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Abstract: With the continuous development of hydrogen storage systems, power-to-gas (P2G) and
combined heat and power (CHP), the coupling between electricity—heat-hydrogen—gas has been
promoted and energy conversion equipment has been transformed from an independent operation
with low energy utilization efficiency to a joint operation with high efficiency. This study proposes a
low-carbon optimization strategy for a multi-energy coupled IES containing hydrogen energy storage
operating jointly with a two-stage P2G adjustable thermoelectric ratio CHP. Firstly, the hydrogen
energy storage system is analyzed to enhance the wind power consumption ability of the system by
dynamically absorbing and releasing energy at the right time through electricity-hydrogen coupling.
Then, the two-stage P2G operation process is refined and combined with the CHP operation with
an adjustable thermoelectric ratio to further improve the low-carbon and economic performance
of the system. Finally, multiple scenarios are set up, and the comparative analysis shows that the
addition of a hydrogen storage system can increase the wind power consumption capacity of the
system by 4.6%; considering the adjustable thermoelectric ratio CHP and the two-stage P2G, the
system emissions reduction can be 5.97% and 23.07%, respectively, and the total cost of operation can
be reduced by 7.5% and 14.5%, respectively.

Keywords: hydrogen energy storage; two-stage P2G; adjustable thermoelectric ratio

1. Introduction

With the goal of dual carbon, integrated energy systems (IES) have become one of
the most important areas for reducing emissions, which is important in terms of reducing
carbon emissions and economic costs [1-3].

IES optimization has been widely studied in recent years; Ref. [4] constructed an
electricity-hydrogen—gas integrated energy system, using carbon capture and storage
(CCUS) technology to refine the source of carbon dioxide in the electricity-to-gas conversion,
so that the system reduces carbon emissions. Ref. [5] proposed an integrated energy system
strategy with electricity—gas—heat coupling and established a master—slave game optimiza-
tion scheduling model for the park integrated energy system (PIES) to maximize its benefits.
Ref. [6] established a co-ordinated scheduling model for an electric-heat-hydrogen hybrid
power system, considering the dynamic energy storage potential of the district heating
system (DHS) and the hydrogen transmission system (HTS), thus reducing the operating
costs. Ref. [7] constructed an electricity—heat-hydrogen integrated energy system, proposed
a robust interval optimization scheduling model, and verified the effectiveness of hydrogen
energy storage in promoting wind power consumption and improving the comprehensive
utilization rate of system energy. The key technology of a hydrogen energy storage system
mainly contains three aspects: hydrogen production, hydrogen storage and transportation,
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and fuel cell technology. Hydrogen production by water electrolysis is mainly divided
into alkaline water electrolysis, solid oxide electrolytic cell (SOEC), and PEM pure water
electrolysis technology. Hydrogen storage and transportation mainly adopts high-pressure
gaseous hydrogen storage technology, which has lower costs and the most applications.
The solid oxide fuel cell (SOFC) has also become a hot spot of IES research due to its
advantages such as high energy efficiency. Ref. [8] investigated the synergistic regulation
of the flexibility resources of the integrated energy system of electricity—heat-hydrogen
to reduce carbon emissions based on the topology of the electricity-heat-hydrogen en-
ergy flow interaction. Ref. [9] utilized the heat recovery characteristics of a hydrogen
energy system to promote the co-ordinated operation of energy sources and improve the
economy of the system. Ref. [10] proposed an integrated energy system operation op-
timization method based on the co-operative gaming of a hydrogen-containing energy
storage system, which reduces the system operation cost and carbon emissions. Ref. [11]
indicated that shared energy storage offers the potential to reduce cost inefficiencies and
maximize the utilization factor of energy storage resources by decoupling the ownership
and use of energy storage equipment compared to individual energy storage approaches.
Ref. [12] showed that the energy system with hydrogen and WST improved economics
compared to the original energy supply system, and the comprehensive energy cost of the
park was reduced by 0.1351 CNY/kW. Currently, carbon emissions trading mechanisms
are mainly categorized into traditional carbon trading mechanisms and laddered carbon
trading mechanisms, but ladder-type carbon trading is more capable of limiting system
carbon emissions than traditional carbon trading [13-18]. Most of the references only
consider the partial coupling between electricity—heat-hydrogen—gas energy when con-
structing an IES; for example, Ref. [4] constructed an IES with electricity—heat—gas energy
coupling but ignored the advantage of a hydrogen storage system, which has the advantage
of improving the ability of wind power consumption. Ref. [7] constructed an IES with
electricity—heat-hydrogen energy coupling but ignored the output constraints of natural
gas for cogeneration pf CHP. Therefore, this study combines the advantages of the IESs
constructed in the above references to construct an IES with electricity-heat-hydrogen—gas
multi-energy coupling and introduces ladder-type carbon trading to make the system more
economical and low-carbon.

The joint operation of energy conversion equipment can also greatly reduce the carbon
emissions of the system [18,19], and many results have been investigated by various
scholars in the optimal scheduling of an IES involving power-to-gas (P2G). Ref. [20] refined
the P2G operation process, including two stages of electrolytic hydrogen production and
hydrogen methanation. The refined operation of P2G in two stages can not only make full
use of hydrogen but can also make full use of methane and reaction heat generated from
methanization. Ref. [21] pointed out that P2G can promote the consumption of wind power
and reduce the energy loss of the gradient at the same time. Ref. [22] established a two-stage
reaction model of P2G and proposed an energy utilization path of mixed hydrogen and
oxygen-enriched deep peaking. P2G can directly produce natural gas through hydrogen
methanation, and the natural gas input into CHP with two-stage P2G operation can further
improve the low-carbon and economic performance of an IES. Various scholars have also
achieved certain results for the optimized operation of CHP. Ref. [23] pointed out that
the CHP of CHP units with fast regulation of electrical output can effectively improve
the low-carbon operation of the system, which is also conducive to the safe and stable
operation of the unit. Ref. [24] utilized a concentrated solar power and combined heat
and power (CSP-CHP) hybrid energy technology to enable the system to accommodate
more wind power and further reduce CO, emissions. Ref. [25] proposed a source-load-side
joint optimization peaking method considering thermal storage-containing cogeneration
units combined with thermal power deep regulation to optimize the system peaking effect.
However, when the CHP operates in the “heat-to-electricity” operation mode, the electricity
and heat loads output from the unit cannot meet the system requirements. Therefore, an
adjustable thermoelectric ratio can enable the CHP system to adjust the ratio of heat
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and electricity output according to the current demand and conditions to minimize the
operating costs. Table 1 summarizes the types of IES in the above studies and their technical
applications for low carbon optimization (where x indicates that the paper did not study
this aspect and v’ indicates that this aspect is studied). However, most of the references are
considered incomplete in studying the joint P2G-CHP operation. For example, Ref. [18] did
not consider the adjustable thermoelectric ratio in studying CHP. Few references consider
the joint operation of two-stage P2G with adjustable thermoelectric ratio CHP. Therefore,
this study of two-stage P2G and with an adjustable thermoelectric ratio CHP joint operation
process has positive significance for realizing multi-energy coupling and complementarity
and reducing the system operation costs.

Table 1. Literature review of IES types and their application to low-carbon optimization technologies.

Ladder-Type Hydrogen Adjustable
Ref. Types of IES Carbon Tradin Storage Svstems Thermoelectric Two-Stage P2G
8 g€ oy Ratio CHP
[4] Electricity-Hydrogen—Gas x x x v
[5] Electricity-Heat-Gas x x x x
[7] Electricity-Heat-Hydrogen x v x x
[8] Electricity-Heat-Hydrogen x v x x
[15] Electricity-Heat-Gas v x x v
[18] Electricity-Heat-Gas v x x v
[20] Electricity-Heat-Hydrogen-Gas v x x v
[21] Electricity-Heat-Hydrogen—Gas v x v v
[25] Electricity-Heat x x v x
Proposed Electricity-Heat-Hydrogen-Gas v v v v

Based on the above studies, this study proposes a low-carbon optimization strategy
for multi-energy coupled IES with hydrogen storage and two-stage P2G-adjustable ther-
moelectric ratio CHP joint operation. This study uses MATLAB R2021b to construct the
low-carbon economic operation goal to improve the wind power consumption capacity
and minimize the energy purchase costs, carbon trading costs, and wind abandonment
costs. Therefore, the work of this study is as follows:

1. A low-carbon optimal scheduling model of IES with multi-energy coupling of
electricity-heat-hydrogen-gas is constructed, and a hydrogen storage system is added
to improve the system’s ability to consume wind power by using the synergistic regu-
lation of SOEC and SOFC.

2. The two-stage P2G is utilized instead of the traditional P2G operation, and the charac-
teristics of HFC can be used to directly convert hydrogen energy into electricity and
heat and combined with the adjustable thermoelectric ratio CHP to further improve
the low-carbon and economic performance of IES.

3. The constructed IES with hydrogen storage and two-stage P2G-adjustable thermo-
electric ratio CHP combined operation is compared with other energy systems,
which verifies the effectiveness of the system in reducing the total operation cost
and carbon emissions.

The rest of this paper is structured as follows. Section 2 introduces the operational
framework of the electricity—heat-hydrogen—gas IES and its modeling and establishes
the objective function and constraints of the power of the electricity—heat-hydrogen-gas.
Section 3 compares the scenarios and concludes. Section 4 concludes the paper.

2. Materials and Methods

An IES s a system that integrates different types of energy sources and energy technolo-
gies to achieve more efficient, sustainable, and economical energy production, conversion,
storage, and utilization. The framework for constructing the electricity-heat-hydrogen-gas
IES operation is shown in Figure 1.
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Figure 1. Operation framework diagram of IES.

The IES low-carbon operation framework diagram established in this study consists of
five systems, including four energy flows: electricity, heat, hydrogen, and gas. The energy
supply system consists of wind power, power grid, and gas grid; the energy conversion
system consists of CHP, an electrolyzer (EL), a hydrogen fuel cell (HFC), a methane reactor
(MR), and a gas boiler (GB); the hydrogen storage system consists of SOEC, a hydrogen
storage tank, and SOFC; the energy storage system consists of gas storage, electricity
storage, and heat storage; and the end-of-line energy system mainly consumes four types
of energy: electricity, heat, hydrogen, and gas. The CO, involved in the operation process
of each equipment is eventually traded through the carbon trading market.

2.1. Ladder-Type Carbon Trading
The ladder-type carbon trading model based on Ref. [19]:

(1) Carbon emissions allowance modeling.

Eies = Eebuy + Ecrp + Ecs
T

Ee.buy = Aetgl Pe.buy(t)
4 M

Echyp = )\gt;l (Pchpe(t) + Pcapn(t))

T
Egs = ?\gtgl Pgpn(t)

where Ejgg is the total carbon emissions of IES; Eebuy, Echr, and Egg are the carbon
emissions from purchasing electricity from the superior grid, CHP, and GB, respectively. A,
and Ag are the carbon emissions from consuming unit electricity and gas energy, respectively.
Pcppe(t) and Peypy(t) are the electricity and heat energy output from CHP at time t,
respectively. P pyy (t) and Pgpy (t) are the power purchased from the superior grid at time
t, respectively, and the heat energy output from GB, respectively. T is the scheduling cycle.
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(2) Actual carbon emissions modeling.

The MR equipment in the two-stage P2G model also absorbs a portion of CO, during
operation; therefore, the actual carbon emissions modeling needs to take into account the
CO; absorbed by MR.

Eksa = Eebuy.a + EcHpra + EGBa — Eep2Ga
T

Ee,buy.a =X 21 Pe.buy<t)
t=

T
Echpa = B1 X (Pcrpe(t) + Pcupn(t)) @)
=1

T
Egpa =71 21 Pcpnh(t)
t=

T
Eeprga =0 21 Pyrg(t)
t=

where Ejgs 5 is the actual carbon emissions of IES. Ee pyy ., is the actual carbon emissions
of superior power purchase. Ecpp, and Egp, are the actual carbon emissions of CHP
and GB, respectively. E, pyG 4 is the actual amount of CO; absorbed by MR equipment in
the two-stage P2G model. «4, 31, and y; are the actual calculation parameter of carbon
emissions from combustion units CHP and GB, respectively. o is the calculated parameter
of CO; absorbed by MR in the two-stage P2G model. PMR,g(t) is the output gas power
from MR in the moment t.

In summary, the actual participation in the carbon trading market is the amount of
carbon surrender rights traded:

AEigs = Eigsa — Eigs 3)

(3) Ladder-type carbon trading model.

AAEqgs AEgs < ¢
A1+ ) (AEEs — ¢) + AL ( < AEps < 2¢

oy =4 M1+20)(ABgs —20) + A2+ )¢ 2 < AEjgs < 3¢ 4)
A(1+4p)(AEms —4C) + A4+ 6u)C AE[gs > 4¢

where fgoz is the stepped carbon trading cost. u is the price growth rate. ( is the length of
the carbon emissions interval. A is the carbon trading base price.

2.2. Electricity—Hydrogen and Gas—Heat Coupling Model

SOEC is an all-solid-state chemical electrolysis device capable of efficient and environ-
mentally friendly direct conversion of thermal and electrical energy into chemical energy
in fuels at medium and high temperatures and is one of the main technological routes for
hydrogen production by electrolysis of water, which has the advantages of high energy
conversion efficiency and does not require the use of precious metal catalysts. Ref. [26]
realized the application of SOEC in wind farms by using SOEC electrolysis of water to
produce hydrogen for smoothing the output power fluctuation of wind farms.

SOFC is a highly efficient device that directly converts fuels such as hydrogen into
electricity and heat by electrochemical reaction without combustion process. Ref. [8]
utilized the hydrogen—electricity and hydrogen-heat conversion of SOFCs to enhance the
scenery utilization and reduce carbon emissions while taking into account the electricity
and heat requirements of the system.

In this study, the thermoelectric ratio model of SOFC is also set to be adjustable in
order to maximize the optimization of the system’s energy use efficiency.
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(1) SOEC model:

PsorcH, (t) = nsorcPesorc(t)
eS0EC < Pesorc(t) < Pedorc (5)
APZsoEc < Pesorc(t+1) — Pesorc(t) < APgEEC

where ngogc is the energy conversion rate of the SOEC. P, sorc (t) and Psogc w, (t) are the

electricity power input to the SOEC and the hydrogen power output at time t, respectively.

PYENpc and Pgédpc are the upper and lower limits of the electric power constraints of the
max min

input SOEC, respectively. AP{ENgc and APgghpc are the upper and lower limits of the
electric power change of the SOEC, respectively.

(2) SOFC model:

Psorc.e(t) = N§opcPH, sorC (t)

Psorch(t) = NdopcPH, sorc(t)

P, sorc < Ph,sorc(t) < Piisorc (6)
AP sorc < Prysorc(t+1) — Prysorc(t) < APRSorc

kSorc < Psorcn(t)/Psorce(t) < x§5kc

where Ny and n}SlOFC are the conversion efficiency of SOFC to electrical and thermal
energy, respectively. kg5 and kgt~ are the upper and lower limits of the thermoelectric
ratio of SOFC, respectively. Py, sorc(t), Psorc.e(t), and Psopcn (t) are the hydrogen power
input to SOFC and the electricity and heat power output at moment t, respectively. Pfy Sopc

and Pﬁ;’f‘sopc are the upper and lower limits of the hydrogen power constraints on the
max

input SOFC, respectively. APF5opc and APE;‘?SOFC are the upper and lower limits of the
hydrogen power change of SOFC, respectively.

(3) GB model:

GB is the intermediate station of gas-heat conversion; GB burns natural gas to provide
heat energy; the heat efficiency can be as high as about 95%, which can meet the demand of
heat load.

Ppn(t) =ncePgca(t)
PR, < Py gp(t) < P )
APZGe < Pgap(t+1) — Pgga(t) < APy

where ngp is the energy conversion rate of GB. Pg gp(t) and Pgpp(t) are the gas power
input to GB and the thermal power output at moment t, respectively. Pg'&p and Pg'Cy are the

upper and lower limits of the gas power constraints of the input GB, respectively. APZ'Cy

and A g‘g‘B are the upper and lower limits of the gas power change of GB, respectively.

2.3. Adjustable Thermoelectric Ratio CHP

CHP is an extremely efficient way of utilizing energy, with the core objective of max-
imizing the energy of the fuel in a single process to produce both electrical and thermal
energy. Ref. [27] states that constant thermoelectric ratio CHP units make the system less ad-
justable when operating. Therefore, adjustable thermoelectric ratio CHP can automatically
regulate the thermoelectric output according to the system demand.

Pchpe(t) = NgypPgcnp(t)

Pcnpn(t) = N&ppPe.crp(t)

Pecip < Pgcrp(t) < Pgidhp (8)
APglanP < Pg.CHP (t + 1) — Pg_CHp(t) < APg.lé)I(-IP

k&, < Peppn(t) /Penpe (t) < 335
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where n&p and Ny are the electricity and heat energy conversion efficiency of the CHP,

respectively. kZfp and k&fyp are the upper and lower limits of the thermoelectric ratio of the

CHP, respectively. Pg chp(t) is the gas power input to the CHP at time t. Py hp and Pg}iCI‘HP
are the upper and lower limits of the gas power constraints on the input to the CHP,
respectively. APZ¢p and A Pydyp are the upper and lower limits of the change in the

gas power of the CHP, respectively.

2.4. Two-Stage P2G Model

Based on the two-stage P2G constructed in Ref. [20], it is known that the two-stage
P2G operation consists of two stages: electrolytic hydrogen production and hydrogen
methanation. The operation process can be seen in Figure 2. EL converts electricity into
hydrogen energy, MR absorbs CO; to convert hydrogen energy into gas energy, and the
gas energy is then transported to CHP to generate electricity and heat energy. The two-
stage P2G mainly adds HFC equipment, which can directly convert the hydrogen energy
generated by EL into electricity and heat, reducing the output of CHP and eliminating an
energy conversion link.

(1) EL model:

PeLm, (t) = NELPeEL(t)
ekl < PerL(t) < POEL )
APgE] < PeprL(t+1) — Pepr(t) < APEY

where 1|, is the energy conversion rate of the EL. P gy (t) and Py p, (t) are the electricity

power input to the EL and the hydrogen power output at time t, respectively. Pgf and

M are the upper and lower limits of the electricity power constraints of the input EL,
respectively. APREf and APJE] are the upper and lower limits of the electricity power

change of the EL, respectively.
(2) MR model:

Pyrg(t) = MMRPH, MR ()
Pivr < Pr,vr(t) < PRIVR (10)
APFEIMR < PayMmr(t+1) — Pryvr(t) < APH VR

where )y is the energy conversion rate of the MR. Py, Mg (t) is the hydrogen power input
to the MR at time t. P{j7}\g and III{‘;I"MR are the upper and lower l‘imits of the hydrogen
power constraint of the input MR, respectively. AP{ g and AP\ are the upper and
lower limits of the hydrogen power change of the MR, respectively.

(3) HEFC model:

Phrc.e(t) = NfipcPH,.HEC (1)

Phrcn(t) = NP, hrc (t)

P, wec < Prymrc(t) < PR Hec (11)
APﬂ;I_lHFC < PHZ.HFC (t + 1) - PHZ.HFC (t) < APII]—%%—IFC

Kfire < Purch(t)/Prrce(t) < xfifc

where n¢rc and niypc are the electricity and thermal energy conversion efficiencies of HFC,
respectively. kit and k{jit are the upper and lower limits of the thermoelectric ratio of
HFC, respectively. Py, nrc(t), PHrce(t), and Pypcp(t) are the hydrogen power input to
HFC and the electricity and thermal power output at moment t, respectively. Pf}jpc and
PP e are the upper and lower limits of the hydrogen power constraints on the input to

HFC, respectively. AP{ }pc and APﬁ;rA‘HFC are the upper and lower limits of the hydrogen

power change of HFC, respectively.
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Figure 2. Two-stage P2G operation process.

2.5. Models of Energy Storage Equipment

The energy storage models constructed based on Ref. [21] are all roughly the same.

wn

n(t) = Sn(t - 1) + Pst,n(t)/Pgta,ﬁ

Sn(1) = Sn(T)

Sp™ < Sn(t) <SP

0 < Pga(t) < Bga(t)PRax (12)
0 < PSS (1) < BaS, (PR

Psin(t) = PSPa(tnsta — P (6) /nds,

BSra(t) + B3S (1) = 1

where Pgn(t) is the final output power of the nth type of energy storage device at the
moment t. pgfg is the rated capacity of the nth type of energy storage device. Sy (t) is the
total amount of the nth type of energy storage device at the moment t. pg/?* is the single
charging and discharging maximum power of the nth type of energy storage device. S;'™
and ST are the upper and lower limit of the capacity of the nth type of energy storage
device, respectively. P2 (t) and PSS (t) are the charging and discharging power of the nth
type of energy storage device at the moment t, respectively. B2 (t) and B35, (t) are the
charging and discharging energy state flag, 0-1 variable, respectively. ng‘ﬁ and nglti; are

the charging and discharging efficiencies of the nth type of energy storage device at the
moment t, respectively.

2.6. Objective Function
(1) Wind power consumption capacity [8]:

Wind power consumption capacity refers to the ability of the system to effectively
accept and utilize wind power generation, and wind power utilization rate indicators are
constructed to evaluate the consumption capacity.

)51 Ppg(t)
Z(t) ITP;_L(t) + Pe gL (t) + Pesorc (t) — Pcup.e(t) — Psorce(t) — Prrce(t)
Pq = tZ (Pe_L(t) — Z(t))

(13)

where Py is the amount of abandoned wind. Z(t) is the equivalent electricity load of the
system at moment t when the operation of the equipment is considered. P, 1 (t) is the
electricity load of the system at moment t. Ppg(t) is the wind power output at moment t.
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(2) The cost of energy purchases fguy:

The cost of energy purchases includes the cost of purchasing electricity and the cost of
purchasing gas.

T T
fguy = 21 atPe,buy (t) + 21 btPg,buy (t) (14)
t= t=

where a; is the price of electricity at moment t. by is the price of gas at moment t. Py ()
is the amount of gas purchased at moment t.

(3) Carbon transaction costs fgoz are shown in Equation (4).
(4) Wind abandonment costs 5

Wind abandonment costs are the costs of wind power that is abandoned due to wind
power generation exceeding system demand.

T
prG = KDGZ PDG.pro (t) (15)
t=1

where PDG_pro(t) is the abandoned wind power at moment t. kpg is the unit abandoned
wind cost.

2.7. Restrictive Constraints
(1) Wind power constraints:

0 < Ppg(t) < PR (16)

where PR&* is the upper limit of wind power output.

(2) Energy conversion equipment constraints:

Operational restrictions for SOEC, SOFC, GB, CHP, EL, MR, and HFC can be found in
Equations (5)-(11).
(3) Energy storage device constraints:

Due to the similarity of the energy storage models for electricity, heat, gas, and
hydrogen, they are modeled in a unified way, as seen in Equation (12).
(4) Heat power balance constraints:

Psorch (t) + Penpn(t) + Prrca(t) + Popn(t) = Pr . (t) + Pa(t) (17)

where Phy (t) is the power input to heat energy storage at moment t. P}, 1 (t) is the heat load
of the system at moment t.

(5) Gas power balance constraints:

18
0 < Pgouy(t) < PIR 19

{ Py buy (t) = Pg 1.(t) + PE(t) + Pgcrp(t) + Pgp(t) — Purg(t)
— * gbuy

where P (t) is the power of input gas storage at moment t. P, 1 (t) is the gas load of the

system at moment t. P01 is the gas purchase limit at each moment.

(6) Hydrogen power balance constraints:

PsorcH, (t) + PrL, (t) = Pr,mr(t) + P, mrc (t) + P, sorc (t) + PH(t) (19)

where P (t) is the power input to the hydrogen storage at moment t.

(7)  Electrical power balance constraints:

Pepuy (t) = Z(t) + P (t) — Ppg(t)
{ 0< Pe.buy(t) < g}t?l)iy @)
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max

where Pg,(t) is the power of the input electricity storage at moment t. Pebuy

purchase limit at each moment.

is the power

3. Results and Discussion

The operating environment for this study is windows11 (The manufacturer is Microsoft
in Redmond, WA, USA), the CPU is 11th Gen intel (R) Core (TM) i5-11400H@2.70 GHz
(The manufacturer is Intel in Santa Clara, CA, USA), and the GPU is NVIDIA Ge Force RTX
3050 Laptop GPU (The manufacturer is NVIDIA in Santa Clara, CA, USA).

The parameters of the energy conversion equipment can be found in Table 2, the
values of the model parameters can be found in Table 3, and the parameters of each energy
storage equipment, the time-sharing tariffs and gas prices, the wind power output within
the system, and the forecasts of the electricity, heat, and gas loads can be found in the
appendix of Ref. [21].

Table 2. Equipment parameters.

Equipment Model Quantitative/kw Energy Conversion = Power Change Upper

Efficiency/% and Lower Limits/%
SOEC 200 70 20
SOFC 200 70 20
CHP 600 92 20
EL 500 87 20
MR 250 60 20
HFC 250 95 20
GB 800 95 20

Table 3. Model parameters.

Parameter Value kg/(kw-h)

Ae Ag KDG o B Y1 o
0.68 0.3672 0.018 $/(kw-h) 1.08 0.234 0.234 1

To verity the validity of the model in this study, five scenarios are set up:

Scenario 1: Under the ladder-type carbon trading mechanism, the hydrogen energy
storage system with two-stage P2G-adjustable thermoelectric ratio CHP joint operation
mode is considered.

Scenario 2: Under the traditional carbon trading mechanism, the hydrogen energy
storage system is considered to operate in conjunction with the two-stage P2G-adjustable
thermoelectric ratio CHP.

Scenario 3: Under the ladder-type carbon trading mechanism, the two-stage P2G-
adjustable thermoelectric ratio CHP combined operation mode is considered without
considering a hydrogen storage system.

Scenario 4: Under the ladder-type carbon trading mechanism, the hydrogen storage
system is considered to operate in combination with a two-stage P2G-fixed CHP with a
CHP ratio of 1.2.

Scenario 5: Under the ladder-type carbon trading mechanism, a hydrogen storage
system operating in conjunction with a conventional P2G (EL and MR equipment only)-
adjustable thermoelectric ratio CHP is considered.

3.1. Analysis of the Effects of Ladder-Type Carbon Trading

Under the ladder-type carbon trading mechanism, let ¢ = 500 kg, p = 25%, and
A =0.035 USD/kg. The dispatch results for Scenario 1 and Scenario 2 are shown in Table 4.
This study uses the carbon emissions in Scenario 1 (4274.9 kg) as a specific reference.
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Table 4. Comparison of benefits before and after considering ladder-type carbon trading.

Parameter Value

Parameters
Scenario 1 Scenario 2
Carbon emissions/kg 42749 4369.3
Carbon transaction costs/USD 253.5 151.7
Cost of energy purchase/USD 866.8 861.9
Wind abandonment costs/USD 0 0
Total costs/USD 1120.3 1013.6

Scenario 1 has a stepped increase in the purchase price of carbon credits under the
ladder-type carbon trading mechanism, which reduces carbon emissions by 94.4 kg or
2.16%, compared with Scenario 2. To a certain extent, the carbon emissions of the system
are further limited. However, since Scenario 2 is a traditional constant price mechanism,
the carbon trading cost of Scenario 2 is lower by 10.03% compared with the stepped pricing
of Scenario 1.

The choice of carbon trading base price also has significant impacts on the carbon
emissions of the system, and Table 5 illustrates the relationship between carbon trading
base price, carbon emissions, and total costs.

Table 5. Systemic implications of carbon trading base prices.

Carbon Trading Base Price ($/kg) Carbon Emissions Total Costs (USD)
0.014 4417.7 915.8
0.021 4367.8 1017.9
0.028 4310.9 1069.5
0.035 42749 1120.3
0.042 4214.9 11706
0.049 4173.8 1220.1
0.056 4112.8 1268.9
0.063 4105.9 1317.2
0.069 4104.9 1365.5

As the base price of carbon trading increases, the overall carbon emissions decrease
and the total costs gradually increase. When the base price of carbon trading is lower than
0.056 USD/kg, the trend of carbon emissions decrease is higher than the base price over
0.056 USD/kg. The main reason is that, with the increase in base price, the target cost
of carbon emissions becomes more and more important, which makes the role of carbon
trading cost more and more significant. Therefore, the system can only reduce the total
costs by quickly reducing carbon emissions. However, when the base price reaches a certain
value, the operation of the equipment within the system tends to stabilize and the weight
of the carbon emissions target cost decreases. The system then slows down the rate of
reducing carbon emissions and the system’s carbon emissions reaches a stable value.

3.2. Analysis of the Effects of Hydrogen Energy Storage Systems

In order to reflect the improvement of the hydrogen energy storage system on the
system’s wind power consumption capacity and the reduction in carbon emissions and
costs, Scenario 1 and Scenario 3 are set up. The scheduling results under the two scenarios
are shown in Table 6. As shown in Table 6, Scenario 1 lowers carbon emissions by 159 kg,
or 3.5%, compared with Scenario 3, the total costs decrease by 3.4%, and the system’s wind
power consumption capacity improves by 4.6%.

Equally dividing the day into 24 time periods, Figures 3 and 4 illustrate the internal
electricity power balance of the system for both scenarios, Figure 5 shows the internal
hydrogen power balance of the system for Scenario 1, and Figure 6 illustrates the abandoned
wind power for both scenarios.
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Table 6. Comparison of benefits before and after considering hydrogen energy storage systems.

Parameter Value
Parameters
Scenario 1 Scenario 3
Carbon emissions/kg 42749 4433.9
Carbon transaction costs/USD 253.5 264.5
Cost of energy purchases/USD 866.8 887.4
Wind abandonment costs/USD 0

8..8
Total costs/USD

1120.3 1160.7
Wind power consumption capacity 74.5% 69.9%
2000
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2
=
=]
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0
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Time/h
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Figure 3. Scenario 1 electricity power balance diagram.
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Figure 4. Scenario 3 electricity power balance diagram.
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Figure 5. Scenario 1 hydrogen power balance diagram.
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Figure 6. Scenario 1 and 3 wind abandonment power diagram.

Scenario 3 does not include a hydrogen storage system and, as can be seen in Figure 4,
wind power is at its peak during the nighttime hours and at its trough during the daytime
hours. The electric load of the system is in the trough period during the nighttime. Most
of the wind power is directly consumed by the system, and some of it is stored by the
electricity storage and released in the afternoon peak hour. As can be seen in Figure 6,
Scenario 3 still produces abandoned wind power at night.

Scenario 1 adds a hydrogen storage system and, as can be seen in Figures 3 and 5, the
SOEC will absorb the remaining energy from the wind power during the nighttime hours
and then convert it into hydrogen, which will be provided to the hydrogen storage tanks
or supplied to the SOFC, and the hydrogen supplied to the SOFC will generate electricity
through the electricity-hydrogen coupling to make up for the shortfall in the system. As
can be seen in Figure 6, there is no wind abandonment in Scenario 1.

The reason for the reduction in carbon emissions in Scenario 1 compared to Scenario 3
is that the SOEC converts the excess electricity into hydrogen during the wind power
output surplus time, and then the SOFC generates electricity and heat to lower the CHP
output, so the carbon emissions are reduced. It can be seen that Scenario 1 is able to achieve
the benefit of improving the system’s wind power consumption capacity while promoting
low carbon emissions reduction and reducing the total costs.

3.3. Analysis of the Effect of Adjustable Thermoelectric Ratio

The scheduling results for Scenario 1 and Scenario 4 are shown in Table 7. As shown
in Table 7, Scenario 1 lowers the emissions by 271.2 kg, or 5.97%, compared to Scenario 4,
and the total cost decreases by 7.5%.

Table 7. Comparison of the benefits of different thermoelectric ratios.

Parameter Value

Parameters
Scenario 1 Scenario 4
Carbon emissions/kg 42749 4546.1
Carbon transaction costs/USD 253.5 272.3
Cost of energy purchases/USD 866.8 939.3
Wind abandonment costs/USD 0 0
Total costs/USD 1120.3 1211.6

Figures 7 and 8 illustrate the internal heat power balance of the system for the two
scenarios, Figure 9 illustrates the internal electricity power balance of the system for
Scenario 4, and Figure 10 illustrates the thermoelectric ratio of the CHP for each time period.
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Figure 7. Scenario 1 heat power balance diagram.
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Figure 8. Scenario 4 heat power balance diagram.
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Figure 9. Scenario 4 electricity power balance diagram.
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Figure 10. CHP thermoelectric ratio by time period.

From Figures 7 and 10, it can be seen that the heat load is at peak at nighttime, and
most of the heat load is supplied by CHP, and the shortfall is supplied by GB, SOFC, and
heat discharge. The thermoelectric ratio of CHP reaches the maximum at nighttime because
the wind power output is at peak at nighttime, while the system load is in the trough
period, and the system can satisfy most of the electricity demand by consuming the wind
power in this period, so the CHP is in the state of generating more heat to make up for the
shortage of the system heat load in this period. During the daytime, the heat load is in the
trough, the electricity load is in the peak, and the price of electricity is higher at this time,
so CHP is in the state of generating more electricity in this period, and the thermoelectric
ratio reaches the minimum.

The CHP in Scenario 4 has a constant thermoelectric ratio, so the ratio of its thermo-
electric output is a certain value at any time period. During the early hours of the night, the
heat power output from the CHP with a constant thermoelectric ratio is not sufficient to
meet the system load demand, so the heat power output from the GB in Scenario 4 is greater
than that in Scenario 1, in order to meet the system heat load but the carbon emissions is
also increased as a result. During the daytime hours, the electricity output from CHP is
also insufficient to meet the system load demand and, from Figure 9, it can be seen that the
system also needs to purchase electricity from the higher level to meet the electricity load
and, therefore, the cost of purchasing energy will also be increased.

3.4. Analysis of the Effects of Two-Stage P2G

The scheduling results for Scenario 1 and Scenario 5 are shown in Table 8. As shown
in Table 8, Scenario 1 lowers the carbon emissions by 1282 kg, or 23.07%, compared to
Scenario 5, and the total costs decrease by 14.5%.

Table 8. Comparison of benefits before and after refining the two-stage P2G.

Parameter Value

Parameters
Scenario 1 Scenario 5
Carbon emissions/kg 42749 5556.9
Carbon transaction costs/USD 253.5 342.5
Cost of energy purchases/USD 866.8 959.1
Wind abandonment costs/USD 0 10.1
Total costs/USD 1120.3 1311.7

Tables 9 and 10 illustrate the internal hydrogen power and heat power for Scenario 5.
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Table 9. Scenario 5 internal hydrogen power (kw).
Time EL Hydrogen Discharge MR Hydrogen Storage SOEC SOFC
1 342.6 0 250 4.6 112 154
3 371.6 0 250 61.6 140 154
6 423.7 0 250 29.7 56 154
9 179.1 0.8 100 0 0 61.6
12 0 0 0 0 0 0
15 0 45.0 0 0 0 34.7
18 0 0 0 0 0 0
21 2412 0 150 0 4.8 74.0
24 404.9 0 250 0 45.0 154
Table 10. Scenario 5 internal heat power (kw).
Time CHP GB Heat Discharge Heat Storage SOFC Heat Load
1 373.8 0 250 0 154 777.8
3 708.6 0 0 0 154 862.6
6 743.5 0 0 0 154 897.5
9 896.4 0 0 —250 61.6 708.02
12 563.4 0 0 0 0 563.4
15 473.8 0 0 0 34.7 508.5
18 725.4 0 0 0 0 7254
21 656. 0 0 0 74.0 730.4
24 4154 0 158.5 0 154 727.9

The EL and SOEC in Scenario 1 consume all the wind power for hydrogen production.
According to Figure 5, it can be seen that part of the hydrogen energy is stored, most of
it is consumed by HFC and MR with high conversion efficiency to generate CHP, and a
small portion of it is used by SOFC to make up the system deficit. Compared to Scenario
1, Scenario 5 lacks the HFC equipment, and the conversion efficiency of SOFC is lower
than that of CHP, so most of the hydrogen energy is fed to MR, which then absorbs CO,
and converts it to natural gas, which is fed to CHP and GB to finally generate heat and
electricity. Although MR absorbs CO; in this process, it can be seen from Table 10 that CHP
is in a high carbon emissions state at this time and the CO, released is still higher than that
absorbed by MR. Therefore, Scenario 1 has better emissions reduction than Scenario 5. In
Scenario 1, hydrogen energy will be directly passed through the zero-emission HFC for
heat and electricity production, which reduces the output of GB and CHP, so the carbon
emissions are also reduced significantly.

3.5. Limitations of the Study

This study ignores the uncertainty of wind power energy, which is set to a certain
value and the efficiency of the energy conversion equipment will not reach the expected
efficiency in actual operation and may be slightly lower than the assumed value.

This method ignores the maintenance and installation costs of each energy conversion
equipment, especially the relatively high cost of storing hydrogen, which increases the
investment and operating costs of the system when compressed or liquefied hydrogen is
used for storage.

3.6. Implications of the Study

This model can influence decision making in the energy sector in a number of ways,
including the following:
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1.  Energy transition strategy: The adoption of the model will drive the energy sec-
tor towards a more sustainable and cleaner direction. By converting renewable
energy sources into hydrogen storage, an effective coupling of electricity and hy-
drogen is realized. This is in line with the energy transition strategies of several
countries and regions, such as reducing carbon emissions and increasing the share of
renewable energy.

2. Energy storage and peaking: This is important to address the high volatility and
intermittency of renewable energy sources and to support decision making in the
energy sector with regard to energy storage and peaking.

3. Technological innovation and industrial development: The application of the model
will promote technological innovation and industrial development in a number of
areas, including P2G technology, CHP technology, and hydrogen storage technology.
The energy sector can promote the development of this field by supporting relevant
technology and industrial policies.

4. Conclusions

A multi-energy coupled IES low-carbon optimization strategy with hydrogen-containing
energy storage and two-stage P2G-adjustable thermoelectric ratio CHP joint operation is pro-
posed, and the following conclusions are drawn from the analyses of the arithmetic examples:

(1) The ladder-type carbon trading mechanism limits the carbon emissions of the system
to a certain extent and slows down the carbon reduction of the system when the
carbon trading base price is greater than 0.056 USD/kg.

(2) The addition of a hydrogen energy storage system can make up for the shortage
of system electricity through electricity-hydrogen coupling during the wind power
output surplus time, which improves the system’s wind power consumption capacity
by 4.6%, and the SOEC converts the excess electricity into hydrogen during the wind
power output surplus time, and then the SOFC generates electricity and heat to lower
the CHP output, so the carbon emissions are reduced.

(3) In the joint operation of two-stage P2G with adjustable thermoelectric ratio CHP,
the two-stage P2G adds HFC equipment, which directly converts hydrogen energy
generated by EL into electricity and heat, reducing CHP output, and the CHP with
adjustable thermoelectric ratio adjusts the ratio of heat and electricity output according
to the current demand and conditions to minimize the operating cost. In this study, it
is possible to reduce the operating costs by 14.5% and 7.5%, respectively.

This paper identifies wind power as a certain value, and subsequent studies can
consider the uncertainty of wind power on the basis of this study. In addition, for the
hydrogen storage aspect of the technology, future research could focus on the development
of new materials and technologies to improve hydrogen storage efficiency, reduce costs,
and improve storage safety. We can also further investigate how to integrate the coupled
electro-thermal hydrogen model with other energy systems, such as co-ordination with
smart grids, energy storage systems, and electric vehicle charging facilities. Such integration
could help uncover system interactions and optimize overall system performance.
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