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ABSTRACT: Integrated energy systems (IES) are widely regarded as a key enabler of carbon neutrality, enabling
the coordinated use of electricity, heat, and gas to support large-scale renewable integration. Yet their practical
deployment still faces major challenges, including rigid thermoelectric coupling, insufficient operational flexibility,
and fragmented carbon and certificate market mechanisms. To address these issues, this study proposes a low-carbon
economic dispatch model for integrated energy systems (IES) that reduces emissions and costs while improving
renewable energy utilization. A coordinated framework integrating carbon capture, utilization, and storage, two-stage
power-to-gas, combined heat and power, and ground-source heat pump technologies enhances multi-energy comple-
mentarity and overcomes the heat-led constraints of traditional combined heat and power systems. A unified carbon
emission trading and green certificate trading mechanism is designed to balance economic and environmental goals
through cross-market synergy. To address uncertainty, a distributionally robust chance-constrained model based on
Kullback-Leibler divergence is introduced in Scenario 8. The model is solved using the GUROBI solver under multiple
scenarios. Simulation results show a cost reduction from $56,166.66 to $25,840.32, carbon emission cuts from 801.38
to 440.90 t, and wind/photovoltaic utilization rates reaching 98%, which fully demonstrates the effectiveness of the
proposed framework in achieving cost-efficient low-carbon operation of IES.

KEYWORDS: Carbon capture utilisation and storage; green certificate trading; integrated energy system; interaction
mechanism; power to gas

1 Introduction

Climate change, energy insecurity, and the depletion of fossil fuels have triggered a global push
toward low-carbon and integrated energy solutions. In response, many countries have established long-
term carbon neutrality targets. China, for instance, has pledged to reach peak carbon emissions by 2030
and achieve carbon neutrality by 2060 [1]. To meet these goals, it is essential to enhance the efficiency,
flexibility, and sustainability of energy infrastructure. The concept of Integrated Energy Systems (IES), which
enables the coordinated operation of electricity, gas, heat, and other energy carriers, has emerged as a
promising approach to drive this transformation [2-4]. By leveraging synergistic energy flows and multi-
energy coupling, IES improves resource utilization, reduces operational costs, and supports high renewable
energy penetration. Consequently, it has become a focal point in contemporary academic and engineering
research [5,6].
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The advancement of Carbon Capture, Utilization, and Storage (CCUS) technologies has facilitated low-
carbon economic operations in integrated energy systems (IES). Ref. [7] proposes transforming conventional
thermal power plants into carbon capture power plants and integrating them with gas systems via electricity-
gas coordination. Ref. [8] examined the structural model of carbon capture-based power plants, analyzed
their internal energy distribution, and highlighted their favorable flexibility in dynamic operation. Ref. [9]
explored representative operational strategies of carbon capture power plants, and their findings indicated
that, compared to the diversion-based mode, the liquid storage approach significantly expands the feasible
operational range. Ref. [10] developed a coordinated operation framework between wind turbines and carbon
capture power plants, revealing the enhanced potential of integrating carbon capture power plants with
renewable energy systems.

Power-to-Gas (P2G), which converts surplus electricity into hydrogen or methane via electrolysis
and methanation, has also become a promising solution for energy storage and sector coupling. Ref. [11]
identifies two core stages in P2G operations: hydrogen production via electrolysis and methanation. Ref. [12]
presented a detailed model of hydrogen storage tanks, refining the Power-to-Gas process into an electrolyzer
and a methanation reactor (MR), which cooperates with hydrogen fuel cells to manage supply-demand
imbalances in integrated energy systems. Ref. [13] proposed a novel approach combining renewable energy
and P2G technology to enhance energy efficiency under high renewable penetration. Ref. [14] advocates
leveraging hydrogen’s multifaceted advantages for cleaner production. Despite the growing adoption of IES
as a strategy for carbon neutrality, its practical deployment encounters significant barriers—chief among
them are effective carbon regulation and the coordination of diverse energy forms.

With increasing complexity in energy system operation, coordinated scheduling of multiple technolo-
gies has become a key trend in the design of integrated energy systems. Ref. [15] proposed an integrated
scheduling approach combining carbon capture power plants and Power-to-Gas (P2G) technologies, show-
ing that their coordinated operation improves renewable energy utilization and contributes to carbon reuse.
Ref. [16] integrates Carbon Capture and Storage with Power-to-Gas (P2G) and combined heat and power
(CHP) systems to alleviate operational constraints caused by the heat-led power dispatch of CHP units.
Ref. [17] developed an IES economic dispatch model integrating carbon capture with bidirectional electricity-
hydrogen-gas conversion, but overlooked the interdependencies between CO, regeneration and absorption
processes. Ref. [18] employs CCUS-captured CO, as the carbon source for P2G processes.

Ground Source Heat Pumps (GSHPs), utilizing electricity to drive heat exchange between subsurface
resources and buildings, support renewable integration and reduce energy consumption by 40%-60%
compared to air-source heat pumps. Ref. [19] integrates GSHPs with IES to improve subsurface resource
utilization. However, current studies often examine CCUS, Power-to-Gas (P2G), and geothermal-based tech-
nologies in isolation, lacking a unified framework to capture their integrated value within market-oriented
low-carbon dispatch strategies for integrated energy systems.

From a market-oriented perspective, carbon emission trading (CET) has emerged as an effective policy
instrument for reducing global greenhouse gas emissions [20], while green certificate trading (GCT) serves as
a promising incentive scheme to support the integration of renewable electricity into power markets [21,22].
Ref. [23] established a carbon-embedded IES model, while Ref. [24] designed emission reduction indices
to enhance carbon market efficiency. Ref. [25] proposed an optimal scheduling model that incorporates a
combined CHP system, electricity-to-gas conversion, and carbon capture under a carbon emission trading
mechanism. The simulation results indicate that carbon trading can effectively reduce the overall operational
cost of coal-fired power plants by promoting low-carbon dispatch. Ref. [26] integrated solar thermal
plants with P2G-enabled IES under a CET mechanism. However, conventional mechanisms fail to support
structural decarbonization. Emerging studies adopt stepped CET mechanisms: Ref. [27] pioneered tiered
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incentives to enhance user engagement, and Ref. [28] applied it for internal carbon balance. Yet, they overlook
the impacts of base prices and growth rates on operational flexibility. For GCT, Ref. [29] analyzes price effects
on renewable integration. Ref. [30] developed a bilateral trading model between distribution companies and
renewable energy producers based on cooperative game theory and the green certificate trading mechanism.
Ref. [31] develops a dual-mechanism dispatch model but does not consider a coordinated mechanism
between carbon emission trading and green certificate trading (CET-GCT). These limitations underscore
the need for a unified market-driven framework that couples CET and GCT, fostering more flexible and
economically viable IES dispatch—an area this study aims to explore.

In recent years, uncertainty-aware optimization techniques such as stochastic optimization, robust
optimization, and distributionally robust optimization (DRO) have become increasingly central to integrated
energy system (IES) scheduling. Traditional stochastic programming relies heavily on known probability
distributions, which may result in biased or misleading outcomes when the true distribution deviates.
To address this issue, robust optimization has emerged. Ref. [32] applies a robust optimization approach,
designed to handle worst-case scenarios within predefined uncertainty sets. However, it often yields
conservative results due to the neglect of distributional structure. To strike a better balance between
performance and robustness, distributionally robust optimization has attracted increasing attention. DRO
does not assume a fixed probability distribution; instead, it evaluates performance over a set of plausible
distributions surrounding a nominal distribution, offering enhanced flexibility and reliability. Refs. [33,34]
adopt a DRO framework to improve adaptability under distributional uncertainty. Among various DRO
approaches, the distributionally robust chance constraint (DRCC) formulation offers a rigorous method
to ensure high-probability constraint satisfaction across all distributions within the ambiguity set. In this
work, we incorporate a DRCC model based on Kullback-Leibler divergence, which is particularly suitable
for finite-sample environments and allows for tractable reformulations. This formulation strengthens the
system’s robustness to renewable generation forecast errors while mitigating the over-conservatism typical
of worst-case approaches. Since this study primarily focuses on coordinating multi-energy devices and the
interaction of carbon and green certificate markets, the proposed framework prioritizes modeling flexibility
and market coupling rather than comprehensive uncertainty treatment. Therefore, a DRO model is used only
in Scenario 8, extending from the baseline of Scenario 7, to improve result reliability under uncertainty.

To address the gaps identified in the above research, this paper makes the following specific
contributions:

(1) Dual-dimensional coupling framework

This study proposes an innovative electro-thermal-gas-geothermal integrated modeling framework that
systematically incorporates CCUS, two-stage P2G, CHP, and GSHP technologies. The proposed framework
breaks the traditional “heat-led” constraint of CHP systems and significantly enhances the flexible integration
of renewable energy, thereby reducing the reliance on traditional fossil-fueled units and achieving CO,
emission reduction. Moreover, CCUS is employed to capture the carbon dioxide generated by coupled units,
further contributing to system-wide carbon mitigation.

(2) Unified CET-GCT market mechanism

A mutual recognition mechanism is established between CET and GCT, enabling the offsetting of
carbon emissions across the two schemes. Unlike previous studies that model CET and GCT separately,
this unified market mechanism simultaneously addresses economic and environmental objectives, where
CET directly constrains carbon emissions and GCT promotes renewable energy integration, both working
in synergy to support low-carbon operation and optimize system dispatch.
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(3) DRCC optimization for enhanced resilience

To mitigate dispatch risks caused by renewable generation forecast errors, we incorporate a DRCC
model based on Kullback-Leibler divergence in Scenario 8. This approach effectively avoids perfor-
mance degradation caused by overly conservative robust optimization and the distortion of results under
distribution-dependent stochastic models, achieving a balance between resilience and flexibility.

(4) Multi-scenario validation of model effectiveness

Eight representative dispatch scenarios are designed to comprehensively evaluate the joint effects
of multi-device integration and dual-market coordination. Results show that under the proposed multi-
technology framework, the unified CET-GCT mechanism, and DRCC-based optimization, the system’s total
operating cost is reduced from $56,166.66 to $25,840.32, and carbon emissions are lowered from 801.38 t to
440.90 t. Meanwhile, the combined utilization rate of wind and PV power increases significantly to 98%.
These outcomes confirm the effectiveness and practicality of the proposed model in achieving low-carbon,
multi-objective operation.

2 IES Model with CCUS-P2G-CHP Integration

This paper presents an integrated energy system (IES) model incorporating CCUS, P2G, and CHP
technologies. The system consists of a wind farm, photovoltaic (PV) power plant, CCUS facility, two-stage
P2G unit, CHP plant, Micro Gas Turbine (MGT), ground source heat pump (GSHP), natural gas network,
and integrated heat, electricity, and gas loads. Fig. 1 illustrates the system architecture. The CHP unit supplies
electricity to both the P2G and CCUS subsystems. The electrolyzer splits water into hydrogen (H;) and
oxygen (O;). A portion of the hydrogen is directed to a hydrogen fuel cell, which generates electricity to
power the electrolyzer. The remaining hydrogen flows into a methane reactor (MR), where it reacts with CO,
captured by the CCUS system to synthesize methane for gas load supply. Any excess hydrogen is stored in a
dedicated hydrogen tank for future use.

Wind power Photovoltaic
plant power station
y 4
A A

A
CCUS Ground source

heat pump
—‘ CHP l A y'y Thermal load

-
[ ]
]
B o] :
HFC | : | Gas turbine || Gas source
[ ]
]
H A
[]
]
(]

Electrical load

\ 4

\4

»| Gasload

P> Electricity === Thermal energy » CH, » CO2 » H2

Figure 1: IES operation structure
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In the CCUS-P2G-CHP coupling model, electric power P, (t) of CHP is divided into three components,
as shown in the following model:

Pe(t)=Pel(t)+Pe2(t)+Pe3(t) (1)

where: P (t), Pe2(t), and Pe3(t) represent the electric power provided by CHP to the electric load, the P2G
equipment, and the CCUS, respectively, during the time period t.

The gas produced by the P2G system meets the gas load demand, with any surplus natural gas being
stored in the gas pipeline network. The relationship between CHP power consumption and gas energy output
is mathematically expressed as follows:

Py (1) = 9P,»(t) (2)

where: Py(t) is the gas power produced by MR equipment in period ¢, and 9 is the efficiency of converting
P2G electric power to gas power.

The CO, required by MR is given by the equation below:
Ccc (t) = ﬁPeZ(t) (3)

where: C,. (t) is the amount of CO, needed by MR and 3 is the coeflicient for calculating CO, content.

The CCUS system captures CO, from the CHP unit and transports it to the MR. The captured CO,
amount is proportional to the CCUS system’s power consumption, defined by the following equation:

Pe3(t) = chc(t) (4)

where: y is the ratio coefficient of CCUS power consumption to captured CO,.

The CHP operates under the “heat-led power” constraint, with its thermoelectric coupling constraint
described by the following inequality:

max {Pe,min - Cvlph(t)) Cm (Ph(t) - PhO)} < Pe(t) < Pe,max - Cvzph(t) (5)

where: P,(t) is the electric power of the CHP unit in period ¢, P, min and P, yay are its maximum and
minimum electric power, C,; and C,, are the electric-to-heat conversion coefficients corresponding to
the minimum and maximum CHP power, C,, is the slope of the heat-electricity operating characteristic
constraint, Py is the thermal power corresponding to the minimum electric power of CHP, Py, (t) is the
thermal power of the CHP unit in the time period t.

The thermal and electrical outputs of CHP, along with the electrical power supplied to P2G and CCUS
systems, must adhere to their operational limits. These power constraints are described by the following
equation:

Pe,min < Pe(t) < Pe,max
PeZ,min < PeZ(t) < PeZ,max
Pe3,min < Pe3(t) < Pe3,max

Ph,min < Ph(t) < Ph,max

(6)

From Eqgs. (1) and (6), the CHP-P2G-CCUS coupled model electric power constraint can be derived as:

Pe,min - Pe2,max - Pe3,max < Pel(t) < Pe,max - PeZ,min - PeS,min (7)
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Based on Egs. (1), (5) and (6), the thermoelectric operational constraints of the CHP-P2G-CCUS
coupled model can be derived as shown in the following equation:

Pel min — Cvlph(t)a
’ < Pey(t) <P, = Cy2 P (t) = Pez.min — Pe3,mi 8
max{ Cm (Ph(t) _ PhO) _ Pe2,max _ Pe3,max > el( ) > Fel,max v2 h( ) e2,min e3,min ( )

Based on Eqs. (7) and (11), the gas power constraint for CHP-P2G-CCUS system is derived as shown in
the equation below:

9P62,min < Pgs(t) < 9Pe2,max (9)

Based on Egs. (6)-(10), the coupled electric-heat-gas constraints for the CHP-P2G-CCUS model are
constructed as follows:

9 (Pe,min_cvlp (t)_Pel(t))’ 9
max{_1+xﬂ[ Cor (BaE) — Poo) — Pu() ]}SPgS(”S1+xﬂ(P“m“'c”zph(t)_P“(t)) 1

3 Green Certificate—Carbon Coupling Mechanism

3.1 Stepped Carbon Emission Mechanism

CET, as an environmental policy instrument, incentivizes participants to reduce carbon emissions in a
cost-effective manner by enabling the creation and trading of carbon allowances in the market. Under this
mechanism, if a participant’s emissions are lower than the allocated allowances, the surplus can be sold for
profit. Conversely, if emissions exceed the allowances, the participant must purchase additional allowances
to fulfill compliance obligations. The operational principle of CET is illustrated in Fig. 2.
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Figure 2: CET principle

Stepped CET divides the system’s carbon allowance trading volume into multiple tiers according to a
tiered pricing mechanism: As the total trading volume increases, the system moves into higher pricing tiers,
each associated with a higher carbon price. This structure imposes stricter constraints on system-wide carbon
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emissions. Compared to uniform CET markets, stepped CET markets are more effective in encouraging
market participation and serve as a stronger incentive mechanism for carbon reduction in IES.

Currently, China’s free carbon allowance allocation approaches primarily include the benchmarking
method, the historical intensity method, and the historical emissions method. Given the stable output
characteristics of carbon-emitting units in the IES, this study adopts the benchmarking method for carbon
allowance allocation:

T
Eo(t) = AZ; Paa(t) (11)
t=

where: A is the carbon allowance allocation baseline coefficient; P?_, () is the load of IES during the period.

The CHP carbon emission is expressed as follows:

Elcoz(t) = Qco, (Pe(t) + Cvlph(t)) + bcoz (Pe(t) + CVIPh(t))Z + Cco, (12)

where: aco,, beo, and ¢, are carbon emission coeflicients of the CHP unit. a.,, represents the linear carbon
emission coefficient, b, is the quadratic carbon emission coefficient, and c.,, denotes the inherent carbon
emission coeflicient of the unit.

After incorporating P2G and CCUS models, the carbon emission E;,, (t) model for CHP-P2G-CCUS
is:

Esco, (1) = o, (Pay(£) + Pea(£) + Pes(£) + C1 Py (1))
+ beo, (Per(t) + Py (1) + Pes(t) + Coi Py (1)) + ceo, — Cee(t) (13)

The carbon emissions within the IES system can be expressed as:
Eco,(t) = Eaco, (1) + dco, Pt (t) (14)

where: d,,, is the carbon emission coefficient of the micro gas turbine; P, () is the electric power of the
micro gas turbine at time .

After determining the carbon emission allowance and actual carbon emissions of IES, the carbon
emission trading volume in the carbon market is given by:

EIES(t) :Ecoz(t)—Eo(t) (15)

The stepped pricing mechanism defines multiple allowance tiers; the larger the volume of carbon credits
to be purchased, the higher the price within the corresponding tier. The stepped CET cost is expressed as:

A(l + 2(X) (EIES,t + l) - /\(1 + (X)l -2l < Egs < -1

)t(l+(x)E1E3,t -1 < Ergs, <0
AEigs, t 0<Eps,; <1
price IES 1ES,t
= A1+ «) (Egs—1) + Al I < Ergs <21 (16)
CO, > »

/\(1+2(X) (EIES,t—2l) +)L(2+0()l 21 < Ergss < 31
A(1+306) (EIES’t—3l)+/\(3+3(X)l 31 < Ergs <4l
A(1+4OC) (E[Es,t—4l)+/\(4+6a)l EIES,t > 4]

where: fé’gze is the tiered CET cost; A is the CET base price; [ is the length of the carbon emission interval,
and «a is the price growth rate.
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3.2 Green Certificate Trading Mechanism

Green Certificates are issued by the National Energy Administration and serve as the official certification
of the green power attributes of renewable electricity. They also provide the sole proof for electricity
consumers of renewable energy usage. The GCT mechanism operates through China’s Green Power
Certificate Trading Platform. When the number of Green Certificates acquired from renewable energy
generation exceeds the required compliance quota, the system can sell the surplus certificates to generate
revenue. Conversely, if the number falls short, additional certificates must be purchased to fulfill regulatory
requirements. The operational principle of the Green Certificate mechanism is illustrated in Fig. 3

The GCT cost of IES can be expressed as:

Caer = 8er (Ng = Nying — Npv) (17)
T
Nq:wzpliad(t) (18)
T
Nyind Z cwind(t) (19)
:1
NPV:ZPcpv(t) (20)
=1

where: Nq denotes the green certificate quota requirement for IES assessment, Nyinq denotes the number
of green certificates obtained through wind renewable energy generation in IES, Npy denotes the number
of green certificates obtained through PV wind renewable energy generation in IES. w denotes the quota
coeflicient for green certificate demand in IES, set to 0.15. P.,,;,,4 is the wind curtailment power in period ;
P, the solar curtailment power in period t; dgcr denotes the transaction price per unit green certificate.
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Figure 3: GCT principle

3.3 Interaction Mechanism of CET and GCT

A Green Certificate serves as verification of both the production and consumption of green electricity.
Utilizing green electricity reduces dependence on fossil fuel-based energy sources, thereby decreasing CO,
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emissions. Accordingly, Green Certificates quantify the fossil fuel-based electricity displaced by renewables
within the system. This displacement can be used to calculate corresponding carbon emission reductions,
which are then converted into carbon allowances—facilitating mutual recognition and offsetting between
green certificates and carbon allowances. The mutual recognition mechanism between CET and GCT is
illustrated in Fig. 4.
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Figure 4: CET-GCT principle

Its core lies in the equivalence between China Certified Emission Reductions (CCER) and Green
Certificates in achieving carbon reductions, establishing a framework of reciprocal recognition. As a formal
instrument for certifying emission reduction outcomes, CCER can offset carbon allowances in the CET
market on a one-to-one basis, thereby enabling the quantification of carbon allowances represented by
Green Certificates.

As outlined in the 2013 “Integrated Baseline Methodology for Grid-connected Renewable Energy
Generation Projects”, the emissions savings per MWh of renewable electricity generation are calculated based
on the regional grid baseline emission factor. This factor provides the fundamental reference for quantifying
carbon reductions under the GCT mechanism.

The calculation formula for converting Green Certificates to carbon allowances is:

T
Eccer = Y ((EFom x wom + EFgym x wpm) X (Nwind + Npy — Ny)) (21)
i=1

where: Eccpr denotes the carbon emissions reducible by green certificates; EFo)y denotes the marginal
emission factor for electricity quantity; E Fg)\ denotes the marginal emission factor for capacity; wom denotes
the weight of the marginal emission factor for electricity quantity; wgy; denotes the weight of the marginal
emission factor for capacity.

Taking into account the carbon emissions associated with green certificates directly influences the
carbon emissions of the Integrated Energy System (IES), as demonstrated in:

Ergs (t) = Eco, (t) = Eo (t) — Eccer (22)
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Under the CET-GCT interaction mechanism, the more renewable energy is generated, the more green
certificates are obtained, and the greater the carbon reductions from green electricity under the stepped CET
mechanism. This fully motivates the enthusiasm for renewable energy power production.

4 Integrated Energy System Optimization Scheduling Model
4.1 Objective Function

The low-carbon dispatch of the integrated energy system considering CHP-P2G-CCUS and GSHP
operating in synergy aims to minimize total operating cost while managing compliance risks with carbon
emission constraints during dispatch. The total system operating costs include CHP-P2G-CCUS operating
costs C,p., GSHP operating costs Cj,,, MGT operating costs C,,;, wind abandonment penalty costs Ccyina>

photovoltaic abandonment penalty costs C,, and stepped CET costs ggje.
T .
. rice
min Z(Ccpc + Chp + Cmt + chind + Ccpv + goz + CGCT) (23)

t=1

S N S BT

+cPy(t) + dPes(t) + (e +f)CCC(t):| (24)
Cop gazphp(t) (25)
Cmt = tZ:angt(t) (26)
Cewind = t}:awcwind(t) (27)
Cepv = gasPcpv(t) (28)

here: T is the number of dispatch periods within the scheduling cycle. a, b, ¢, d, e, f are operating cost
coefficients for CHP-P2G-CCUS; a is the linear coefficient of the operational cost for coupled equipment;
b is the quadratic coefficient of the operational cost for coupled equipment; ¢ denotes the operation and
maintenance cost coefficient for the P2G unit; d refers to the operation and maintenance cost coefficient
for the CCUS unit; e represents the unit cost coefficient of CO, required by the P2G system, and f is the
cost coeflicient of CO, captured by the CCUS device. Py, (t) is the power consumed by the ground source
heat pump in period t; a, is the cost coefficient of the ground source heat pump; a; is the cost coeflicient of
the micro gas turbine; a4 is the cost coefficient of wind curtailment power; as is the cost coefficient of solar
curtailment power.
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4.2 Constraints

The CHP-P2G-CCUS coupled model constraints are shown in Eqs. (11)-(15), in addition to the climb
constraints shown in the following equation:

11 < (Per(t) + Pea(t) + Pe3(t)) = (Per(t =1) + Pep(t —1) + Pe3(t —=1)) < 1, (29)

where: 1, and r; are the upper and lower limits of the CHP ramp rate.

The amount of CO, produced during CHP operation is not less than the amount of CO, captured by
the CCUS.

Cec(t) < aco, (Per(t) + Pea(t) + Pe3(t) + Cy1Pyu(t)) + beo, (Per(t) + Pea(t) + Pe3(t) + Cleh(t))z + Ceo,

(30)
The MGT output is constrained by the climb and its own upper and lower power limits.
Pmt,min SPrnt(t) SPmt,max (31)
<Py (t)=Ppy(t-1) <y

where: Pyt max and Py min are the upper and lower limits of the micro gas turbine’s electrical output; C; and
C, are the upper and lower limits of the micro gas turbine’s ramp rate.

GSHP and air-sources are subject to their own upper and lower power limits.

{Php,min < Php(t) < Php,max (32)

Ps,min < Ps(t) < Ps,max

where: Ppp max and Ppp iy are the upper and lower limits of power consumption of ground source heat
pump; P 4y and P i, are the upper and lower limits of the air source power.

During the IES dispatch cycle, the electrical output and power consumption must match the electrical
load; the thermal output of each device must remain constant with the thermal load; and due to the inertial
property of the gas network, the imbalance between the gas output of each device and the demand can be
maintained within a defined range. The electric, thermal, and gas power constraints for the integrated energy
sources are shown in the following equation:

Pyina(t) + Ppy(t) + Per(t) + Py (t) = Ppi(t) + Ppp(t)
Py (t) + Popn(t) + Php o (t) = Pui(t) (33)
Pyi(t) + Ppys(t) < Pys(t) + Po(t)

where: P,,;,4(t) and Py, (t) are wind and photovoltaic power outputs at time ¢; Py; (t) is the system’s electrical
load at time t; Py, ,(t) is the heat output of the ground source heat pump at time #; Py;(t) is the system’s
thermal load at time t; P, ;,(¢) and P, ; (t) are the thermal and gas power of the micro gas turbine at time
t, respectively; Py (t) is the system’s gas load at time ¢.

5 Multi-Scenario Dispatch Results Analysis

This study focuses on an integrated energy resource located in North China. The structure is depicted
in Fig. 1. The data prediction graph is shown in Fig. 5. The simulation parameters are listed in Tables 1 and 2.
The overall research flow of this study is shown in Fig. 6, covering modeling, market design, scenario setup,
and solution process. To verify the effectiveness of the cooperative operation model for CHP-P2G-CCUS
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and GSHP, four scenarios are designed to employ the GUROBI solver on the MATLAB-YALMIP platform
for simulation and analysis. Scenario 1: Consider only CHP without GSHP; Scenario 2: Consider CHP model
with GSHP; Scenario 3: Consider CHP-P2G coupled model with GSHP; Scenario 4: Consider CHP-P2G-
CCUS coupled model with GSHP.
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Figure 5: Wind-photovoltaic power and load forecasting diagram

Table 1: Unit parameters (1)

Parameter Value (MW) Parameter Value ((MW) Parameter Value

Pe,mifl 10 Php,max 3 Cy1 0.15
Pe,max 35 Ph,min 0 CV2 0.20
PeZ,min 0 Ph,mgx 40 Cm 0.85
PeZ,max 15 Ps,min 0 T -20
Pe3 min 0 P iax 30 Ty 20

Pe3,max 10 Pmt,min 5 1 -18
Php,min 0 Pmt,max 30 C 18

Table 2: Unit parameters (2)

Parameter Value Parameter Value
a ($/MW) 10 as ($/MW) 60
b ($/MW?) 35 as ($/MW) 120
¢ ($/MW) 0 as ($/MW) 120
d ($/MW) 15 dco, (t/MW) 0.89
e ($/MW) 0 beo, (tTMW) 0.0017
f ($/MW) 10 Ceo, (t/MW) 26.16
a, ($/MW) 26 dco, (t/MW) 1.09

(Continued)



Energy Eng. 2025;122(11) 4591

Table 2 (continued)

Parameter Value Parameter Value
EFom 0.9014 EFpMm 0.3597
wWoM 0.75 WBM 0.25
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Figure 6: Methodological flowchart

5.1 Four-Scenario Scheduling Result

In Scenario 1, which only considers CHP, the IES electric load during the dispatch cycle is jointly met by
wind, PV, CHP, and micro gas turbines. The heat load is supplied by CHP and MGTs, and the gas load is met
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by the gas source and its MGTs. Under the “heat-led power generation” operation mode, CHP’s power output
varies with the change of heat output and loses its self-regulation capability. This leads to serious photovoltaic
and wind power curtailment within the IES, resulting in high scheduling costs.

In Scenario 2, after adding the GSHP model, the heat load within the IES system is met by GSHP, CHP,
and MGTs. As a result, CHP’s heat output is reduced, and its electricity output decreases accordingly. This
increases grid access for wind power and PV, reduces photovoltaic and wind power curtailment, and cuts
down the scheduling cost within the system.

For Scenario 3, with the CHP-P2G coupling model, the gas load is met by CHP-P2G, the gas source,
and MGTs. The heat-led constraint of CHP is decoupled. With the same heat output as in Scenario 2, CHP-
P2G’s electrical output is lower due to P2G’s power consumption. This further increases the opportunities
for wind and solar power grid connection and reduces the scheduling costs.

The scheduling results of Scenario 4 are presented in Fig. 7. In the IES, the electrical load is shared by
wind power, photovoltaic, CHP-P2G-CCUS, MGT, and GSHP. The heat load within the system is met by
GSHP, CHP-P2G-CCUS, and MGT, while the gas load is met by the gas source, CHP-P2G-CCUS, and
MGT. CHP-P2G-CCUS and GSHP can operate in a synergistic manner, expanding the grid integration
capacity for wind power and photovoltaic. Simultaneously, the reduction in the output of other equipment
decreases the penalties associated with photovoltaic and wind power curtailment. As a result, the total
scheduling costs are reduced. Moreover, the carbon emissions within the system are significantly decreased.
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Figure 7: Scenario 4 scheduling results. (a) Electrical power balance diagram; (b) Thermal power balance diagram; (c)
Gas power balance diagram; (d) Carbon dioxide balance dragiam

5.2 Analysis of New Energy Consumption

Fig. 8 shows wind energy consumption across the four scenarios. During peak wind power generation
(01:00-05:00 and 21:00-24:00):
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Figure 8: Wind power consumption comparison

Scenario 1 vs. 2: GSHP converts electricity to heat, reducing CHP heating and power generation,
expanding the grid integration of wind power.

Scenario 2 vs. 3: P2G converts electricity to natural gas, enhancing wind energy utilization.
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Scenario 3 vs. 4: Scenario 4 further improves wind power integration due to:

1. CCUS provides CO, to P2G, lowering P2G operating costs and indirectly facilitating higher wind
energy uptake.
2. 'The process of capturing and utilizing CO, by CCUS involves electrical energy consumption.

The photovoltaic consumption for the four scenarios is shown in Fig. 9.
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Figure 9: PV power consumption comparison

Scenarios 1 vs. 2: Photovoltaic consumption capacity is improved with the inclusion of GSHP. Fig. 7
shows that during peak PV generation hours (10:00-15:00), GSHP power consumption peaks, expanding PV
grid integration and enhancing system-level PV utilization.

Scenarios 2 vs. 3: adding P2G provides flexible energy buffering, improving PV integration efficiency.

Scenarios 3 vs. 4: adding CCUS doesn’t improve PV accommodation capability, mainly because: During
peak PV generation hours (10:00-15:00), system heat demand is relatively low. Reduced CHP heat supply
leads to decreased electricity supply. CHP-P2G-CCUS is limited by maximum power output, resulting in

insufficient power from CHP to CCUS. At this time, CCUS neither promotes P2G conversion nor enhances
PV consumption capacity.

5.3 Analysis of IES Carbon Emissions and Operating Costs

Table 3 compares data from the four scenarios. When comparing Scenarios 1 and 2, the total cost
decreases by $13,549.84 due to:

1. The addition of GSHP reduces CHP’s heat and electricity output, expanding the grid integration of
renewable energy.
2. Reduced wind and PV curtailment penalty costs.

Table 3: Comparison of system data by scenario (1)

Scenario Total cost/$ Carbon Wind power PV power
emission/t utilization rate utilization rate
Scenario 1 56,166.66 801.38 59.30% 52.30%
Scenario 2 42,616.82 651.75 66.40% 92.00%
Scenario 3 28,191.73 651.75 93.30% 96.60%

Scenario 4 26,586.53 608.26 96.50% 96.60%
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Increasing renewable energy penetration reduces the system’s carbon emissions by 49.55 t. Similarly,
P2G enhances renewable energy consumption, leading to a $14,425.09 cost reduction in Scenario 3 compared
to Scenario 2. However, carbon emissions remain unchanged as CHP unit power in Scenario 2 equals CHP-
P2G unit power in Scenario 3.

Although CHP-P2G-CCUS unit power in Scenario 4 equals CHP-P2G unit power in Scenario 3, CCUS
captures and utilizes CO,, reducing carbon emissions in the IES by 110.49 t. CCUS also increases renewable
energy usage, lowering the overall system cost by $1605.20.

5.4 Analysis of the Roles of CET-GET

Information on each scenario is shown in Tables 4 and 5. Compared with Scenario 4, Scenario 5 achieves
a9l.1-t reduction in carbon emissions, but the overall operating cost rises by $1857 due to the inclusion of CET
costs. The findings from Scenario 5 suggest that relying solely on a stepwise CET mechanism fails to strike
a balance between economic efficiency and low-carbon objectives, while also exerting minimal influence on
renewable energy integration. By contrast, Scenario 6 introduces a GCT mechanism: the system earns green
certificates by integrating wind and solar power and earns revenue by selling surplus certificates, improving
cost-effectiveness. This mechanism also improves renewable energy integration, reducing wind curtailment
by 0.90% and solar curtailment by 1.30%. However, due to continued CET charges, the system’s economic
performance still falls short of that in Scenario 4. Scenario 7 features a GCT-linked carbon allowance
mechanism under which emissions fall below allocated limits. This configuration cuts costs by $1333.62
compared to Scenario 4 and further improves renewable utilization and emission reductions over Scenario
6—validating the CET-GCT synergy proposed in this study.

Table 4: Scenario information

Scenario CET GCT Interaction
mechanism of
CET-GCT
Scenario 4 x x X
Scenario 5 vV x x
Scenario 6 vV Vv x
Scenario 7 v v Vv

Table 5: Comparison of system data by scenario (2)

Scenario Scenario 4 Scenario 6 Scenario7 Scenario7
Total cost/$ 26,586.53 28,383.82 27,233.87 25,252.91
CET cost/$ 0 1857.29 1717.08 —263.88
GCT cost/$ 0 0 -1009.74 -1009.74
Carbon emissions/t 608.26 51716 441.62 418.85
Wind power utilization rate 96.50% 96.50% 97.40% 98.20%

PV power utilization rate 96.60% 96.60% 97.90% 98.20%
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5.5 Benefit Analysis under Different CET Mechanism Parameters

Fig. 10 illustrates the operating costs of the IES under varying green certificate and baseline CET prices
in Scenario 7. As shown, an increase in green certificate prices exerts a more pronounced effect on the
IES: the system actively incorporates more renewable energy to earn certificate-related revenue, thereby
reducing electricity purchases and lowering overall operating costs. Similarly, as the baseline CET price
rises, the system’s operating costs gradually decline. This occurs because the linked trading mechanism
between green certificates and carbon allowances results in allocated allowances exceeding actual emissions,
thereby allowing the system to generate revenue through the sale of surplus permits. Higher baseline carbon
prices amplify these gains, incentivizing the system to further reduce emissions in pursuit of greater profits.
However, in Scenario 7, the per-unit revenue from carbon allowance trading is lower than that from green
certificate trading, indicating that green certificate prices exert a more substantial influence on total system
costs. Although adjusting the baseline CET price can help regulate costs, once the price reaches $25 in the
IES modeled in this study, the carbon reduction potential of the system’s power generation units becomes
marginal. Further increases in the baseline price diminish the marginal effect on emission reduction,
resulting in limited additional cost savings.
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Figure 10: The impact of parameters on total cost

5.6 Distributionally Robust Chance Constraints

To enhance the practical reliability of the proposed scheduling framework and improve its robustness
to renewable generation forecast errors, we extend Scenario 7 by incorporating a DRCC approach. This
formulation addresses the challenge that the true probability distributions of wind and PV forecast errors are
often uncertain in real-world applications. By constructing an ambiguity set based on the Kullback-Leibler
divergence around a nominal distribution, the DRCC model ensures that operational constraints are satisfied
with a high probability across all plausible distributions. This approach strengthens the model’s adaptability
while avoiding the over-conservatism of worst-case methods. The detailed modeling process, along with the
sensitivity analysis of risk preferences, is provided in Appendix A. It is worth noting that in this study, the
DRCC model is applied exclusively to the uncertainty in wind and PV power generation. Electricity and heat
demands are assumed to be deterministic values. This modeling assumption aligns with common practice in
related literature, as renewable generation typically represents the primary source of short-term uncertainty
in integrated energy systems.
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The comparison results between Scenario 7 and Scenario 8 are presented in Table 6. This table highlights
the trade-offs introduced by incorporating the distributionally robust chance constraint approach. Although
Scenario 8 slightly increases the total cost and carbon emissions compared to Scenario 7, it maintains
a comparable level of renewable energy utilization. These results suggest that while the DRCC method
enhances system robustness under uncertainty, it does so at a modest economic and environmental cost,
providing a more risk-resilient scheduling strategy.

Table 6: Comparison of system data by scenario (3)

Scenario Total cost/$ Carbon Wind power PV power
emissions/t utilization rate utilization rate
Scenario 7 25,252.91 418.85 98.20% 98.20%
Scenario 8 25,840.32 440.90 98.00% 98.00%

6 Conclusions

This research proposes an innovative method for the low-carbon economic dispatch of IES, integrating
CCUS, CHP, and P2G technologies in conjunction with a unified CET-GCT market mechanism.

The following key contributions are presented:

1. A coupled CCUS-P2G-CHP framework integrated with GSHPs is developed to significantly improve
the operational flexibility and efficiency of IES. By eliminating the “heat-led” constraint inherent in
traditional CHP systems, the model facilitates higher renewable energy integration, reduces the reliance
on fossil-fueled generation, and enables significant reductions in carbon emissions.

2. A coordinated CET-GCT trading mechanism is established, achieving simultaneous cost and carbon
emission reductions. Unlike previous studies that model CET and GCT separately, the integrated
approach leverages carbon pricing and renewable energy incentives, promoting low-carbon dispatch.
Compared to using CET alone, the unified mechanism improves economic performance, achieving a
cost saving of $3130.91, a 1.70% increase in wind integration, a 1.60% rise in solar integration, and a 98.13-t
decrease in emissions.

3. The influence of CET and GCT parameters on dispatch outcomes is evaluated, offering guidance for
policy parameterization. Results suggest that setting both certificate and baseline carbon prices near $25
effectively minimizes total costs.

4. To address uncertainties in renewable generation, a distributionally robust chance-constrained model
based on Kullback-Leibler divergence is introduced in Scenario 8. This approach enhances scheduling
reliability without excessive conservatism or over-reliance on specific probability distributions.

5. Numerical results confirm the effectiveness of the proposed strategy. In particular, a comparison between
Scenario 1 (baseline CHP-dominated structure) and Scenario 8 (the fully coordinated scenario proposed
in this study) demonstrates that total system cost decreases significantly from $56,166.66 to $25,840.32,
carbon emissions are reduced from 801.38 t to 440.90 t, and renewable energy utilization increases to
98%. These outcomes validate the synergistic benefits of coordinating multiple energy devices and market
mechanisms in achieving low-carbon and cost-efficient operation.

Despite the demonstrated advantages, several limitations should be acknowledged:
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1. Temporal granularity: The model employs a 24-h day-ahead horizon and lacks multi-period or seasonal
dynamics. Future studies could adopt a rolling horizon or hierarchical timescale to better capture real-
world dispatch behavior.

2. Parameter stationarity: Energy efficiency, carbon capture rates, and renewable output profiles are treated
as fixed. These may vary with temperature, aging, or demand volatility—future work should explore
adaptive or scenario-based modeling.

3. Centralized decision-making: The framework assumes centralized optimization, overlooking the strate-
gic behavior of market participants. Incorporating bilevel or game-theoretic models would better reflect
stakeholder interactions under coupled energy-carbon trading schemes.
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Abbreviations

CET Carbon Emission Trading

GCT Green Certificate Trading

CHP Combined heat and power

GSHPs Ground Source Heat Pumps

P2G Power-to-Gas

CCUS Carbon Capture, Utilization, and Storage
MR Methane reactor

1% Photovoltaic

IES Integrated Energy System

MGT Micro Gas Turbine

CCER China Certified Emission Reductions
CET-GCT A coordinated mechanism between carbon emission trading and green certificate trading
DRCC Distributionally Robust Chance-Constrained
DRO Distributionally Robust Optimization
Appendix A

The prediction errors of wind and photovoltaic (PV) power are treated as random variables. Assuming
that these prediction errors follow a normal distribution, the chance constraints for their prediction errors
can be expressed as:

P{Pwr (t) = Pyina(t) = &wr (1) <0} 21~ (A1)
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Po{Pp (1) ~ Py (1) ~ £ (1) <0} 2 1- (A2)

where P, {-} denotes the probability function; P, ;.4 (t) is the predicted wind power at time ¢ (used in
Scenarios 1 to 7); Pwr () is the actual wind power output at time ¢; &y () is the prediction error of wind
power at time t; Py, (t) is the predicted PV power at time ¢ (used in Scenarios 1t0 7); &,, (t) is the prediction
error of PV power at time #; Pp () is the actual PV power output at time #; and f3 is a small positive number
indicating the acceptable upper bound for the probability of constraint violation (not to be confused with
the 8 used in the main body of the manuscript).

The distributionally robust optimization formulation for integrated energy systems (IES) is shown
in Eq. (A3). It ensures that the constraints hold with at least a (1 — ) probability, even under the worst-case
distribution within a predefined ambiguity set P of probability distributions.

{ ml}I(lh (x)
xe (A3)
s.t. Pe{H (x,§) <0} >1-

here, x denotes the decision variables; X is the feasible set; h (x) is the objective function; & represents
uncertain variables; and H (x, £) is the constraint involving randomness.

The ambiguity set of probability distributions is defined using the Kullback-Leibler divergence between
the actual distribution P and a nominal reference distribution P, given as follows:

D (P 1 1) = [ £ () nLhas (A9

In this context, f (&) and fy (&) represent the probability density functions under the distributions P
and Py, respectively. The ambiguity set is then defined as the collection of all distributions P whose Kullback-
Leibler divergence from P is less than or equal to a threshold #.

P|Dgr (P || Po) <1} (A5)

Since the true distribution of the uncertain parameters in Eq. (2) is unknown, solving it directly is
highly challenging. However, when the Kullback-Leibler divergence is used to characterize distributional

uncertainty, £q. (A3) can be reformulated into a tractable chance-constrained model under the known
reference distribution Py, as shown in Eq. (A6).

{ mi)r(lh (x)
Xe€ . (A6)
s.t. Prop, {H(x,&) <0} >1-f
— e " (w+1)/3—1
e @

In this formulation, “sup” denotes the supremum function, and w is a positive auxiliary vari-
able. Eq. (A6) ensures that the constraint holds with at least probability (1- ) under the reference
distribution Py. However, since the resulting problem remains non-convex, it is further approximated using
the Bernstein inequality. This allows the distributionally robust chance constraints involving forecast errors
to be transformed into an equivalent deterministic form.

Pyt (t) = Pyina () — pwr +\/ =202, Inf <0 (A8)
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Pp (t) = Py, (t) — ppv +\/ 203, In <0 (A9)

In this approximation, pwr and owr represent the mean and standard deviation of the wind power
forecast error under the reference distribution Py, respectively. ypy and opy represent the mean and standard
deviation of the PV power forecast error under the reference distribution Py, respectively.

In distributionally robust optimization, the decision-maker’s risk preference primarily depends on two
parameters: the confidence level (1- ) and the upper bound # on the distance between the probability
distribution in the ambiguity set and the reference distribution. This study analyzes and compares the
total cost outcomes of the distributionally robust optimization method under different values of these two
parameters. The dispatch results under various parameter settings are presented in Table Al.

Table Al: Dispatch results under various parameter settings

Confidencelevel1- 5 =0.1 n=0.05 #=0.01

Total cost ($)
0.85 25,851.60  25,77717  25,684.57
0.90 25,910.28 25,840.32 25,718.09
0.95 26,003.44 25,938.53 25,831.84

The risk preference of the decision-maker determines the dispatch cost of the IES system. As shown
in Table Al, when the confidence level (1 - ), remains constant, the total system cost over a 24-h period
increases with the distance bound parameter #; conversely, when # is fixed, the cost rises as the confidence
level (1 - f3) increases (the selected parameters in this study are (1 - f3) = 0.90 and # = 0.05). A lower risk
tolerance leads to more conservative optimization results, which in turn result in higher dispatch costs.
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