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Abstract: In order to improve the consumption of renewable energy and reduce the carbon emis-
sions of integrated energy systems (IESs), this paper proposes an optimal operation strategy for an
integrated energy system considering the coordination of electricity and hydrogen in the context of
carbon trading. The strategy makes full use of the traditional power-to-gas hydrogen production
process and establishes a coupling model comprising cogeneration and carbon capture equipment,
an electrolytic cell, a methane reactor, and a hydrogen fuel cell. Taking a minimum daily operating
cost and minimal carbon emissions from the system as objective functions, a mixed-integer nonlinear
optimal scheduling model is established. This paper designs examples based on MATLAB R2021b
and uses the GUROBI solver to solve them. The results show that compared with the traditional
two-stage operation process, the optimization method can reduce the daily operation cost of an IES
by 26.01% and its carbon emissions by 90.32%. The results show that the operation mode of electro-
hydrogen synergy can significantly reduce the carbon emissions of the system and realize a two-way
flow of electro-hydrogen energy. At the same time, the addition of carbon capture equipment and
the realization of carbon recycling prove the scheduling strategy’s ability to achieve a low-carbon
economy of the scheduling strategy.

Keywords: integrated energy system; hydrogen fuel cell; electrolytic hydrogen production; carbon
capture system

1. Introduction

With the continuous rise in temperature leading to frequent extreme weather events,
many parts of the world are facing problems such as insufficient power generation, resource
depletion, and ecological environment degradation. Among them, energy activities are
the largest sources of CO, greenhouse gas emissions, accounting for nearly 90% of China’s
total CO, emissions [1,2]. Most of this CO, comes from fossil fuel combustion, with the
power industry contributing over 40%. At the same time, the energy demand is constantly
increasing, but it is facing energy supply security issues such as energy reserve shortages
and changes in the international energy market which have prompted the acceleration
of the development and utilization of renewable energy. However, it is challenging to
meet the ever-increasing need for new energy consumption while depending only on the
power system [3].

As aresult, creating an integrated energy system (IES) that relies mostly on renewable
energy has emerged as a key strategy for addressing the energy issue and improving the
environment. The cooperative operation of the power system with thermal, natural gas,
and other systems to produce a multi-source coordinated and multi-energy complementary
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system is an innovative approach to increasing the quantity of renewable energy used [4].
Multi-energy complementarity, the deep integration of physical data, and coordinated
interactions between sources, networks, loads, and storage are important features of the
IES [5]. It is conducive to improving the safety and reliability of the energy supply, reducing
risk associated with the energy supply, and meeting the needs of multiple energy users.
Among these factors, the optimal scheduling of the integrated energy system is the key
to realizing the rational allocation and utilization of energy. At present, with the goal
of reducing carbon emissions, research on the optimization of IESs has changed from
traditional economic dispatch to low-carbon economic dispatch.

In the process of new energy utilization, unpredictability and anti-peak characteristics
in photovoltaic and wind power generation can lead to a serious waste of wind and solar
energy resources [6]. Power-to-gas (P2G) technology has received increasing attention and
undergone rapid development in recent years as an important technology that effectively
solves the problems of wind and solar curtailment while also supporting the increasing
demand for natural gas loads. P2G devices use water and carbon dioxide to convert
renewable energy that cannot be utilized and stored into methane [7] and utilize the existing
mature natural gas system infrastructure as a huge energy storage facility to build a new
bridge between the power system and the natural gas system, further linking their planning
and operation [8]. The significance of stochastic and integrated planning for electricity and
natural gas networks was examined and shown by Saldarriaga et al. [9]. Zhang et al. [10]
proposed using power-to-gas equipment to convert surplus electrical energy into natural
gas, greatly improving the absorption capacity of new energy. Zeng et al. [11] proposed an
optimization model for the collaborative planning of power and natural gas systems. In
an integrated energy system, optimal site selection and planning for P2G technology have
been carried out to minimize investment and operating costs. Additionally, simulation
instances were used to illustrate the usefulness of the suggested approach.

In terms of carbon reductions in energy systems, carbon capture and storage (CCS) is
currently the most effective CO, reduction technology which is conducive to achieving low
carbon emissions in the energy industry and has broad application prospects [12]. Carbon
capture technology offers an effective way to address the problem of the power-to-gas (P2G)
carbon raw material cost [13]. Based on the characteristics of both, using CO, obtained via
carbon capture as raw material for the P2G synthesis of methane can not only efficiently
lower the running expenses of the system but also boost the usage efficiency of the captured
CO;, [14]. Therefore, the coupling of a carbon capture system and power-to-gas equipment
can effectively improve the low-carbon economic operation performance of an IES [15].

Many scholars have conducted related research on the coupling of CCS and P2G
technology. Alizad et al. [16] examined CCS and P2G coupling as a whole, took the CO,
captured by CCS as high-quality carbon raw material for the P2G process, and established
a coordinated optimization model of CCS and P2G coupling. Zhang et al. [17] extended the
coupling model of P2G and CCS to an IES including electricity, heat, and gas, establishing
an economical and environmental scheduling model in the context of a high level of wind
power penetration, and proposed the concept of the dynamic utilization of carbon and
fugitive-free emissions. Using demand-side flexible load characteristics on the load side,
Chen et al. [18] proposed a joint operating mode linked with combined heat and power
generation (CHP), CCS, and P2G. The total operation effect of the integrated energy system
under four operation modes was examined and compared against the backdrop of carbon
trading. The economics and low carbon footprint of IESs have significantly improved.

Nevertheless, when modeling P2G technology, the majority of previous research solely
took into account the conversion of energy into methane, ignoring the intermediate process
of converting electricity into hydrogen. A favored option for large-scale integrated green
development and the storage and use of solar energy and wind power is hydrogen [19]. The
long-term storage capacity and high mass—energy density of hydrogen energy storage (HES)
make it a promising new large-scale energy storage technology [20]. Taking into account the
price of transporting and storing hydrogen, by combining an IES with renewable energy for
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hydrogen production and placing hydrogen production on the energy side of the system,
we can avoid the constraint of natural gas pipelines on the hydrogen blending ratio and
reduce transportation costs to an amount equivalent to about half the production cost,
producing more environmentally friendly and economical hydrogen and thereby further
improving the competitiveness of hydrogen compared to fossil fuels [21].

Therefore, the synergistic interaction between electricity and hydrogen is an impor-
tant direction of energy development. The process of coupling electricity and hydrogen
includes electrolytic hydrogen production, methanation, and hydrogen power generation.
Existing research indicates that the energy conversion efficiency of electrolysis for hydrogen
production exceeds 80%, while the efficiency of methanation is less than 60% [22]. Due to
the higher combustion efficiency of hydrogen, prioritizing the high-grade utilization of
hydrogen in the electricity and hydrogen coupling process can improve the economic effi-
ciency of IESs. A planning and optimization model for regional integrated energy systems
that incorporates hydrogen and takes economic and environmental efficiency into account
was developed by Wang et al. [23]. Li et al. [24] built a multi-microgrid system with hybrid
energy storage consisting of PV cells, batteries, fuel, cells, and electrolyzers. Varela et al. [25]
considered the start-stop characteristics of electrolytic cells and introduced a 0-1 variable
to represent the switching of operating states, establishing a mixed-integer linear model.
At the same time, the electrolytic cell has variable load characteristics and can flexibly
switch between overload, variable-load, and low-load states. Deng et al. [26] established
a non-fixed-efficiency energy efficiency model by considering the non-linear relationship
between the operating efficiency of equipment such as electrolytic cells and fuel cells and
variations in input power. The above research focuses on the energy consumption process
and the modeling of hydrogen in the operation of electricity—hydrogen coupling equipment.
However, the impact of CCS, P2G technology, the combined operation of hydrogen fuel
cells, and multi-energy network constraints on the low-carbon economy of the system is
rarely considered.

Therefore, against the backdrop of carbon trading, this paper establishes a coupling
optimization model for cogeneration and carbon capture equipment, P2G technology, and
hydrogen fuel cells (HFCs) under various energy network constraints. Based on a MATLAB
software design example, the minimum total operating cost and the lowest total carbon
emissions of the system are taken as objective functions, and the GUROBI commercial
solver is used to solve the problem. By comparing and analyzing the scheduling results
of different operation strategies of the system, the effectiveness of the proposed operation
strategy is verified.

The following are this article’s primary contributions:

(1) An optimal scheduling model of CHP, CCS, P2G, and HFC joint operation in a carbon-
trading mode is constructed which improves the flexibility of converting energy
between electricity, hydrogen, and gas.

(2) Considering the synergy of electricity and hydrogen, the traditional P2G operation
process is replaced by the coupled operation of an electrolytic cell, a methane reactor,
and a hydrogen fuel cell, forming a two-way flow of energy between electricity and
hydrogen which can give full play to the advantage of the high energy efficiency of
hydrogen energy and reduce the cascade loss of energy.

(3) The adjustable thermoelectric ratio of CHP to HFC is beneficial to thermoelectric
decoupling and enhances the flexibility of the system ‘s thermal—electric conversion.

2. The IES Operation Framework Considering CCS and Hydrogen Production in the
Context of a Carbon Trading Mechanism

The low-carbon industrial park IES mentioned in this article, which takes into account
CCS and electric hydrogen production, consists of an electrical subsystem, a thermal
subsystem, and a gas subsystem. Figure 1 displays a structural diagram of the system.
Photovoltaic (PV) units, a wind turbine (WT), combined heat and power, a hydrogen
fuel cell, and an energy storage system (ESS) are the primary components of the power
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subsystem. The gas subsystem mainly consists of P2G technology and a gas storage system
(GSS). The thermal system includes a CHP unit, gas boilers (GBs), an HFC, and a thermal
storage system (TSS). The coupling relationship between the carbon capture subsystem and
the two-stage P2G operation process is shown in Figure 2. The dotted line represent the
traditional P2G operation process, without considering the utilization of hydrogen energy in
the process of electrolytic hydrogen production. The combined operation of the electrolytic
cell (EL), methane reactor (MR), and HFC can realize the synergistic complementation of
electricity and hydrogen. The hydrogen energy consumed by the MR is converted into
CHy,4 through the Sabatier reaction and supplied to the gas load and gas thermal power
units; the HFC consumes hydrogen energy to generate electrical and thermal energy. In
addition, to improve operational flexibility, hydrogen storage tanks (HSs) are installed to
store hydrogen energy. At the same time, the system can trade with external electricity,
heat, and gas networks.
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Figure 1. A structure diagram of the IES in the park.
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Figure 2. CCS coupling refines P2G.

2.1. IES Model Establishment
2.1.1. Combined Heat and Power Model (CHP)
The natural gas used in the CHP generators is burned to produce power. The waste

heat boiler recovers the waste heat generated during the power generation process of
the CHP to achieve cogeneration and the cascade utilization of energy [27]. This work



Processes 2024, 12, 873

50f21

makes use of post-combustion capturing technologies. The carbon capture system sends
the flue gas that is emitted from the CHP generating set to the absorption tower, where
it is combined with a solvent. The mixture is then sent via the decomposition tower to
produce compressed, high-purity CO,, which is then provided to the P2G equipment.
The power-to-gas apparatus converts the hydrogen and CO, produced by the electrol-
ysis of water into methane (CHy) using the electric energy of the bountiful renewable
energy period. Formulae (1) through (5) explain how the CHP is coupled with the CCS
and P2G equipment.
Its working model is as follows:

Pchp,e(t) = 11cup e Penp,g(t) 1)

Pcrppn(t) = fcupnPenpg(t) 2)

P& < Perrg < POT ®3)

—SP(I:nﬁ)f)’g < APchpg(t+1) — APchpg(t) < e énl_aﬁ%,g 4)
min o PCHPA(E) _ max 5)

XCHP > 7PCHP,e<t) > XCHP

where Pcpp(t) denotes the power of the CHP system supplied to the IES, Pcyp g (t) is the
gas power input to the cogeneration system at a time f. Pcpypp, (#) is the heat energy output
by the CHP system at a time ¢. The efficiency of the CHP system’s conversion to electricity
and heat is represented by the variables 17cype and 77cyp . € is the climbing constraint
coefficient. The natural gas input values at the CHP system’s minimum and maximum
powers are represented by nglgrg and Pé“}al’lglg, respectively. The thermoelectric ratio of the

CHP has upper and lower bounds of 22, and a1, respectively.

2.1.2. Electrolyzer (EL)

The electrolyzer is the main electrical conversion device for the renewable-energy
electrolysis of water to produce hydrogen. In this paper, an alkaline electrolytic cell is
selected. The electric hydrogen production system uses electrolytic water to produce
hydrogen and the hydrogen storage tank to store hydrogen under pressure when the power
generation from wind and photovoltaic systems is greater than the load demand power.
In case of insufficient wind and solar power generation, hydrogen fuel cells are used to
convert hydrogen into electrical energy to supplement the power. The mathematical model
is as follows:

Pern, (t) = ELPELe (1) (6)
PRR < Pppe < PR (7)
—ePgl%s < APgpe(t+1) — APpre(t) < ePgi’a 8)

where Pgy o (t) is the electric energy input into the EL, and Pgp 1, (t) is the hydrogen energy
generated by the EL. g, represents the EL’s efficiency in converting energy, and its value
is affected by voltage, current, and water quality. In order to simplify the model, the value
in this paper is 0.87. Pg;°% and Pﬁ”g are the maximum and minimum electric power of the
input EL, respectively.

2.1.3. Methane Reactor (MR)

The methanation reactor converts a certain proportion of mixed hydrogen and syngas
(CO and CO») into methane through a catalytic exothermic reaction [28].

Puvrg(t) = 1MRPMR H, (1) )

PyrH, < PMre < PMRH, (10)
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—EPﬁﬁ)’(Hz < APMR,Hz(t + 1) — APvr H, (i’) < 8Pﬁfa{)’(H2 (11)

where Py p, () represents the hydrogen energy input to the MR, Pyir ¢(t) represents the
natural gas power output by the MR, and g represents the energy conversion efficiency of
the MR. PRy, and PRy represent the minimum and maximum values of the hydrogen
energy input to the MR, respectively.

2.1.4. Hydrogen Fuel Cell (HFC)

Hydrogen fuel cells are important energy coupling devices for hydrogen energy uti-
lization in multi-energy complementary systems which can realize the conversion between
hydrogen energy and electric and thermal energy [29]. A direct supply of hydrogen energy
to an HFC offers greater benefits since the amount of hydrogen energy converted from the
HEFC into electricity and heat energy is smaller than that which is transformed into methane
through a methane reactor and then given to the CHP system or GB. This is because the
efficiency of energy conversion is higher.

Prpce(t) = nurc,e Parc,h, (t) (12)

Prirc,n(t) = nurcn ParcH, (1) (13)

PRR 1, < Parcn, < PRRCH, (14)

—ePrc H, < APurch, (t+1) — APurc,h, (1) < ePREC 1, (15)
o < I < g (16)

where Pyrc H, (t) is the hydrogen energy input into the HFC at a time ¢, and Pypce(t) and
Pypc () are the electric and thermal energy output by the HFC at a time t. #ppc,e and
arCh are the conversion efficiencies of the HFC into electricity and heat, respectively.
P{re 1, and PREE 1, are the maximum and minimum amounts of hydrogen power input to

the HFC, respectively. a%i%. and a3 are the upper and lower limits of the thermoelectric

ratio of the HFC.

2.1.5. Gas Boiler (GB)

When the CHP system and HPC cannot meet the IES’s heat load demand, the remain-
ing part can be provided by a GB. The gas boiler has strong adjustment flexibility and
can be used independently, which can effectively improve the flexibility of the system’s
thermoelectric conversion.

Pepn(t) = 116ePcBg(t) (17)
PERY, < Popg < PESY (18)
—EPnga’)é < APGB,g(t + 1) — APGB,g(f) < SP&E% (19)

where 7/cp is the energy conversion efficiency of the GB, Pgp¢4(t) is the gas power input
into the GB, and Pgp,(t) is the thermal power output by the GB at a time ¢. The maximum

gas power input to the GB is denoted by Pg‘Ba’é, and the minimum is denoted by Pé“éng.

2.1.6. Energy Storage System (ESS)

Due to the similarity of energy storage equipment models such as electricity, heat, and
gas models, this paper models the energy storage equipment such as electricity, heat, gas,
hydrogen, etc., using a unified model, which is as described in Formulas (20)—(26).

cha cha P]gléss,i ( t)
Pes,i(t) = Pegsi()MEsSi — — a5 — (20)
ESS,i

Qi(1) = Qi(T) (21)
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Q1) = it — 1) + TSl (22)
ESS,i

Q™ < Qi(t) < Q™ (23)

0 < PEad, (1) < XEi8 () PRa (1) (24)

0< Pgéss,i(t) < X%'isss,i(t)Pgsas),(i(t) (25)

Xﬁgg/i(f)xgéss,i(t) =0 (26)

where Pgg ;(t) is the final output power of the energy storage device i at a time #, PR3 (¢)

and Pgé?sri(t) are the charging and discharging power values of the type i energy storage
device at a time ¢, respectively. 171%2% ” 17%‘555 ; are the charging and discharging efficiencies of
the energy storage device i. Q;(t) is the capacity of the energy storage device i at a time ¢.

PEsss; is the rated capacity of the energy storage device i. And i represents different types of

energy storage modules. X$12 .(t) and X{E. .(t) are binary variables which represent the
charge and discharge states of the energy storage device at a time t.

2.1.7. Carbon Capture System Model (CCS)

The carbon capture system directs the flue gas from the CHP generating set into the
absorption tower. To create CO, with a higher degree of purity, the breakdown tower
receives the flue gas, which is then combined with the solvent in the absorption tower [30].
The produced CO, is compressed and delivered to the MR. The MR produces methane
(CHy) from hydrogen and the CO,, which provides a gas source for the CHP system and gas
boiler and realizes the recycling of carbon. The relationship between the amount of carbon
captured and the power required for CCS is constrained by Equation (28). Formula (29)
shows the maximum carbon capture constraint.

Cees(t) = BPereces(t) (27)

Pecse(t) = vCecs(t) (28)

Cees(t) < tiﬂcozpl(f) +bco, P'(£)* + cco, (29)

P'(t) = Pcupe(t) + PeLe(t) + Pecs,e(t) + acrpPcrpn(t) (30)

where Cccs(t) is the amount of CO; required for the EL to consume a unit of power
Pepeces(t), PELeces(t) is the amount of electricity consumed by the hydrogen produced
using electricity for the synthesis of methane, and Pccspe(t) is the power consumption of
CCS atatime t.

2.2. IES Optimization Model in Carbon Trading Mode

In carbon trading, carbon emission rights are referred to as a commodity. The buyer
pays the seller a certain sum of money in exchange for a specific number of carbon dioxide
emissions, creating a carbon dioxide emission trade [31,32]. The trading system mainly
exists to promote reductions in greenhouse gas (mainly carbon dioxide) emissions.

2.2.1. Carbon Emission Model

The carbon emission quota model Cigg is as follows:

Cies = Couy,e + Cpv + Cwind + Ccnp + Cap 31)

T
Cbuy,e = e 2 Pbuy,e (t) (32)
t=1
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T
Cpv = dpv ) Pev(t) (33)

t=1
T
Cwind = Swind )_, Pwind (f) (34)
t=1
T
Ccrp = 65 Y, (Pcrpe(t) + Ponpp(t)) (35)
t=1

T
Ccp = dcB)_ Ppn(t) (36)

t=1

where Je pv,wind G 18 the carbon trading quota coefficient in kg/kWh.
The IES’s actual carbon emission model C{Es is as follows:
C{ES = Cﬁ)uy,e + Céotal — Cccs (37)
L 2
Cl,)uy,e = Z (al + blpbuy,e(t) + Cleuy,e(t)) (38)
t=1

Clotal Z a3 + b2 Progan (£) + €2 Py (1)) (39)
Piotar (t) = Pcnpe(t) + Penpn(t) + Popn(t) (40)

where a1, by, ¢1 are the actual carbon emission calculation parameters corresponding to the
purchased electricity, and a, by, ¢, are the calculation parameters of the carbon emission of
the energy supply equipment consuming methane.

2.2.2. Total Cost of System Operation
The energy purchasing costs are as follows:

T T
A= Z ‘XePbuy,e(t) + 2 ‘Xnguy,g<t) (41)
t=1 t=1

where a, represents the electricity price at a time ¢, and &g represents the purchase price of
natural gas at a time ¢.

Carbon transaction costs represent the benefits or expenditures of a system ‘s carbon
emissions in the carbon market. The carbon trading costs are as follows:

fo = ac(Cigs — Cigs) (42)

where «, represents the carbon transaction cost coefficient.
The energy storage equipment operating costs are as follows:

cha cha Pgéss/i ( t ) 43
fz = “ZZ eSS, (DMEss, + —a— (43)
ESS,i

where «; is the energy storage cost coefficient.
The punishment cost of abandoning wind and photovoltaic units is as follows:

T T
fa= Z xpy Ppy ¢ (1) + Z &wind Pwind (t) (44)
t=1 t=1

where apy and awing are the penalty cost coefficients of abandoning photovoltaic and wind
units, respectively.
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3. Objective Functions and Constraint Conditions
3.1. Objective Function

The integrated energy system aims to minimize the intra-day economic dispatch cost
F, and the objective function is as follows:

min(F) = fitfotfz+fa (45)

where F is the total cost of the IES operation. The IES takes the lowest daily operating cost
as the objective function.

3.2. Constraint Conditions
3.2.1. Energy Balance Constraints

The power balance constraint is as follows:
Poug,e + Ppv + Pwind + Pctip,e + Prarce + Potge = Ploade + PeL + Pecse + Pita.  (46)
0 < Phuye < PR (47)
The thermal power balance constraint is as follows:
Pcriph + Popn + Prrch + PRisn = Proadn + PRsay, (48)
The gas power balance constraint is as follows:
Pouyg + Prir g + PR g = Proadg + Perip,g + Pop,g + PR (49)
0 < Phuyg < PO, (50)
The hydrogen power balance constraint is as follows:
Perph, + Pﬁlé%,,Hz = PvrH, + PrrcH, + P EggHz (51)
The wind and solar output constraints are as follows:
0 < Pwind < Piing (52)
0 < Ppy < Ppy”~ (53)

3.2.2. Energy Storage Operation Constraint

The energy output of each device in the multi-source electric-heat—gas system is
dependent on its individual equipment capacity. The power used for charging and draining
the battery will have an impact on the procedure. The procedure of heat storage and release
for the heat storage water tank will be influenced by the power of the heat storage and
release process. Formulas (54)—(57) can be used to universally represent its limitation.

Qs nmin < Qisn < Qs nmax (54)

0= PGSy < i)y ma (55)

0 < Py < Pijumax (56)

PES PES = 0 (57)

where QES,n,max and QES,n,min are the upper and lower limits of the energy storage capacity
of type n. Pgs‘f‘n’max and Pgéf’nlmax are the maximum charging and discharging power values

of the type n energy storage equipment, respectively.
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4. Case Study
Basic Data

The IES-scheduling model constructed in this article contains multiple equality and
inequality constraints. Due to the involvement of quadratic constraints, this problem
is a mixed-integer nonlinear problem. The problem was solved using YALMIP 12.10.0,
calling the GUROBI 11.0.0 commercial solver. This article selects an IES in a certain park
as its research object, taking a 24 h optimization scheduling cycle of 1 day and a unit
time of 1 h. Table 1 displays each piece of equipment’s operational specifications and
installation capacity.

Table 1. Model parameters.

Parameters Values Parameters Values
P& . 0 PERS PO o 600 kW
e 0.2 agli_ﬁ) 0.5
ama 2.1 1EL 0.87
pmn 0 Pges 500 kW
PR, 0 PR, 250 kW
MR 0.6 PR 1, 0
PR 1, 250 kW A 05
tng;é 2.1 NHEC e 0.95
Pg‘é“g 0 PIG“];% 800 kW
NGB 0.95 PEsSe 450 kW
PEssth 500 kW PEI%%’fg 150 kW
PR 200 kW min 45 kW
max’ 405 kW Qmin 50 kW
Qpx 450 kW Qfg“i“ 15 kW
Qg™ 135 kW Qgi“ 20 kW
Ho 180 kW B 1.02 (kg/kWh)
0% 0.5 (kWh/kg) aco, 0.89 (kg/kWh)
bco, 0.0017 (kg/kWh) cco, 26.15 (kg/kWh)
de 0.728 (kg/kWh) Opy 0.798 (kg/kWh)
Swind 0.798 (kg/kWh) Jg 3.672 (kg/kWh)
oGB 3.672 (kg/kWh) ay 30 (kg/kWh)
by —0.38 (kg/kWh) 1 0.0034 (kg/kWh)
ap 3 (kg/kWh) by —0.004 (kg/kWh)
o) 0.001 (kg/kWh) Kc 53 (RMB/t)
Qe 0.1 (RMB/kWh) & 0.04 (RMB/kWh)
ag 0.5 (RMB/kWh) aH, 1.4 (RMB/kWh)
apy 0.1 (RMB/kWh) Awind 0.1 (RMB/kWh)
apy 0.1 (RMB / kWh) XWind 0.1 (RMB / kWh)

In order to confirm whether the suggested low-carbon economic dispatch approach is
effective, three different examples were set up for a verification analysis, as shown in Table 2.
Case 1 does not consider electrical coupling, Case 2 considers traditional electric-to-gas
coupling, and Case 3 considers the process of electricity-to-hydrogen conversion, taking
into account the working characteristics of equipment such as electrolytic cells, methane
reactors, and fuel cells, and finely modeling the energy consumption process and hydrogen
energy equipment.

Figure 3 displays the park’s demand curves for heating, gas, and electricity as well
as the anticipated energy production from solar and wind power sources. In the area in
which the system is situated, the price of natural gas is fixed at 0.35 CNY/(kW-h). Figure 4
illustrates the power grid’s time-of-use electricity pricing.
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Table 2. Case settings.
Cases Conditions
Case 1 An IES without electric and gas coupling equipment.
Case 2 An IES with P2G in the traditional mode.
Case 3 An IES with an EL, MR, and HFC coupling operation.
1200 T : : :
- ©-Wind power forecasting —-¢-- Power load demand —— Gas load demand
Photovoltaic forecasting = Heat load demand
1000 - . P S I i
/ ~.-._
& “, ~‘\~
o \.\
800 - 0\“_._.--—‘(’/ ‘a f,,"’m ....... e ﬂﬂﬂ\a -
¥ A
E S g P
= Y ) - S— / —
5 600 o
ch L4 “ © ° © Te - *)\ ©
400 - .
e PUSS S
—— — R T\ ° B
200 - e i
0 L Il 1
0 5 10 15 20 25
Time/h

Figure 3. Renewable energy production forecast and load demand in park.
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Figure 4. Electricity price setting.

Table 3 compares the optimization scheduling results for wind power and photovoltaic
consumption, the CO; emissions, the carbon trading costs, and the daily operating costs of
the system in three cases. The carbon emissions of each unit of the IES are analyzed for the
three operating modes and shown in Table 4. Table 5 shows the specific composition of the
operating cost of the system under the three operating conditions.
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Table 3. Comparison of results.
Indices Case 1 Case 2 Case 3
CO, emissions (kg) 12,861.64 11,263.23 1426.41
Carbon transaction costs (RMB) 678.84 595.68 75.29
Wind power accommodation 92.34% 96.57% 100%
PV power accommodation 94.18% 96.16% 100%
Cost (RMB) 14,322.43 13,617.34 10,093.00
Table 4. Analysis of carbon emission subsystems.
Case 1 Case 2 Case 3
Subsystems
CO; (kg) CO; (kg) CO; (kg)
PV —5128.70 —5229.80 —5377.50
Wind —6351.90 —6650.10 —6808.60
CHP +24,966.47 +23,975.09 +19,042.61
GB —2206.97 —2175.86 —893.16
CCS —186.23 —4055.33
Note: “+” means release CO,; “—" means absorption CO, or carbon quota.
Table 5. Economic analysis.
Economic Analysis Case 1 Case 2 Case 3
Carbon transaction costs (RMB) —678.84 —595.68 —75.29
Gas purchasing cost (RMB) —9418.13 —9065.70 —4818.70
Electricity purchasing cost (RMB) —3259.04 —3384.70 —5032.71
Penalty Cost (RMB) —1214.51 —446.29 0
Energy storage cost (RMB) —119.84 —125.80 —166.30
Note: “+” means income; “—" means expenditure.

Case 1 does not consider electrical and gas coupling equipment, and the total operating
cost of the system is CNY 14,322.43, with carbon dioxide emissions of 12,861.64 kg. Case
2 considers P2G devices in the traditional mode, without considering hydrogen energy
utilization. The total operating cost of the system is CNY 13,617.34, and the carbon dioxide
emissions are 11,263.23 kg. The total operating cost of the Case3 system is CNY 10,093.00,
and the carbon dioxide emissions are 1426.41 kg. In Case 3, the utilization rate of wind and
solar energy reached 100%. The IES first input the surplus wind power into EL equipment
for hydrogen production, consuming all the photovoltaic and wind power.

Compared with Case 1, Case 2 reduces daily carbon emissions by 1598.41 kg, a
decrease of 12.4%. The daily operating cost is decreased by CNY 705, a 5% decrease, and
the utilization rate of wind and solar energy is also improved. Case 2 adds P2G equipment,
which can convert excess electricity into methane during periods of surplus wind and
solar power output, providing it for gas storage or load supply, improving the on-site
consumption of surplus wind and solar power output. Moreover, by utilizing the originally
abandoned wind and solar power, the costs of purchasing electricity from the power grid
and gas grid has been reduced, and the economic cost has been further optimized. From this,
it can be seen that considering electrical coupling can greatly constrain carbon emissions
and achieve the goal of reducing emissions. Based on the combination of the time-of-use
electricity price and gas price, it can be seen that the system aims to optimize economic
operation. At each stage at which the gas price is lower than the electricity price, the system
will purchase as much natural gas as possible and supply electricity to the electricity load
through the CHP system, thereby reducing the total cost of purchasing energy.

Compared with Case 1, Case 3 reduces daily carbon emissions by 11,435.23 kg, a
decrease of 88.90%; The daily operating cost decreases by CNY 4229.43 and 29.53%. Com-
pared with Case 2, Case 3 reduces the daily operating cost of the IES by 25.88% and reduces
carbon emissions by 87.33%. In Case 3, the IES inputs surplus wind and solar energy into EL
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equipment for hydrogen production, consuming all wind and solar energy. Figure 5 shows
the hydrogen energy balance diagram of Case 3, indicating that a portion of the hydrogen
energy is transported to an HFC for thermoelectric production, while the other portion
is transported to an MR for methane synthesis. Due to the fact that hydrogen energy is
synthesized into methane through the MR and then transported to the GB and CHP system
for energy supply, it will undergo multiple stages of energy loss. In the HFC, hydrogen
energy is highly efficient in thermoelectric production while reducing an intermediate
energy conversion link. Therefore, hydrogen energy is preferentially transported to the
HEC for thermoelectric production, and the remaining hydrogen energy is then converted
into methane through the MR, resulting in the highest energy utilization rate in Case 3.
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Figure 5. Cont.



Processes 2024, 12, 873

14 of 21

T T T T T
Il Buying electricity [[__|Battery charge [ Wind power IHMlICHP —e— Electrical load demand

1500 - IEL Il Battery discharge [ Photovoltaic [ ]JHFC B

1000 - i
B
=
=
s

=2 - -

s 500
<
E
o
=
[£3]
0
~500 - ]
I L I I L I
0 5 10 15 20 25
Time/h
(©)

Figure 5. The electric power balance. (a) The electric power balance in Case 1; (b) the electric power
balance in Case 2; (c) the electric power balance in Case 3.

In addition, compared with the optimization results of Chen et al. [33], because Case 3
considers a carbon capture subsystem (and the other conditions are the same), the actual carbon
emissions of the system are greatly reduced by 92.75%. At the same time, the carbon purchase
cost in the methanation process of the system is reduced, and the operating cost is reduced
by 36.66%. Therefore, it can be proven that refining the process of converting electricity into
hydrogen, considering the joint operation of electrolytic cells, methane reactors, fuel cells, and
hydrogen storage tank equipment, can significantly reduce operating costs while reducing
carbon emissions and has superior economic and environmental benefits. The optimization
operation results have proven the effectiveness of the proposed optimization strategy.

Figures 5-7 show the hourly optimization scheduling results for Cases 1-3. The
system preferentially uses renewable energy within the system, and the insufficiency is
compensated by the external power grid and gas grid. Its scheduling aims to manage
energy with the lowest daily operating cost and carbon emissions. Figure 5 shows the
electrical power balance of the integrated energy system in different scenarios, reflecting
the real-time power supply and demand and scheduling of the system. Case 2 and Case 3
add electric hydrogen production equipment and increase the consumption of new energy
in periods of abundant wind and light resources. Figure 6 shows the thermal power balance
of the IES in different scenarios. As shown in Figure 6, the trend of the thermal power curve
is basically the same, but the response priority is different. In Case 3, due to the higher
energy conversion efficiency of the HFC compared to the methane synthesis efficiency, the
HEFC has a higher energy priority. Figure 7 shows the balance of the IES’s gas power in
different cases involving the generation, consumption, and storage of methane. According
to the actual demand and energy supply, the system reasonably arranges the production
and utilization of gas, realizes a flexible allocation between electricity and gas, improves
the efficiency of energy utilization, and reduces the operating cost of the system.
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Figure 6. The heat power balance. (a) The heat power balance in Case 1; (b) the heat power balance
in Case 2; (c) the heat power balance in Case 3.
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Figure 7. The gas power balance. (a) The gas power balance in Case 1; (b) the gas power balance in
Case 2; (c) the gas power balance in Case 3.
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Figure 8 shows the hydrogen power balance of the system in Case 3. In the period of
11:00-14:00, photovoltaic resources are very rich. The system effectively utilizes the photo-
voltaic power that exceeds the load demand and converts the excess electric energy into
hydrogen energy vias electrolytic hydrogen production, thereby reducing the abandoned
power of the photovoltaic generator equipment.
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Figure 8. The hydrogen power balance in Case 3.

From an economic perspective, compared to Case 1, Case 3 has increased operating
and maintenance costs due to the installation of EL, MR, HFC, and hydrogen storage tank
equipment. To create hydrogen, however, the IES uses a surplus of electricity generated
during the peak energy season. This can encourage the use of renewable energy sources and
lower the prices of solar and wind waste. The combination of electric hydrogen production,
carbon capture, and hydrogen fuel cells can yield a large reduction in carbon emissions
which is economically feasible when taking into account the cost of carbon emissions and
the gain in carbon value. In the meantime, future revenue from the sale of hydrogen could
further boost the system’s earnings due to the increasing capacity of the solar and wind
energy units installed.

A strong link is seen between the system’s CO; capture capacity and the electrolytic
cell device’s power consumption, as depicted in Figure 9. GB and the CHP system account
for the majority of the IES’s carbon emissions. Because methane synthesis and CCS have a
strong carbon-hydrogen connection, the amount of carbon absorption power from CCS is
dependent on the methane synthesis operating range. In order to achieve carbon recycling,
the majority of the CO; released by the IES can be efficiently absorbed by the CCS and
delivered to the MR for methane synthesis. At the same time, when renewable energy is
plentiful, the electrolytic cell can utilize the abundant electricity for hydrogen production.
Thus, taking into account the application of the “gas to heat” technique in the context
of carbon trading can increase the methane synthesis system’s working range, further
minimize carbon emissions from the system, and completely realize the consumption and
exploitation of new energy.
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Figure 9. The coupling relationship between P2G and CCS in Case 2 and Case 3. (a) The coupling
relationship between P2G and CCS in Case 2; (b) the coupling relationship between P2G and

CCS in Case 3.

5. Conclusions

This work develops an optimal scheduling model for the joint operation of a CHP
system, CCS, electric hydrogen production, and hydrogen fuel cells based on the carbon
trading model in order to handle the difficulties of carbon reduction and new energy con-
sumption. Based on validation studies using multiple scenarios, the following conclusions

have been made:
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(1) CCS coupled with P2G technology can achieve CO; recycling and reduce gas pur-
chases, effectively improving the low-carbon economic benefits of a system, reducing
wind and light waste, and enhancing the renewable energy capacity of the IES.

(2) By coupling the operation of an EL, MR and HFC, the synergy of electricity and
hydrogen can be realized, which can give full play to the advantages of the high
energy efficiency of hydrogen energy while promoting the consumption of wind
power. Because the HFC can share part of the energy supply demand of the CHP
system and GB, it can further reduce the carbon emissions of the system.

(8) Considering the adjustable characteristics of the CHP system and HFC, according to
the actual energy consumption, the output level of the CHP system and HFC can be
adjusted in real time within an allowable range so as to realize the flexible conversion
of heat and power and enhance the energy supply flexibility of the system.

In order to focus on the low-carbon goal and economy in the operation process of the
system, this paper only considers the operation cost of the system and does not consider the
economic cost of the system over its whole life cycle. It focuses on the supply-side operation
strategy and does not consider demand-side scheduling. Demand-side scheduling can
guide user energy consumption behavior and balance the supply and demand relationship
of the system. Therefore, on the basis of this paper, the operation status of the IES with the
participation of the demand-side response can be further analyzed in a follow-up study.
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