics of hydrogen energy, reduces energy
cascade losses, can effectively improve system flexibility,
promote night-time wind power consumption, reduce
system carbon emissions, and improve system’s low-carbon
economic benefits.
3) Comprehensive demand response can cut peaks and fill valleys
in the system load demand to a certain extent, stabilize
load fluctuations, alleviate the pressure of system supply and
demand imbalance, promote clean energy consumption, and
reduce system energy purchase costs.
4) The CET-GCT joint trading mechanism proposed in this
article reduces carbon emissions by 25.81% and comprehensive
costs by 18.87%. Compared with only considering the CET
mechanism and the GCT mechanism alone, the CET-GCT
joint trading mechanism has better emission reduction effects
and economics, and can effectively bring into play the
complementary characteristics and synergistic effects of the
two mechanisms, thereby further improving the economics
and low-carbon of IES sex.
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