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The operation effects of a source-side carbon capture power plant (CCPP) and
power-to-gas (P2G) equipment do not match. The response range of the load-
side traditional demand response strategy is small, and the adjustment period is
limited, which leads to the problem that the complementary potential of low-
carbon characteristics on both sides of the source and load is not fully utilized.
This article proposes an electricity—heat coupling system scheduling strategy
considering the complementary low-carbon characteristics of “source-load.”
First, the low-carbon operation characteristics of CCPP and P2G with
integrated, flexible operations are analyzed, and a source-side CCPP-P2G
comprehensive flexible operation mode is proposed. Second, based on the
characteristics of flexible adjustment and mutual substitution of electricity and
heat load, a load-side comprehensive demand response method is proposed.
Finally, the complementary mechanism of low-carbon characteristics on both
sides of the source and load is analyzed, and a low-carbon economic dispatch
model of the electricity—heat coupling system is constructed to realize the
source—load collaborative low-carbon operations. The simulation analysis
verifies that the proposed strategy can give full play to the energy time shift
advantages of the source-side CCPP and P2G and improve the economic and
environmental benefits of the system operations.

source—load complementarity, electricity—heat coupling system, low-carbon
characteristic, demand response, carbon capture

1 Introduction

Under the background of the dual-carbon target, the energy and power industry, as the
main source of global carbon emissions, urgently needs to explore new ways of clean and
low-carbon development (Ji et al., 2013; Han et al., 2020). Developing low-carbon power
technology is the core means to directly reduce carbon emissions in new power systems
(Cheng et al,, 2020; Zheng et al., 2022; Li et al., 2024). At present, thermal power generation
still occupies a dominant position in China’s energy structure. Therefore, the low-carbon
transformation of the source-side units and the demand response strategy of the load side
are important ways to realize the low-carbon operations of the integrated energy system and
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the key measures to realize the popularization and application of the
integrated energy system (Liao et al., 2024).

Carbon capture, utilization and storage, and P2G technology are
important ways to promote low-carbon transformation on the
source side (Wu et al, 2023; Abdilahi et al., 2018). Traditional
coal-fired and gas-fired power plants are transformed into carbon
capture power plants by means of carbon capture and storage
technology, which can equip them with good flexible operation
characteristics (Zhang et al, 2023; Lu et al, 2013). It can also
effectively promote energy
achieving large-scale and high-efficiency reductions in carbon

renewable consumption while
emissions (Ding et al, 2022). Currently, the installed carbon
capture system mainly balances the unit emission reduction and
load supply output by adjusting the split-flow operation of the
proportion of direct exhaust gas and the liquid storage operation
of decoupling the exhaust gas capture and precipitation process.
However, the former is prone to conflict between load demand and
carbon capture demand, and the latter cannot actively emit CO,
according to demand, resulting in poor scheduling flexibility. By
installing solution storage to form a comprehensive flexible CCPP
operations mode, the processes of absorption and CO, capture can
be decoupled from each other so that the total amount of CO, to be
resolved can be adjusted from time to time under the operating
conditions of the unit and the load demand of the system. This
would effectively expand the net output range of the unit,
significantly improve the dispatching capability of the unit, and
realize the energy time-shift of the captured power (Lei et al., 2023).
Cui et al. (2021a) compared and analyzed the effect of integrated
flexible and fixed operations of CCPPs. It proved that the integrated,
flexible operation method could significantly reduce the system
operating cost and carbon emissions. Tan et al. (2022)
constructed a synergistic operation model of wind turbines and a
CCPP that further exploited the potential of joint operations of a
CCPP and renewable energy sources.

Coupling the carbon capture system with the P2G system, using
the captured and precipitated CO, as the carbon source required in
the power-to-gas conversion reaction process, and using the
renewable energy source to provide the main electric energy for
the operation of the electric-to-gas conversion system (Zhang et al.,
2020) can improve the consumption of renewable energy and realize
the recycling of carbon resources (Sigin et al., 2022). Yan et al. (2021)
constructed a two-stage refinement model for P2G that contributes
to the system’s response to the green-certificate-carbon-trading
mechanism through joint operation. Ma et al. (2021) considered
the operating characteristics of cogeneration units retrofitted with
carbon capture equipment and constructed a low-carbon scheduling
method for cooperative operation with the P2G system. It realized
the recycling of carbon and reduced the system’s energy cost. In the
coupling relationship between a CCPP and a P2G, carbon storage
equipment plays a key role in solving the problem of asynchronous
operations between them. Lu et al. 2023) embodied a carbon
recycling module with a carbon storage device that can store part
of the CO, generated by the unit when the renewable energy output
is low, thus realizing the low-carbon scheduling of a virtual
power plant.

Although improving the operating efficiency of low-carbon
equipment such as CCPP and P2G on the source side can
effectively reduce the power system’s emissions, the -early
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realization of the “dual-carbon” goal still requires the assistance
of low-carbon reforms on the energy consumption side (Zhang et al.,
2024). Demand response as a flexible resource on the load side has a
larger scheduling potential at the low-carbon level. Demand
response can guide all types of energy consumers to optimize
their energy use periods and strategies by adjusting price signals
or incentives, maximizing their subjective initiative in the interests
of users, and assisting in the safe, efficient, low-carbon, and clean
operation of the power system. For example, the demand response
on the load side can reduce the peak load, alleviate the net output
pressure of the load of the CCPP, and improve the CCPP’s ability to
provide the upper spinning reserve. Zhao et al. (2022) established a
virtual power plant optimal scheduling model considering carbon
capture and demand response and assisted the CCPP in adjusting its
supply load power and capture power by guiding the electric load to
participate in the demand response. The strategy can facilitate the
operation of the carbon capture system while meeting the load
demand. Zhou and Zheng (2022) introduced the in-system
integrated demand response for electricity and heat, analyzed the
complementary dispatch value of multiple loads, and further
explored the low carbon and economy of system operations.

The above analyses indicate that source-side CCPP, P2G
systems, and load-side demand response strategies are all
effective means of low carbon. In a system with complementary
characteristics, either the source side or the load side can play a role
in reducing carbon emissions when the other side is not able to
support the low-carbon operation of the whole system by itself. They
are the core of improving the operational efficiency of the system,
reducing carbon emissions, and increasing the new energy
consumption rate. Existing studies have three problems: First,
most existing studies directly connect the P2G with the carbon
capture system, ignoring the existence of operating time and space
inequality and mismatch of the operation effect between the two.
These studies lack in-depth research on their synergistic operation
mode, which leads to the low utilization rate of carbon resources.
Second, current research has considered the potential dispatchability
of multiple flexible loads, but the traditional demand response
strategy has a small response range and limited regulation period
and does not fully explore the flexible substitution potential among
multiple loads. The low-carbon performance of the load side of the
system needs to be further improved. Third, few studies deeply
analyze the problems and limitations of the synergistic low-carbon
dispatch between demand response resources on the load side and
the source side of the CCPP and P2G, failing to clarify the
complementarity of the source-load cooperation. Therefore, it is
necessary to study the synergistic operation of the carbon capture
system and the P2G system, combined with the integrated demand
response strategy for multiple loads on the load side, to realize the
complementary relationship between the source and the load, to
explore the low-carbon potential in-depth, and to further improve
the economy and low-carbon performance of electricity—heat
coupling system operations.

In summary, this article studies electricity-heat coupling system
scheduling strategies that consider complementary source-load low-
carbon characteristics. The main contributions of this article follow.

(1) The flexible and synergistic operation of a CCPP-P2G system
can significantly reduce the total cost of system operations as
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Comprehensive flexible operation of CCPPs.

well as carbon emissions and fully utilize the energy time shift
advantages of both systems.

(2) Compared with source-side optimization only, the total
system cost is reduced by 0.22%, and the carbon
emissions are reduced by 17.47% after considering the
integrated demand response. It is proved that the
integrated demand response approach can provide the
mutual benefit effect of electricity and heat loads based
on the reasonable adjustment of the peak and valley
differences.

—
(SS)
~

Considering the comprehensive flexible operation of the
CCPP-P2G system and the integrated demand response
characteristics of the electric and thermal loads, the
electricity-heat
source-load synergistic low-carbon effect can be fully

potential of the coupling  system’s
exploited, and the renewable energy sources can be
efficiently utilized to improve the economy and low-carbon

nature of the electricity-heat coupling system.

The rest of the article is organized as follows. Section 2
constructs a low-carbon economic operating mode on the source
side of the electricity-heat coupling system. Section 3 constructs a
low-carbon economic operating mode on the load side of the
electricity-heat coupling system. Section 4 proposes a low-carbon
economic dispatch model of the electricity-heat coupling system
based on the complementary mechanism of the source-load low-
carbon characteristics. Section 5 analyzes the reasonableness and
effectiveness of the model through simulation comparison. Section 5
concludes the article.
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2 Source-side low-carbon economic
operation method

2.1 Comprehensive flexible operation
method model for carbon capture
power plants

The comprehensive flexible operation mode of CCPPs combines
the advantages of multiple flexible operation modes. In addition to
the active and controllable capture level, its energy consumption
time-shift characteristic can greatly relieve the down-peaking and
standby pressure of the unit, which can help solve the problem of
intermittent power output from the wind. It is one of the ideal power
sources for cooperating with renewable energy. The comprehensive
flexible operation mode of the CCPP is shown in Figure 1. The
comprehensively flexible operation method model for carbon
capture power plants is shown in Equations 1-9:

The CO, emissions of the CCPP i Eth at time ¢t are as follows:

G _ ,CO; pG
Ei,: =¢ 2pi,t, (1)
where Pf’t is the output power of the unit i in time ¢, and eiCOz is the
carbon emission intensity of the unit.
SG _ SG G _ pCOzout
Ei,t - Ei,t—l + ﬁéiEi,t - Ei,t %, )
0< E; ™ <nPef™PS

where E}¢ | is the amount of CO, to be precipitated fixed in the
liquid storage of unit 4, § is the carbon sequestration efficiency of the
carbon capture system, 9; is the flue gas split ratio of unit 7,0 < §; <1,
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E,cto 29U is the amount of CO, analytically processed by unit i, 7 is the

efficiency coefficient of the regeneration tower and compressor, and
G
p i, max
The CO, in the liquid storage is stored in the alcohol amine

is the maximum output power.

solution in the form of a compound, and the volume of CO,
absorbed by the liquid is as follows:

COjout
co, _ Eir " Muga

i E (3)
t ]\4(;0z QCRPR

where Vftoz is the volume of CO, in the alcohol amine solution
analyzed for the output of the unit i in time t; Myga and Mo, are
the molar masses of alcohol amine and CO,, respectively; 0 is the
analytical quantity of the regeneration tower; Cr 1is the
concentration of the alcohol amine solution; and pp is the
density of the alcohol amine solution.

To ensure that the CO, absorbed on that day is fully resolved
and utilized, the liquid storage model is contrasted as follows:

rich _ yyrich _ 17CO2
Vi,t - Vi,t—l Vi,t

deplete _ y ,deplete CO,
4 =V Vi

it (4)
rich _ yyrich 4

Vi,O - Vi,24
deplete _ y ,deplete

Vi,O - Vi,24

where V7 and V&P are the volumes of the enriched liquid
storage and the depleted liquid storage in time f, respectively; v;jgh
and VZSP !¢ are the initial solution volumes, respectively; and V77
and Vfgf:lgte are the liquid volumes of the enriched and depleted
liquid storage at the end of the scheduling period, respectively.

The carbon capture energy consumption P,»C,tOZ of CO, released
from unit 7 in time ¢ is

Pi(,:toz — AEgOzout) (5)

where A is the energy consumption per unit of CO, released.

The output power of the unit with a carbon capture system is
mainly composed of load power and capture power. Therefore, the
total output power Pg of unit 7 in time ¢ is shown as follows:

G _ pGd , pT , pCO
Pi,t_Pi,t +Pi,t+pi,t % (6)
where Pg’d is the supply load power for unit i, and P}, is the fixed
capture power for the unit.
Therefore, the adjustable boundary of unit i capture power is
P!

CO, , pT CO, pG
i P+ P < AP mae; 2 P

1, max

+P], (7)

The load power boundary of the CCPP based on comprehensive
flexible operation is as follows:

P min = AP maxe Py = Py < P < P

i, min i, max

-P, ®)

The load power boundary of the CCPP based on split-flow
operation is as follows:

PS

i, min

— ABSi maxe2 P — Pl < PS4 < P

i, max it — 7 it — 7 i,max

- P;ft‘ )

As shown in Figure 2, the comprehensive flexible operation
mode of CCPPs can reduce the conflict between users’ electricity
consumption and carbon capture demand and increase the amount
of carbon capture by transferring the analytical demand of CO,
absorbed during load peak to load valley. At the same time, this
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method can adjust the flue gas absorption level of the unit according
to the operation of the electricity-heat coupling system and improve
the operational economy of the unit.

In summary, the carbon capture power plant, under the
comprehensive flexible operation mode, can transfer the captured
CO, processing output during a high-load demand period to a low-
load demand period and realize the time shift of the captured power
energy. It is conducive to improving the consumption level of
renewable energy, assists with peak shaving and valley filling, and
emissions of the electricity-heat

reduces the carbon

coupling system.

2.2 Modeling and characterization of the
CCPP-P2G flexible operation mode

Carbon capture power plants based on comprehensive
flexible operations also emit CO, when working, and the P2G
system can improve the economic benefits of the system by
increasing the operating power at the peak of new energy output.
In addition, if the P2G system realizes the complete conversion
of CO, precipitation during this period and there is still room for
improvement in operating power, it is necessary to purchase
carbon sources from outside, but high raw material costs will
inhibit its wind curtailment level. To solve the problems of
unequal operating time and space and mismatched operation
effect and improve the operational flexibility of the CCPP-P2G
system, it is necessary to further study the operation strategy of a
coupled CCPP-P2G system.

In this article, carbon storage equipment is added between the
two to establish a CCPP-P2G flexible operation mode, which
ensures a sufficient carbon source to synthesize methane for gas
turbine recycling during P2G operations in the peak hours of
renewable energy output.

As shown in Figure 3, when the wind power output is low, the
CCPP-P2G flexible operation mode can reduce the power of CO,
conversion in the P2G system, and the carbon capture system will be
separated out. The CO, that should be converted at the same time is
stored in the carbon storage device without the need to dispatch the
unit output power supply to convert it into methane. At the peak of
wind power output, the CCPP-P2G flexible operation mode can
fully use the remaining wind power for CO, conversion and ensure
that the carbon source required for P2G operations is sufficient. This
method is equivalent to using zero-carbon and low-cost renewable
energy to realize the carbon cycle and dynamic utilization of carbon
and to promote the P2G system to better adjust the operating power
with the fluctuation of wind power output to improve the
consumption level of renewable energy in the system.

Carbon storage equipment is an important part of the flexible
operation mode of CCPP-P2G. The model of carbon storage
equipment is shown in Equation 10:

MSP = M + (1= A)ME™ = MY, (10)

N3

where M Scto_ 5 and M are the carbon storage capacity of the carbon
storage equipment at times ¢-1 and ¢, respectively; M scf) 20 js the CO,
input into the carbon storage equipment s when the carbon capture
equipment is completed; MS**" is the CO, output of the P2G
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system supplied to the carbon storage equipment at time #; and A is
the loss coefficient.

The power consumed by P2G equipment to produce natural gas
is shown in Equation 11:

Vie® = aPifl, (11)
where P7C is the operating power of the P2G system and « is the
electrical conversion efficiency of P2G production power.

Correspondingly, the amount of CO, W,ctO ? required for the
P2G to produce natural gas is shown in Equation 12:

Wi = yPiS, (12)
where y is the coefficient of the amount of CO, required for P2G
conversion.

In summary, the captured CO, is compressed and stored, which
can reduce the operating cost of the system through carbon trading
and also provide carbon to be recycled by P2G equipment for gas

Frontiers in Energy Research

turbines, while improving the low-carbon level and economic
benefits of the electricity-heat coupling system.

3 Load-side low-carbon economic
operation method

In the previous section, the flexible operation mode of CCPP-
P2G is established, but it is limited to implementing low-carbon
scheduling only on the source side. By combining the
comprehensive demand response of the multi-load on the load
side with the complementary resources on both the source and
load sides, the low-carbon potential of the electricity-heat coupling

system can be further released.

3.1 Load characteristic analysis and demand
response mechanism

At present, the traditional power demand response has
developed into a comprehensive demand response that integrates
multiple energy types. Users in the electricity-heat coupling system
can convert energy supply means to meet the same needs through air
conditioners, electric water heaters, and other equipment. The loads
participating in the response in the electricity-heat coupling system
can be divided into two categories.

(1) Price-based demand response load uses only one kind of
energy. The energy consumption time is adjusted, or the
energy consumption demand is reduced, mainly via
transferable or reduced loads, depending on the energy
price at the time.

(2) Alternative demand response loads can use various forms of
energy to achieve the same demand by comparing energy
prices and optimizing energy selection to meet the load
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demand. In the same period, the total energy demand of users
is fixed, but the type of energy used can be changed.

3.2 Model of the load-side integrated
demand response mode

The demand response model of the electricity and heat load is
shown in Equation 13:

load _ pload S cl rl l [/ eh
Plwd = pload 4 AP — AP — AP + AH! ¢

il (13)
Hload — Hload + AHsl _ AHcl _ AHrl + APt
t 0.t t t t e’

where P24 and H# are the initial electric and thermal loads of
time t, respectively; Pi°*d and H°%¢ are the electricity and heat
loads after participating in the demand response at time f,
respectively; APS! and AH{! are the load transfer amounts at
time t, APfl and AHf1 are the load reductions at time t, AP;l
and AH™ are the electricity and heat load conversion amounts in
time t, respectively; and &M is the substitution coefficient of the
electric heating load.

(1) Price-based demand response model:

The price-based demand response formulates the energy
time-sharing price according to the load curve, guides the user
to improve the energy use strategy, and achieves peak shaving
and valley filling.

This article analyzes the time-sharing electricity and heat prices
based on the current pilot peak-valley average three-period time-
sharing electricity and heat prices in China and uses the price
elasticity matrix to characterize the changes in a load before and
after demand response:

IZAL_%I AL_?]T:EIZ%! L@]T) (14)
where E is the energy price elasticity matrix, AL, is the variation of
energy load demand at time f, L is the original energy demand at
time ¢, Ap, is the change of energy price at time t, and p{ is the initial
energy price at time t.

The transferable load optimizes the energy utilization strategy
by comparing the time-sharing electricity/heat price. From
Equation 14, the transferable load AP§l at time t is described
in Equation 15:

T e _ el
AP = P, [ZEslp . ] (15)
t=1 Pt

where Eq is the transferable load price elasticity matrix, Py, is the
transferable load at time ¢, p} is adjusted electricity price at time ¢,
and p¢* is the original electricity price at time . Similarly, AHS' can
be obtained.

The load that can be reduced, APS, at time ¢ is shown in
Equation 16:

T e _ el
APS = P, [ZEdP - ] (16)
t=1 pt
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where E is the price elasticity matrix of the load that can be
reduced, and Pgl)t is the load that can be reduced at time ¢. Similarly,
AHY can be obtained.

(2) Alternative demand response model:

By comparing the prices of various types of energy in the
electricity-heat coupling system during the same period, the
alternative demand response considers various factors, such as
the operation of the equipment in the system, and spontaneously
and flexibly adjusts the form of energy use.

In the electricity-heat coupling system, the mutual conversion
between the electric load and the heat load obeys the law of
conservation of energy, and the alternative demand response
model can be obtained by the calorific value equivalent method
in Equations 17, 18:

(Pil - P(r)l,t) = _ee’h(Hil - H{Jl,t)’ (17)
_ Q9.
8e,h - th)h) (18)

where P, and P!! are the amounts of load before and after the demand
response, respectively; HYi, and HY are the heat loads before and after
the demand response, respectively; Q. and Qy, are the calorific values of
unit electric and thermal energy, respectively, and ¢, and ¢, are the
efficiencies of unit electric and thermal energy use, respectively.

Among them, the power and heat load conversion amounts
satisfy the following constraints in Equation 19:

APrl < P;l _ Prl < APrl

t,min — 0t = t, max

AHrl <H:l _ Hrl < AHrl

t,min = 0t = t, max>

(19)

and AP

t, max

where AP

 min are the upper and lower limits of electric

and AH!

fmax are the

5 : 1l
load conversion, respectively, and AHY .

upper and lower limits of heat load conversion, respectively.

4 Low-carbon economic operation
strategy of the electricity—heat
coupling system

4.1 Analysis of complementary mechanism
of source—load low-carbon characteristics

The flexible operation method of the source-side CCS-P2G
system and the load-side integrated demand response strategy are
both effective ways to improve the low-carbon performance and
economy of the electricity-heat integrated energy system. Therefore,
this chapter considers the synergy between the source-side low-
carbon operations mechanism and the load-side comprehensive
demand response and establishes a low-carbon economic
dispatch model of the electricity-heat
considering the complementary low-carbon characteristics of

coupling  system
source-load to further improve the economic and environmental
benefits of the integrated energy system.

The electricity-heat coupling system constructed in this article is
shown in Figure 4. The source side of the electricity-heat coupling
system includes coal-fired units, natural gas-source cogeneration
units, and wind turbines. Among them, the traditional coal-fired and
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Integrated energy system model with CCS, P2G, and various types of demand response.

gas-fired units can be transformed into CCPPs to capture and
analyze the CO, emitted by the unit by being equipped with
carbon capture equipment. At the same time, the carbon storage
equipment plays a role as the hub to connect the carbon capture and
P2G, and the CO, stored after analysis is used to generate methane
to supply the gas unit for recycling.

The load side assists the low-carbon economic operation of the
source side by coordinating various demand response resources,
including 1) multiple energy storage devices such as power storage,
heat storage, and carbon storage devices, and 2) traditional electric
and heat loads and flexible loads, including electric vehicle load, air
conditioning, and electric water heater.

The first two sections of this article demonstrate that the flexible
operation method of the source-side CCPP-P2G and the load-side
comprehensive demand response strategy are both effective ways to
improve the low carbon and economy of electricity-heat coupling
system scheduling. Demand response can effectively expand the
operational advantages of the CCPP-P2G with flexible operations on
the source side. First, due to the different carbon emission levels of CCPPs,
during the peak electric load period, the integrated demand response of
electricity and heat can transfer from the peak period to the valley period or
convert the electric demand to heat demand, alleviating the net output
pressure of high-emission units, promoting the low-carbon units of the
system to increase the output level, and directly reducing the carbon
emissions. Second, demand response can improve the utilization efficiency
of renewable energy in the system and help reduce the construction cost of
solution storage and carbon storage equipment and the cost of
solution loss.

In summary, this article considers the synergy between the
source-side and the load-side and establishes a low-carbon
economic model of electricity-heat coupling system considering
the complementary low-carbon characteristics of source-load to
further improve the economic and environmental benefits of the
electricity-heat coupling system.
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4.2 Modeling of the low-carbon economic
operation mode of an electricity—heat
coupling system

Based on the low-carbon economic operation mode of an
electricity-heat coupling system source and load, this section
takes the optimal system cost as the objective function and
constructs a low-carbon economic dispatch model of an
electricity-heat coupling system considering source-load mutual

assistance in Equation 20:

min fMG = CH + CG + CT + CQ + CR + CDR + CZ + Cbuya (20)

where fyg is the overall operation and dispatching cost of the
electricity-heat coupling system.
Among them, the costs are shown in Equations 21-32:

(1) Operating cost of the thermal power unit.

The operating cost Cy of the thermal power unit includes coal
consumption cost and start-stop cost:

T N
C]-[ = ZZU,'J(QP(P,«(;)Z + prg + Cp>,

t=1i=1

(1)

where N is the number of thermal power units; U, is the unit i at
time t; and ap, bP, and cp are the cost coefficients of coal.

(2) Operating cost of the combined heat and power (CHP) unit.

T M
Co= Y IA (v -VE)

t=1i=1

(22)

where M is the number of CHP units, VE;"/
of natural gas, and /ltcm is the purchase price of natural gas.

is the purchase amount
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(3) Carbon transaction costs.

E = E¢ + EC" (23)
T N
Ef =1 ) P (24)
t=1i=1
T M
EtGT = XhZZ(Xe,hPS?T + HE’tT)’ (25)

t=1i=1

where Ej, EtG, and EtGT are the carbon quotas of the electricity-heat
coupling system, the coal-fired unit, and the gas-fired unit,
respectively; x, and y; are the carbon quota coefficients of unit
electric energy and thermal energy, respectively; x,, is the electrical
and thermal power conversion coefficient; and PE,T and H ST are the
electrical and thermal power outputs by the gas turbine unit i at time
t, respectively.

The trading volume that can participate in the carbon trading
market at time ¢ of the electricity-heat coupling system is

E® =E -E, (26)

where E} is the actual carbon emissions of the electricity-heat
coupling system. When the carbon emissions of the system
exceed the standard, it is necessary to purchase the
corresponding amount of carbon quota from the secondary
carbon market. When the actual carbon emissions are less than
the initial carbon quota, the surplus carbon quota can be sold to the
secondary carbon trading market.

It can be obtained that the carbon transaction cost Cr is

T
Cr= ZAcozE:“a, (27)

t=1

where Cr is the cost of carbon trading and A, is the carbon
trading price.

(4) Electricity-heat curtailment
penalty cost.

coupling system  wind

The wind abandonment penalty Cq of the electricity-heat
coupling system is

T
Cq = ) Kq (P - PY), (28)
t=1

where K is the penalty cost per unit of wind abandonment; P;""" is

the predicted power of wind power output, and P} is the actual grid
power of wind power.

(5) Solvent depletion costs.

The cost of solvent depletion Cy in the carbon capture process is

T N
Cr = ) ) KngE ™ 29)

t=li=1

where Ky is the ethanolamine solvent cost factor, and ¢ is the
solvent loss factor.

(6) Electricity and heat load demand response costs.
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Cpgr is the demand response costs:

T
Cor = Y (AMAPS + A3 AHY), (30)
t=1
where A$" and A{" are the compensation coefficients for reducing
the unit electrical and thermal loads, respectively.

(7) Cost of carbon storage equipment.

The cost of carbon storage equipment C, includes the cost of
carbon storage equipment and depreciation costs:

CFL (]. + T’)Nzl?’

=365((1L4 0V - 1) G

z

where Cy, and Ny are the cost and depreciable life of the carbon
storage equipment, respectively, and r is the discount rate for the
carbon storage equipment.

(8) Electricity transaction costs.

The cost of purchasing power Cy,, from outside for the
electricity-heat coupling system is

T
e pbuy,
Cbuy = ZPt t 4 (32)
t=1
where P:’uy is the amount of electricity purchased from the

electricity-heat coupling system at time .
The system constraints are shown in Equations 33-47:

(1) Electrical and thermal power balance constraints:

N M

bi

Py + Y PG+ Y PP 4 Pt P = Pty P 4 pIB - (33)
i=1 i=1

M
HEB + ZH,GT + HfSSd — Hload + Hfssc’ (34)

5t
i=1

where PEE is the power consumption power of the electric boiler,
P34 s the energy storage discharging power of the electricity-heat
coupling system, H**? is the heat storage discharging power, P** is
the energy storage charging power, H;™¢ is the heat storage charging
power, H' E:T is the heat production power of the natural gas-source
cogeneration unit, and HE® is the power of electric boiler electricity
to heat power.

(2) Gas volume balance constraints:

it 2

K M
(LSRN EEED Y (35)
i=1 i=1
where K is the number of P2G devices.

(3) Wind power output constraints:

0< Py <P (36)
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(4) Thermal unit constraints:

Thermal unit output constraints are

PiGminSP?tSPszax Uth =1
{me B Ug =0. (37)
Thermal unit climb constraints are
G,u
PE’: - PSH < UﬁR,- (38)
PS_, - PS <USRS®

G
where Py’

in the starting state, UY, is the start-stop state of the thermal power

is the minimum output when the thermal power unit is

unit, and R®* and R% are the uphill and downhill climbing rates of
the thermal power units, respectively.

(5) Natural gas-source cogeneration unit constraints:

The power of the gas-fired units during time ¢ is shown below,
taking into account the constraint that the power of the cogeneration
units must be determined by “heat to power:”

PE" = h,,(HS' - Hy), (39)
where H{/" is the heating power of the gas-fired unit during time £,
h,,, is the slope of the linear supply of cogeneration heat and power,
and Hj is the heat power of the gas-fired unit at the minimum of its
generating power.

The cogeneration unit output constraint is

Prn <P <PlL, Uil =1 (40)
PiG:)ax =0 U:GtT =0.
The climbing constraint is
Pt - Pgt <USTRE™
PGT _ PGT < UGTRGT,d, (41)
it-1 ~ Fip SV K

and PST

GT
where P; i min

i, max

technical outputs when the gas unit is on; UﬁT is the starting

RGTd
1

are the maximum and minimum

RS are the

and stopping state of the gas unit; and and

uphill and downhill climbing rates of the gas unit, respectively.
(6) Electric boiler constraints:

The heating power HEB of the electric boiler is
H® =g P°, (42)
where #p;, is the heat production efficiency of the electric boiler.

(7) Carbon storage equipment constraints:

Carbon storage equipment must meet carbon storage capacity

constraints:
Co, o, Co;
Ms, min S Ms,t S Ms, max (43)
co CO, o
where M2 and M7 are the upper and lower limits of carbon

storage, respectively.

(8) Energy storage device constraints:
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Energy storage devices must satisfy charging and discharging
constraints and capacity constraints:

0< Pessd < uePessd
ST S

t~ t, max 4 4)
essd h pyessd (
OSHt Suth,max’
essC _ 41,€) pessc
0<P<(1 ut]?P,) < (45)
essc essc
OSHt < (l_ut)Ht,max’
ess _  ess essc,c _ pessd [/ d
s =5+ P - Py /’7 (46)
€ss __ ess €ssC,,C __ essd d?>
ht _ht—l+H! n H: /’7
ess ess ess ess ess ess
St, min = St < SL‘,max’ ht, min = ht = ht, max, (47)

essC essd 5 ; 5 :
where P\ and Py are the maximum charging and discharging

powers at time ¢; H;>¢ and H' essd

e fmax are the maximum charging and

discharging powers at time t, s;* and h{* are the storage power and

heat at time t of the energy storage; s

ess
St, max

t, min
maximum and minimum storage powers at time f, respectively;

hESS and hess

t, max t, min
time t, respectively; and the binary variables u¢ and u! restrict

and s are the

are the maximum and minimum storage heats at

simultaneous charging, discharging, and discharging of heat, which
is not allowed during the optimal scheduling.

5 Case analysis
5.1 Parameter setting

In this article, 24 h is used as a scheduling cycle. The details of
electricity, heat loads, and wind power output are shown in
Supplementary Appendix Figure SA in Supplementary Appendix
SA (Wu et al, 2022). The price demand elasticity matrix is shown in
Supplementary Appendix Table SA in Supplementary Appendix SA
(Cuietal, 2021b). The parameters of thermal power units are shown
in Supplementary Appendix Table SB in Supplementary Appendix
SA (Cui et al, 2021b). The parameters of natural gas-sourced
electricity-heat-coupled units are shown in Supplementary
Appendix Table SC in Supplementary Appendix SA (Wu et al,
2022). The parameters of carbon capture and P2G equipment are
shown in Supplementary Appendix Table SD in Supplementary
Appendix SA (Cui et al., 2021b). The nonlinear terms included in
the model developed in this article are transformed into linear form
by the big-M method and are solved optimally using CPLEX.

The scheduling results in the following five scenarios are
compared and analyzed to compare and verify the effectiveness
of the source-load low-carbon strategy proposed in this article.

(1) No demand-side response, no restriction on flue gas split
ratio, carbon capture system based on split-flow operations,
and a P2G system based on fixed operations;

(2) No demand-side response, no limit on flue gas diversion ratio,
a carbon capture system based on integrated flexible mode
operations, and a P2G system based on fixed operations;

(3) No demand-side response, set the limit value of flue gas
diversion ratio to 0.8, a carbon capture system based on
diversion type operations, and a P2G system based on
flexible operations;

(4) No demand-side response, no restriction on the flue gas split
ratio, carbon capture, and a P2G system operating flexibly.
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TABLE 1 Economic comparison of operations in Scenarios 1-5.

Dispatch results Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
Demand response cost/¥ 0 0 0 0 207.22
Thermal coal cost/¥ 669,856.22 683,007.54 682,488.91 683,007.54 683,007.54
Solvent loss cost/¥ 11.7902 687.24 1604.31 2759.64 3241.73
Carbon trading cost/¥ 5759.6043 2536.17 -5011.07 —-14,312.08 —-17,942.46
Power purchase costs/¥ 3900.00 0 2024.32 0 0
Wind abandonment costs/¥ 59323.47 0 0 0 9799.81
Gas cost/¥ 15,709.337 —3242.35 2225.17 8346.37 0
Total system cost/¥ 754,563.13 682,995.38 683,348.15 679,813.87 678,327.95
Wind abandonment rate/% 3.86 0 0 0 0

[ Electric load [ Electricity purchase [[_] P2G power [ Energy storage discharge

[ Energy storage charging___| Electric boiler [ Wind power [ ]cHP unit2 [ ]CHPunit 1

[ ] Thermal power unit3 [_] Thermal power unit 2l Thermal power unit 1—®— Electrical load

16 - 16

12

ol ol

o o[

|
I

[T

I

=

Power/MW
o
T

[T
T
N [ [ [
[
|
Nl
[
|
[
[
1
)
Electrical load/MW

[T
|
[
[
[

I
1
~

|
~

T

1

|
~

-8 43
i | B o L | ~12
716 N 1 " 1 " 1 N 1 N — 1 " 1 716
00:00 04:00 08:00 12:00 16:00 20:00 00:00
Time

FIGURE 5
Optimized scheduling results of Scenario 1.

(5) Comprehensive demand response strategy, no restriction on Combining Table 1 and Figure 5 shows that when the carbon
flue gas diversion ratio, carbon capture, and a synergisticand  capture system and the P2G system are operated in a fixed mode,
flexible P2G system each unit on the source side of the electricity-heat coupling system

has the worst regulating ability, the system has serious wind

abandonment, and it is necessary to purchase electricity from

5.2 Economic analysis of system operation outside to meet the load demand at some times. In addition, the
considering the complementary low-carbon  units with carbon capture systems have the worst low-carbon
characteristics of source-load performance and the lowest level of system carbon reduction. As
most of the exhaust gas is discharged into the atmosphere, it is not

The scheduling results of the five scenarios are shown in Table 1,and  converted to P2G for use by the gas-fired units, resulting in low CO,

the detailed scheduling results for each scenario are shown in Figures 5-9  utilization efficiency, which in turn leads to the high cost of
and Supplementary Appendix Figure SB1 in Supplementary Appendix SB.  purchased gas for the system. Compared to the other scenarios,
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Optimized scheduling results of Scenario 2.
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FIGURE 7

Optimized scheduling results of Scenario 3.
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(a) Results of electrical optimization scheduling

FIGURE 9

(b) Results of thermal optimization scheduling

Optimized scheduling results of Scenario 5. (A) Results of electrical optimization scheduling and (B) results of thermal optimization scheduling.

Scenario 1 has the highest total system operating cost and the worst
low-carbon effect.

Combining Table 1 and Figure 6 shows that the fixed operation
of P2G in Scenario 2 realizes the conversion of all the captured CO,,
so this operation mode has the highest utilization efficiency of CO,,
the most amount of methane produced by the conversion, and the
lowest cost of gas required by the system. However, due to the high
power consumption of the P2G system, the CCPP needs to pump
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out part of the carbon capture power to supply power to the P2G
system, resulting in less CO, capture in the system. The reduction of
carbon emissions of the electricity-heat coupling system is still poor.

Combining Table 1 and Figure 7 shows that compared with
Scenario 1, the flexible operation of the P2G system in Scenario 3 can
utilize the energy time-shift characteristic to operate at the time of
low load valley and wind power peak, which reduces the pressure of
the unit to supply the P2G operations. Therefore, the flexibility of
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FIGURE 10

Wind curtailment of Scenario 1.

the unit is improved, and it can put out more power to capture and
convert the emitted CO,, and the level of carbon emissions in
Scenario 3 is significantly reduced compared with Scenarios
1 and 2. However, the fixed operation of the carbon capture
system still has a large impact on the system’s operation. The
units must analyze and process the CO, emitted at each time in
real time, which leads to the system needing to purchase power from
the outside during some of the peak load hours, which increases the
operating cost of the electricity—heat coupling system. At the same
time, the large amount of CO, generated by the units during peak
load periods is also not stored and utilized, resulting in the low-
carbon effect of the system remaining unsatisfactory.

Scenario 4 carries out the synergistic and flexible scheduling of
the CCPP-P2G system without restricting the flue gas split ratio, that
is., the source-side optimization strategy proposed in this article.
The total cost of the system in Scenario 4 is reduced by 9.91%, 0.47%,
and 0.52% compared to Scenarios 1, 2, and 3, respectively. This is
due to the fact that the CO, precipitated by the carbon capture
system in Scenario 4 can be supplied to the P2G system to generate
natural gas when the wind power consumption of the system is low.
Its flexible operation will not affect the operation status of the carbon
capture system, so its carbon emission reduction effect and carbon
trading benefit rise significantly compared with Scenario 2.
Compared with Scenario 3, the carbon source required for
operating the P2G can be supplied flexibly by the carbon capture
system. In comparison with Scenario 3, the carbon source required
for P2G operations can be supplied by the carbon capture system in
a flexible mode; thus, the synergistic operation of P2G reduces the
operating pressure of the unit while increasing the amount of wind
curtailment and consumption and thus reduces the cost of
purchased electricity of the electricity-heat coupling system.

As CHP units have the working mode of “setting power by heat,”
it is easy to cause the units to force the power output to increase
when meeting the heat load demand, resulting in a conflict with the
wind power output in certain time periods. It is not conducive to the
consumption of renewable energy, as shown in Table 1, Figure 5, and
Figure 10. Thus, the wind abandonment situation in Scenario 1 is
serious. At the same time, due to thermal power and gas units
arriving at the upper limit of power output during the peak period of
electric and thermal loads, the power that can be provided to the
carbon capture system and P2G system is less, so most of the CO,
cannot be stored and utilized. In the valley period of the load,
because there is no liquid and carbon storage device system, it is not
possible to realize the energy time-shift. The carbon capture system
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and the P2G system can only achieve the absorption and conversion
of the CO, discharged by the current unit, resulting in low wind
power utilization efficiency.

5.3 Low-carbon analysis of system
operations considering the complementary
low-carbon characteristics of source—-load

The carbon emissions of system operations under five scenarios
are shown in Table 2, and the comparison results of each scenario
are shown in Figure 11.

As shown in Figure 11A, the CCPPs in Scenarios 1 and 3 are
based on fixed operations, so their capture power does not fluctuate
much, while the operation trend of the carbon capture system is the
same in each of the remaining scenarios. As shown in Figure 11B, the
operation trend of the P2G system is the same in each of the
scenarios. The peak load periods are at 11:00-12:00 and 17:
00-19:00, and the electricity-heat coupling system supplies P2G
energy is lower, which is in line with the actual situation. Scenario
2 has the highest power for P2G operations. However, because the
P2G is not equipped with a carbon storage device, the CCPP must
reduce the carbon capture power in order to supply power to the
P2G system, so the carbon emissions of Scenario 2 are still high.

In Scenario 3, the carbon capture system must analyze the CO,
generated by each unit that does not enter the flue gas bypass system
at each moment, so the carbon emissions of the system are not
significantly improved. However, the P2G system configured with a
carbon storage device can operate flexibly with wind power, and the
power supplied by the system to the P2G system is increased
accordingly, so compared with Scenarios 1 and 5, the power of
the P2G operations is at a higher level.

In Scenario 4, the net carbon emissions of the system are reduced
by 76.93%, 78.91%, and 66.92% compared with Scenarios 1, 2, and 3,
respectively. The carbon emission reduction of the system is
increased by 223.4 t, 16849 t, and 93.93 t compared with
Scenarios 1, 2, and 3, respectively, and the degree of carbon
83.29%. lifts the
constraints on the flue gas split ratio, and the system further

emission reduction reaches Scenario 4
utilizes the energy time-shift characteristics of the carbon capture
electricity-to-gas system during the 02:00-06:00 period, which
results in a lower level of overall carbon emissions and better
economic benefits of the system.

Scenario 5 adopts an integrated demand response strategy on the
load side, and compared with Scenario 4, the net carbon emissions of
the system are reduced by 70.84%. The carbon emission reduction
level is improved by 17.47%. In Scenario 5, the operating power of
the carbon capture and P2G systems are both at a high level,
especially during the 13:00-16:00 period of peak wind power
the of the P2G

significantly improved.

output, and conversion system’s is

As can be seen from Figure 11C, Scenarios 1-5 have the same
carbon emissions trends. Scenario 4 resolves CO, from the liquid
storage device and consumes CO, from the wind power conversion
carbon storage device during the 02:00-06:00 and 20:00-24:
00 periods when the wind power output is higher and uses the
carbon capture system and P2G to reduce carbon emissions during

the 13:00-16:00 period, when the load demand is lower. Scenario
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TABLE 2 Low-carbon comparison of operations in Scenarios 1-5.

Dispatch results

Net carbon emissions/t

10.3389/fenrg.2024.1456151

Carbon emission reduction/t

Scenario 1 195.17 0.96
Scenario 2 213.49 55.87
Scenario 3 136.09 130.43
Scenario 4 45.02 224.36
Scenario 5 13.13 263.56
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Comparison of different operating methods of the CCS-P2G system. (A) Comparison of operating power for CCPPs. (B) Comparison of operating

power for P2Gs. (C) Comparison of carbon emissions in Scenarios 1-5.

5 not only completely resolves all the CO, emitted in this time but
also resolves stored CO, through the liquid storage device during the
02:00-06:00, 13:00-16:00, and 22:00-23:00 periods, realizing
negative carbon emissions from the system.

Scenario 5, which operates based on the integrated demand
response strategy, has low system emissions for all time periods. This
is due to the use of low-carbon unit output and renewable energy to
meet part of the peak load demand through the load-side demand
response strategy in conjunction with the source-side units. At the
same time, the amount of load curtailed by price demand response
directly compresses the unit output, which correspondingly reduces
the carbon emissions of the system. In addition, the alternative
demand response also reduces the output of high-carbon thermal
power the coupling
characteristics of CHP units to enhance the carbon capture

units and utilizes electric-thermal
power of natural gas-sourced CCPPs based on meeting the
thermal load demand, realizing the low-carbon economic
operation of the system.

In summary, through the complementary source-load low-
carbon characteristics of the electricity-heat coupling system,
the energy time-shift characteristics of the CCPP-P2G and the
electric-thermal coupling characteristics of the CHP unit are
fully utilized, which significantly improves the system economy
and carbon emissions. In addition, Scenario 5, with this
both the full

consumption of renewable energy and improves the support

article’s  scheduling method, realizes
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of zero-carbon resources for carbon emission reduction and
carbon recycling.

6 Conclusion

This article proposes a low-carbon economic dispatch method
for an electricity-heat coupling system that considers the
complementary low-carbon characteristics of source-load, utilizes
the energy time-shift advantages of source-side carbon capture and a
P2G system, and combines with the flexibility of load-side resources
to participate in the integrated demand response. This method
effectively realizes the source-load synergy, promotes wind power
consumption, and improves the system’s low-carbon performance
and economic efficiency. The simulation demonstrates the
effectiveness of the strategy proposed in this article and draws
the following conclusions.

(1) The flexible operation mode of the CCPP-P2G system can
significantly reduce the total cost of the system’s operations
and carbon emissions. Compared with the flexible operation
mode of carbon capture or P2G system alone, this mode is
more capable of promoting the consumption of renewable
energies, reducing the carbon emissions of the system, and
giving full play to the advantages of the energy time-shift
of the two.
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(2) Compared with only optimizing the source side, the total system
cost is reduced by 0.22%, and the carbon emission reduction
level is increased by 17.47% after considering the integrated
demand response. It proves that the integrated demand response
approach can play a role in the mutual benefit effect of electricity
and heat loads based on rationally adjusting their peak-to-valley
differences. In addition, compared with the traditional demand
response strategy, this approach has a wider adjustment range
and a more significant low-carbon effect.

€

~

Considering the synergistic and flexible operation of the
CCPP-P2G and considering the integrated demand response
characteristics of the electric and thermal loads, the potential of the
source-load synergistic low-carbon effect of the electricity—heat
coupling system can be fully exploited, and the renewable energy
sources are utilized efficiently to improve the economy and low-
carbon nature of the electricity—heat coupling system.
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