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Abstract: In integrated energy system modeling, extant research predominantly addresses
single-energy system optimization or carbon emission flow models, failing to adequately
elucidate the mechanisms of combined energy and carbon flow modeling in complex energy
systems. This deficiency hampers a thorough analysis of the coupling relationships between
energy and carbon flows, thereby posing significant challenges for resource allocation and
carbon mitigation within integrated energy systems. This paper presents an innovative
energy–carbon coupling model, constructing a unified framework for energy and carbon
flow modeling centered on the energy hub, thereby overcoming the limitations of tradi-
tional approaches that are unable to model both energy and carbon flows concurrently.
The model comprehensively examines the coupling nodes and carbon density correlations
among energy conversion devices within multi-energy systems, precisely quantifying
carbon emission paths and distribution across devices. This provides a novel method-
ology for carbon emission management in integrated energy systems. Case studies on
typical integrated energy systems demonstrate the proposed model’s efficacy in low-carbon
economic dispatch. The energy–carbon coupling model developed in this study offers a
high-adaptability solution for integrated energy systems in multi-energy, low-carbon parks,
achieving an optimal balance between economic efficiency and environmental performance
under dual objectives of energy demand and carbon emission minimization.

Keywords: integrated energy systems; coupling modeling; low-carbon economy; energy
hub; carbon emission flow

1. Introduction
With increasing global attention on climate change, nations worldwide have set ambi-

tious carbon neutrality targets aimed at addressing the challenges posed by climate change
through carbon emission control. China has likewise pledged to achieve carbon neutral-
ity by 2060 [1]. Against this backdrop, the development of smart low-carbon parks has
emerged as an essential path for promoting energy system transformation, enhancing en-
ergy efficiency, and reducing carbon emissions. Consequently, low-carbon, energy-efficient,
and clean integrated energy systems (IESs) have become a significant research focus in
the field of power systems in recent years. An IES is defined as an energy configura-
tion that, centered around the power system, couples multiple energy subsystems—such
as heating, cooling, and natural gas—while coordinating and optimizing each phase of
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“source-network-load-storage” from a physical perspective during the planning, construc-
tion, and operational stages, resulting in an integrated system of energy production, supply,
and utilization [2]. Modeling and optimizing the energy and carbon flows within an IES
can increase energy utilization efficiency, reduce carbon emissions [3], and facilitate multi-
energy complementarity and large-scale renewable energy deployment. This not only
provides technical support for achieving the “zero-carbon” goal in energy systems but also
lays a solid foundation for the promotion and application of smart low-carbon parks in
the future [4].

Research on IES modeling has made considerable progress. Literature [5] proposes an
energy hub model concept that succinctly illustrates the coordination and coupling relation-
ships among multiple energy flow conversion units within the system, including electricity,
gas, heat, and renewable energy. Literature [6] develops a multi-objective optimization
model for the operation and planning of building-level energy stations based on energy
hubs, optimizing cooling, heating, and electrical outputs. Literature [7] considers scenarios
in which multi-energy flow systems comprise multiple energy hubs, using the principles
of non-cooperative game theory to establish a corresponding model based on the interde-
pendencies of coupling, complementarity, and constraints among hubs. This model yields
optimized scheduling results at various confidence levels and analyzes their impacts. Liter-
ature [8] presents a novel carbon emission flow analysis model for multi-energy systems
to quantify carbon emissions associated with energy transfer and conversion processes,
validated through case studies. Research on low-carbon economic optimization dispatch
for IESs varies by the factors considered, leading to different optimization approaches.
Literature [9] develops an economic optimization dispatch model that aims to minimize the
life-cycle costs of IES construction and operation within a park. The study demonstrates
that the coupling and scheduling of subsystems can flexibly integrate multiple energy
conversion devices, significantly reducing dependence on external energy purchases and
overall system costs. Literature [10] addresses the uncertainty of supply and demand
within the energy system, proposing a two-stage modeling and multi-energy flow solution
method that enhances economic efficiency while reducing carbon emissions through the
coordinated control of various resources. Literature [11] introduces a bilevel optimization
model for low-carbon economic dispatch by accurately accounting for implied carbon
emissions through the carbon flow density of external electricity sources, effectively opti-
mizing the carbon flow distribution within the IES and enhancing system environmental
performance. Literature [12] presents a coordinated optimization approach that considers
long- and short-term hydrogen storage, demand response, and multiple uncertainties. The
results indicate that the proposed optimization approach reduces system costs, minimizes
energy waste, and achieves zero emissions.

Modeling energy and carbon flows within an IES is a complex yet critical task, provid-
ing the foundation for integrated energy–carbon optimization in smart low-carbon parks.
The studies mentioned above, based on energy hub theory, model either energy or carbon
flows within an IES and apply various optimization targets to optimize system dispatch.
However, significant challenges persist in constructing a combined energy–carbon flow
model: First, IESs typically incorporate multiple forms of energy with intricate conversion
and coupling relationships, necessitating the consideration of different energy conversion
pathways and the interdependence between energy and carbon flows during modeling,
which significantly increases model complexity. Second, current modeling approaches
face difficulties in achieving an integrated modeling of energy and carbon flows, failing to
effectively reflect the coupling relationship between energy and carbon emissions within
the system.
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To address the complexities and challenges associated with modeling energy and
carbon flows within IES, energy hub theory offers a new perspective and solution. First,
energy hubs effectively integrate various forms of energy, simplifying conversion pathways
among different energy types, which clarifies complex coupling relationships during the
modeling process. This integrated framework enables simultaneous consideration of the
interdependence between energy and carbon flows within a unified model, more accurately
reflecting the coupling between energy and carbon emissions within the system. Moreover,
a significant challenge of energy–carbon-coupled modeling in this study lies in balancing
model accuracy with computational complexity reduction. The assumptions made during
the modeling process tend to be idealized, excluding factors such as equipment aging and
failures. Under ideal conditions, the model assumes adjustable equipment efficiency and
high operational stability of the system environment.

To address these issues, this paper proposes an innovative energy–carbon coupling
model based on the energy hub framework. This model offers the ability to couple and
integrate multiple energy types, effectively managing the conversion and flow of various
energy forms. The energy–carbon coupling model not only accurately represents energy
conversion processes but also embeds carbon emission factors, enabling a precise calcula-
tion of carbon emissions at each step of energy conversion. This clear representation of the
coupling between energy and carbon flows enables an integrated modeling of both flows.
Additionally, the model can calculate carbon emissions across the four major components
of an IES—source, network, load, and storage—supporting life-cycle carbon emission
management. By combining energy and carbon flow models, the energy–carbon coupling
model simplifies the separate modeling process, reduces computational complexity, and
clarifies and unifies the representation and calculation of energy and carbon flows.

The main contributions of this study can be summarized as follows:

1. This study proposes an energy hub-based energy–carbon coupling modeling method,
achieving a simultaneous integrated modeling of multiple energy flows and carbon
flows and effectively revealing the complex coupling between energy conversion and
carbon emissions within the system.

2. By analyzing carbon emissions across the four major components of an IES—source,
network, load, and storage—the study realizes life-cycle carbon emission manage-
ment, enhancing system efficiency, supporting national carbon reduction goals, and
providing solid technical support for the promotion of smart low-carbon parks.

3. By simplifying the computational process for complex energy and carbon flow cou-
pling, the model significantly reduces computational complexity while ensuring
accuracy, thereby enhancing the efficiency and operability of optimized dispatch,
making the model more feasible for practical engineering applications.

2. Construction of the Coupled Energy and Carbon Flow Model for
Integrated Energy Systems

The integrated energy system is generally dominated by electricity and natural
gas, with the energy supply network composed of power distribution networks, ther-
mal pipelines, cooling supply networks, and natural gas pipelines. The system includes
various energy conversion and storage devices to meet the demands for four types of
loads—electricity, heat, cooling, and gas—on the user side. The energy conversion devices
primarily consist of photovoltaic (PV) systems, wind turbines (WTs), gas turbines (EGTs),
gas boilers (GHBs), electric boilers (EHBs), electric chillers (ECs), absorption chillers (ACs),
carbon capture and storage (CCS) units, power-to-gas (P2G) systems, and combined cool-
ing, heating, and power (CCHP) units. The energy storage devices include energy storage
batteries (ES), thermal storage tanks (HS), chilled storage tanks (CS), and gas storage tanks
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(GS). A specific structural diagram of the integrated energy system is shown in Figure 1.
This paper constructs the models of various energy conversion devices based on ideal
operating conditions, assuming stable device performance with fixed parameters, and
does not consider the impact of device aging or environmental changes on the energy
conversion efficiency.
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2.1. Models of Various Devices in the Integrated Energy System
2.1.1. Gas Turbine

The gas turbine (EGT) operates under optimal conditions, where the power consumed
by the combustion of natural gas and the power generated can be expressed as follows:

PEGTηEGT,e = PEGT,e (1)

The relationship between the carbon flow density at the input and output ports of the
gas turbine can be expressed as follows:

ρEGTηEGT,e = ρEGT,e (2)

where PEGT represents the gas consumption power of the gas turbine, PEGT,e is the power
generated by the gas turbine, ρEGT denotes the carbon flow density at the input port of the
gas turbine, ρEGT,e is the carbon flow density at the output port for the electric load of the
gas turbine, and ηEGT,e represents the power generation efficiency of the gas turbine.

2.1.2. Gas Boiler

Under suitable operating conditions, the gas boiler (GHB) consumes natural gas and
converts the internal energy of the gas into thermal energy. The specific energy conversion
relationship is as follows:

PGHBηGHB = PGHB,h (3)

The relationship between the carbon flow density at the input and output ports of the
gas boiler can be expressed as follows:

ρGHBηGHB = ρGHB,h (4)



Sustainability 2025, 17, 1063 5 of 29

where PGHB represents the gas consumption power of the gas boiler, PGHB,h denotes the
heat output power of the gas boiler, ρGHB is the carbon flow density at the input port of the
gas boiler, ρGHB,h is the carbon flow density at the output port of the gas boiler, and ηGHB

signifies the energy conversion efficiency of the gas boiler.

2.1.3. Electric Boiler

The electric boiler (EHB) directly converts electrical energy into thermal energy to sup-
ply the user load. Under suitable operating conditions, the energy conversion relationship
can be expressed as follows:

PEHBηEHB = PEHB,h (5)

The relationship between the carbon flow density at the input and output ports of the
electric boiler can be expressed as:

ρEHBηEHB = ρEHB,h (6)

where PEHB represents the power consumption of the electric boiler, PEHB,h denotes the
heat generation power of the electric boiler, ρEHB indicates the carbon flow density at the
input port of the electric boiler, ρEHB,h signifies the carbon flow density at the output port
of the electric boiler, and ηEHB represents the energy efficiency of the electric boiler.

2.1.4. Electric Chiller

The electric chiller (EC) operates by consuming electrical energy for cooling. Under
suitable operating conditions, its operational model is similar to that of a lithium bromide
absorption chiller:

PECηEC = PEC,c (7)

The relationship of carbon flow density at the input and output ports of the electric
chiller can be expressed as follows:

ρECηEC = ρEC,c (8)

In the equation, PEC and PEC,c represent the power consumption and cooling power of
the electric chiller, respectively; ρEC and ρEC,c denote the carbon flow density at the input
and output ports of the electric chiller, respectively; and ηEC signifies the coefficient of the
performance of the electric chiller.

2.1.5. Absorption Chiller

The absorption chiller (AC) operates under suitable conditions, converting thermal
energy into cooling energy to directly meet the cooling demands of users. Let the input
thermal power of the absorption chiller be denoted as PAC and the output cooling power
as PAC,c. The relationship between them can be expressed as follows:

PACηAC = PAC,c (9)

The carbon flow density relationship between the input and output ports of the
absorption chiller can be expressed as follows:

ρACηAC = ρAC,c (10)

In the equation, ηAC represents the coefficient of performance of the absorption chiller,
commonly referred to as the energy efficiency ratio, which indicates the ratio of the cooling
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capacity to the heat input of the absorption chiller during operation. ρAC and ρAC,c represent
the carbon flow densities at the input and output ports of the absorption chiller, respectively.

2.1.6. Carbon Capture System

The carbon capture system (CCS) solely consumes electrical energy to enrich CO2,
which is then transported to the power-to-gas (P2G) system. Within the integrated energy
system, CCS serves as a consumer of electrical energy and does not generate any cooling,
heating, electrical, or gas loads. The energy hub model for CCS is characterized by one
input and zero outputs. The quantity corresponding to the input end of the coupling matrix
is denoted by 1, indicating that all the electrical energy input to the CCS system is utilized.

2.1.7. Power-to-Gas

The power-to-gas (P2G) system operates under suitable conditions, where the power
consumed for the electrolysis of water and the hydrogen production power can be expressed
as follows:

PP2GηP2G = PP2G,g (11)

The relationship between the carbon flow density at the input and output ports of the
P2G can be expressed as follows:

ρP2GηP2G = ρP2G,g (12)

where PP2G represents the power consumed by the electrolysis of water, PP2G,g denotes the
hydrogen production power of the P2G system, ρP2G is the carbon flow density at the input
port of the P2G, ρP2G,g is the carbon flow density at the output port of the P2G, and ηP2G

represents the energy conversion efficiency of the P2G system.

2.1.8. Combined Cooling, Heating, and Power System

The relationships among the power consumed by the combustion of natural gas, the
power generated, the thermal power produced, and the cooling power supplied by the
combined cooling, heating, and power (CCHP) system under suitable operating conditions
can be expressed as follows:

PCCHPηCCHP,e = PCCHP,e (13)

PCCHPηCCHP,h = PCCHP,h (14)

PCCHPηCCHP,c = PCCHP,c (15)

The relationship between the carbon flow density at the input port of the CCHP system
and the carbon flow densities of the output electrical load, output thermal load, and output
cooling load can be expressed as follows:

ρCCHPηCCHP,e = ρCCHP,e (16)

ρCCHPηCCHP,h = ρCCHP,h (17)

ρCCHPηCCHP,c = ρCCHP,c (18)

In the equation, PCCHP represents the gas consumption power of the CCHP unit;
PCCHP,e, PCCHP,h, and PCCHP,c denote the power outputs for electricity generation, heating,
and cooling, respectively. Additionally, ρCCHP represents the carbon flow density at the
CCHP output port, ρCCHP,e, ρCCHP,h, and ρCCHP,c correspond to the carbon flow densities
for the output electrical load, output thermal load, and output cooling load, respectively,
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while ηCCHP,e, ηCCHP,h, and ηCCHP,c indicate the generation efficiency, heating efficiency,
and cooling efficiency of the unit, respectively.

2.1.9. Energy Storage Device

The typical physical model [11] of the energy storage device is represented as follows:

SOCi(t) = (1 − δi∆t)SOCi(t0) + (Pch
i ηch

i −
Pdis

i

ηdis
i

)∆t (19)

In the equation, i ∈ {ES, HS, CS, GS}; SOCi(t) and SOCi(t0) represent the energy
stored in the energy storage device at times t and t0, which includes electricity, heat, cooling,
and gas; δi denotes the self-consumption rate of the energy storage de-vice, measured in
%/h; ∆t represents the time span from t0 to t; Pch

i and Pdis
i correspond to the charging and

discharging power of the energy storage battery, respectively; ηch
i and ηdis

i represent the
charging and discharging efficiencies of the energy storage battery, respectively.

2.2. Analysis of Energy–Carbon Coupling Relationships in Integrated Energy Systems

For energy conversion devices, all carbon emissions associated with input energy
should be allocated to the output energy. The total carbon flow density at the input port
is equal to the total carbon flow density at the output port. The carbon emission balance
expression can be represented as follows:

F = ρinEin = ρoutEout (20)

where F denotes the carbon emissions, and ρin and ρout represent the carbon flow densities
at the input and output ports of the energy conversion equipment, respectively. Ein and
Eout correspond to the energy input and energy output.

Similarly, for multi-output conversion devices, the carbon emission balance expression
also holds, namely:

F =
n

∑
i=1

ρiEi = ρ1E1 + ρ2E2 + · · ·+ ρnEn (21)

In this expression, ρi represents the carbon flux density at a specific load output port,
Ei denotes the energy at a specific load output port, n is the number of multiple energy
flows within the integrated energy system, and i represents the i-th energy flow within
the system.

Taking a typical combined cooling, heating, and power (CCHP) system as an example,
we can analyze the energy–carbon coupling relationships. The CCHP system consists
of a gas turbine (EGT), an absorption chiller (AC), and a heat recovery boiler (HRB).
Initially, the gas turbine is powered by natural gas, producing approximately 30% of the
electric load, 50% waste heat in the form of exhaust gas, and 10–20% losses. The heat
recovery device then partially combusts additional natural gas fuel, utilizing the waste
heat exhaust to generate thermal load, while simultaneously transmitting a portion of the
power to the lithium bromide absorption chiller to produce cooling load. Consequently,
this setup enables cascaded energy utilization, meeting the demands of cooling, heating,
and electricity loads concurrently.

The heat recovery boiler recycles the waste heat generated during the gas turbine’s
electricity production, supplying it back into the system. It plays a critical role in realizing
cascaded energy utilization, linking various energy supply devices, and enhancing con-
nections between cooling, heating, and electric loads. This not only reduces energy loss in
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the system but also enhances the system’s economic efficiency. Under suitable operating
conditions, the following energy conversion relationships are satisfied:

PEGT,hηHRB(1 − ηloss,h) = PHRB,h (22)

where PEGT,h represents the heat output power of the gas turbine, PHRB,h is the heat output
power of the heat recovery boiler, ηHRB is the thermal efficiency of the heat recovery boiler,
and ηloss,h denotes the heat loss from the gas turbine to the heat recovery boiler.

The energy–carbon coupling relationship diagram of CCHP is shown in Figure 2, where
the energy and carbon flow densities satisfy the carbon emission balance equation, namely,

ρCCHP,eECCHP,e + ρCCHP,hECCHP,h + ρCCHP,cECCHP,c = ρCCHPECCHP (23)
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Energy conversion devices within the energy hub can be categorized into four types:
single input–single output, single input–multiple output, multiple input–single output,
and multiple input–multiple output. Each energy conversion device is defined as an
Energy Conversion Unit (ECU). Special ECUs include energy flow aggregation points and
separation points. The energy flow aggregation point gathers multiple energy inputs into a
single-energy output, while the energy flow separation point divides a single-energy input
into multiple same-type energy flows, which are then directed to the output. The schematic
of energy conversion devices within the energy hub is shown in Figure 3.
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Using energy aggregation points and energy separation points as examples, the energy–
carbon coupling relationships are analyzed. The schematic diagram of the energy–carbon
coupling relationships for the energy aggregation point ECU1 and the energy separation
point ECU2 is shown in Figure 4. In energy separation point ECU2, the energy and carbon
flow are distributed to two branches, with distribution ratios of η1 and 1 − η1, respectively.
The energy and carbon emissions output from ECU2 are illustrated in the figure, and the
coupling relationship of energy flow and carbon flow in the ECU still satisfies the carbon
emission balance expression, namely:

EGridρGrid = (EGrid + EPV + EWT)ρGrid,i

= η1(EGrid + EPV + EWT)ρGrid,1 + (1 − η1)(EGrid + EPV + EWT)ρGrid,2
(24)
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2.3. Energy–Carbon Coupling Model of the Integrated Energy System

The core of energy hub modeling lies in solving the coupling matrix that reflects the
conversion and transmission relationships of multi-energy flows and carbon flows between
the system’s input and output ports. This paper will progressively solve the multi-part
coupling matrix of the integrated energy system based on the constructed partial models.
The results of the partial modeling of the integrated energy system are shown in Figure 5.
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From Figure 5, it can be observed that EH1 contains four input ports and two output
ports. Based on the known parameters, the coupling matrix C1 of EH1 can be determined
as follows:

C1 =

[
1 1 1 0
0 0 0 1

]
(25)
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Similarly, EH2 contains two input ports and three output ports. The coupling matrix
C2 of EH2 can be determined based on the known parameters as follows:

C2 =

 η1 0
1 − η1 0

0 1

 (26)

EH3 contains three input ports and three output ports. The coupling matrix C3 of EH3

can be determined based on the known parameters as follows:

C3 =

1 0 0
0 ηP2G 0
0 0 1

 (27)

EH4 contains three input ports and two output ports. The coupling matrix C4 of EH4

can be determined based on the known parameters as follows:

C4 =

[
1 0 0
0 1 1

]
(28)

EH5 contains two input ports and four output ports. The coupling matrix C5 of EH5

can be determined based on the known parameters as follows:

C5 =


1 0
0 η2

0 η3

0 1 − η2 − η3

 (29)

EH6 contains four input ports and four output ports. The coupling matrix C6 of EH6

can be determined based on the known parameters as follows:

C6 =


1 0 0 0
0 ηEGT 0 0
0 0 ηGHB 0
0 0 0 1

 (30)

EH7 contains four input ports and three output ports. The coupling matrix C7 of EH7

can be determined based on the known parameters as follows:

C7 =

1 1 0 0
0 0 1 0
0 0 0 1

 (31)

EH8 contains three input ports and four output ports. The coupling matrix C8 of EH8

can be determined based on the known parameters as follows:

C8 =


η4 0 0

1 − η4 0 0
0 1 0
0 0 1

 (32)
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EH9 contains four input ports and four output ports. The coupling matrix C9 of EH9

can be determined based on the known parameters as follows:

C9 =


1 0 0 0
0 ηEGB 0 0
0 0 1 0
0 0 0 1

 (33)

EH10 consists of four input ports and three output ports. The coupling matrix C10 of
EH10 can be derived from the known parameters:

C10 =

1 0 0 0
0 1 1 0
0 0 0 1

 (34)

EH11 consists of three input ports and five output ports. The coupling matrix C11 of
EH11 can be derived from the known parameters:

C11 =


η5 0 0

1 − η5 0 0
0 η6 0
0 1 − η6 0
0 0 1

 (35)

EH12 consists of five input ports and five output ports. The coupling matrix C12 of
EH12 can be derived from the known parameters:

C12 =


1 0 0 0 0
0 ηEC 0 0 0
0 0 ηAC 0 0
0 0 0 1 0
0 0 0 0 1

 (36)

EH13 consists of five input ports and five output ports. The coupling matrix C13 of
EH13 can be derived from the known parameters:

C13 =


1 0 0 0 0
0 1 1 0 0
0 0 0 0 0
0 0 0 1 η7

0 0 0 0 1 − η7

 (37)

EH14 consists of five input ports and seven output ports. The coupling matrix C14 of
EH14 can be derived from the known parameters:

C14 =



ηES 0 0 0 0
0 ηCS 0 0 0
0 0 ηHS 0 0
0 0 0 ηCCHP,e 0
0 0 0 ηCCHP,c 0
0 0 0 ηCCHP,h 0
0 0 0 0 ηGS


(38)
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EH15 consists of seven input ports and four output ports. The coupling matrix C15 of
EH15 can be derived from the known parameters:

C15 =


1 0 0 1 0 0 0
0 1 0 0 1 0 0
0 0 1 0 0 1 0
0 0 0 0 0 0 1

 (39)

To establish the energy hub model of the integrated energy system, it is necessary to
solve for the system input vector, output vector, and the coupling matrix that reflects the
multi-energy flow conversion relationship between the input and output ports.

First, the system input vector is determined by the elements of the system input ports.
Since photovoltaic generation units and wind power generation units do not produce CO2,
the input ports sequentially include the input power from the grid, photovoltaic generation,
wind power generation, and the natural gas network, as well as the carbon flow densities
from the grid and the natural gas network. The input vector P can be expressed as follows:

P =



Pgrid

Ppv

Pwt

Pgas

ρi,grid

ρi,gas


(40)

In the equation, Pgrid represents the input power from the grid, Ppv denotes the input
power from photovoltaic generation, Pwt signifies the input power from wind power
generation, Pgas indicates the input power from the natural gas network, ρi,grid represents
the carbon flow density from the grid, and ρi,gas denotes the carbon flow density from the
natural gas network.

Similarly, the output vector of the energy hub is determined by the elements of
the output ports. The output ports sequentially include the output power for electrical
load, thermal load, cooling load, and gas load, along with the corresponding carbon flow
densities for electricity, heat, cooling, and gas loads. Therefore, the output vector L can be
expressed as follows:

L =



Pel

Pcl

Phl

Pgl

ρo,el

ρo,cl

ρo,hl

ρo,gl


(41)

In the equation, Pel, Phl, Pcl, and Pgl represent the output power of electrical load,
thermal load, cooling load, and gas load, respectively, while ρo,el, ρo,hl, ρo,cl, and ρo,gl

denote the carbon flow densities for electricity, heat, cooling, and gas loads, respectively.
Finally, based on the specific sub-model construction of the integrated energy system

within the park, the resulting energy–carbon modeling framework for the comprehensive
energy system is illustrated in Figure 6, with the formulation for solving the system
coupling matrix C derived as follows:

C = C15C14C13 . . . C3C2C1 (42)



Sustainability 2025, 17, 1063 13 of 29

Sustainability 2025, 17, x FOR PEER REVIEW 14 of 31 
 

11 12 13 14

21 22 23 24

31 32 33 34

41 42 43 44

55 56

65 66

el

cl grid

hl pv

gl wt

o,el gas

o,cl i,g

o,hl

o,gl 5

75 76

8 86

0 0
0 0
0 0
0 0

=
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

P C C C C
C C C C
C

P
C C C

C C C C
C C P
C C
C C
C C

P
P P
P P

ρ
ρ
ρ
ρ

ρ

   
   
   
   
   
   
   
   
   
   
   
     

rid

i,gasρ

 
 
 
 
 
 
 
 
  

 (43) 

In this equation, Cj represents the coupling matrix of each sub-model within the en-
ergy hub, { }1, 2,3...14,15j∈  , while Cmn denotes elements of the comprehensive en-

ergy–carbon coupling matrix C for the entire integrated energy system, 
{ } { }1, 2,3...7,8 1, 2,3, 4,5, 6m n∈ ∈， . 

Thus, the construction of the energy–carbon coupling model for the energy hub 
within the integrated energy system is now complete. 

 

Figure 6. Results of the energy–carbon modeling for the integrated energy system. 

3. Low-Carbon Economic Optimal Scheduling Based on Energy–Carbon  
Coupled Modeling 

This paper presents a low-carbon economic optimization method based on energy–
carbon coupling modeling. The optimization scheduling framework is shown in Figure 7 
and consists of four main steps: (1) constructing the energy–carbon coupling model of the 
integrated energy system; (2) designing a low-carbon economic optimization scheduling 
model based on the energy–carbon coupling model; (3) using the PSO algorithm for opti-
mization, generating the Pareto front; (4) finally, applying the TOPSIS multi-objective de-
cision-making algorithm to select the optimal solution and obtain the best operational 
plan. 

Figure 6. Results of the energy–carbon modeling for the integrated energy system.

By substituting each of the obtained coupling matrices for the respective EH units
into Equation (44), the integrated energy hub model for the comprehensive energy system
selected in this study is derived as follows:

Pel

Pcl

Phl

Pgl

ρo,el

ρo,cl

ρo,hl

ρo,gl


=



C11 C12 C13 C14 0 0
C21 C22 C23 C24 0 0
C31 C32 C33 C34 0 0
C41 C42 C43 C44 0 0
0 0 0 0 C55 C56

0 0 0 0 C65 C66

0 0 0 0 C75 C76

0 0 0 0 C85 C86





Pgrid

Ppv

Pwt

Pgas

ρi,grid

ρi,gas


(43)

In this equation, Cj represents the coupling matrix of each sub-model within the energy
hub, j ∈ {1, 2, 3 . . . 14, 15}, while Cmn denotes elements of the comprehensive energy–
carbon coupling matrix C for the entire integrated energy system, m ∈ {1, 2, 3 . . . 7, 8},
n ∈ {1, 2, 3, 4, 5, 6}.

Thus, the construction of the energy–carbon coupling model for the energy hub within
the integrated energy system is now complete.

3. Low-Carbon Economic Optimal Scheduling Based on Energy–Carbon
Coupled Modeling

This paper presents a low-carbon economic optimization method based on energy–
carbon coupling modeling. The optimization scheduling framework is shown in Figure 7
and consists of four main steps: (1) constructing the energy–carbon coupling model of
the integrated energy system; (2) designing a low-carbon economic optimization schedul-
ing model based on the energy–carbon coupling model; (3) using the PSO algorithm
for optimization, generating the Pareto front; (4) finally, applying the TOPSIS multi-
objective decision-making algorithm to select the optimal solution and obtain the best
operational plan.
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3.1. Objective Function

This study optimizes the scheduling of the integrated energy system, coordinating
resources in the electricity, heating, cooling, and gas subsystems to meet load demands and
system operation constraints. By optimizing storage devices and employing demand-side
management, the objective is to minimize both operating costs and carbon emissions.

3.1.1. System Operating Cost

The operating cost of the integrated energy system includes electricity purchase costs,
gas purchase costs, operation and maintenance costs of each device, and curtailment costs
associated with photovoltaic and wind power generation units.

minC = Cele + Cgas + Com + Closs

Cele =
T
∑

t=1
λe(t)Pbuy

grid(t)

Cgas =
T
∑

t=1
λg(t)Pbuy

gas (t)

Com =
T
∑

t=1

N
∑

i=1
λom,iPi(t)

Closs =
T
∑

t=1
[λsolarPloss

solar(t) + λwindPloss
wind(t)]

(44)

In this equation, C represents the system operating cost; Cele denotes the cost of
electricity purchase; Cgas denotes the cost of gas purchase; Com represents the operation and
maintenance cost of equipment; Closs represents the cost of curtailed energy; λe, λg, λsolar,
and λwind are the electricity purchase price, gas purchase price, curtailed photovoltaic price,
and curtailed wind power price, respectively; λom,i denotes the operation and maintenance
coefficient of the i-th piece of equipment; Pbuy

grid(t), Pbuy
gas (t), Pi(t), Ploss

solar(t), and Ploss
wind(t)

represent, respectively, the purchased electricity, purchased gas, output power of the i-th
device, curtailed PV power, and curtailed wind power at time t.
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3.1.2. System Carbon Emission

The carbon emissions of the integrated energy system consist of the sum of the carbon
emissions from the electrical, thermal, cooling, and gas loads at the system load end.

minF =
24

∑
t=1

ρo,el,tPel,t + ρo,cl,tPcl,t + ρo,hl,tPhl,t + ρo,gl,tPgl,t (45)

In the equation, Pel,t, Phl,t, Pcl,t, and Pgl,t represent the output power of the electrical,
thermal, cooling, and gas loads at time t, respectively. Meanwhile, ρo,el,t, ρo,hl,t, ρo,cl,t, and
ρo,gl,t represent the carbon flux densities of the electrical, thermal, cooling, and gas loads at
time t, respectively.

3.2. Constraints
3.2.1. Equipment Power Constraints

Pi,min ≤ Pi(t) ≤ Pi,max (46)

In this equation, Pi,min and Pi,max represent the upper and lower output limits of the
i-th device.

3.2.2. Energy Storage Component’s Periodic Energy Constraints{
SOCi,min ≤ SOCi(t) ≤ SOCi,max

SOCi(T) = SOCi(0)
(47)

In the equation, SOCi,min, SOCi,max, and SOCi(0) represent the upper and lower limits
of the energy storage device i; SOCi(t) denotes the state of energy storage at time t.

3.2.3. Ramp Rate Constraints

∣∣∣∆Pi

∣∣∣ ≤ Pi,climb (48)

In the equation, ∆P represents the output variation of device i; Pi,climb denotes the
ramp rate of the device.

3.2.4. Interaction Power Constraint Between the Integrated Energy System and the
Upper-Level Power Grid and Gas Network

0 ⩽ Pbuy
grid(t) ⩽ Pbuy

grid,max

0 ⩽ Psell
grid(t) ⩽ Psell

grid,max

0 ⩽ Pbuy
gas (t) ⩽ Pbuy

gas,max

0 ⩽ Psell
gas (t) ⩽ Psell

gas,max

(49)

In the equation, Pbuy
grid,max and Psell

grid,max represent the maximum allowable purchase
and sale power between the integrated energy system and the upper-level power grid,
while Pbuy

gas,max and Psell
gas,max denote the maximum allowable purchase and sale gas power

between the integrated energy system and the upper-level gas network.
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3.2.5. Carbon Flow Density Constraint at the Load Side

0 < ρo,el,t < ρo,el,max

0 < ρo,cl,t < ρo,cl,max

0 < ρo,hl,t < ρo,hl,max

0 < ρo,gl,t < ρo,gl,max

(50)

In the equation, ρo,el,max, ρo,cl,max, ρo,hl,max, and ρo,gl,max represent the upper limit
values of the carbon flow densities for electric, cooling, heating, and gas loads, respectively.

3.2.6. Equipment Carbon Emission Constraints

0 <
24

∑
t=1

ρk,tPk,t < Ek,max, k ∈ Ω (51)

In the equation, Ek,max represents the upper limit of carbon emissions for device k.
Ω denotes the collection of all energy conversion devices within the park. ρk,t indicates the
carbon flow density generated by device k during operation, while Pk,t signifies the power
output of device k at time t.

4. Results and Discussion
4.1. Basic Data
4.1.1. Low-Carbon Industrial Park Integrated Energy System

The case study in this paper selects a typical low-carbon industrial park integrated
energy system as illustrated in Figure 1, which has been improved based on the research in
reference [13], focusing on low-carbon economic optimization scheduling. The scheduling
period is set to 24 h, with a unit scheduling duration of 1 h. The external electricity purchase
price and external gas purchase price are depicted in Figure 8. The full-day output of the
wind power units, the full-day output of the photovoltaic units, and the electric, thermal,
cooling, and gas load demands of the IES on a typical day are shown in Figure 9.
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The carbon flow density of electrical energy supplied by the upper-level power grid
and the carbon flow density of natural gas supplied by the upper-level gas grid are shown
in Figure 10. The carbon flow density of natural gas supplied by the upper-level gas grid
remains constant over time. The equipment parameters in the IES are listed in Table 1 [14].
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To verify the advantages of the low-carbon economic scheduling model for the IES
compared to independent optimization of economic and environmental objectives, three
scenarios are selected for this study.

Scenario 1: Coupled scheduling of the four subsystems of the IES—electricity, heating,
cooling, and gas—where the objective function considers only the optimization of the
system’s operational costs.

Scenario 2: Coupled scheduling of the four subsystems of the IES—electricity, heating,
cooling, and gas—where the objective function focuses solely on the optimization of the
system’s carbon emissions.

Scenario 3: Coupled scheduling of the four subsystems of the IES—electricity, heating,
cooling, and gas—where the objective function accounts for both the operational costs
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and carbon emissions of the system. This represents the proposed low-carbon economic
scheduling model based on energy–carbon coupling modeling.

Table 1. Equipment parameters of the IES.

Type Rated Capacity/kW Efficiency/% Maximum Climb Rate
/(kW·min−1) Operation and Maintenance Cost (CNY/kW)

EGT 1000 kW 0.33 33.3 kW/min 0.063 CNY/kW

PV 2000 kW / / 0.0235 CNY/kW

WT 2000 kW / / 0.0196 CNY/kW

GHB 500 kW 0.9 / 0.012 CNY/kW

EHB 500 kW 0.95 / 0.02 CNY/kW

EC 2000 kW 4 / 0.015 CNY/kW

AC 800 kW 0.8 / 1.6 × 10−4 CNY/kW

P2G 4000 kW 0.8 / 0.08 CNY/kW

CCHP 5000 kW 0.3, 1.36, 1.03 / 0.05 CNY/kW

ES 4000 kW 0.95 / 0.0018 CNY/kW

HS 300 kW 0.88 / 0.0016 CNY/kW

CS 300 kW 0.95 / 0.0016 CNY/kW

GS 200 m3 0.95 / 0.0018 CNY/m3

4.1.2. Integrated Energy System for Commercial Park Buildings

This case study selects a typical integrated energy system for commercial park build-
ings as shown in Figure 11, with its energy–carbon modeling results depicted in the same
figure. The model is improved based on the work in reference [15] for low-carbon economic
optimization scheduling. The scheduling period is 24 h per day, with a unit scheduling
duration of 1 h. The external electricity purchase price and external natural gas purchase
price are shown in Table 2, while the daily output of the photovoltaic units and the electric-
ity, heating, cooling, and gas load demands of the IES on a typical day are illustrated in
Figure 12.
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Figure 11. Energy–carbon modeling results of the integrated energy system for commercial
park buildings.

The carbon flow density of electricity supplied by the upper-level power grid is set to
0.7921 kg/kW·h, and the carbon flow density of natural gas supplied by the upper-level gas
network is set to 0.564 kg/kW·h, both of which remain constant over time. The parameters
of the devices within the IES [15] are shown in Table 3.
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Table 2. External electricity and gas purchase prices.

Time External Electricity Purchase Price (CNY/kW·h) External Gas Purchase Price (CNY/kW·h)

1:00–8:00 0.41 0.366

9:00–11:00 1.00 0.386

12:00–13:00 0.41 0.366

14:00–18:00 1.00 0.386

19:00–20:00 1.35 0.482

21:00–22:00 1.00 0.386

23:00–24:00 0.41 0.366

Sustainability 2025, 17, x FOR PEER REVIEW 20 of 31 
 

4.1.2. Integrated Energy System for Commercial Park Buildings 

This case study selects a typical integrated energy system for commercial park build-
ings as shown in Figure 11, with its energy–carbon modeling results depicted in the same 
figure. The model is improved based on the work in reference [15] for low-carbon eco-
nomic optimization scheduling. The scheduling period is 24 h per day, with a unit sched-
uling duration of 1 h. The external electricity purchase price and external natural gas pur-
chase price are shown in Table 2, while the daily output of the photovoltaic units and the 
electricity, heating, cooling, and gas load demands of the IES on a typical day are illus-
trated in Figure 12. 

 

Figure 11. Energy–carbon modeling results of the integrated energy system for commercial park 
buildings. 

Table 2. External electricity and gas purchase prices. 

Time External Electricity Purchase Price (CNY/kW·h) External Gas Purchase Price (CNY/kW·h) 
1:00–8:00 0.41 0.366 
9:00–11:00 1.00 0.386 

12:00–13:00 0.41 0.366 
14:00–18:00 1.00 0.386 
19:00–20:00 1.35 0.482 
21:00–22:00 1.00 0.386 
23:00–24:00 0.41 0.366 

 

Figure 12. Photovoltaic output and load demand. Figure 12. Photovoltaic output and load demand.

Table 3. Device parameters of the IES.

Type Rated Capacity/kW Efficiency/% Operation and Maintenance Cost (CNY/kW)

PV 800 kW / 0.0235 CNY/kW

GHB 550 kW 0.8 0.012 CNY/kW

EHB 400 kW 0.95 0.02 CNY/kW

EC 200 kW 4 0.015 CNY/kW

AC 1000 kW 0.7 16 × 10−5 CNY/kW

CHP 550 kW 0.35, 0.45 0.05 CNY/kW

ES 1500 kW 0.8 0.0018 CNY/kW

HS 130 m3 0.9 0.0016 CNY/kW

4.2. Optimization Scheduling Results Analysis
4.2.1. Research and Discussion on the Optimization Scheduling Results of the
Industrial Park

Table 4 presents the optimization results for the three scenarios. It can be observed
that in Scenario 3, utilizing the proposed low-carbon economic scheduling model based
on energy–carbon coupling modeling, the total operational cost of the system increases by
5058 CNY while reducing carbon emissions by 1328 kg. Although the carbon emissions in
Scenario 2 are 978 kg lower than in Scenario 3, the total operational cost of the system in
Scenario 2 is 3702 CNY higher than that in Scenario 3.
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Table 4. Industrial park optimization results for the three scenarios.

Scenario Total System
Operating Cost/CNY

Equipment Operation and
Maintenance Cost/CNY

Cost of Purchasing
Electricity/CNY

Cost of Gas
Purchase/CNY

Carbon
Emission/kg

1 53,882 5508.9 38,978.5 9394.6 85,421

2 62,669 6725.1 46,857.5 9086.4 83,115

3 58,967 5991.1 44,514.8 8461.1 84,093

The operating curve of the power grid is shown in Figure 13. The electricity demand
of the industrial park remains stable between 4000 and 6000 kW·h. From 0 to 7 h, the
output of photovoltaic power generation is zero, resulting in a higher electricity purchase
from the upper grid. This is due to the lack of solar power generation during nighttime,
requiring the grid to meet the demand. Between 8 and 18 h, the output of photovoltaic
power generation gradually increases, while the electricity demand also rises, leading to an
increased electricity purchase from the upper grid. During this time, solar generation helps
meet a portion of the demand, but the grid still provides supplementary power. From 19 to
23 h, the electricity demand decreases, and the output of photovoltaic power generation
is zero, stabilizing the purchase from the upper grid at around 2500 kW·h. With lower
demand in the evening, the grid’s electricity purchase stabilizes. It can be observed from
the figure that, through the multi-objective optimization under the low-carbon economic
optimal operation mode, the load curve has been optimized compared to the economically
optimal operation mode based on fixed electricity for heating, thereby transferring some
loads during peak electricity consumption periods to off-peak periods, effectively achieving
the peak shaving and valley filling of electricity demand.
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The operating curve of the heating network is illustrated in Figure 14. The period
from 6:00 to 18:00 represents the peak heating demand. During this time, the heating
demand is at its highest, typically corresponding to the morning and evening hours when
the industrial park experiences the most significant need for heating. It can be observed
that, through the multi-objective optimization under the optimal operation mode of the
low-carbon economy, the load curve is smoother compared to the load curve under the
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economic optimal operation mode based on electricity for heating. This optimization
strategy helps to reduce heating peaks and smooth out fluctuations, enhancing system
efficiency. The heat storage tank stores heat during the low-demand periods and releases
heat during the peak demand periods. By utilizing thermal storage, the system can shift
energy use from off-peak to peak periods, reducing the need for additional heating during
high-demand hours. At certain moments, the heat output from the CCHP slightly exceeds
the heating demand of the industrial park, as some waste heat from the CCHP is absorbed
by the absorption chiller, ultimately converting it into cooling load. This is a demonstration
of the integrated use of waste heat in the system, which improves overall energy efficiency
by simultaneously meeting heating and cooling demands.
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Figure 14. Operating curves of heating networks in industrial park.

The operating curve of the cooling network is shown in Figure 15. The cooling load
demand of the industrial park fluctuates between 1000 and 1800 kW·h. This fluctuation is
typical of cooling demand, which varies with external temperature changes and occupancy
patterns within the industrial park. It can be observed that, through the multi-objective
optimization under the low-carbon economic optimal operation mode, the load curve is
smoother compared to that of the economic optimal operation mode based on electricity-
based heating. The optimization approach reduces sharp spikes in cooling demand, leading
to more efficient energy use throughout the day. The cooling storage tank stores cooling
during low cooling demand periods and releases cooling during peak cooling demand
periods, which helps to alleviate the pressure during peak cooling times to some extent.

The operating curve of the gas network is shown in Figure 16. The gas load demand
of the industrial park remains stable between 2000 and 3000 kW·h. This stable demand is
typical of gas usage in the industrial park, which is primarily used for heating and certain
industrial processes. It can be observed from the figure that, through the multi-objective
optimization under the low-carbon economic optimal operation mode, the load curve is
smoother compared to that of the economic optimal operation mode based on electric
heating. This smoothing effect is due to the optimization strategy that balances the gas
consumption more evenly, avoiding spikes during peak demand periods. At certain times,
the quantity of gas purchased from the upper gas network and the gas production from
P2G slightly exceed the gas load demand of the industrial park, as a certain amount of
gas load is required as input for the CCHP, gas turbine, and gas boiler. The excess gas is
stored or used for these energy conversion devices, ensuring that there is enough supply
for heating and power generation, especially during high demand.
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The carbon emissions of electricity, heating, cooling, and gas loads, as well as the
total carbon emissions of the integrated energy system (IES), are depicted in Figure 17.
The carbon emissions from the electricity load are relatively stable overall, with minor
fluctuations, maintaining a low level due to the high proportion of clean energy utilized
by the grid. This stability is due to the grid’s reliance on renewable energy sources. The
carbon emissions from the heating load show a significant upward trend from 6:00 to
18:00, particularly peaking at noon, as this period corresponds to increased heating or hot
water demand in buildings, predominantly relying on natural gas as the energy source,
leading to a marked rise in carbon emissions with the increase in demand. This peak is
driven by higher natural gas use for heating during the day. The carbon emissions from
the cooling load fluctuate significantly during the daytime, peaking at noon, which is
associated with the cooling demand triggered by rising temperatures. The cooling demand
increases during midday, leading to higher emissions. The carbon emissions from the gas
load are low and stable, attributable to the relatively stable demand for gas in the system.
Gas consumption remains steady, resulting in stable emissions. The total carbon emissions
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of the IES exhibit a notable increasing trend from 12:00 to 18:00, particularly due to high
demand for heating and cooling loads during this period, resulting in increased system
carbon emissions. This increase is due to simultaneous high heating and cooling demand.
Conversely, the total carbon emissions significantly decrease during early morning and
evening off-peak periods, indicating that reduced nighttime load demand leads to lower
operational loads for the system’s equipment, thereby reducing carbon emissions. Lower
demand during off-peak hours results in reduced emissions.
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4.2.2. Research and Discussion on the Optimization Scheduling Results of the
Commercial Park

Table 5 presents the optimization results for three scenarios. It can be observed that
Scenario 3, which adopts the low-carbon economic optimization scheduling model based
on energy–carbon coupling proposed in this paper, reduces the system’s carbon emissions
by 966 kg while increasing the total operating cost by 1501 CNY. Although the carbon
emissions in Scenario 2 are 1381 kg lower than those in Scenario 3, the total operating cost
of the system in Scenario 2 is 1785 CNY higher than that in Scenario 3.

Table 5. Commercial park optimization results for the three scenarios.

Scenario Total System
Operating Cost/CNY

Equipment Operation and
Maintenance Cost/CNY

Cost of Purchasing
Electricity/CNY

Cost of Gas
Purchase/CNY

Carbon
Emission/kg

1 15,657 469.1 12,400 2787.9 32,699

2 18,943 552.9 15,108 3282.1 30,352

3 17,158 491.3 13,133 3533.7 31,733

The grid operation curve is shown in Figure 18. The electricity load demand in the
commercial park fluctuates between 100 and 2700 kW·h. From 0 to 7 h, the PV power
generation output is zero, resulting in a higher electricity purchase from the upper grid.
From 8 to 21 h, the PV power generation output gradually increases, and as the commercial
park starts its operations, the electricity load demand also gradually increases, leading to
a rise in electricity purchases from the upper grid. From 22 to 23 h, the electricity load
demand decreases, the PV output remains at zero, and the electricity purchase from the
upper grid stabilizes at around 1200 kW·h. The electricity demand in the commercial park
shows a clear time correlation with the PV power output. When the PV power generation
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is insufficient, the demand for electricity from the upper grid increases; when the PV
generation is sufficient, the electricity purchase demand decreases but still increases with
business activities. Optimizing the collaborative operation of PV generation and electricity
purchase from the grid is of great significance in improving energy efficiency and reducing
electricity purchase costs [16].
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Figure 18. Grid operating curves for commercial park.

The heating network operation curve is shown in Figure 19. From 7 to 19 h is the
heating peak. The thermal energy storage tank stores heat during low-demand periods
and releases it during peak demand. At certain times, the heat output from the gas boiler
slightly exceeds the heating load of the industrial park, as some waste heat from the gas
boiler is absorbed by the absorption chiller and converted into cooling load. The curve
shows that the thermal energy storage tank effectively balances energy over time, easing
the supply–demand pressure during peak heating. Additionally, the gas boiler efficiently
meets the heating demand while also providing cooling through the absorption chiller,
achieving comprehensive thermal energy utilization. This combined heating and cooling
approach improves energy efficiency and supports the park’s low-carbon operation [17].
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The cooling network operation curve is shown in Figure 20. The cooling load demand
of the industrial park fluctuates between 1000 and 1800 kW·h. Through the multi-objective
optimization of the low-carbon economic optimal operation model, the cooling network
load curve is smoother compared to the economic operation model based on electric heating.
This indicates that the system has fully accounted for variations in cooling load demand
during the optimization scheduling, achieving a balanced distribution and stable operation
of the cooling network load. This contributes to improving the overall operational efficiency
and energy utilization of the cooling network.
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The gas network operation curve is shown in Figure 21. The gas load demand of the
industrial park fluctuates between 200 and 1000 kW·h. From 0 to 7 h, the gas purchase
from the upper-level gas network increases significantly, exceeding the gas load demand.
This is primarily due to the operation of the CHP and gas boilers to meet certain amounts
of electricity and heat load demands. The multi-objective optimization of the low-carbon
economic optimal operation model results in a smoother gas load curve compared to the
economic operation model based on electric heating. However, with the introduction
of demand response, the fluctuation amplitude of the gas load has increased slightly to
balance the electricity load, reflecting the regulatory effect of the electricity–gas-coordinated
optimization scheduling on the overall operation of the system.
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Figure 22 illustrates the variation trends of carbon emissions from electricity, heat,
cooling, and gas loads, as well as the total carbon emissions of the IES. It can be observed
that carbon emissions from electricity and cooling loads fluctuate minimally and remain at
a relatively low level, while carbon emissions from heating and gas loads fluctuate signifi-
cantly, particularly during peak periods. This indicates that heating and gas equipment
have a more pronounced impact on carbon emissions. The total carbon emissions of the
integrated energy system exhibit a clear daily variation pattern, with higher emissions
during daytime peak periods and a decrease during nighttime off-peak periods. This
reflects the impact of load aggregation on carbon emissions. By optimizing the scheduling
strategy of the integrated energy system and coordinating the operation of various loads,
not only can peak carbon emissions be reduced, but the overall carbon emission level
can also be effectively lowered. The experimental results show that through multi-energy
complementarity and demand response, the energy utilization efficiency of the park can be
improved, achieving low-carbon operation and providing effective support for the park’s
green development.
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4.3. Discussion

This study proposes an energy–carbon coupling model based on an energy hub and
demonstrates its significant advantages across different regions and diverse energy struc-
tures through modeling and optimization experiments on the integrated energy systems
of industrial low-carbon parks and commercial building complexes. The model promotes
an in-depth implementation of sustainable development concepts in the energy sector.
The proposed model exhibits exceptional regional adaptability: in industrial parks with
high and stable energy demand, it ensures the continuous supply of production energy
effectively. In commercial parks, where load fluctuations are significant due to business
activities, the model flexibly accommodates dynamic load demands, providing efficient
energy optimization strategies that significantly reduce resource waste and environmental
impact, thereby facilitating the sustainable utilization of energy. By combining experiments
on both types of parks, this research offers multi-scenario comparative validation, system-
atically testing the model’s accuracy and effectiveness in both depth and breadth. It also
identifies potential areas for improvement, further enhancing the model’s reliability in
practical applications. The practical experiences gained in this study provide valuable refer-
ences for systems with similar regional characteristics and energy structures, contributing
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not only to improving operational efficiency and stability in the energy industry but also to
reducing carbon emissions and achieving harmony between energy and the environment.
The research results highlight the broad application prospects and critical reference value
of the model in optimizing low-carbon energy systems, offering substantial support for the
implementation of sustainable development initiatives.

Compared with existing studies, this research surpasses the limitations of single-
energy or carbon flow modeling by delving into the intricate coupling relationships among
various energy conversion devices and demonstrating the feasibility of integrated optimiza-
tion. However, the current optimization strategy still faces several limitations, including
a high dependency on data, insufficient capability to handle uncertainties, simplifica-
tions in equipment operational characteristics, and limited adaptability to market price
fluctuations. Future research should aim to enhance the model’s ability to address uncer-
tainties, strengthen real-time monitoring and adaptive control capabilities, and develop
dynamic models to investigate equipment degradation patterns and maintenance strategies
in greater depth. Moreover, expanding the forms of energy and system scale could integrate
emerging energy sources such as hydrogen into the system framework and extend the
model’s application to city-level and larger integrated energy systems. By incorporating
advanced technologies such as smart grids, the Internet of Things, and artificial intelligence,
precise data acquisition and improved intelligence levels can be leveraged to explore the
model’s scalability and its deep integration with emerging technologies. This would pro-
vide more comprehensive and efficient solutions for low-carbon economic optimization,
supporting the transition toward sustainable energy development.

5. Conclusions
This paper proposes an energy–carbon coupling model suitable for the low-carbon

economic optimization dispatch of integrated energy systems based on the energy hub
modeling method. Firstly, by constructing the energy–carbon coupling model of the in-
tegrated energy system, the complex coupling relationships between energy flows and
carbon flows among the system’s devices were analyzed in depth, addressing the short-
comings of existing models that only focus on the separate modeling of energy flows or
carbon flows. This model not only leverages the advantages of multi-energy integration
and conversion but also facilitates the joint modeling of energy flows and carbon flows,
along with comprehensive lifecycle carbon emission management, making the calculations
of energy and carbon emissions more accurate and consistent. Secondly, based on this
model, this paper conducts a low-carbon economic optimization dispatch of the integrated
energy system. Through reasonable energy allocation and dispatch strategies, this approach
effectively controls economic costs while achieving low-carbon objectives, fully embodying
the concept of sustainable development. Finally, the validity of the energy–carbon coupling
modeling was verified through case analysis, further demonstrating the model’s applica-
bility in the low-carbon economic optimization dispatch of integrated energy systems. It
provides an effective modeling solution for low-carbon parks with multiple energy forms,
showcasing promising application prospects.
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Nomenclature

IES Integrated energy system
PV Photovoltaic system
WT Wind turbine
EGT Gas turbine
GHB Gas boiler
EHB Electric boiler
EC Electric chiller
AC Absorption chiller
CCS Carbon capture and storage
P2G Power to gas
CCHP Combined cooling, heating and power
ES Energy storage battery
HS Heat storage tank
CS Cold storage tank
GS Gas storage tank
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