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Under the guidance of energy-saving and emission reduction goals, a low-
carbon economic operation method for integrated energy systems (IES) has
been proposed. This strategy aims to enhance energy utilization efficiency,
bolster equipment operational flexibility, and significantly cut down on carbon
emissions from the IES. Firstly, a thorough exploration of the two-stage
operational framework of Power-to-Gas (P2G) technology is conducted.
Electrolyzers, methane reactors, and hydrogen fuel cells (HFCs) are introduced
as replacements for traditional P2G equipment, with the objective of harnessing
the multiple benefits of hydrogen energy. Secondly, a cogeneration and HFC
operational strategy with adjustable heat-to-electricity ratio is introduced to
further enhance the IES’s low-carbon and economic performance. Finally, a
step-by-step carbon trading mechanism is introduced to effectively steer the
IES towards carbon emission control.
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1 Introduction

IES serves as a crucial platform for realizing energy diversification, optimizing
energy structures, and enhancing energy utilization efficiency. Consequently, conducting
optimal scheduling research on IES holds significant importance in enhancing the
overall performance of energy systems and reducing operational costs. Integrating
the stepped carbon trading mechanism with electric hydrogen production technology
in optimal scheduling research for integrated energy systems not only facilitates
the healthy development of the carbon market but also strongly supports the
sustainable growth of the hydrogen energy industry. Recognizing its potential, scholars
both domestically and internationally have embarked on related research efforts
(Song et al., 2021).

In the study of optimizing the operation of integrated energy systems, scholars
focus on maximizing economic efficiency. Yin et al. (2021) proposed a risk constrained
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stochastic scheduling model to effectively manage the uncertainty
of renewable energy, promote stable system operation, and
optimize costs. Wang et al. (2020) refined unit scheduling
and reduced system operating costs through the moth flame
optimization algorithm. Zhang et al. (2023) proposes a multi
product optimization scheduling algorithm that considers the
complementarity of hydrogen products, optimizing the scheduling
of energy hub systems to achieve maximum profit. In the study of
the optimal scheduling strategy for the integrated energy system
of electricity and hydrogen production under the stepped carbon
tradingmechanism, this paper combines the stepped carbon trading
mechanism to explore the optimal scheduling strategy for the
integrated energy system of electricity and hydrogen production.
The aim is to minimize carbon emissions and maximize economic
benefits, providing new ideas for the sustainable development of the
energy system.

At the same time, with the rapid development of renewable
energy technology, hydrogen production from electricity, as
a clean and efficient energy conversion method, is gradually
becoming a research hotspot in the energy field (Yang et al.,
2022). Electrochemical hydrogen production technology can use
renewable energy or low-carbon electricity to produce hydrogen,
providing a sustainable source of raw materials for the hydrogen
energy industry, thereby promoting the wide application of
hydrogen energy in transportation, industry and other fields
(Zhou et al., 2022).

In the context of global climate change, reducing greenhouse
gas emissions and promoting low-carbon economic development
have become the consensus of all countries in the world. As
an important means to promote the effective allocation of
carbon emission rights and promote low-carbon development,
the carbon trading mechanism has been widely promoted and
applied globally in recent years (Zhou et al., 2019). The step-
by-step carbon trading mechanism, as an innovative carbon
trading model, not only helps to encourage enterprises to reduce
emissions independently, but also guides the healthy development
of the carbon market through differentiated pricing (Tan et al.,
2018). Compared to traditional carbon trading, tiered carbon
trading presents a more refined and dynamic management
strategy. Traditional carbon trading is mainly based on fixed
quota allocation and trading mechanisms, determining carbon
prices through market supply and demand relationships. The
tiered carbon trading introduces a multi-level carbon quota
and pricing structure, allowing for the adoption of different
carbon pricing or quota allocation strategies at different stages
or targets of carbon reduction. This stepped design can better
reflect the marginal cost and benefits of carbon reduction, motivate
enterprises to achieve emission reduction goals in stages and steps,
and promote sustainable economic development while ensuring
environmental benefits.

In the realm of carbon trading mechanisms, the current
research on optimizing integrated energy systems primarily
centers on two key areas: the establishment and refinement
of carbon trading models, as well as the practical application
of carbon trading in diverse scenarios. Researchers strive to
devise more rational and efficient carbon trading systems
from various perspectives. Wang et al. (2022) introduces an IES
model that incorporates carbon capture technology and utilizes

carbon emission coefficients and a hierarchical carbon trading
mechanism to precisely calculate trading costs. Lu et al. (2021)
focuses on community-based integrated energy service systems,
enhancing the carbon trading mechanism through a two-layer
optimization model and introducing reward and punishment
mechanisms for both supply and demand, along with user
satisfaction considerations. Li et al. (2019) explores an IES model
that specifically accounts for ladder carbon pricing, deeply
analyzing the impact of supply and demand flexibility on the
system, thereby supporting the application of carbon trading in
energy systems. Additionally, Olsen et al. (2018) investigate the
impact of carbon prices on power system emissions, establishing
a three-stage optimal ladder carbon price model to inform
low-carbon development decisions. Notably, step-by-step carbon
trading, an innovative approach to encourage emission reductions,
has garnered significant research attention. By establishing
graduated carbon trading price structures, this approach
effectively enhances emission reduction incentives, encouraging
various stakeholders to actively engage in carbon emission
reduction efforts.

In summary, most of the literature in the construction of
carbon emissions model, its complexity is obviously insufficient,
failed to fully reflect the core role of carbon trading market
(Liu et al., 2021). In the process of exploring the use of P2G
technology to promote wind power consumption, most studies
have failed to fully consider the economic benefits contained in
the two-stage operation process of P2G. Similarly, in the study
of optimal operation of Combined Heat and Power (CHP), there
is also a lack of sufficient attention to the potential advantages
brought by the adjustable heat-to-electric ratio (Liu et al., 2015).
Regrettably, there is a dearth of literature comprehensively exploring
the significance of the synergistic effect among the graduated
carbon trading mechanism, the intricate details of the two-stage
P2G operation, and the CHP unit featuring adjustable heat-
to-electricity ratio in IES scheduling (Liu et al., 2020). Given
the anticipated diverse transformations and transitions in the
future energy system, particularly the widespread adoption of
low-carbon and clean technologies, these advancements do not
occur in isolation but are interconnected and evolve in tandem.
Consequently, a profound investigation into the influence of the
concerted operation of these three components on IES optimal
scheduling is paramount (Liu et al., 2022). In summary, existing
literature lacks complexity in constructing carbon emission models
and fails to fully reflect the core role of carbon trading markets.
In the research on promoting wind power consumption through
P2G technology, insufficient consideration has been given to
the economic benefits of two-stage operation. Meanwhile, the
potential advantage of adjustable thermoelectric ratio has been
overlooked in the research of cogeneration. The importance
of hydrogen production technology as a key bridge and its
synergistic effect with carbon trading and cogeneration have
been overlooked. Therefore, it is crucial to conduct in-depth
research on the collaborative operation of these components
in the optimal scheduling of IES, in order to promote the
low-carbon transformation and sustainable development of the
energy system.

The main innovations of this paper can be summarized as
follows:

Frontiers in Energy Research 02 frontiersin.org

https://doi.org/10.3389/fenrg.2024.1410120
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#articles


Xu et al. 10.3389/fenrg.2024.1410120

1.1 The combination of a tiered carbon
trading mechanism and energy system
scheduling

For the first time, the paper introduces a tiered carbon
trading mechanism into the optimal scheduling strategy of an
integrated energy system for electricity and hydrogen production.
This innovation lies in incentivizing the energy system to reduce
carbon emissions through a tiered carbon price, setting different
carbon trading prices based on carbon emissions to more accurately
reflect the social cost of carbon emissions, and incentivizing
system operators to optimize energy use and reduce carbon
emissions.

1.2 Optimization of the integrated energy
system model for electric hydrogen
production

Thepaper proposes a new optimizationmodel for the integrated
energy system of electric hydrogen production.This model not only
considers the traditional energy supply and demand balance and
economic benefits, but also incorporates factors such as carbon
emission costs and the volatility of renewable energy. Through this
model, it is possible to more accurately evaluate the impact of
different scheduling strategies on the economic and environmental
aspects of the system.

1.3 Innovative design of optimal
scheduling strategy

The paper proposes a novel optimal scheduling strategy
under a tiered carbon trading mechanism. This strategy not only
considers economic factors such as energy purchase cost, carbon
emission cost, and wind abandonment cost of the system, but
also fully considers the operational safety and stability of the
system. By optimizing algorithms, the optimal balance between
economic and environmental aspects of the energy system has
been achieved.

The research process of this article is shown in Figure 1.
The remaining chapters of this paper are arranged as

follows: In Section 2, an integrated energy system operation
optimization model with stepped carbon trading mechanism
and electricity hydrogen production is established. In Section 3,
the IES optimization model of hydrogen production with
electricity under the stepped carbon trading mechanism is
constructed. In Section 4, the above model is linearized and
solved; in Sections 5, 6, the corresponding conclusions are obtained
through simulation analysis, which proves the effectiveness of the
proposed strategy.

2 Operation model of integrated
energy system

The IES, an entity that amalgamates diverse energy forms, fulfills
internal energy requirements through an extensive range of energy

and supply equipment. A comprehensive schematic of this structure
is depicted in Figure 2.

The electrolytic cell (EL) converts electrical energy into
hydrogen gas, which then enters the methane reactor (MR) for
conversion, generating natural gas. It is worth noting that hydrogen
can also be directly used for thermoelectric production, which
not only reduces energy loss but also improves the effective
utilization of energy. Gas boilers (GB) generate thermal energy
by burning natural gas to meet the demand for thermal energy.
At the same time, cogeneration (CHP) units are also burning
natural gas, not only providing support for electricity supply,
but also meeting the demand for heat load. The synergistic
operation of natural gas pipeline network and methane reactor
(MR) is excellent, which can efficiently meet the demand of
natural gas load. In addition, the IES system also includes devices
for storing electricity, gas, heat, and hydrogen energy, providing
strong guarantees for the sustainable utilization of energy. Finally,
regarding the issue of carbon emissions, the carbon dioxide
emissions or absorption generated by the operation of each device
will be traded through the carbon trading market to achieve
a win-win situation of environmental protection and economic
benefits.

2.1 Two-stage operation process of P2G

Hydrogen energy is an efficient clean energy source
that has shown enormous potential in applications. Figure 3
provides a comprehensive description of the two-stage operation
process of P2G.

EL first completes the conversion process from electrical energy
to hydrogen energy. Subsequently, a portion of hydrogen gas,
along with carbon dioxide, is sent into the MR and undergoes
a synthesis reaction to generate natural gas. These generated
natural gas are then allocated to the natural gas load, GB, and
CHP to meet different energy needs. At the same time, some
hydrogen energy is directly transported to HFC for generating
electrical and thermal energy, achieving direct energy utilization.
The remaining hydrogen energy is stored in hydrogen storage
tanks for future use. It is worth mentioning that hydrogen
energy does not need to be converted into natural gas through
intermediate conversion before use in GB or CHP, but can be
directly converted into electrical and thermal energy through
HFC. This direct energy conversion method not only reduces
energy loss, but also avoids the production of carbon dioxide,
achieving the dual goals of environmental protection and efficiency.
The aforementioned energy conversion model can be summarized
as follows:

2.1.1 HFC equipment
Theconversion efficiency ofHFCbetween thermal and electrical

energy is considered a constant value, which means that its
efficiency remains consistent regardless of whether it is converted
into electrical or thermal energy. Given this characteristic, this
article has developed an HFC model with adjustable thermoelectric
ratio. This model aims to adapt to different energy demands and
application scenarios by flexibly adjusting the output ratio of thermal
energy and electric energy. In short, this model can optimize the
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FIGURE 1
Research process.

conversion efficiency between thermal and electrical energy based
on actual situations, achieving efficient energy utilization, which can
be expressed as Equation 1:

{{{{{{{{{{{{
{{{{{{{{{{{{
{

PHFC,e (t) = η
e
HFCPH2,HFC (t)

PHFC,h (t) = ηhHFCPH2,HFC (t)

PH2,HFC ⩽ PH2,HFC (t) ⩽ PH2,HFC

ΔPmin
H2,HFC ⩽ PH2,HFC (t+ 1) − PH2,HFC (t) ⩽ ΔP

max
H2,HFC

κmin
HFC ⩽

PHFC,h (t)
PHFC,e (t)

⩽ κmax
HFC

(1)

where, PH2,HFC(t) is the hydrogen energy of HFC input in t period,
PHFC,e(t) andPHFC,h(t) are the electric energy andheat energy ofHFC
output in t period respectively; ηeHFC and ηhHFC are the conversion
efficiency of HFC to electric energy and heat energy, respectively.
Pmax
H2,HFC and Pmin

H2,HFC are the upper and lower limits of hydrogen
energy input into HFC, respectively. ΔPmax

H2,HFC
and ΔPmin

H2,HFC
are the

climbing upper and lower limits of HFC, respectively, and κmax
HFC and

κmin
HFC are the upper and lower limits of the heat-power ratio of HFC,
respectively.

2.1.2 EL equipment

{{{{
{{{{
{

PEL,H2
(t) = ηELPe,EL (t)

Pe,EL ⩽ Pe,EL (t) ⩽ Pe,EL
ΔPe,EL ⩽ Pe,EL (t+ 1) − Pe,EL (t) ⩽ ΔP

max
e,EL

(2)

In Equation 2, Pe,EL(t) is the electric energy input into EL at time
t, PEL,H2
(t) is the hydrogen energy output from EL at time t, ηEL is

the energy conversion efficiency of EL, Pmax
e,EL and Pmin

e,EL are the upper
and lower limits of the electric energy input into EL, respectively;
ΔPmax

e,EL and ΔPmin
e,EL are the upper and lower climbing limits of EL,

respectively.

2.1.3 MR equipment

{{{{
{{{{
{

PMR,g (t) = ηMRPH2,MR (t)

PH2,MR ⩽ PH2,MR (t) ⩽ PH2,MR

ΔPmin
H2,MR ⩽ PH2,MR (t+ 1) − PH2,MR (t) ⩽ ΔP

max
H2,MR

(3)

In Equation 3, PH2,MR(t) is the hydrogen energy of MR input in t
period, PMR,g(t) is the natural gas power of MR output in t period;
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FIGURE 2
Schematic diagram of integrated energy system.

FIGURE 3
P2G two-stage operation process.

ηMR is the energy conversion efficiency of MR; Pmax
H2,MR and Pmin

H2,MR
are the upper and lower limits of hydrogen energy input to MR,
respectively. ΔPmax

H2,MR and ΔP
min
H2,MR are the upper and lower climbing

limits of MR, respectively.

2.2 Adjustable heat-power ratio model

CHP utilizes the combustion process of natural gas to generate
electricity, while effectively utilizing the waste heat generated during

this process to meet the demand for heat load. Its unique advantage
lies in having an adjustable heat-power ratio, which means that the
system can flexibly adjust the output ratio of electrical and thermal
energy based on actual operating conditions and real-time needs.
Through this dynamic adjustment, CHP can maximize operational
efficiency and achieve efficient energy utilization.Themathematical
model is represented as Equation 4:

{{{{{{{{{{{{
{{{{{{{{{{{{
{

PCHP,e (t) = η
e
CHPPg,CHP (t)

PCHP,h (t) = ηhCHPPg,CHP (t)

Pmin
g,CHP ⩽ Pg,CHP (t) ⩽ P

max
g,CHP

ΔPmin
g,CHP ⩽ Pz,CHP (t+ 1) − Pg,CHP (t) ⩽ ΔP

max
g,CHP

κmin
CHP ⩽

PCHP,h (t)
PCHP,e (t)

⩽ κmax
CHP

(4)

where, Pg,CHP(t) is the natural gas power of CHP input in t period,
PCHP,e(t) and PCHP,h(t) are the electric energy and heat energy
of CHP output in t period, respectively; ηeCHP and ηhCHP are the
conversion efficiency of CHP into electrical energy and thermal
energy, respectively. Pmax

g,CHP and P
min
g,CHP are the upper and lower limits

of natural gas power input to CHP, respectively. ΔPmax
g,CHP and ΔP

min
g,CHP

are the climbing upper and lower limits of CHP, and κmax
CHP and κmin

CHP
are the upper and lower limits of the heat-power ratio of HFC,
respectively.
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2.3 Ladder carbon trading mechanism
model

The core of carbon trading mechanism is to establish legal
carbon emission rights and promote the exchange of these rights
among producers in the market, in order to effectively control
carbon emissions. Under thismechanism, regulatory authorities will
first allocate corresponding carbon emission quotas based on the
actual situation of each emission source. In this way, manufacturers
can carry out production and emission activities within this quota
range. If a producer’s actual carbon emissions are lower than
their quota, they can sell the remaining quota on the carbon
trading market to gain economic benefits. On the contrary, if a
manufacturer’s emissions exceed their quota, they must purchase
additional quotas in the market to make up for this difference.
The tiered carbon trading mechanism model mainly consists of
three parts:

2.3.1 Actual carbon emission model
In MR, the process of converting hydrogen into natural

gas will absorb a certain amount of carbon dioxide, which
is an important link that cannot be ignored. Therefore, when
constructing actual carbon emission models, this factor must
be fully considered. Specifically, the model can be expressed as
Equation 5:

{{{{{{{{{{{
{{{{{{{{{{{
{

E1ES,a = Ec,buya +Etolal,a −EMR,a

Ee,buy ,a =∑
T
i=1
(a1 + b1Pc,buy (t) + c1P2e,buy (t))

Etotal,a =∑
T
i=1
(a2 + b2Ptotal (t) + c2P2total (t))

Ptotal (t) = PCHP,e (t) + PCHP,h (t) + PGB,h (t)

EMR,a =∑
T
i=1

ϖPMR,g (t)

(5)

where, EIES,a and Ee,buy,a are the actual carbon emissions of IES
and superior power purchase, respectively; Etotal ,a is the total actual
carbon emissions of CHP, GB and MR; EMR,a is the actual amount
of carbon dioxide absorbed by MR; Ptotal (t) is the equivalent
output power of CHP, GB and MR in t period; a1, b1, c1 and
a2, b2, c2 are the carbon emission calculation parameters of coal-
fired units and natural gas-consuming energy supply equipment,
respectively; ϖ is the parameter of carbon dioxide absorption in
the process of hydrogen energy to natural gas conversion of MR
equipment.

2.3.2 Stepped carbon emissions trading model
Given the carbon emission quota and actual carbon emissions of

the IES, it is possible to determine the volume of carbon emissions
that are eligible for trading in the carbon market.

EIES,t = EIES,a −EIES (6)

In Equation 6, EIES,t is the carbon emissions trading volume of IES.
In contrast to the traditional carbon trading pricingmechanism,

this paper employs a stepped pricing mechanism aimed at further
reducing carbon emissions. This mechanism divides the pricing
into multiple intervals, with the purchase price increasing as
the number of carbon emission quotas purchased rises. The

resulting step-by step carbon transaction cost is calculated as
Equation 7:

f priceCO2
=

{{{{{{{{{{
{{{{{{{{{{
{

λE1ES,t E1ES,t ⩽ l

λ[(1+ α) (E1ES,t − l) + l] l ⩽ E1ES,t ⩽ 2l

λ[(1+ 2α) (E1ES,t − 2l) + (2+ α) l] 2l ⩽ E1ES,t ⩽ 3l

λ[(1+ 3α) (E1ES,t − 3l) + (3+ 3α) l] 3l ⩽ E1ES,t ⩽ 4l

λ[(1+ 4α) (E1ES,t − 4l) + (4+ 6α) l] E1ES,t ⩾ 4l
(7)

where, f priceCO2
is the step-by-step carbon transaction cost, λ is the base

price of carbon trading, l is the length of carbon emission interval,
and α is the price growth rate.

2.3.3 Carbon emission quotas
IES is mainly composed of three carbon emission sources: high-

quality electricity, GB, and CHP. In the current quota allocation
system, the free quota method dominates. For the sake of analysis,
this article makes the following assumption: high-quality electricity
purchases mainly come from coal-fired power generation units.
Given that coal-fired power generation generates certain carbon
emissions, this assumption requires a more precise consideration of
the impact of high-quality electricity purchases on overall carbon
emissions when constructing IES carbon emission models.

{{{{{{{
{{{{{{{
{

EIES = Ee,bny +ECHP +EGB
Ee,buy = χe∑

T
t=1

Pe,bny (t)

ECHP = χg∑
T
t=1
(PCHP,e (t) + PCHP,h (t))

ECB = χg∑
T
t=1

PCB,h (t)

(8)

In Equation 8, EIES, Ee,buy, ECHPand EGB are the carbon emission
quotas of IES, superior power purchase, CHP and GB, respectively,
χe and χg are the carbon emission quotas of unit power consumption
of coal-fired units and unit natural gas consumption of gas-fired
units, respectively, Pe,buy(t) is the superior power purchase in t
period, PGB,h(t) is the heat energy output by GB in t period, and T is
the scheduling period.

3 The IES optimization model of
hydrogen production with electricity
under the stepwise carbon trading
mechanism

3.1 Objective function

Taking into account the IES’s energy purchase cost, step-
by-step carbon transaction cost, and wind curtailment cost,
this paper establishes a low-carbon economic dispatch objective
aimed at minimizing the overall operating cost. This objective is
formulated as Equation 9:

F =min( f pricebuy + f
price
CO2
+ f priceDG,cut) (9)

where, f pricebuy and f priceDG,cut are the energy purchase cost and the wind
curtailment cost respectively, and F is the total operation cost.
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The energy purchase cost can be expressed as Equation 10.

f pricebuy =
T

∑
t=1

αtPe,buy (t) +
T

∑
t=1

βtPg,buy (t) (10)

where, Pg,buy(t) is the amount of gas purchased in t period, αt and βt
are the electricity price and gas price in t period, respectively.

The cost of wind curtailment can be expressed as Equation 11.

f priceDG,cut = δDG
T

∑
t=1

PDG,cut (t) (11)

where, δDG is the unit wind curtailment penalty cost, and PDG,cut (t)
is the wind curtailment power in period t.

3.2 Constraint conditions

3.2.1 Equipment operation constraints
The wind power output constraint is expressed as Equation 12.

0 ⩽ PDG (t) ⩽ P
max
DG (12)

where, PDG(t) is the output power of wind power in t period, and
Pmax
DG is the upper limit of wind power output power.

The GB operation constraint is expressed as Equation 13.

{{{{
{{{{
{

PGB,h (t) = ηGBPg,GB (t)

Pg,GB ⩽ Pg,GB (t) ⩽ Pg,GB
ΔPmin

g,GB ⩽ Pg,GB (t+ 1) − Pg,GB (t) ⩽ ΔP
max
g,GB

(13)

where, ηGB is the energy conversion efficiency of GB, Pg,GB(t) is the
input power of GB in t period, Pmax

g,GB and Pmin
g,GB are the upper and

lower limits of the input power ofGB, respectively. ΔPmax
g,GB andΔP

min
g,GB

are the upper and lower climbing limits of GB, respectively.
Themodeling approach adopted in this paper for energy storage

equipment, encompassing electricity, heat, and gas, is similar in
nature. Therefore, a unified modeling framework is employed to
represent the characteristics of these energy storage systems, which
can be expressed as Equation 14:

{{{{{{{{{{{{{{{{
{{{{{{{{{{{{{{{{
{

0 ≤ PchaES,n (t) ≤ B
cha
ES,n (t)P

max
ES,n

0 ≤ PdisES,n (t) ≤ B
dis
ES,n (t)P

max
ES,n

PES,n (t) = P
cha
ES,n (t)η

cha
ES,n − P

dis
ES,n (t)/η

dis
ES,n

Sn (t) = Sn (t− 1) + PES,n (t)/P
cap
ES,n

Sn (1) = Sn (T)

Bcha
ES,n (t) +B

dis
ES,n (t) = 1

Smin
n ≤ Sn (t) ≤ Smax

n

(14)

where, PchaES,n(t) and PdisES,n(t) are the charging and discharging power
of the nth energy storage device in t period respectively; Pmax

ES,n is the
maximum power of single charge and discharge of the nth energy
storage device; Bcha

ES,n(t) and B
dis
ES,n(t) are the charging and discharging

states of the n th energy storage device, Bcha
ES,n(t) = 1 and Bdis

ES,n(t) =
0 indicate that the energy storage device is in the charging state,
Bcha
ES,n(t) = 0 and Bdis

ES,n(t) = 1 indicate that the energy storage device
is in the discharging state, PES,n(t) indicates the output power of the
n th energy storage device in t period, ηchaES,n and η

dis
ES,n are the charging

anddischarging efficiency of the n th energy storage device, Sn(t) and
Sn(t− 1) are the capacity of the n th energy storage device in t period
and t-1 period, PcapES,n is the rated power of the n th energy storage
device, Smax

n and Smin
n are the maximum and minimum capacity of

the nth energy storage device.

3.2.2 Power balance constraint
Taking into account the inherent randomness and volatility

of wind power, this paper refrains from considering scenarios
where the IES sells electricity to the higher-level power grid in
order to mitigate the burden on the main grid and uphold its
reliability. Consequently, the power balance constraint is formulated
as Equation 16:

Pe, buy ⁢ (t) = Pe,L oad ⁢ (t) + Pe,EL. ⁢ (t) + P
e
ES ⁢ (t) − PDG ⁢ (t)

− PCHP,e ⁢ (t) − PHFC,e ⁢ (t) (15)

0 ⩽ Pe,buy (t) ⩽ P
max
e,buy (16)

where, Pe,Load (t) is the electric load in t period, PeES(t) is the input
power of electric energy storage in t period, and Pmax

e,buy is the
maximum power purchase in each period.

The thermal power balance constraint is expressed as Equation 17.

PHFC,h (t) + PCHP,h (t) + PGB,h (t) = Ph_Load (t) + PhES (t) (17)

where, PhLoad (t) is the heat load in t period, and PhES(t) is the input
power of thermal energy storage in t period.

The balance power of natural gas is expressed as
Equations 18, 19.

Pg,buy (t) = Pg,Load (t) + P
g
ES (t) + Pg,CHP (t) + Pg,GB (t) − PMR,g (t)

(18)

0 ⩽ Pg,buy (t) ⩽ P
max
g,buy (19)

where, Pg,Load (t) is the gas load in t period, PgES(t) is the input power
of gas energy storage in t period, and Pmax

g,buy is the maximum value
of natural gas purchase in each period.

Thehydrogen equilibrium constraint is expressed as Equation 20

PEL,H2
(t) = PH2,MR (t) + PH2,HFC (t) + P

H2
ES (t) (20)

where, PH2
ES (t) is the input power of hydrogen energy storage

in t period.

4 Model linearization and solving

The IES low-carbon economic dispatch model developed in this
paper, incorporating electricity hydrogen production and adjustable
heat-to-electricity ratio, is a complex mixed nonlinear model. To
facilitate its solution, it is imperative to transform this model
into a mixed positive linear form. This transformation enables the
utilization of the Yalmip toolbox, which can call the CPLEX solver
to efficiently solve the problem. Notably, the actual carbon emission
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FIGURE 4
Actual output of wind turbine.

model involves a square term, necessitating piecewise linearization.
The steps involved in this process are as follows:

Step 1: According to the required accuracy, takeQ+1 segmentation
point [r1, r2,…, rQ+1], and divide the original function into Q
intervals.

Step 2: Add Q+1 continuous auxiliary variable [ω1,ω2,…,ωQ+1]
and Q binary auxiliary variables [z1,z2,…,zQ+1], and satisfy
Equation 21.

{{{{{{{
{{{{{{{
{

ω1 +ω2 +⋯+ωQ+1 = 1

z1 + z2 +⋯+ zQ = 1

ω1 ≥ 0,ω2 ≥ 0,…,ωQ+1 ≥ 0

ω1 ≤ z1,ω2 ≤ z1 + z2,…,ωQ+1 ≤ zQ

(21)

Step 3: Replace the non-linear function with Equation 22.

{
{
{

Pe,buy =∑
Q+1
q=1

wqrq

Ee,buy,a =∑
Q+1
q=1

wqEe,buy,a (rq)
(22)

Since the step price is a piecewise function, the linear
transformation can be completed by omitting Step 1 and combining
Step 2 and Step 3.

5 Example analysis

All simulation data in this article are from fund projects.
To verify the effectiveness of the proposed low-carbon economic
dispatch strategy, numerical examples are set up for verification.The
optimization scheduling is carried out on a 24-h cycle, and the actual
output results of the internal wind turbines in this IES are shown
in Figure 4.The operating parameters within the integrated energy
system are shown in Tables 1–4.

The cost of natural gas stands at 0.35 yuan/kWh. For coal-fired
and natural gas-fired units, the carbon emission quotas per unit of
power consumption are 0.8 kg/kWh and 0.39 kg/kWh, respectively.
Additionally, the penalty cost associated with each unit of wind
energy abandonment is set at 0.2 yuan/kWh.

TABLE 1 Time-of-use electricity price.

Time Electrovalence/yuan (kWh)−1

23:00–7:00 0.39

8:00–11:00 0.67

12:00–14:00 1.18

15:00–18:00 0.67

19:00–22:00 1.18

5.1 Benefit analysis of P2G two-stage
process

To highlight the scheduling benefits of the two-stage operational
process involving the refinement of P2G to EL, MR, and HFC
combination, two operational scenarios are established for
comparison. Scenario 1 represents the traditional setup with P2G
equipment within the IES, while Scenario 2 incorporates the two-
stage operational equipment that replaces P2G with a combination
of EL, MR, and HFC. The scheduling outcomes under these
distinct operating scenarios are summarized in Table 5. Upon
inspection, it becomes evident that Scenario 2 exhibits a relatively
lower total operating cost and reduced carbon emissions. This
underscores the advantage of refining the P2G two-stage process,
which not only decreases operating expenses but also contributes
to lower carbon emissions, thereby offering notable multifaceted
benefits.

Figures 5–7 show the internal electrical power balance, thermal
power balance, hydrogen energy balance, and scheduling plan of IES
in Scenario 2, respectively.

From Figure 5, it can be seen that in Scenario 2, IES first inputs
abundant wind power into EL equipment for hydrogen production,
consuming all wind power. From Figure 7, it can be seen that a
portion of hydrogen energy is stored inside the hydrogen storage
system, playing a role in low storage and high generation arbitrage.
A portion is transported to HFC for thermoelectric production,
and another portion is transported to MR for natural gas synthesis.
Due to the fact that hydrogen energy is synthesized into natural gas
throughMR and then transported toGB andCHP for energy supply,
it undergoes energy loss in multiple stages. In HFC, the thermal
and electrical production of hydrogen energy has high energy
consumption, while reducing an intermediate energy conversion
link. Therefore, hydrogen energy is limited and can be transported
to HFC for thermal and electrical production. Therefore, HFC is
in a full capacity state, and the remaining hydrogen energy is then
converted into natural gas through MR.

According to Table 5, the energy utilization rate of Scenario 2 is
relatively high, mainly due to the following reasons: firstly, hydrogen
energy prioritizes the high-efficiency HFC for thermoelectric
production, reducing energy cascade consumption; The second
constraint is the cost of carbon emissions, which increases the
purchase of electricity from superiors in Scenario 2, reduces the
electricity load supplied through CHP, and thus reduces some
energy loss.
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TABLE 2 Installation capacity and operation parameters of each equipment.

Equipment Capacity/kW Energy conversion efficiency/% Ramp constraint/%

MR 250 60.57 20

GB 800 95.34 20

CHP 650 91.98 20

EL 500 87.43 20

HFC 300 94.76 20

TABLE 3 Parameters of energy storage device.

Equipment Capacity/kW Capacity limit constraint/% Ramp constraint/%

Electric storage 450 10∼90 15

Gas storage 150 10∼90 15

Heat storage 500 10∼90 15

Hydrogen storage 200 10∼90 15

TABLE 4 Parameters of energy storage device.

Power consumption type Natural gas consumption
type

a1 b1 c1 a2 b2 c2

35.98 −0.36 0.0036 3.2 −0.0038 0.0009

TABLE 5 Scheduling results under different operating scenarios.

Parameters Parameter values

Scenario 1 Scenario 2

Carbon emissions/kg 22,800 19,684

Carbon transaction/yuan 4123.2 2,812.5

Electricity purchase cost/yuan 3,114.9 3,256.9

gas purchase cost/yuan 10,154.2 9,859.6

Wind curtailment cost/yuan 0 0

Total cost/yuan 17,392.3 15,929.0

Energy efficiency/% 93.98 95.63

At the same time, although MR can convert hydrogen energy
into natural gas and absorb some carbon dioxide, burning natural
gas will release carbon dioxide again. At this time, the natural
gas combustion of GB and CHP is already in a high carbon

FIGURE 5
The electricity power balance of IES under Scenario 2.

FIGURE 6
Heat power balance in IES under Scenario 2.
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FIGURE 7
Hydrogen energy balance in IES under Scenario 2.

emission state, and the carbon dioxide produced by this part of
natural gas combustion will be higher than the absorbed carbon
dioxide. However, hydrogen can be directly produced through
HFC for thermoelectric production without generating carbon
emissions, and can share a portion of the burden of GB and CHP
carbon emissions, resulting in less carbon emissions compared to
Scenario 1.

5.2 Effect analysis of adjustable
heat-power ratio mechanism

The process of adjusting the thermoelectric ratio is as follows: 1)
Determine the target thermoelectric ratio: Determine the expected
thermoelectric ratio based on user needs or system optimization
goals. 2) Adjusting flue gas flow: By using a flue gas control device,
the flowpath and flow rate of high-temperature flue gas in the system
are changed, thereby adjusting the distribution of heat between
power generation and heating. 3) Adjusting heat conversion: Based
on the heat distribution after flue gas regulation, adjust the working
parameters of heat conversion devices (such as absorption heat
pumps) to ensure that the heat supply meets the requirements of
the target thermoelectric ratio. 4) Monitoring and feedback: Real
time monitoring of the thermal electric ratio and operating status of
the system, adjusting the working parameters of the flue gas control
device andheat conversion device based on the feedback results until
the target thermal electric ratio is achieved.

To capture the variable heat-power ratio characteristics of both
CHP and HFC, two scenarios are established for comparative
analysis. In Scenario 3, the heat-power ratio of CHP and HFC
remains fixed, whereas in Scenario 4, this ratio is adjustable. The
scheduling outcomes for both scenarios are presented in Table 6.

From the comparison of the data in the table, it is evident
that Scenario 4 has achieved significant reductions in carbon
emissions, carbon trading costs, and total costs compared to
Scenario 3. Specifically, Scenario 4 reduced carbon emissions by
830 kg compared to Scenario 3. This achievement not only helps
to promote the goal of low-carbon emissions reduction, but also
reflects the optimization effect of Scenario 4 in energy utilization and
emission control. At the same time, the carbon trading cost of the
system has been reduced by 135.3 yuan, which directly reduces the
operating costs of the enterprise and improves economic benefits.

TABLE 6 Scheduling results under different operating scenarios.

Parameters Parameter values

Scenario 3 Scenario 4

Carbon emissions/kg 20,514 19,684

Carbon transaction/yuan 2,947.8 2,812.5

Electricity purchase cost/yuan 4,184.3 3,256.9

Gas purchase cost/yuan 9,702.4 9,859.6

Wind curtailment cost/yuan 0 0

Total cost/yuan 16,834.5 15,929.0

FIGURE 8
Scenario 4 CHP heat to power ratio.

It is worth mentioning that the total cost has also decreased by
905.5 yuan, which further proves the advantage of Scenario 4 in
reducing operating costs.

Taking CHP as an example for specific analysis, the
thermoelectricity of each period of CHP is shown in Figure 8.

As Figure 8 illustrates, during nighttime, the heat load peaks,
resulting in the majority of this demand being met by GB due
to its superior power generation efficiency. CHP supplements the
remaining heat load. Early in themorning, whenwind power output
peaks and the electric load is at its lowest, wind power suffices to
meet the electric load demand. However, CHP is required to supply
a portion of the heat load, leading to its operation at maximum
heat-to-electricity ratio. Conversely, during daytime, when the heat
load is low and the electric load peaks, the system opts for CHP
to power the electric load due to higher electricity prices and
lower gas prices. This results in CHP operating at its minimum
heat-to-power ratio.

5.3 Considering the benefit analysis of
ladder carbon trading mechanism

In order to comprehensively evaluate the effectiveness of the
gradual carbon trading mechanism introduced in this article in
practical applications, specific parameter conditions were set for
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TABLE 7 Scheduling results under different operating scenarios.

Parameters Parameter values

Scenario 3 Scenario 4

Carbon emissions/kg 20,804 19,684

Carbon transaction/yuan 2,509.5 2,812.5

Electricity purchase cost/yuan 1,976.5 3,256.9

Gas purchase cost/yuan 10,432.7 9,859.6

Wind curtailment cost/yuan 0 0

Total cost/yuan 14,918.7 15,929.0

simulation analysis. Specifically, this article sets a 25 percent
price growth rate to simulate the growth trend of carbon trading
prices over a period of time; Meanwhile, a basic carbon trading
price of 250 yuan per ton is set as the benchmark for analysis.
During the simulation process, two scenarios were established
for comparative analysis to highlight the advantages of a gradual
carbon trading mechanism. Scenario 5 represents the low-carbon
economic dispatch mode under the traditional carbon trading
mechanism, while Scenario 6 represents the low-carbon economic
dispatch mode under the tiered carbon trading mechanism.
It also considers energy purchase costs, carbon trading costs,
and wind abandonment costs, but its operating mechanism is
more complex and refined. The simulation results are shown
in Table 7.

The data in the table provides strong evidence on the
effectiveness of implementing a tiered carbon trading mechanism.
Compared to Scenario 5, Scenario 6 reduced carbon emissions by
1,120 kg, a reduction of 5.38 percent. This significant reduction
fully demonstrates the effectiveness of the tiered carbon trading
mechanism in curbing carbon emissions and achieving emission
reduction goals. Further analysis of the data reveals that Scenario 5
was indeed affected by carbon trading costs during the optimization
process. Although natural gas is cheaper than electricity in terms
of price, in Scenario 5, the system burns natural gas in a high
emission state, resulting in an increase in carbon emissions and
the need to purchase more carbon emission quotas from the
carbon trading market, thereby increasing additional costs. This
cost increase makes the cost savings of choosing natural gas over
electricity negligible, unable to offset the negative impact of high
carbon emissions. In scenario 6, the implementation of a tiered
carbon trading mechanism gradually increases the price of carbon
emission quotas, effectively limiting the system’s carbon emissions.
This mechanism promotes the system to reduce the purchase of
natural gas and increase the purchase of electricity during the
optimization process, achieving a new energy balance. This balance
not only helps to reduce carbon emissions, but also improves
energy efficiency and further reduces operating costs. Although the
total cost of Scenario 6 is 1,010.3 yuan higher than Scenario 5,
considering that it achieved 1,120 kg of carbon reduction, this cost
increase is completely acceptable.This indicates that under the tiered
carbon trading mechanism, the system can significantly reduce

carbon emissions while maintaining relatively low operating costs,
achieving a win-win situation for both economic and environmental
benefits.

6 Discussion

In the study of the optimal scheduling strategy for the integrated
energy system of electricity and hydrogen production under the
stepped carbon trading mechanism, some limitations are inevitably
encountered. Firstly, the simplification of model assumptions
makes problem solving more efficient, but ignores the dynamic
changes in external factors such as energy prices and carbon
emission prices in the real world, which may lead to biases in the
model when simulating real situations, affecting its accuracy and
practicality.

Secondly, the limitations of data availability pose a challenge
to research. Despite efforts to collect relevant data, it is difficult
to obtain carbon emission data for certain regions or specific
time periods, which may result in inaccurate calculation of carbon
emission costs and affect the comprehensiveness and accuracy of
evaluating energy system optimization scheduling strategies.

In addition, the uncertainty of technological development has
also brought challenges. Electric hydrogen production technology
and energy system technology continue to evolve, and the
emergence of new technologies may have a significant impact
on existing systems. However, due to the unpredictability of
technological development, research may not be able to fully
consider the impact of these new technologies, resulting in
biased research results in the context of future technological
developments.

In response to these limitations, the following suggestions are
proposed for future research. Firstly, external factors such as energy
prices, carbon emission prices, policy changes, etc., should be more
comprehensively considered in the model to improve its accuracy
and practicality. Secondly, strengthen data collection and processing
to ensure the comprehensiveness and accuracy of data, in order
to overcome limitations in data availability. At the same time, pay
attention to technological development trends, adjust and optimize
model parameters and strategies in a timely manner to adapt to
changes in future technological development.

Finally, emphasize the importance of interdisciplinary
cooperation. Due to the involvement of multiple disciplines in
this study, such as energy engineering, environmental science,
economics, etc., strengthening interdisciplinary cooperation will
help to jointly solve the problems encountered in research, improve
the level and quality of research. Through communication and
cooperation among different disciplines, we can gain a more
comprehensive understanding of the application effect of the
tiered carbon trading mechanism in energy system optimization
and scheduling, providing strong support for future energy
transformation and sustainable development.

7 Conclusion

This paper centers on the IES’s engagement in the step-by-
step carbon trading market, meticulously examining the intricate
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operational process of the P2G two-stage. It takes into account the
adjustable attributes of the CHP and HFC heat-to-electric ratio,
thereby establishing a comprehensive optimal scheduling model for
IES low-carbon economy. Through rigorous research and thorough
analysis, the following conclusions are derived:

(1) By substituting P2G with EL, MR, and HFC combined
operational equipment, we can maximize the utilization of
hydrogen’s high energy efficiency, thus minimizing energy
losses in the cascade process while simultaneously boosting
wind power consumption. Furthermore, HFC’s ability to share
the energy supply demands of CHP and GB results in a
reduction of carbon emissions from these sources, thereby
contributing to an overall decrease in carbon emissions.

(2) By factoring in the adjustable heat-power ratio of CHP
and HFC, their output levels can be dynamically adjusted
to align with real-time energy demands. This flexibility
not only enhances the efficiency of energy supply but also
enables intelligent heat-to-electricity ratio adjustments based
on fluctuations in time-of-use electricity and gas prices.
This approach effectively lowers operational costs while also
contributing to carbon emission reduction, thus achieving a
harmonious balance between environmental protection and
economic benefits.

(3) By engaging in the carbon trading market, IES can achieve
significant carbon emission reductions while maintaining
low operational expenses. When compared to the traditional
carbon trading pricing model, the stepwise carbon trading
mechanism exhibits a stronger binding force on carbon
emissions, thereby more effectively guiding the reduction of
carbon emissions.

(4) The optimization and scheduling strategy for the integrated
energy systemof electric hydrogen production under the tiered
carbon trading mechanism incentivizes the system to reduce
carbon emissions and optimize energy use by setting trading
prices for different carbon emission tiers in practical operation.
This strategy can effectively improve energy utilization
efficiency, reduce environmental pollution, and promote the
consumption of renewable energy. In addition, by refining the
P2G process and introducing equipment such as electrolytic
cells and methane reactors, the flexibility and economy of
the system have been further enhanced. Overall, this strategy
provides strong support for achieving a low-carbon economy
and sustainable development.
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