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Abstract

The energy system is transforming in clean, low-carbon, safe, and efficient directions. As
a key carrier of energy consumption, the operation optimization of the integrated energy
system (IES) in industrial parks has become an important lever for facilitating energy
transformation. This paper focuses on the modeling of the operation optimization of the
IES, pays attention to the impact of electricity—carbon—green certificate coordination, and
studies the operation optimization of the IES considering hydrogen energy utilization.
Firstly, the topological structure of IES is analyzed, and a model of the integrated energy
system in industrial parks covering multiple energy links, such as electricity, heat, and
gas, is constructed. Hydrogen energy conversion units such as electrolyzers, fuel cells,
and methane reactors are introduced. Secondly, the impact of electricity, carbon, and
green certificate markets on the operation of IES is analyzed, and a green certificate-carbon
trading integration mechanism is designed, along with the establishment of a corresponding
market trading model. Then, with the system’s energy purchase and sale costs, electricity
curtailment costs, carbon market transaction costs, green certificate transaction revenues,
and equipment operation and maintenance costs as the core, an IES daily optimization
scheduling model is constructed to minimize the overall cost. Finally, the feasibility of
the model constructed in this paper is verified through a case study in the industrial
park in the north of Dezhou, Shandong Province, and the result shows that the cost of
IES is 15,013.7 yuan under the optimal operation schedule. The utilization rate of new
power energy reaches 89.6%, and the 2.135 green certificates are converted into the carbon
market. Meanwhile, comparative analysis across multiple scenarios and sensitivity analysis
of single factors are conducted to discuss the necessity and effectiveness of the factors
considered in this paper, providing a decision-making basis and inspiration for managers
to carry out IES operation scheduling.

Keywords: integrated energy system; operation optimization; hydrogen utilization;
electricity—carbon—green certificate; multi-markets coupling

1. Introduction
1.1. Background and Motivation

Against the backdrop of the serious issues in energy and environment, promoting the
low-carbon transition of the energy sector and advancing the development of renewable
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energy have become effective countermeasures [1]. As a representative of low-carbon elec-
tricity, the integrated energy system (IES) achieves multi-energy complementarity through
the production, conversion, storage, and utilization of multiple energy streams, contribut-
ing to the improvement of energy efficiency and reduction in emissions [2,3]. However,
traditional IES primarily relies on combined heat and power (CHP) for energy supply,
leaving room for optimization in terms of energy efficiency and emission reduction [4].
Hydrogen energy serves a crucial role in driving deep decarbonization in the power sector,
with its clean and flexible characteristics [5,6]. Therefore, introducing hydrogen into IES
has emerged as a potential breakthrough for optimizing traditional IES structures and
enhancing their performance [7]. Additionally, to promote carbon emission reduction and
renewable energy consumption, China has signed the mechanism of carbon trading and
renewable energy quota [8]: the former targets entities that generate carbon emissions,
treating carbon emission rights as a tradable commodity, while the latter targets renewable
energy producers and consumers, treating green certificates as a tradable commodity. Both
mechanisms are designed to facilitate emission reduction goals and optimize resource allo-
cation through well-structured market mechanisms [9]. For IES, which generates carbon
emissions and uses renewable energy [10], taking the impacts from electricity—carbon—green
certificate trading would be an effective way to optimize system operation.

Therefore, IES, hydrogen energy, electricity trading, carbon trading and green certifi-
cate trading can intersect. However, research that collectively addresses these aspects and
develops corresponding mathematical models remains limited at this stage. On the one
hand, hydrogen energy can serve as a medium for Power-to-X in IES, leveraging energy
conversion to enhance energy utilization efficiency. Yet, the mechanisms involved in the
conversion process and how to model and integrate them require further explanation. On
the other hand, the coupling effects among electricity, carbon, and green certificate markets
could receive more attention, and the complex interrelationships among them need to be
clarified and mathematically characterized.

This paper aims to explore the potential positive impacts on IES of the coupling of
electricity, carbon, and green certificate markets alongside hydrogen utilization. To this
end, an optimization model for IES operation has been constructed, with the consideration
of hydrogen utilization under the coupling of different markets. The objective of the
model is to identify the optimal operational strategy for the system under multi-market
coupling, with the aim of minimizing economic costs. Multi-scenario analysis is employed
to summarize management measures and recommendations for IES, thereby providing
managerial insights and guidance for relevant decision-makers.

1.2. Problems and Solutions

This study investigates the optimization of IES operation concerning hydrogen uti-
lization in the context of electricity, carbon, and green certificate markets. Proposing an
extension to traditional IES optimization, which integrates the influences of novel market
mechanisms and system structures. The primary challenges encountered by the research
subject of this paper can be outlined as follows: (1) how can the interrelationships among
the electricity, carbon, and green certificate markets be reflected in the IES, and how do
differences in the number of coupled markets and trading mechanisms affect the operation
of the IES; (2) how to model the conversion forms of hydrogen utilization within the IES
and assess the impact of considering hydrogen utilization on the IES; (3) how to appropriate
optimization goals and boundary conditions can be formulated.

In response to the multiple points mentioned above, the following solutions are pro-
posed for the derivation of system optimization operation schemes: (1) an analysis of
the rules governing the electricity, energy market, carbon trading market, and green cer-
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tificate trading market will be conducted. Thereafter, a linkage mechanism equivalent
to that of a carbon-green certificate will be designed, and the carbon trading and green
certificate trading model will be put forward. The impacts of different single markets and
the combinations will be considered sequentially to conduct comparative studies; (2) the
theoretical framework will be expanded to encompass electrolytic water hydrogen produc-
tion, hydrogen-to-methane conversion, hydrogen fuel cells, and hydrogen energy storage
equipment within the IES, showing the characterization of the production, utilization, and
storage of hydrogen within the system. A comparative analysis will be conducted with and
without hydrogen utilization to verify its impact on the IES; (3) establish the model with
optimization goal in energy purchase/sale costs, penalties for wind and solar curtailment,
green certificate trading, carbon quota trading, and operational maintenance costs, and
the solver is employed to solute the operation model to find the proper daily scheduling
strategy.

1.3. Contributions and Innovations

By studying the optimization of IES operation, which considers hydrogen utilization
under the coupling of electricity, carbon, and green certificate markets, the contributions of
this paper can be summarized as follows:

(1) Clarifying the interrelationships among electricity, carbon, and green certificate trad-
ing within the IES, promoting the integrated development of various markets, and
enhancing the economic and low-carbon development of the system;

(2) Providing a theoretical modeling framework for the IES that incorporates hydrogen
utilization, offering references for related scholars to study and develop system
topological structures;

(3) Obtaining a 24 h operation strategy for the energy park based on the proposed
optimization model through simulation, and conducting comparative and sensitivity
analyses under different scenarios, thereby providing decision-making support for
managers in practical park dispatching.

The innovations of this paper can be summarized as:

(1) Simultaneously incorporating hydrogen utilization and multi-market coupling into
the operation optimization modeling of IES, quantitatively characterizing the sub-
module features of complex system operations, enriching the system topological
structure and clarifying the system optimization logic;

(2) Establishing a conversion relationship between green certificates and carbon emissions
based on market trading prices, breaking through the traditional parallel relationship
between carbon markets and green certificate markets in IES research, and refining
the actual quantities of carbon emissions and green certificates in IES under the fusion
of carbon and green certificate markets;

(38) Constructing an operation optimization model for an IES to minimize total costs.
Sub-objectives such as “energy purchase/sale costs, penalties for wind and solar
curtailment, green certificate trading, carbon trading, and operational maintenance
costs” are used to represent the economic performance of system operations, thereby
obtaining the optimal economic operation strategy for the system.

The rest of the structure of the paper is arranged as follows: Section 2 presents
the literature review; Section 3 explains the coupling among markets and models the
system structure; Section 4 validates the proposed operation optimization model through
simulation examples and conducts discussions; Section 5 summarizes the work of the paper
and provides an outlook.
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2. Literature Review
2.1. Research About the IES Operation Optimization

An IES is characterized by the coupling and complementarity of multiple energy
subsystems, including electricity, heat, and gas. It integrates various energy resources on
the supply side and achieves coordinated optimization across energy processes—including
production, distribution, conversion, consumption, and storage—during planning, oper-
ation, and trading. This forms an integrated energy production, supply, and marketing
system. Compared with the shortcomings of traditional energy systems, which exhibit
low coupling density among energy types and high independence of energy networks, the
IES provides an effective pathway to improve energy utilization efficiency and promote
low-carbon energy transition [11]. In 2003, Switzerland first launched the “Vision of Fu-
ture Energy Networks” project, marking the beginning of research on IES. Subsequently,
countries such as the United States, Germany, and Japan have advanced IES research and
practice at different levels, and the Chinese government has also focused on and accelerated
the development of IES during the 13th and 14th Five-Year Plan periods.

The structure of an IES is complex and can be broadly summarized into three parts:
the energy supply side, the energy conversion side, and the load side [12]. constructed
the structure of a distributed integrated energy system into four parts included: (1) Energy
Supply Side: power grid, heating network, natural gas network, and distributed power
sources; (2) Energy Conversion Side: combined cooling, heating, and power systems, heat
pumps, and electric refrigeration equipment; (3) Energy Storage Side: battery energy
storage and thermal storage tanks; (4) Energy Consumption Side: electricity, heating, and
cooling loads. Dong, Zhang [13] established an IES architecture that includes the external
power grid, natural gas network, wind power generation, photovoltaic systems, combined
heat and power units, electric heating boilers, gas-fired boilers, electrical energy storage,
and thermal energy storage. Zhou, Tan [14] constructed an integrated energy system
composed of a gas turbine, a photovoltaic panel, a solar thermal collector, a ground source
heat pump, and an absorption unit to achieve energy generation and conversion. It is
also configured with a battery and a water storage tank to supplement or store energy to
maintain the system’s energy supply and load balance.

In these studies, the focus of power-to-gas has primarily been on natural gas, while
the role of hydrogen has been neglected. However, as a secondary energy source with
high calorific value and low pollution, hydrogen holds broad application prospects in IES.
Its power-to-hydrogen conversion reaches 80% efficiency, compared to 55% for power-
to-natural gas [15]. This is particularly relevant in the context of promoting clean energy.
Wang, Xian [16] modeled the power-to-gas process in an IES, which is divided into two
stages: power-to-hydrogen and methanation. The produced hydrogen is mixed with
natural gas, which can effectively realize low carbon emissions and improve the operating
economy. Zhang and Liu [17] incorporated hydrogen utilization and conducted refined
modeling, providing mathematical expressions for three key components: electrolytic
hydrogen production, hydrogen methanation, and hydrogen fuel cells. Zhou, Li [18]
thought that hydrogen can strengthen the interaction between renewable energy and
various energy sources and realize the time—space conversion and utilization of renewable
energy. From the perspective of energy system structure, historical research on IES has
evolved from neglecting hydrogen energy to actively incorporating it. Hydrogen energy
has been demonstrated to contribute to reducing carbon emissions in IES and facilitating
low-carbon operations. Therefore, considering hydrogen energy utilization in the study of
IES operation optimization is both necessary and significant.

The objective of IES operation optimization is to achieve the best overall benefits by
coordinating the operations of relevant equipment in the system while meeting relevant
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constraints (such as energy supply and demand, emission targets, etc.). Therefore, the
optimization objectives for integrated energy system operations are inherently complex.
Yang and Liu [19] integrated the environmental and economic objectives into IES configu-
ration optimization by assigning weights to each objective. Ren, Li [20] developed a robust
optimization model for IES dispatch aimed at maximizing energy conversion efficiency and
minimizing operational costs and emissions. Further, an improved intelligent algorithm
was employed to solve the model. Ruiming [21] investigated the optimal operation of
an [ES with hydrogen storage, constructing a multi-objective power dispatch model with
objective functions of operational and environmental costs, then an improved NSGA-II
algorithm was employed to solve the model. Gao, Meng [22] proposed an optimization
objective composed of energy purchase costs, carbon trading costs, and energy curtailment
costs. The model is solved using the CPLEX solver with the assistance of the YALMIP tool-
box. Zhou, Wu [23] proposed an objective function centered on economic performance and
environmental performance, and the model is solved using the YALMIP toolbox. Huang,
Liang [24] focused on the operation optimization of an IES that incorporates electricity,
heat, and cooling. To reduce computational complexity, linearization methods are applied
to the nonlinear polynomials in the objective function, and the problem is ultimately solved
through the GUROBI solver.

Previous research has developed diverse topological structures for IES, with system
optimization objective functions covering various dimensions such as economic, environ-
mental, and efficiency aspects. Scholars have constructed mathematical models by defining
optimization boundaries and objectives, and they have derived optimal operational strate-
gies for IES using improved algorithms or commercial solvers. For this study, it is feasible
to integrate impacts from multiple dimensions by leveraging economic performance as a
comprehensive measure that encapsulates environmental costs, efficiency costs, and other
related factors.

2.2. Research About the Market of Electricity, Carbon Trade, and Green Certificate

As countries worldwide successively propose carbon neutrality goals, emission reduc-
tion targets have become increasingly urgent. The green transformation of the energy and
power systems is imperative. Developing carbon trading and green certificate trading is
crucial for promoting emission reductions in key industries and increasing the consumption
of renewable energy [25]. The power market, carbon market, and green certificate market
can effectively form a synergistic force. Utilizing multi-market coupling and linkage to
promote the development of a low-carbon economy has become a significant research
direction at present [26,27]. Gao, Meng [22] asserted that the role of carbon trading in
optimization dispatch problems is to incorporate carbon trading costs into the objective
function of the model, thereby driving the system’s operational outcomes toward greater
economic efficiency and lower carbon emissions. Wu and Li [28] incorporated the carbon
trading mechanism into the optimal dispatch of the IES and analyzed the economic costs
and carbon emissions of the IES under electricity-carbon coupling. The results indicated
that considering carbon trading can enable the system to achieve a low-carbon electricity
supply and absorption. Zeng, Du [29] integrated the carbon trading and green certificate
trading mechanisms by incorporating the costs associated with IES participation in carbon
emission rights trading and green certificate trading into the operation optimization objec-
tive. The results demonstrate that reasonable carbon trading and green certificate trading
prices can drive down the costs of the IES. Luo, Qin [30] established a market framework
for integrated carbon-green certificate trading with the supply, demand, and trading of
quotas as the linkage, and incorporated this framework into the operation optimization
model of the IES. This approach enhances the integration of renewable energy in the IES
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while simultaneously reducing overall system carbon emissions. Suo, Li [31] established a
day-ahead optimal dispatch model that considers joint carbon-green certificate trading for
an IES but did not account for the issue of double-counting of renewable energy environ-
mental attributes. From existing research, it can be observed that carbon trading and green
certificate trading can effectively reduce carbon emissions and enhance renewable energy
integration. In IES studies, scholars have already investigated their impacts. However,
at the current stage, most research independently discusses the role of carbon trading
mechanisms in emission reduction or the promotion of renewable energy integration by
green certificate systems. It remains difficult to adequately explain and model the coupling
relationships among electricity, carbon, and green certificates within IES, as these markets
remain in a relatively independent state.

2.3. The Findings from the Literature Review

The literature review reveals that IES is a current research focus in the energy field.
The topological structure of IES is complex, and its modeling must clearly define the
energy supply side, conversion side, and consumption side based on research needs.
Furthermore, 1ES serves as a crucial tool for promoting the low-carbon transition of the
energy sector and enhancing renewable energy integration. Driven by carbon trading and
green certificate trading mechanisms, IES may demonstrate better comprehensive benefits.
However, the impact of multi-market coupling on IES has not yet been thoroughly explored,
as most existing studies examine the influence of individual markets on IES from relatively
independent perspectives. So, the gaps between historical study and this paper can be
summarized as follows:

(1) Hydrogen-integrated IES has become a hot topic, but there is no unified conclusion
on the specific impacts of hydrogen energy on IES. Moreover, the operation optimiza-
tion objectives of IES are diverse, and selecting appropriate objective functions and
optimization boundaries remains a widely debated issue.

(2) Although some studies have considered the influence of carbon markets or green
certificate markets in IES operations, these markets remain relatively segmented
and operate in parallel. Delving into the logical connections between markets and
incorporating them into IES operations can enrich research content and provide
references for exploring the impact of multiple markets on IES.

(8) Considering carbon trading, green certificates, and hydrogen utilization represents a
key entry point for enhancing the low-carbon performance and economic efficiency
of IES. This paper will mathematically model these key elements to develop an
operation optimization model for IES, and conduct multi-scenario analyses to explore
the impacts of different factors on IES, aiming to provide guidance in decision-making
and management for IES managers.

3. Establishment of the IES Operation Optimization Model in the Paper

In summary, the overall technical route and research framework of this paper can
be illustrated as shown in Figure 1. The first step involves analyzing the structure of
the IES and determining specific subsystems; the second step involves analyzing the
impacts of electricity, carbon, and green certificate markets, and conducting model research;
the third step involves establishing an operation optimization model for IES, including
subsystem modeling, construction of objective functions, and constraint boundaries; the
fourth step involves determining the solution method or strategy for the model; the fifth
step involves verifying the feasibility of the model through simulation examples and
conducting discussions. Specifically, the objective orientation of this optimization model
is the economic cost of IES operation. The decision variables mainly include the output
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of different energy equipment in IES, the purchase of energy from the higher-level energy
network, and the sale of energy to the external demand side. The boundary of constraints
mainly includes physical constraints on equipment operation, satisfaction constraints on
demand side energy consumption, and so on.
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Figure 1. The overall technical route and research framework of this paper.

3.1. The Basic Structure of IES in the Article

IES integrates the production, conversion, storage, and consumption of multiple
energy forms. It emphasizes mutual support and complementarity among various energy
sources to promote efficient energy production and utilization. Meanwhile, hydrogen is
incorporated into IES operations to reduce energy losses during cascade conversion and
addresses limitations in spatiotemporal storage and transportation, contributing to the
system’s economic efficiency and low-carbon performance. Furthermore, considering the
park’s electricity load, heating load, and gas demand, this paper designs the hydrogen-
integrated IES topology shown in Figure 2. It is worthy that the IES in the paper is concerned
about the park-level, and the operation schedule of the energy system is managed by the
park management committee, whose purpose is to meet the electricity, heat, and gas
needs of users in the park, and achieve the goals of minimizing system operating costs,
maximizing energy utilization efficiency, and being environmentally friendly. Thus, the
operator is the main decision-maker for optimizing the operation of IES, responsible for
scheduling and controlling energy producers, converters, storage providers, consumers,
and external interfaces in IES. On the one hand, energy source, grid, load and storage
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forms the energy flow architecture in IES from the perspective of physics. On the other
hand, the operator would collect the data of these specific participant devices and send
scheduling instructions to achieve the optimal energy scheduling of IES in the park from
the perspective of information.
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Figure 2. The topology of IES built in this paper.

On the supply side, the system can generate power from photovoltaic (PV) and wind
turbines (WT). Meanwhile, it allows the purchase of energy from the upstream power grid
and gas network if it is more economical. On the demand side, the IES primarily consists
of electrical, gas, and thermal loads. They are met either through the operation of internal
components or by purchasing energy externally. It is noted that the electricity supplied by
the upstream grid is assumed to originate from thermal power generation, and both the
CHP units and HFC generate heat alongside electricity.

Regarding the energy conversion components, they mainly include heat pumps (HP),
gas boilers (GB), CHP, electrolyzers (EL), methanation reactors (MR), hydrogen fuel cells
(HFC), as well as four types of energy storage (ES) devices for electricity, gas, heat, and
hydrogen. Detailed modeling of these components will be provided in subsequent research,
and the relevant production capacity and energy consumption are expressed with the
unit of kW to ease the complexity of calculation. Furthermore, the IES can sell excess
electricity and natural gas externally if the load demands are met. Additionally, the IES
incorporates renewable energy generation and carbon dioxide emission facilities, which
are subject to the regulations of both the carbon market and the green certificate market.
Consequently, its operations involve simultaneous participation in the electricity energy
market, the carbon market, and the green certificate market. In order to have a clearer
understanding of the significance of the variables involved in the construction process of
the IES operation optimization model, an explanation is provided, as shown in Table 1.
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Table 1. [llustration of the key variables in IES optimization model.
The Key Variables in IES Operation The Detailed Explanation of Key Variables
Optimization Model in IES Operation Optimization Model

Denote the electrical energy output or
e S S S e
Iljvew((tf)) Phv (), Pésap (1) Phirc(8): P (1), 31150t of WT, PV, CHE, HEC, HP, EL at
EL

time ¢.
Denote the heat energy output of HP, CHP,
h h h h gy outp ’ ’
Pip(£), Pepp(t), PG (f), Pripc () GB, HFC at time .
PE (1 Denote the gas energy output of MR at
wir () time ¢.
H, H, H, Denote the hydrogen energy output or
Pyt (t), Py (1), Prac () input of EL, MR, HFC at time t.
Denote the energy buy/sale of IES at
8 8 8y buy
Pl:eJuy(t)’ P§a1e(t)’ Pbuy(t)’ Psell(t) time t.
h g H Denote the energy loss during
Eleoss (t)’ Eloss (t)’ Eloss (t)’ Eloés (t)

transmission process, assuming as 5%.

Denote the charging and discharging

PESE (1), PES#(1), PESR(1), PESR (1), status of IES’s energy storage facilities,
ES, ES, ES H ESH i i i
PoB(t), BB (1), P 2 (1), P2 (1) including electrical energy, heat energy,

gas energy, and hydrogen energy.

3.2. Qualitative Analysis of the Electricity-Carbon—Green Certificate Market on IES

The IES could participate in the carbon market due to the carbon emission attributes
in GB and CHP, and it could also participate in the green certificate market due to the
green power generation from wind and solar plants. At the same time, IES could form an
interactive relationship with the power grid for purchasing and selling electricity, so that
the IES participates in the electricity market. On the basis of participating in the previous
market, IES will adjust its operational strategy according to the economic impact of different
markets, thus reflecting the role of the three markets in IES operation, outlined as follows:

From the topology of the IES, it can be observed that the system includes GB and
CHP, which emit carbon dioxide. Therefore, as an entity with carbon emission attributes, it
would receive carbon emission allowances determined by public authorities. The IES will
participate in the carbon market: when the system’s actual emissions exceed the allocated
allowances, it must either pay penalties or purchase the deficit emission rights in the carbon
market; when the actual emissions are lower than the allowances, it can sell the surplus
allowances in the carbon market.

In addition, the IES incorporates wind and solar power generation, which can produce
green electricity and generate corresponding green certificates. Thus, the IES can also par-
ticipate in the green certificate market. Green certificate trading serves as a supplementary
policy tool for the renewable portfolio standard, which requires electricity producers to
generate a certain quantity or proportion of renewable energy, and green electricity can be
quantified proportionally into green certificates. When a producer generates more green
certificates than the required quota, it can sell the excess certificates for profit. Otherwise, it
must purchase the deficit certificates in the green certificate market.

Furthermore, the IES is permitted to buy and sell electricity. It indicates that IES will
decide whether to purchase or sell electricity based on market prices to obtain returns.
Thereby, through economic cost expenditures or revenue generation, the IES operates
according to the transaction rules of the electricity, carbon, and green certificate markets, to
achieve optimal comprehensive benefits with minimal input.
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In simpler terms, these trading activities influence the IES through price linkages
or supply—-demand relationships, creating interconnections among them. The market
mechanism significantly impacts the decision-making of the IES, which must develop
operational strategies to meet constraints and optimize benefits based on commodity
quantities and prices.

3.2.1. Modeling of Carbon Emission Trading

Carbon trading involves carbon emission units obtaining a certain amount of legal
emission rights through verification by administrations, with these rights treated as a
commodity for trading in the carbon market. Firstly, administrative departments allocate
emission quotas through paid or free methods (China mainly adopts free allocation). When
the actual emissions of a carbon emission source exceed the allocated quota, it must either
purchase the deficit emission rights in the carbon market or pay penalties. Conversely,
surplus carbon quotas can be sold. Therefore, the modeling of IES participation in the
carbon market can be divided into three aspects: carbon emission rights quotas, actual
carbon emissions, and carbon trading costs. In the IES of the park studied in this paper,
the main sources of carbon emissions come from three parts: electricity purchased from
the upstream grid (assumed to be from thermal power generation), CHP, and GB. In the
process of optimization, the model requires the output of each equipment component to
meet the target constraints while emitting as little carbon dioxide as possible, avoiding the
cost of purchasing quotas caused by excessive carbon emissions. The initial carbon quota
model is as follows [32]:

T T
Ea = 5621 Peia(t) + 5ht;1(PCHP(t) + Peg(1))
Pcp(t) = Peyp(t) + AP&p(t)

1)

where E, represents the initial carbon quota of the system; J. and J}, are the carbon quota
coefficients per unit of electricity supply and heat output; Pgeri 4(t) denotes the purchased
electricity power from the external grid at time ¢, kW; Pyp(#), P&yyp(t) represent the heat
output power and electricity output power of the CHP unit at time ¢, kW; A is the coefficient
for converting the electricity generation of the CHP unit into equivalent heat output; P& (#)
denotes the heat output power of the GB at time ¢, kW.

Since the MR in the IES consumes CO; in the system to produce CHy, the carbon
emission of this device is negative. Therefore, the actual carbon emission model of the
system is as follows [32]:

T T T
Ep = cozl p;rid(t)+¢og21 (PEp (1) + PEg(1)) = wa ) PEig () 2)
t= t= t=1

where E, represents the actual carbon emissions of the system; @, is the carbon emission
factor of the power grid; @y denotes the carbon emission coefficient of natural gas; w,
stands for the CO, absorption coefficient of the MR; P§ (#) indicates the hydrogen power
input of the MR at time ¢, kW.

3.2.2. Modeling of Green Certificate Trading

The green certificate trading mechanism serves as an auxiliary policy tool for the
RPS to promote the integration of green electricity. The government provides indirect
subsidy support to power generation enterprises in the form of green certificates based
on their renewable energy power generation. Enterprises are required to achieve a certain
amount of renewable energy power generation, and green electricity can be proportionally
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quantified into green certificates. When the number of green certificates produced exceeds
the quota target, the excess certificates can be sold for profit; otherwise, green certificates
must be purchased to meet the compliance requirements. The green certificate trading
mechanism consists of three components: the number of green certificates obtained, the
renewable energy quota, and the revenue from green certificate trading. In the process of
optimization, the orientation of the model is to maximize the acquisition of green certificate
benefits, and the optimization variables are mainly the output of wind and solar power
generation. The number of green certificates obtained by the system is positively correlated
with the amount of renewable energy power generation utilized, and the quantity of green
certificates acquired is expressed as follows:

X
T ,glpi(t)
M= t; 1000 ®)

where M represents the quantity of green certificates obtained by the system; P;(f) is the
power generation output of the device i at time ¢, kW; X denotes the total number of
renewable energy power generation devices.

The renewable energy quota is determined based on the proportion of renewable
energy power generation in the total power generation. The expression is defined as
follows:

T
Pz:UzZPa(t) 4)
t=1
where P, represents the quota for renewable energy power generation stipulated for system
power producers, kWh; 17, denotes the renewable energy generation quota coefficient; P, (¢)
indicates the total power generation of the system power producer at time .

P,
K=
1000

(5)

where K represents the quantity of green certificates equivalent to the renewable energy
quota.

3.2.3. Demonstration of Market Coupling

Though there is a foundation for electricity trading, carbon trading, and green cer-
tificate trading in IES research, the historical studies tend to emphasize the impact of
individual market operations. The coupling modeling and analysis of multiple markets
requires further in-depth exploration.

Firstly, the IES participates in the electricity market through the buying and selling of
electrical energy. Secondly, it engages in the carbon market based on its compliance with
carbon emission allowances. Finally, it takes part in the green certificate market through
green certificate trading. It should be noticed that the three markets interact with each
other centered around the IES; the relationship between carbon and green certificates is
particularly profound. Green certificates contain comprehensive information about grid-
connected renewable energy, and the emission reduction achieved by replacing fossil fuels
with an equivalent amount of renewable energy can be calculated. This demonstrates that
green certificates inherently serve as proof of carbon reduction contributions and can offset
carbon emissions in the form of China Certified Emission Reduction (CCER).

This paper utilizes the baseline trading prices of green certificates and carbon al-
lowances to represent the conversion relationship between them. Driven by the pursuit
of benefits, scenarios may arise where CCER offsets carbon emissions, thereby adjusting
the actual quantities of carbon allowances and green certificates involved in the respective
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markets and allowing for re-participation in market trading. Based on the equivalence
between carbon emission trading and green certificate trading, a conversion coefficient
between carbon allowances and green certificates is established. If the marginal revenue
in the carbon market exceeds that in the green certificate market, a certain amount of
green electricity may participate in direct carbon emission offsetting in the form of CCER.
Consequently, the green certificates generated from this portion of green electricity can no
longer be traded in the green certificate market. At the same time, the carbon reduction
benefits resulting from the replacement of fossil fuels with renewable energy should also
be incorporated into the carbon emission trading framework.

Therefore, assuming the quantity of green certificates involved in the conversion is
Nira, the final quantities of green certificates and carbon allowances for the system can be
calculated as follows:

k— Cgreen ©6)
Ccarbon
Ngreen = M — Nua (7)
Ep - Ep - thra - QNgreen (8)

where 0 represents the carbon emission reduction coefficient corresponding to renewable
energy green certificates.

3.3. Modeling of Subsystems in IES

A heat pump (HP) operates on the principle of the reverse Carnot cycle, consuming
electrical energy to generate heat. The relevant model is shown as follows [32]:

Piip(t) = anp P (1)

APIe—:IP,min < PﬁIP(t) - PﬁP(t - 1) < APflP,max (9)
0 S PI(EIP(t) S PI'EIP,maX

where P%‘H,(t) is the thermal power output of the HP at time ¢, kW; apjp represents the
heating efficiency per unit of electrical energy input of the HP; P, () denotes the electrical

power consumed by the HP at time t, kW; APy and APfp ..., are the lower and upper

P, max
ramping limits of the HP’s electrical power; Pf;
power of the HP, kW.

A combined heat and power (CHP) system consists of a gas turbine and a waste heat

P max iNdicates the maximum electrical

boiler. The gas turbine utilizes gas to generate electricity, and the heat produced during
this process is captured by the waste heat boiler and supplied to meet the thermal load.
The relevant model is shown as follows [32]:

Peup(t) = adppPép(t)
0 Sgp(gZHP(t) Sgp(gZHP,max . g
APCyp min < Pépp(t) — Pegp(t — 1) < APCHp ax

g, < Plup(t)/Pep(t) < ¢B&%

(10)

where P&, (t) represents the gas input power of the CHP at time t, kW; P&p(t) denotes
the electrical power output of the CHP at time ¢, kW; PEHP (t) indicates the thermal power
output of the CHP at time ¢, kW; ag;;p stands for the electrical efficiency per unit of gas
input of the CHP; PgHP,maX is the upper limit of the gas input power of the CHP, kW;
APgHP’maX and APE’EHP’mm are the lower and upper ramping limits of the gas consumption
power of the CHP; ¢%fjp and ¢p represent the lower and upper limits of the power-to-heat
ratio of the CHP.
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A gas boiler (GB) is a traditional thermal load supply device that utilizes gas to
generate heat. The relevant model is shown as follows [32]:

Peg(t) = aggPEg(t)
APCgQB,min < PCg;B(t) - PCg;B(t - 1) < APé

g g g
PBp min < PCp(t) < P&

(11)

B,max

B,max

where P& (t) represents the heating power output of the GB at time ¢, kW; PE5(t) denotes
the gas consumption power of the GB at time t, kW; all; indicates the heating efficiency of
the GB; APéB max and APéB min Tepresent the lower and upper ramping limits of the GB;

PéB,max and PéB,min denote the lower and upper limits of the gas consumption power of
the GB, kW.

Energy storage (ES), the paper includes four types of energy storage devices: electrical
storage, thermal storage, gas storage, and hydrogen storage. Considering the operational
constraints of energy storage devices, such as charge/discharge limits, storage capacity
constraints, and mutual exclusion constraints, a modeling approach is adopted for energy
storage devices as follows [32].

0.< P (1) < B ()P

in,max

0< PES,n( 1 < BES,n( 1) PEé,n

out out out,max
PESM(t) = P ()™ — Pot” (1) 1ot
Su(t) = (1 —e,)Su(t — 1) + PES" (1) (12)
Sn,rnin S Sn(t) S Sn,max
5(1) = S(T)
B () + Bou' (1) < 1

out

where 1 represents the type of energy, including electrical energy (e), thermal energy (h),

gas (g), and hydrogen energy (Hp); PL>" (t) and P53 (t) denote the charging /discharging
ES, ES,
P, in,r;lax POllt,nmaX

of the charging/discharging power of ES device, kW; PES"(t) represents the final output

power of ES device n during time period t, kW; and are the upper limits

power of the energy storage device during period ¢, kW; S, (¢) indicates the stored energy
ES,n ES,n

level of the energy storage device during time period t; 7;, P

charging/discharging efficiency of the energy storage device; ¢, is the self-discharge rate

ES,n
B out

and 75, represent the

of the energy storage device; Bis’”(t) and (t) indicates the charging/discharging state
of the energy storage; Sy max and S, min denote the upper and lower capacity limits of the
energy storage device, kW.

Hydrogen energy exhibits diversity in both its production and utilization, such as
hydrogen production through water electrolysis, heat and power generation via HFC, and
its conversion into natural gas. Hydrogen energy breaks down the isolated barriers among
traditional heating, power, and gas networks, thereby enhancing the flexible interconnection
and coupling of different energy forms. Therefore, for the hydrogen utilization aspects
considered in this paper, the focus is primarily on three key components: electrolyzers,
hydrogen fuel cells, and methanation reactors.

(i) Electrolyzer (EL) is the core equipment for hydrogen production from electricity,
consuming electrical energy to generate hydrogen. It can utilize technologies such
as proton exchange membrane electrolyzers, alkaline electrolyzers, and solid oxide
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electrolyzers to produce hydrogen through water electrolysis. The relevant model is
shown as follows [32].

H-
Pgp () = apLPg (1)

AP]?L,rnin < PEeL(t) - PEeL(t - 1) < AP}?L,rnax (13a)
PEQL,min < PEL(t) < PEL,max

where PELZ (t) represents the hydrogen power output of the electrolyzer at time f, kW;
agpr, denotes the hydrogen production efficiency per unit of electricity consumption of
the electrolyzer; Pf; (t) indicates the electrical power consumption of the electrolyzer
during period t, kW; APg; . and APg; .. are the lower and upper ramping limits of
the electrical power consumption; Pg; ... and Pg

EL min T€Present the lower and upper
limits of the electrical power consumption.

It is worth noting that there is a nonlinear relationship between the load rate and
hydrogen production efficiency in the practical engineering application of EL. That is to
say, there is a certain coupling relationship between the conversion efficiency of electrical
energy and hydrogen energy and the input power of the EL. This power efficiency dynamic
characteristic will affect the actual hydrogen energy generated by the electrolytic cell in
IES. Therefore, fine modeling of the electrolytic cell can more objectively characterize its
role in the operation of IES, while it will increase the complexity and difficulty of solving
the model. Given that the proton exchange membrane electrolyzers (PEMs) have a high
efficiency and strong adaptability to fluctuating power, the article determines the PEM as
the core technology of EL and then carries out a fine modeling of EL [33,34].

Pe = Ueje
{ P%I B elpgl (13b)
EL — Ml

where P, Ug and [ are the input power, operating voltage, and operating current of a
single PEM electrolytic cell; m is the number of PEM electrolysis cells that make up the
hydrogen production system electrolysis cell array; Pg; is the power of EL system.

l’i:l :.Urev + Uirrev (13¢)
I = icSc

where Urey and Ujyrey mean the reversible voltage and irreversible voltage; i and S, are the
current density of the electrolytic cell and the area of the PEM membrane.

Un — AH _ TAS
rev nF nF (13d)
Uirrev = Mact + Hohm + Hcon

where AH is the enthalpy change of hydrogen production by electrolysis of water; T is the
operating temperature of EL; AS is the reaction entropy change for hydrogen production
through electrolysis of water; 7 is the number of transferred electrons per mole of hydrogen;
F is the Faraday’s constant; #act, #ohm and #eon are the activation overvoltage, ohmic
overvoltage, and concentration overvoltage of EL.

T. T2

c

. t t .
Uirrey = (11 + 12 T¢)ic + (51 + 59 + 53TCZ) logKtl + 24 3)15 + 1} (13e)
Cc

where 7, s and t are the empirical coefficients.
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Therefore, the hydrogen production efficiency agy, of EL depends on the product of
Faraday efficiency #¢ and voltage efficiency 7, as follows:

XEL = Ty (13f)
1 L (by+ byT,)
f = m 3 41c
(Tt (13g)
=g

where b are the empirical coefficients; Uy, is the thermal neutral potential.

Based on the refined modeling expression mentioned above and the parameter infor-
mation in [34], a nonlinear relationship diagram between hydrogen production efficiency
and input power of EL can be visualized as shown in Figure 3.

100

50

Efficiency(%)

1 1 i

0 L 1
0 50 100 150 200 250 300

Power(kW)

Figure 3. Curve relationship between efficiency and power of EL.

(i) Hydrogen fuel cell (HFC) is a device that utilizes hydrogen energy to generate electric-
ity and heat, offering the advantage of zero emissions. It is modeled as follows [32]:
Pe . (t) = a8 PHA (1)
HFC HEC"HFC
P II&II%C,min < P EI%C (t) < P gI%C,max (1 4)
APIEII%C,min < PIEII%C(’L' + 1) - Pg}%C(t) < APIEII%C,H'[aX

gmin. < Phpc(t)/ Pipe(t) < ¢l

where P (#) and PR (t) represent the electrical and thermal output power of the
HFC at time ¢, kW; afjpc and ’XkI}IFC denote the electrical and thermal conversion effi-
ciency per unit of hydrogen energy; Pgﬁc (t) indicates the hydrogen energy consumed
by the HFC during period t, kW; Pgﬁcmax and Pgl%c,min are the lower and upper

limits of hydrogen energy consumption by the HFC, kW; APgﬁC’max and APII{{I%C’min
represent the lower and upper ramping limits of hydrogen energy consumption by the
HFC; g2 and ¢ correspond to the lower and upper limits of the power-to-heat
ratio of the HFC.

(iii) Methane reactor (MR), which achieves the methanation of hydrogen, utilizes the reac-
tion between hydrogen and carbon dioxide to produce CHy. This equipment serves
the dual functions of carbon capture and utilization, contributing to the reduction of
carbon dioxide emissions and enhancing the utilization rate of energy. It is modeled
as follows:

Plig (1) = &R Pugk (1
APﬁ%{,min < Pﬁ%{“ + 1) - Pﬁ%{(t) < Apﬁ%{,max (15)

Hp Hp Hp
PMR,rnin < PMR(t) < PMR,max
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C1 = Py (t)ePricey,, (f) + Pfuy(t)oPricelgmy(t) — P (t)ePrice?, () — P&

where P (t) represents the methane output power of the MR at time t; ayr denotes
the methane production efficiency per unit of hydrogen input of the MR; Pﬁf{(t)

indicates the hydrogen energy consumed by the MR at time ¢, kW; APﬁ%{,maX and

APSﬁlmm are the lower and upper ramping limits of the hydrogen consumption by

the MR; PI\H,IZR,maX and Pﬁf{,mm represent the lower and upper limits of the hydrogen
consumption by the MR.

3.4. Establishment of the IES Operation Optimization Model
3.4.1. Objective Function of IES Operation Optimization Model

This paper studies the operation optimization of a park-level IES. The system inter-
nally obtains energy through wind and solar power generation and by purchasing energy
from external sources. It meets energy demands and achieves optimal economic benefits
through internal component coupling, energy flow conversion, and external energy sales.
Simultaneously, the system participates in the electricity energy market, carbon market, and
green certificate market. To minimize the overall operational economic cost, the objective
function includes energy purchase and sale costs, penalty for curtailment, green certificate
trading costs, carbon market trading costs, and equipment operation and maintenance
costs. The relevant model is shown as follows:

minC =C;+Cy+C3+ C4 + Cs (16)

(1) Gy represents the costs of energy purchase and sale, which consist of purchasing
electricity from the upstream grid, purchasing gas from the upstream gas network,
selling surplus electricity, and selling surplus natural gas. The optimization orientation
of this sub-model in IES operation is the minimum of cost, and the decision variables
are the purchasing/selling power of the system at different times. The relevant model
is shown as follows:

(t)oPricefale(t) (17)

sale sale

(t) represent the power of electricity purchased and sold by the

e
sale

purchased and sold at time ¢, yuan/kW; Pguy(t) and P®

sale

sale
system at time f, yuan/kW; Priceguy(t) and Price

where Pguy(t) and P¢
() denote the prices of electricity
(t) indicate the power of
natural gas purchased and sold by the system at time f, yuan/kW; Price%uy(t) and
Price®

sale
(2) G, represents the penalty for wind and solar curtailment in the system. The opti-

(t) represent the prices of natural gas purchased and sold at time ¢, yuan/kW.

mization direction of this sub-model in IES is the minimum of cost, and the decision
variables are the output power of wind and photovoltaic units at different times. This
metric reflects the level of renewable energy integration, as shown in following:

Ca = 0%, (PR (t) — Poy (t) + Py (t) — Piyp(t)) (18)

where Pjyp?(t) and Ppiy ¥ (t) represent the maximum output of wind and photo-
voltaic power, kW; P (t) and Py, (t) denote the actual output of wind and pho-
tovoltaic power, kW; 95, is the penalty coefficient per unit of curtailed electricity,
yuan/kW.

(3) Csrepresents the transaction cost of the system participating in the green certificate
market. The optimization orientation of this sub-model in IES is cost minimization,
with the decision variable being the output of IES energy equipment directly related
to the green certificate.

G = (K - Ngreen) ’Pricegreen (19)
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where K is the green certificate quota that the system must fulfill; Ngreen represents the
quantity of green certificates generated by the system; Pricegreen denotes the trading
price per unit of green certificate, the unit of measurement is yuan.

(4) C4 represents the transaction cost of the system participating in the carbon market.
The optimization orientation of this sub model in IES is cost minimization, with the
decision variable being the output level of IES energy equipment directly related to
carbon emissions.

Cs = (Ep — Ea) ®Pricecarbon (20a)

where E,, represents the carbon emissions of the IES; E, denotes the carbon quota
allocated to the IES; Price ampon indicates the trading price per unit of carbon emission,
the unit of measurement is yuan/kg.

It should be noted that in order to increase the enthusiasm of market entities to
participate in carbon reduction, an incentive effect can be formed by changing the cost of
marginal carbon quotas. Therefore, based on formula (20a), a carbon trading cost model
with tiered pricing is constructed, as shown in formula (20b) [15,35].

Pricecarbon(Ep — Ea) Ep—Ea<h
Pricecarbon (1 + 1) (Ep — Ea — h) +cch h <Ep,—Es<2h
Cy = { Pricecarbon (1 +2p) (Ep — Ea —2h) +cc(2+pu)h  2h < E, —E, <3h  (20b)
Pricecarbon (1 + 3p) (Ep — Ea — 3h) 4+ cc(3+3u)h  3h < Ep — E; < 4h
Pricecarbon (1 + 41) (Ep — Ea — 4h) + cc(4 + 6p)h 4h < Ep, — Ea

where y is the price growth rate of carbon trading, / is length of the range of values for
different carbon emissions.

(5) Cs represents the operation and maintenance (O&M) costs of the system devices, the
optimization direction of this sub-model is the minimum of cost, and the decision
variable is the output of energy equipment in IES. The details are as follows:

(i) O&M cost of wind and solar power

Cov (1) = Py () oMY, (21)
Cyor () = Piyr(t) oMby (22)

where Cg{;r(t) and C&%(t) represent the photovoltaic and wind power O&M costs at

time ¢; Mg}\j; and Mc‘;\% denote the O&M costs per unit power for the photovoltaic and
wind power generation, yuan/kW.

(i) O&M cost of system energy conversion equipment

Clitp (t) = Pép(t) oMp (23)
Cdp (1) = Pg(t)eMcg (24)
Crip (1) = Pip(t)oMp (25)
Cor' (t) = PEp(t)oMYY" (26)

Crire(t) = Pic (t) oMyt (27)
Cuir(1) = Pk () oMyig (28)

where Cfpr(t) represents the O&M cost of equipment i at time ¢; M?pr denotes the
O&M cost per unit power of equipment i, yuan/kW.
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(iii) O&M cost of energy storage equipment

Cibe() = (Poaf (1) + (1) ) sME:, (29)
CREL(E) = (ol (1) + P (1) ) oMEES, (30)
Cibin, (1) = (Bout™(t) + P2 (1)) oME, (31)
Cibi (1) = (Pou(6) + POS(1) ) oMLy (32)

where ngrl(t) represents the O&M cost of ES facility i at time ¢; M%grl denotes the
per-unit charge/discharge O&M cost of ES facility i, yuan/kW.

3.4.2. Constraints

(1) Energy balance constraints
(i)  Electrical power balance

PE .y (1) + Py (1) + Py () + Pépgp(t) + Pipe () + Pot” (1) = P& (£) + Pip(£) + Pg (1) + PL*(t) + Load® (1) + Ef, () (33)
(ii) Thermal power balance
Plip(£) + Plup(t) + PEa(1) + Plirc () + Pogg (1) = P " (1) + Load" (1) + Efyo (1) (34)
(iii) Gas balance

(£) + PEiyp(f) + PEy(+) + PLoB(t) + Load3 (t) + E (1) (35)

loss

ES,
Pguy()—i_PI%/IR()_._Po g() Pg

sell
(iv) Hydrogen energy balance

P (£) + Powt 2() = Py () + Piggc () + P () + Ej2, () (36)
(2) Operation constraints

These include constraints for energy conversion equipment and energy storage devices,
which have been provided in the modeling of each device in the previous section.

(3) Other constraints
(i) Maximum quantity of green certificate conversion

Ntra,min < Nia < Ntra,max (37)

(iii) Output constraints of wind power and photovoltaic power

0. < PEy(t) < PR (1) (39)
0 < Pir(t) < PSR (1) (39)

3.5. Model Solving

The operation optimization model for the IES considering hydrogen utilization under
electricity—carbon-green certificate coupling established in this paper is a mixed-integer
linear programming model. Therefore, YALMIP in MATLAB R2018a and the commercial
solver CPLEX are called for model solving.
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4. Model Validation and Discussion Based on Case Study
4.1. Basic Information of Case Study and Model Application

After completing the theoretical work on mathematical modeling, the model’s feasibil-
ity and practicality are verified through a case study. Meanwhile, scenario analysis and
sensitivity analysis are conducted to explain the changes brought to IES operations and
the corresponding reasons after absorbing multiple factors. Through field research on a
small industrial park in Dezhou, Shandong Province, we have obtained preliminary data
for verifying the operation optimization model of IES. The park is located in the industrial
park in the north of Dezhou city (see Figure 4) and is mainly dominated by manufacturing
and chemical industries. The park has modern service and research and development
institutions, and is equipped with a complete distribution, heating and gas supply network.
In order to achieve the green and low-carbon transformation of the park, hydrogen energy
utilization and other technologies are actively being adopted for decarbonization and en-
ergy substitution. Considering the involvement of trade secrets in the data, the commercial
information is processed for confidentiality, and finally, the data for example analysis was
obtained after verification and adjustment according to the relevant literature [15,36-39].

Figure 4. Location of IES in the case study.

Considering that the difficulty of the solution process would increase with the com-
plexity of the model and parameters, the setting of the basic model in the case study is
mainly to assume that the efficiency and carbon trading price in the model are constant
(dynamic efficiency will be verified and calculated in the comparative analysis section), the
more relevant parameters rely on information in Appendix A. After testing the feasibility
of the model, the article will conduct more in-depth multi-scenario comparative analysis
and sensitivity analysis. Based on the data from the case study, the existing IES in the park
requires daily operation and scheduling. The goal of system operation optimization is to
minimize the total cost while meeting various load demands. The total cost includes the
energy purchase and sales costs, equipment O&M costs, as well as the costs from partici-
pating in the electricity—carbon-green certificate markets. By substituting the relevant basic
data into the model constructed in this paper and solving it, the operation optimization
results shown in Figure 5 can be obtained.
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It can be observed that under the optimal operating strategy, the maximum production
capacity or energy consumption power of key equipment including WT, PV, HP, CHP, GB,
EL, HFC, MR in IES within 24 h are 894.7, 915, 248.8, 600, 0, 340.9, 250, 93, respectively.
At the same time, the maximum charging and discharging power of electricity storage,
heat storage, gas storage, and hydrogen storage equipment are 152.5/225, 231.4/250, 0/75,
91.1/100, respectively. The system achieves an optimal operating cost of 15,013.7 to meet
the energy demands of various loads, with the following breakdown: energy purchase and
sales costs amount to 8913.18, penalties for wind and solar curtailment are 305.96, revenue
from the green certificate market is 610.03, revenue from the carbon market is 2227.5, and
operation and maintenance costs are 8742.12. Under the considered coupling scenario,
2.135 green certificates are utilized for conversion, the system’s carbon dioxide emissions
amount to 3059.74, and the effective utilization rate of wind and solar power reaches 89.6%.

4.2. Comparative Analysis and Discussion

Furthermore, to explore the impact of market coupling mechanisms, hydrogen utiliza-
tion, and the introduction of carbon and green certificate markets on the IES, four scenarios
are established for multi-scenario comparison and analysis. Specifically: (1) Consider-
ing electricity, carbon, and green certificate markets along with hydrogen utilization, but
without setting up market coupling; (2) Considering electricity—carbon—green certificate
coupling without hydrogen utilization; (3) Considering the carbon market and hydrogen
utilization without the green certificate market; (4) Considering the green certificate market
and hydrogen utilization without the carbon market; (5) Setting the different electricity and
gas price at different times; (6) Introducing the tiered carbon trading pricing mechanism;
(7) Considering the refined modeling of EL in hydrogen energy utilization. Based on the
above scenario designs (see Table 2), adjustments are made to the model constructed in the
paper, and the case study is applied into the model for result calculation.

Table 2. The settings of comparative analysis scenario.

Scenario  Scenario Scenario Scenario Scenario Scenario Scenario

(1) 2) 3) “ 5) (6) (7)

e A T A

Hydrogen utilization Vv X N4 vV Vv vV Vv

Participate ﬁa%«fein certificate N J % Ni J Ni J

Participate in carbon market Vv Vv Vv X v Vv V4

Time-sharing price of electricity « « « « J « «

and gas

Tiered price in carbon market X X X X X vV X

Refined model of EL X X X X X X

Firstly, the operation strategy for Scenario (1) is shown in Figure 6. Under the optimal
operating strategy, the maximum production capacity or energy consumption power of
key equipment including WT, PV, HP, CHP, GB, EL, HFC, MR in IES within 24 h are 894.7,
915, 248.8, 600, 0, 340.9, 250, 93, respectively. At the same time, the maximum charging and
discharging power of electricity storage, heat storage, gas storage, and hydrogen storage
equipment are 191/225, 250/250, 0/75, 76 /100, respectively. The calculations reveal that
when green certificates are not used to offset carbon emissions, the system’s operation
strategy undergoes adjustments, but the overall operation cost increases by only 1 compared
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to the baseline scenario (with green certificate trading revenue at 717.68, carbon market
revenue at 2229.39, and other objectives remaining consistent). It indicates that market
coupling can influence the system’s operation strategy and benefits, but its effectiveness
is not yet pronounced. This is primarily due to the unequal marginal benefits between
green certificates and carbon allowances. In the future, it is necessary to further identify
the equilibrium point of market coupling to further optimize the system’s operational
benefits. This result aligns with the current consensus in related research on the complexity
of market coupling, and the equilibrium of market returns is a crucial factor in achieving
integration [9,40]. Furthermore, compared to existing research on IES in the carbon and
green certificate markets, the article has clarified that considering market integration can
further solidify the ideal assumptions of market independence from theoretical research
into reality, and that market coupling can indeed bring about incremental operational
benefits.

The management insights can be summarized from the above: (1) IES managers
should not pursue the physical connection among different markets due to the unequal
marginal benefits between different markets. It is necessary to determine the balance
point between market returns and performance costs, and the managers need to actively
explore market arbitrage and find the best market trading combination point; (2) Managers
should consider the market price fluctuations and the offsetting rule as key elements,
the golden combinations among the elements can be explored through multi-scenario
analysis; (3) Managers should actively communicate with policy makers or coordinate
transaction strategies within the enterprise. By promoting coordination and connection
at the institutional level, transforming the theoretical advantages of market coupling into
financial benefits in reality.

Secondly, the operation strategy for Scenario (2) is shown in Figure 7. Under the optimal
operating strategy, the maximum production capacity or energy consumption power of
key equipment including WT, PV, HP, CHP, GB, etc., in IES within 24 h are 850.4, 267.3, 480,
600, 640, respectively. At the same time, the maximum charging and discharging power
of electricity storage, heat storage, and gas storage equipment are 225/0, 0/0, 75/67.8,
respectively. The calculations reveal that the operation cost of the system without hydrogen
utility is 31,293.79. The system tends to purchase energy from external sources to meet
load demands, and the park’s new energy utilization rate drops to 26.21%. The economic
efficiency of the system declines, and carbon dioxide emissions in this scenario rise to
25,161.63, which is significantly higher than the levels observed in scenarios involving
hydrogen utilization. Existing research has highlighted the benefits of hydrogen energy in
optimizing energy efficiency and system operating costs [21,41], which is consistent with
the results of this study. Furthermore, the paper incorporates hydrogen energy utilization
into the study of IES, providing a mathematical model for integrating hydrogen energy
utilization into IES operation from a broader perspective.

Based on the above text, several management insights can be summarized: (1) Man-
agers should abandon the traditional concept of treating hydrogen energy as a long-term
high-cost technology. Hydrogen is a key regulatory resource to solve the bottleneck of
a high proportion of new energy consumption, and it could be regarded as an effective
guarantee to ensure the safe and stable operation of the system; (2) Faced with the high
threshold for hydrogen energy investment, managers can adopt a step-by-step strategy.
In the initial stage, there is no need to pursue the comprehensive application of hydrogen
energy, but rather to focus on the most concentrated and difficult to reduce carbon emis-
sions in the system. This can not only verify the carbon reduction effect of hydrogen energy
technology at a lower cost, but also improve the performance of the system, accumulating
experience and data support for subsequent expansion of applications.
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Figure 6. The operation strategy of IES under Scenario (1).
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Thirdly, the operation strategy for Scenario (3) is shown in Figure 8. Under the optimal
operating strategy, the maximum production capacity or energy consumption power of
key equipment including WT, PV, HP, CHP, GB, EL, HFC, MR in IES within 24 h are 894.7,
915, 240, 600, 0, 340.9, 250, 93, respectively. At the same time, the maximum charging and
discharging power of electricity storage, heat storage, gas storage, and hydrogen storage
equipment are 209.9/225, 250/250, 0/75, 92.7/100, respectively. The calculations show
that when the green certificate market is not considered, the system’s operational cost is
15,729.1. Specifically, the energy purchase and sale costs amount to 8898.56, the electricity
curtailment penalty is 319.48, the revenue from the carbon market is 2224.16, and the
operation and maintenance costs are 8735.22. The new energy utilization rate is 89.15%,
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and the total operational cost remains higher than that of the baseline scenario. Without
considering the influence of the green certificate market, although the system’s emissions
decrease, it fails to achieve additional emission reduction contributions through market
coupling, leading to reduced benefits in the carbon market. The combined effect of reduced
revenue from the carbon market and the absence of benefits from the green certificate
market is the main reason for the increased cost. Consistent with existing research [42],
green certificates currently exhibit low trading activity, and their market incentive effect
has not been fully realized as they transition from subsidy-dependent to grid parity. As a
crucial means of addressing green electricity consumption, strengthening integration with
the carbon market is a potential way to improve efficiency [43].

The following management insights can be summarized based on the above results:
(1) In the face of rigid constraints in the carbon market, it is necessary to explore the
hedging value of green certificates. The manager can strategically hold or trade green
certificates to cope with the risk of possible tightening of carbon quotas or soaring carbon
prices; (2) Managers should not passively wait for policy improvement, but actively seek to
participate in projects for green certificate-carbon market deduction and mutual recognition,
and lay out in advance to seize the opportunity of institutional linkage.

Fourthly, the operation strategy for Scenario (4) is shown in Figure 9. Under the optimal
operating strategy, the maximum production capacity or energy consumption power of
key equipment including WT, PV, HP, CHP, GB, EL, HFC, MR in IES within 24 h are 8§94.7,
915, 268.5, 600, 0, 340.9, 250, 50, respectively. At the same time, the maximum charging
and discharging power of electricity storage, heat storage, gas storage, and hydrogen
storage equipment are 189.9/225, 176.7/250, 0/75, 88/100, respectively. Calculations reveal
that when the carbon market is not considered, the system’s operational cost is 17,233.64
(specifically, energy purchase and sale costs are 8874.35, the electricity curtailment penalty
is 314.79, green certificate market revenue is 714.28, and operation and maintenance costs
are 8758.78). Carbon emissions amount to 3045.18, and the new energy utilization rate is
89.31%. From an economic perspective, if only one market is chosen between the carbon
market and the green certificate market, the former results in a lower operational cost.
This result is consistent with existing research on the coupling of carbon markets and
IES [44]. Carbon quotas have a more direct market mandate, imposing hard costs on
emission-controlled enterprises, and typically exhibit higher marginal returns and price
stability, especially when carbon prices rise. When IES have emission attributes, their
marginal returns in the carbon market are more substantial than in the green certificate
market. However, when closely integrated with quota offset mechanisms, multi-market
coupling can better drive new energy investment and consumption [45], resulting in higher
marginal returns.

Based on the above text, the following management insights can be summarized:
(1) The carbon market is the core and effective economic leverage for its cost pressure, and
the transformation strategy would face the risk of insufficient incentives and declining
momentum if there lacks consideration for carbon market; (2) It is necessary to utilize
combination strategies to break through the efficiency ceiling of a single market. When
carbon compliance costs are low, invest more new energy electricity into the green certificate
market for profit; When carbon prices are high, the green certificates held are used to offset
quotas and reduce compliance costs.
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Figure 8. The operation strategy of IES under Scenario (3).
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Figure 9. The operation strategy of IES under Scenario (4).
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Fifthly, the operation strategy for Scenario (5) is shown in Figure 10. Under the optimal
operating strategy, the maximum production capacity or energy consumption power of
key equipment including WT, PV, HP, CHP, GB, EL, HFC, MR in IES within 24 h are 894.7,
915, 268.5, 600, 109.2, 340.9, 250, 93, respectively. At the same time, the maximum charging
and discharging power of electricity storage, heat storage, gas storage, and hydrogen storage
equipment are 225/225, 170/250, 75/75, 100/100, respectively. The result shows that the
total operation cost of IES is 14,964.19 when considering the phased price of electricity and
gas at different times (specifically, energy purchase and sale costs are 8912.65, the electricity
curtailment penalty is 309.01, the green certificate market revenue is 609.03, the revenue from
the carbon market is 2348.6, and operation and maintenance costs are 8700.21). And the new
energy utilization rate of the energy system is 89.5%. Actually, the trading prices in the market
are not completely fixed, and the time of use price will affect the operation and scheduling
strategy of IES. The managers can dig the profit for arbitrage operations by using the peak
and valley of market prices, but they also need to ensure basic energy demand.

According to the above text, managers can pay attention to the following insights:
(1) Further construction of intraday rolling optimization scheduling models can be carried
out to track the peak and valley changes in time-sharing prices in real time, and active
arbitrage based on price signals can be used to convert volatility into a source of profit;
(2) When using market price peak valley arbitrage, it is necessary to ensure basic energy
demand. When price arbitrage signals conflict with system security boundaries, secure
energy supply must take priority over economic arbitrage to avoid the risk of insufficient
energy supply during peak hours due to excessive pursuit of low-priced energy purchases.

Sixthly, the operation strategy for Scenario (6) is shown in Figure 11. Under the optimal
operating strategy, the maximum production capacity or energy consumption power of key
equipment including WT, PV, HP, CHP, GB, EL, HFC, MR in IES within 24 h are 854, 229 4,
600, 600, 800, 340.9, 250, 50, respectively. At the same time, the maximum charging and
discharging power of electricity storage, heat storage, gas storage, and hydrogen storage
equipment are 0/0, 0/244, 0/0, 0/56, respectively. It can be found that the IES operation
price would increase to 40,616.21 when the carbon trading price is tiered (specifically,
energy purchase and sale costs are 32,468.64, the electricity curtailment penalty is 2171.92,
the cost from the carbon market is 1345.28, and operation and maintenance costs are
4630.37). The tiered price forms a constraint effect on IES with the increasing marginal cost
in carbon trading. For managers, the following management insights can be summarized:
(1) Utilizing the tiered price mechanism reasonably and strengthening the management
of carbon asset; (2) Constructing the monitoring and early warning system for carbon
emissions, and tracking how much margin there is for cumulative emissions to reach the
emission limitation in real-time; (3) To layout and develop the low-carbon technologies in
advance to address the cost pressure when the carbon trading price become the high.

Seventhly, the operation strategy for Scenario (7) is shown in Figure 12. Under the
optimal operating strategy, the maximum production capacity or energy consumption
power of key equipment including WT, PV, HP, CHP, GB, EL, HFC, MR in IES within
24 h are 894.7, 915, 205.5, 600, 216.4, 500, 250, 100, respectively. At the same time, the
maximum charging and discharging power of electricity storage, heat storage, gas storage,
and hydrogen storage equipment are 155.2/225, 176.7/250, 0/75, 60/100, respectively. The
operation cost of IES, when considering the refined model of EL, is reaching 15,945.16
(specifically, energy purchase and sale costs are 9685.33, the electricity curtailment penalty
is 123.76, the green certificate market revenue is 669.59, the revenue from the carbon market
is 2398.4, and operation and maintenance costs are 9204.07). As well, the utilization rate
of new energy is 95.8%. The dynamic efficiency of refined modeling has higher new
energy consumption than constant efficiency, but it also comes with slightly higher system
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operating costs. For managers, the following insights can be paid attention to: (1) Drawing
the characteristic curve of the EL and clarifying its optimal economic operating range;
(2) Embedding dynamic efficiency models into scheduling algorithms to achieve deep
integration of device characteristics and system optimization.
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Figure 10. The operation strategy of IES under Scenario (5).
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Figure 11. The operation strategy of IES under Scenario (6).
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Figure 12. The operation strategy of IES under Scenario (7).
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In summary, through multi-scenario comparative analysis, it can be seen that incor-
porating factors such as hydrogen utilization, the carbon market, and the green certificate
market into the optimization of the IES, the optimal operation strategy demonstrates a cost
advantage, while the utilization rate of renewable energy also ranks among the highest.
Simultaneously, the interconnection between the carbon market and the green certificate
market can impact the operation of the IES. The study not only broadens the boundaries
of research and modeling but also provides a valuable reference for analyzing market
coupling. It can guide IES managers in making optimal equipment dispatch decisions and
assist policymakers in uncovering intrinsic market couplings to design more incentive-
compatible top-level frameworks to enhance overall comprehensive benefits. Overall, the
several inspirations can be given: (1) Managers need to shift their association with the
operation of IES from passive operation to active game, and identify the equilibrium point
of market coupling and the optimal operating range of equipment through mathematical
model construction; (2) An arbitrage mechanism could be concerned to convert price fluc-
tuations in multiple markets into profit, as well taking safe energy supply as the bottom
line to avoid sacrificing system reliability due to excessive pursuit of economic benefits;
(3) Policy makers concerns the design of deduction channel between green certificates
and carbon quotas, and institutional linkage should be used to guide market entities to
spontaneously seek solutions with the best comprehensive benefits.

4.3. Sensitivity Analysis and Discussion

To explore the impact of changes in key parameters, a sensitivity analysis is devel-
oped. Based on the basic operation optimization model, sensitivity analysis is conducted
on parameter numerical fluctuations, including carbon trading prices, green certificate
trading prices, green certificate quota mutual recognition conversion amounts, WT and
PV maximum output fluctuations caused by weather, gas purchase prices, and gas tank
operating costs. The specific scenario settings include: (1) The trading price in the carbon
market is adjusted by £ 50% to observe its impact on IES operation benefits; (2) The trading
price in the green certificate market is adjusted by +50% to observe its impact on IES
operation benefits; (3) The quantity of green certificates used to offset carbon emissions is
floated from 5% to 25% to observe changes in IES operations and costs; (4) The renewable
energy output fluctuates by £10% to observe the impact of weather conditions on the
optimization of IES operation; (5) The price of gas energy purchase fluctuates by +10%, and
its impact on the efficiency of IES operation system considering hydrogen energy utilization
is observed; (6) Observe the impact of a £10% fluctuation in the unit operating price of
gas tanks on energy system costs. To reduce computational and analytical redundancy,
these sensitivity analyses are conducted as single-factor variations. Based on the sensitivity
analysis of parameter changes mentioned above, the changes in operating costs of the IES
under various scenarios are shown in Figure 13.

It can be observed that the marginal impact of changes in different parameters on the
operating cost of IES varies. This also provides a reference for managers to identify key
influencing factors and develop effective optimization strategies. The main management
points that can be summarized are: (1) Within the 50% fluctuation range of carbon quota
prices, the cost shows a decreasing trend, with a range of —2227.47, and every 1% increase
will result in a cost reduction of 22.27; (2) Within the 50% fluctuation range of green
certificate trading prices, the cost shows a decreasing trend, with a range of —717.5, and
every 1% increase will result in a cost reduction of 7.18; (3) Under the condition of a 25%
carbon quota offset ratio, the operating cost of the IES shows an increasing trend, with a
range of 0.11, and every 1% increase will bring a cost change of 0.0054; (4) Within the 10%
maximum output fluctuation range of wind power, the operating cost of the system shows
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a decreasing trend, with a range of —196.43, and every 1% increase will result in a cost
reduction of 9.82; (5) Within the 10% maximum output fluctuation range of photovoltaics,
the operating cost of the system shows a decreasing trend, with a range of —54.99, and
every 1% increase will result in a cost reduction of 2.75; (6) Within a 10% fluctuation range
of gas purchase prices, the operating costs of the system show an increasing trend, with a
range of 1759.87, and every 1% increase will result in a cost reduction of 87.99%; (7) Within
a 10% fluctuation range of gas tank prices, the operating costs of the system show a slight
increase trend, with a range of 0.45, and every 1% increase will result in a cost reduction of
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Figure 13. The results of sensitive analysis.

In all, the inspirations from sensitivity analysis can be summarized as: (1) The price
of gas and carbon quota has a significant marginal impact on IES operation cost, thereby,
the gas supply can be determined by long-term stable contracts and carbon asset trading
positions should be established for the competitive advantages in terms of performance
costs; (2) The marginal impact of quota offset ratio between carbon and green certificate
market is weak, thereby, the design of the linkage mechanism between the two markets
has not yet formed sufficient economic incentives. It should be noted that once the policy
tightens the deduction ratio or increases the deduction value, the strategic position of green
certificates will rapidly rise. Suggest dynamically tracking policy trends and reserving
green certificate resources in advance to cope with changes in deduction rules; (3) The
constraints and price fluctuations of different energy equipment affect the operating costs
of IES. When making investment decisions, attention should be paid to the technical
performance and operational flexibility of the equipment in order to achieve optimal
investment and management benefits.

5. Conclusions and Outlooks

An IES is a system that integrates multiple energy forms, aiming to enhance energy
utilization efficiency and promote sustainable development through the coordination and
optimization of energy production, transmission, storage, and consumption. This paper
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focuses on the operation optimization of the IES, incorporating factors such as hydrogen
utilization, carbon markets, and green certificate markets. An IES operation optimization
model is established to minimize system operational costs, under various constraints in
equipment limitations and energy demand requirements. The model seeks to identify
daily dispatch strategies to guide optimal system operation. The research conclusions are
summarized as follows:

(1) The IES operation optimization model is logically sound and practically feasible. It
provides corresponding mathematical expressions for each subsystem of IES opera-
tion, and its operability is verified through a simulation case study. The equipment
dispatch results derived from the model enable the IES to meet energy consumption
demands while achieving optimal comprehensive economic costs, including energy
purchase/sale costs, curtailment penalties, carbon market costs, green certificate mar-
ket costs, and O&M costs. This optimization model can provide dispatch decision
support for IES managers in determining the daily operation of various devices.

(2) Considering hydrogen utilization can bring benefits to IES operation in terms of cost
optimization, emission reduction, and enhanced integration of renewable energy. On
one hand, through hydrogen-based conversion, the interconnection and integration of
various energy forms within the IES are improved, and the efficiency of multi-energy
utilization is enhanced with the assistance of energy storage. On the other hand, the
methanation reactor exhibits a negative carbon effect, reducing the overall carbon
emissions of the IES and optimizing its operation cleanliness.

(38) The electricity—carbon-green certificate markets can collectively influence the IES, and
the carbon market and green certificate market can achieve mutual recognition and
interconnected conversion. Given the potential emission reduction benefits of green
certificates, this paper proposes a price-based method for converting green certificates
to carbon allowances. However, the simulation analysis of the IES also reveals that
the depth of market coupling is influenced by the marginal revenues and costs of
each market. The quantity of green certificates allocated to support carbon emission
reduction is affected by unit trading prices. Simultaneously, the simulation indicates
that market coupling could reduce system operation costs, demonstrating that the
research idea of this paper holds both a certain theoretical and practical value.

In summary, this paper constructs an IES operation optimization model that considers
hydrogen utilization under the markets of electricity, carbon, and green certificates. It
defines the modeling of various equipment within the system, elaborates on the relationship
between the electricity—carbon—green certificate markets and IES operation, and explores
the mutual recognition mechanism between carbon and green certificate markets. The
established model can provide certain decision-making support in engineering practice.
However, it should also be noted that modeling in systems engineering research could
be highly detailed. In future research, the system’s component equipment can be further
enriched and refined, and more flexible market trading price mechanisms can be proposed
to incentivize the IES to achieve better operational strategies and enhance overall benefits.
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Appendix A

(1) The data on different loads and energy prices are seen in Table Al.

Table Al. Data and information of loads and energy prices in case study:.

¢ Load e Load h Load g Pricel‘;uy Price;,;, Price}g’uy Pricefal . pemax  pemax
S{f::;;g Fi)fed Srllﬂli::ierlg Fi)fed S];li;r;ier;g Fi)fed Silﬂf::ier;g
Price Price Price Price Price Price Price

1 1076.2  1728.5 229.9 0.38 0.5 0.3 0.45 0.35 0.3 0.15 850.4 0.0
2 10429  1883.7 2244 0.38 0.5 0.3 0.45 0.35 0.3 0.15 864.3 0.0
3 1034.6 19169 216.1 0.38 0.5 0.3 0.45 0.35 0.3 0.15 886.4 0.0
4 1047.1 19114 221.6 0.38 0.5 0.3 0.45 0.35 0.3 0.15 892.0 0.0
5 1117.7  1977.8 2244 0.38 0.5 0.3 0.45 0.35 0.3 0.15 894.7 15.0
6 12133 1994.5 252.1 0.38 0.5 0.3 0.45 0.35 0.3 0.15 849.0 85.0
7 1254.8  1806.1 268.7 0.38 0.5 0.3 0.45 0.35 0.3 0.15 833.8 220.0
8 1308.9  1667.6 288.1 0.68 0.5 0.5 0.45 0.45 0.3 0.3 653.7 420.0
9 1329.6 15734 299.2 0.68 0.5 0.5 0.45 0.45 0.3 0.3 556.8 625.0
10 13504  1407.2 288.1 0.68 0.5 0.5 0.45 0.45 0.3 0.3 501.4 785.0
11 1342.1  1329.6 293.6 0.68 0.5 0.5 0.45 0.45 0.3 0.3 432.1 880.0
12 13255 12521 282.5 1.2 0.5 0.4 0.45 0.6 0.3 0.25 310.2 915.0
13 1313.0 11911 279.8 1.2 0.5 0.4 0.45 0.6 0.3 0.25 241.0 910.0
14 12964  1180.1 271.5 1.2 0.5 0.4 0.45 0.6 0.3 0.25 252.1 865.0
15 12964  1130.2 271.5 0.68 0.5 0.5 0.45 0.45 0.3 0.3 265.9 790.0
16 1302.6  1279.8 268.7 0.68 0.5 0.5 0.45 0.45 0.3 0.3 296.4 670.0
17 13151 14294 277.0 0.68 0.5 0.5 0.45 0.45 0.3 0.3 343.5 520.0
18 1333.8  1612.2 293.6 0.68 0.5 0.5 0.45 0.45 0.3 0.3 354.6 345.0
19 1321.3  1623.3 307.5 1.2 0.5 0.4 0.45 0.55 0.3 0.25 426.6 165.0
20 12964  1662.0 304.7 1.2 0.5 0.4 0.45 0.55 0.3 0.25 526.3 45.0
21 1254.8  1623.3 293.6 1.2 0.5 0.4 0.45 0.55 0.3 0.25 675.9 5.0
22 12258  1617.7 285.3 1.2 0.5 0.4 0.45 0.55 0.3 0.25 7424 0.0
23 1159.3  1601.1 277.0 0.38 0.5 0.3 0.45 0.35 0.3 0.15 854.6 0.0
24 1117.7  1617.7 265.9 0.38 0.5 0.3 0.45 0.35 0.3 0.15 878.1 0.0

(Statements: the relevant data and information come from field research, as well as the displayed data has been processed and
adjusted due to the involvement of trade secrets.)
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(2) The data on key parameter values are seen in Table A2.

Table A2. Data and information of key parameters in operation optimization model.

Parameters Value Parameters Value
&P 0.9 Se 0.728
Kpp 0.92 bh 0.367
aldy 0.95 Ep 1.08
XEL 0.88 @e 02
[ 0.85 @y 02
MR 0.6 Wa 0.106
2, 0.13 1z 02

0 0.15 en 0.95
u 0.25 h 2000
Pricegreen 50 Pricecarbon 0.25
My 0.25 Myt 0.35
Mp 0.08 My 0.12
M 0.03 Myhc 0.15
Mo 0.05 MR 0.12
M2, 0.03 MEE 0.03
M2}, 0.03 Mg 0.03

(Statements: the relevant data and information come from field research and the historical literature [15,36-39], as well as

the displayed data has been processed and adjusted due to the involvement of trade secrets.)

(3) The simulation data on upper/lower limitation values are seen in Table A3.

Table A3. Simulation information of upper/lower limitation values in model.

Parameters Value Parameters Value
APEp min/ DPEip max —120/120 P max/ PErp max 600/600
APEi1p min DPE1p max —120/120 cOHp/ &8 0.5/25
APEg i/ APEG —160/160 P&y in/ Pep max 0/800
P o/ Postmax 225/225 PSR JPESh 250/250
PEoE /ot o 75/75 PESH: /PESHE 100/100
Se,min/ Se,max 90/405 Shmin/ Sh,max 100/450
Sg,min/ Sgmax 30/135 SH,,min/ SHy,max 40/180
APEL in/ APEL max —100/100 PEL min/ PEL max 50/500
PhifC min/ Prifcma 50/250 AP AR —50/50
STiEC/ ST 0.5/1.8 APl . /AP —50/50
Ptk min/ Pk max 50/250 Nira,min / Nira,max 15%/30%

(Statements: the relevant data and information come from field research, as well as the displayed data has been processed and
adjusted due to the involvement of trade secrets.)
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