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Abstract: In the context of carbon neutrality and carbon peaking, in order to achieve low carbon emis-
sions and promote the efficient utilization of wind energy, hydrogen energy as an important energy
carrier is proposed to mix hydrogen and natural gas to form hydrogen-enriched compressed natural
gas (HCNG). It is also injected into the natural gas pipeline network to achieve the transmission and
utilization of hydrogen energy. At the same time, the participation of demand response is considered,
the load’s peak and trough periods are adjusted, and the large-scale consumption of renewable
energy and the reduction in carbon emissions are achieved. First of all, a fine model of hydrogen
production and hydrogen use equipment is established to analyze the impact of adding hydrogen
mixing on the economy and the low-carbon property of the system. With green certificates and
demand response, the utilization rate of hydrogen energy is improved to further explore the energy
utilization rate and emission reduction capacity of the system. Secondly, on the basis of modeling, the
optimal scheduling strategy is proposed with the sum of energy purchase cost, equipment operation
cost, carbon emission cost, wind curtailment cost, and green certificate income as the lowest objective
function. Considering the constraints such as hydrogen blending ratio and flexible load ratio of the
pipeline network, a low-carbon economic scheduling model of hydrogen mixed natural gas was
established. The model was linearized and solved by using MATLAB 2021a and CPLEX solver. By
comparing different scenarios, the superiority of the model and the effectiveness of the strategy
are verified.

Keywords: hydrogen mixed natural gas; hydrogen fuel cell; wind power consumption; low carbon;
demand response

1. Introduction

Since the beginning of the industrial revolution, fossil fuels have been extensively
developed and utilized, resulting in serious air pollution and an increase in climate warm-
ing. The energy industry ranks at the forefront of carbon emissions. As an indispensable
form of energy for human beings, thermal power is the main source of electricity supply
and produces a large amount of carbon dioxide [1]. In response to the call of the national
“carbon peak, carbon neutral” goal, China has been actively promoting the low-carbon
transformation of the energy system, promoting the development of renewable energy,
and promoting the grid connection of new energy. With the continuous advancement of
energy system reform and energy conservation and emission reduction requirements, the
integrated energy system has become an effective way to achieve carbon emission reduction
with its multi-energy flow complementary advantages [2]. With the large-scale grid con-
nection of wind power, the problem of wind abandonment caused by its randomness and
intermittency is also exposed. How to achieve a highly efficient wind power consumption
along with a low-carbon economic operation has become a new hot issue.

Hydrogen energy is widely recognized as a clean energy source with significant de-
velopment potential in the 21st century. As a crucial secondary energy to support the

Energies 2024, 17, 1902. https:/ /doi.org/10.3390/en17081902

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en17081902
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en17081902
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17081902?type=check_update&version=3

Energies 2024, 17, 1902

2of 16

low-carbon transformation of the energy system, hydrogen energy possesses the advantage
of zero carbon emissions and serves as an important catalyst for China’s energy system
transition [3,4]. Hydrogen energy operates within an integrated energy system framework,
representing a novel mode of utilizing renewable resources. Currently, extensive research
is being conducted both domestically and internationally on integrating hydrogen energy
into optimized scheduling models for integrated energy systems. Power-to-gas technology
has gained widespread adoption due to its ability to absorb excess renewable electricity
generation [5]. In references [6,7], power-to-gas technology was introduced into traditional
electrical coupling systems, resulting in the construction of an optimized model aimed
at minimizing overall economic costs. Reference [8] explored a combination of two-stage
electric—gas conversion and hydrogen storage tank equipment while verifying the system'’s
capacity for consuming renewable energies and promoting low-carbon properties. Diverg-
ing from the conventional P2G technology, this approach utilizes hydrogen to produce
methane after completing the electric hydrogen production stage. Reference [9] conducted
a segmented study on the two-stage electric—gas conversion technology. After the electric
hydrogen production stage, hydrogen energy is transported to the hydrogen fuel cell equip-
ment to complete the coupling of hydrogen energy with electric energy and heat energy,
to achieve the fine utilization of hydrogen energy. Reference [10] constructed an electric
hot gas hydrogen integrated energy system and analyzed the feasibility of achieving the
optimal scheduling of the system after adding hydrogen equipment for hydrogen produc-
tion to the traditional integrated energy system. Reference [11] focused on the uncertainty
of hydrogen demand to build a mobile hydrogen energy system, and deeply considered
the impact of user-side hydrogen energy demand on the system but did not consider the
uncertainty of renewable energy supply at the source side and paid little attention to the
hydrogen energy supply.

The above literature basically only considers the feasibility of hydrogen energy inte-
gration into the traditional electric integrated energy system and the feasibility of electric
hydrogen production technology to absorb new energy such as wind, but with the large-
scale grid connection of new energy, cost has become the most important factor limiting
the hydrogen production and hydrogen energy utilization of renewable energy. In 2019,
hydrogen energy was written into the Government Work Report for the first time [12].
Therefore, it is necessary to fully combine demand response technology and green energy
use policy, actively exert the coupling scheduling potential of hydrogen energy, and pro-
mote the low-carbon transformation of the integrated energy system under the context
of ensuring high economic benefits. Because the basic equipment for hydrogen distribu-
tion is not perfect, hydrogen-enriched compressed natural gas (HCNG) came into being.
After hydrogen is mixed with natural gas to form hydrogen-doped natural gas, it can be
transmitted directly using natural gas pipelines currently in operation [13]. Reference [14]
introduced gas hydrogen mixing technology into the integrated energy multi-microgrid
and compared the economic benefits under different percentages of hydrogen incorporation
but did not consider the impact of dynamic changes in the hydrogen mixing ratio on the
system. Reference [15] combined the gas hydrogen blending technology and the carbon
trading mechanism to analyze the impact of gas hydrogen blending technology on the
low-carbon property of the system, but it did not fully utilize the potential of hydrogen
energy scheduling and did not combine the load response ability. For new energy power
generation and carbon emission reduction, China has introduced the green power certifi-
cate policy trading mode. Reference [16] introduced the joint trading mechanism of carbon
trade green certificate market, which improved the proportion of green electricity in the
system during the dispatch cycle and promoted the consumption of new energy power.
Reference [17] optimizes the load matching degree through demand response to optimize
equipment operating costs and carbon emissions.

To solve these problems, a comprehensive energy system model considering hydro-
gen blending and demand response is proposed. First, considering the production and
utilization of hydrogen energy, the electrolytic hydrogen production equipment and hydro-
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gen fuel cell were finely modeled, the electrohydrogen coupling model was constructed,
and the promotion effect of green certificate income on hydrogen energy utilization was
comprehensively considered. Secondly, considering the output of the gas unit and the
electric-hydrogen coupling equipment, the demand response mechanism is introduced
to optimize the output of the equipment, and a comprehensive energy system optimiza-
tion method considering the demand response and hydrogen mixing of gas is proposed
to establish the low-carbon economy optimization goal with the lowest comprehensive
operating cost of the system. Finally, the influence of hydrogen energy utilization on
system optimization is analyzed by setting different scenarios, and the economic issues
of hydrogen energy utilization under green certificate and demand response policies are
discussed. The innovations and main points of this paper are as follows:

e Inordertoachieve a large-scale grid connection of new energy, a comprehensive energy
optimization dispatching system is built with gas hydrogen generation technology as
the core, and the absorption capacity of renewable energy is improved.

e  Under the premise of considering the economic benefits of the system, the optimization
of the output of the system equipment is achieved in full combination with China’s
energy policy.

e Inthe integrated energy system, the influence of the change in the hydrogen incorpo-
ration ratio on the equipment output and economy of the system is analyzed, and the
economy of the system operation is further improved.

2. Materials and Methods
2.1. Considering the IES Structure Block Diagram Containing Hydrogen

The hydrogen-doped natural gas integrated energy system studied in this paper is
shown in Figure 1 below. The system is mainly powered by the power supply system
and the gas supply system, in which the electricity is mainly considered for wind power
generation and external electricity purchase. The electric-thermos-hydrogen coupling of
the system is mainly completed by electrolytic hydrogen production equipment, hydrogen
fuel cell, and gas turbine equipment. The natural gas purchased outside and the hydrogen
produced by the electrolyzer are mixed and pressurized to form hydrogen-doped natural
gas for the use of gas equipment, providing electric energy and heat energy for the park.
The electrolyzer achieves the coupling between electric energy and hydrogen energy, the
gas turbine achieves the coupling of hydrogen-doped natural gas with electric energy and
heat energy, and the hydrogen fuel cell achieves the coupling of hydrogen energy with
electric energy and heat energy.

Wind power
generation
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purchase stored energy
Hydrogen
energy storage

ki 77777 Hydrogen'productlon _ Hydrogen
equipment fuel cell

—  Heat load
%ﬁ 4*{Comprgsslon %ﬁ o 4+ Gas turbine Thermal energy
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Figure 1. Operational structure of the integrated energy system.
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2.2. Mathematical Model of Hydrogen Enerqy Comprehensive Production and Utilization Unit

As a relatively pure and efficient new energy, hydrogen energy has a high utilization
and development potential in many fields such as industry, transportation, and civil use.
The comprehensive hydrogen energy production and utilization link mainly includes
green hydrogen production link, hydrogen production electric heating link, gas network
hydrogen mixing link and HCNG production electric heating link. In order to reflect
the energy conversion characteristics and energy supply characteristics of each hydrogen
energy utilization link, fine modeling is carried out for each link.

2.2.1. Green Hydrogen Production Link

The P2G technology is currently recognized as the simplest and most energy-saving
power-to-gas technology, which is generally divided into two stages, namely, the electrolytic
water reaction and the catalytic reaction of hydrogen to produce methane. However, due
to the low overall conversion efficiency of the two-stage P2G, this paper only selects the
P2H stage for hydrogen manufacturing to meet the energy requirements of gas turbines
and hydrogen fuel cells. The basic principles are as follows:

The chemical formula of electrolytic water reaction is as follows:

2H,0 — 2H, 4+ O, 1)

The specific mathematical model is as follows:

{ G~ perlhe @
pELmin < PEL < PELmax

where Q%L,HZ is the electrolytic hydrogen production power at time t, MW; P%, is the
amount of electric power consumed at time ¢, MW; 7| is the conversion efficiency of the
hydrogen production equipment by electrolytic water; and Pf; ... and PL, . are the upper
limit and lower limit of power consumption of electric hydrogen production equipment,
respectively, MW.

2.2.2. Hydrogen Heating Process

Since fuel cells can perform the function of energy coupling between hydrogen energy,
electric energy, and heat energy, hydrogen fuel cells are selected in this paper to improve
the collaboration between different forms of energy in the system. During the operation of
a hydrogen fuel cell, hydrogen energy is converted into electricity and heat energy, and
there is no carbon dioxide emission of conventional thermal power units, improving the
low-carbon performance of system operation. Its operating model is as follows:

PHFC HFCQHFC

- ;7Pt Hy,t
HFC _ ,,HFC )HFC
H - 17Q t QHZ, (3)
HFC HFC HFC
QHZ min — Q < Q Hy imax
HFC HFC HFC HFC
AQHZ min — QHz,t+1 QH <A Q Hy imax
where QHF € is the hydrogen energy value supplied to the hydrogen fuel cell, MW; PHFC

and HHF ¢ are the electrical energy value and the thermal energy value output of the
hydrogen fuel cell at time ¢, respectively, MW; 17HF € and ;7HP C are the electricity generation

HFC
HZ/max

and QgF gﬁn are the upper and the lower limit of energy consumption of the hydrogen fuel

cell, respectively, MW; and AQHF € and AQHFC. are the upper and the lower limit of

Hy,min

climbing slope of the hydrogen fuel Cell respectively, MW.

efficiency and the heat generation efficiency of the hydrogen fuel cell, respectively; Q
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2.2.3. Hydrogen Mixing Link of Gas Network

The HCNG unit injected the hydrogen obtained from the electrolytic hydrogen pro-
duction equipment into the natural gas pipeline and blended it with natural gas to form
hydrogen-doped natural gas. Since there are two kinds of gases in the natural gas pipeline
at the same time, in order to ensure the safety of system operation, it is necessary to limit
the proportion of hydrogen in HCNG, based on common domestic and foreign projects.
In the United Kingdom, the hydrogen blending ratio of natural gas pipeline network in
the HYDEPLOY project reached 20% [18], and in the domestic test of Yinchuan Ningdong
natural gas blending pipeline project in Ningxia, the hydrogen blending ratio of natural gas
reached 24% [19]. In this paper, the upper limit of hydrogen mixing ratio is selected as 20%.
The hydrogen mixing volume (Molar) ratio is set to Y, and then, the following equation

is obtained: t
QHZPHZ
Mp, Ly,
Y =— — (4)
QHZPHZ QCH4PCH4
Mp, Ly, © Mcha,Lch,

In the formula, Mcy, and My, are the molar masses of natural gas and hydrogen, re-
spectively, kg/mol; pcy, and py, are the densities of natural gas and hydrogen, respectively,
kg/m%; QL p, and Qé{z are the power consumed by natural gas and hydrogen, respectively,
kW; Lcp, and Ly, are the calorific values of natural gas and hydrogen, respectively, k].

2.2.4. HCNG Heating Process

As a traditional cogeneration equipment, gas turbine plays a major role in energy
supply in conventional integrated energy system. However, while it provides a large
amount of energy, it also causes a great deal of pollution and carbon dioxide emissions.

In this paper, hydrogen-doped natural gas is injected into the gas turbine for electricity
and heat production, which not only reduces the emission of pollutants, but also increases
the energy supply value due to the high calorific value of hydrogen energy.

The mathematical model of the gas turbine is as follows:

GT _ GT,CHy GT,H,
Pm,t = WGT(Gm,t LCH4 + Gm,t LHZ)

GT _ GT,CH. GT,H.
Hyy = n6r,(G *Len, + Gy L)

m,t
GT,CHy GT,CHy GT,CHy
Gm,min < Gm,t < Gm,mux
GT,H, GT,Hy GT,Hy
Gm,min < Gm,t < Gmmax (5)
GT,Hy
YGT — _ G
t — _GT.CH, GT,H
Gm,t 4+Gm,t 2
GT GT _ pGT GT
APm,min S Pm,t+1 Pm,t S APm,max
GT GT GT GT
AI_Im,min < Hm,t+1 - Hm,t < AHm,mux

where Pg{ and anﬂ are the electrical power and the thermal power output of the gas

GT,CH, GT,H,
it and Gm,t

turbine at time ¢, respectively, MW; G are the volume values of natural gas

and hydrogen consumed by the gas turbine at time ¢, respectively, m; G%ﬁf *and GEQ;H“
are the upper and lower limits of the gas volume of the input gas turbine, respectivelgl, m’;
G,%{;’,? and Gg?nff are the upper and lower limits of the hydrogen volume of the input gas
turbine, respectively, m3; g1 and 777 . are the energy utilization rate and the waste heat

recovery rate of the gas turbine, respectively; K is the heat production coefficient set at two;
YET is the volume proportion of hydrogen at time . AP,%;M and APST ~ and AH,%;W and

m,min

GT . . . . . .
AH,» ., are the upper and lower climbing limits of electric energy and heat production of

gas turbines, respectively, MW.
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2.3. IES System Economic Optimization Model
2.3.1. Objective Function

The system optimizes the output of each device with the objective function of minimiz-
ing the cost of running the system. The objective function is to minimize the sum of the cost
of purchased energy, the cost of equipment operation, the cost of carbon trading, the cost
of wind abandonment, and the benefit of green certificates, and its specific mathematical
model is shown in Equation (6):

Cinin = Cbuy + Crun + Ceur + Cc + Coo (6)

In the formula, C,,;, is the total cost, including five parts, i.e., energy purchase cost,
equipment operation cost, wind abandonment penalty cost, green certificate income, and
carbon emission cost, and the units are all in CNY.

The specific expressions for each part are as follows:

Energy purchase cost, Cp,;:

T

t t
Cb”]/ = Z (CNG/bquNG,buy + CP,bHbeuy) @)
t=1

where ¢ puy is the unit natural gas price, CNY/ m3; Q;]G,buy is the power corresponding to

the natural gas purchase at time ¢, m3; and c; buy is the electricity price at time {, CNY/kWh.
Equipment operating cost, Cryn:

T

Crun = 2 (Piftli) (8)

t=1

where P; ; is the operating power of device i at time t, KW; and I; is the unit operating price
of device I, kW/CNY;
Curtailment penalties cost, Cyy:

T

Ceur = Z (Ccurpctur) )
t=1

where ¢, is the penalty cost per unit of abandoned air volume, kW /CNY, and P!, is the
abandoned air volume at time ¢, kW.
Carbon emission cost, C¢:

Cc= (Ee,huy + EGT)C (10)

where E, ;,, is the carbon emissions generated by electricity consumption, t; Egr is the
carbon emissions generated by gas units, t; and C is the carbon emission price, t/CNY.
Green certificate income, C,:

T
Ceo = CpY_ (PIFC + pINTmax) /1000 (11)
t=1

Cp stands for the selling price of the green card, in CNY.
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2.3.2. Construction of the System Operation Model

The system includes three energy flows of electrothermal hydrogen. In order to ensure
the supply and demand balance between the system and the load, the power constraints of
this part are as follows:

te _ td
PitOAD + P]{Z%j_ Pgs - P1tNTt+ Pury j‘dp(t;T + Pirc + PEg
HtLOAD + HtH = Hgr JtFCHHFc j Hyg g (12)
Qo + Quyire T Qhys = Qerm, T Qs

In the formula, P!, ; and H] , , ;, represent the electrical and thermal load demands
of the system, respectively; P,i-’;, H;fs, and Qi'{i ¢ represent the charging energy of the

electrical, thermal, and hydrogen energy storage systems, respectively; P,i-’g, Hi’{ds, and Qé’{dz S
represent the discharge energy of the electrical, thermal, and hydrogen energy storage
systems, respectively; P}y ¢, Pty Py, and Pl represent the power supply of wind power,
gas turbine, power purchase, and hydrogen fuel cell, respectively; PL,; represents the power
consumption of the electrolytic water device. H:; and H}; - are the heat energy supplied
by the gas turbine and the hydrogen fuel cell, respectively, Q% L H, is the hydrogen supplied
by the water electrolytic device, and QEZ/GT and Qﬁh/ rrc are the hydrogen consumed by
the gas turbine and the hydrogen fuel cell, respectively.

The output constraint of wind power fluctuates greatly under the influence of wind
direction and weather, and its operation constraint conditions are as follows:

t — pt t
{ PWTmatx - PWtT+Pcur (13)
0 < PWT < PWT,max
where Pl is the value of wind power generation, P}, is the actual wind power

consumption, and P!, is the actual curbed wind power.

For the system, in order to improve the flexible operation capacity of the system and
promote the consumption of renewable energy, we should pay attention to the energy
storage capacity of the system while considering the balance of energy supply and demand
of the system, and the operation constraints of the energy storage equipment are as follows:

SES,min < SES < SESmax
0 < PE§ < uigg"PES

ES,max
0 < PE§ < 5" PES e (14)
il gl =1
Ss = St

In the formula, Sgg ey and Sgg i, are the maximum and small storage capacities of

the storage device, u%’csh” and u%’éis are the charging and discharging states of the device,

P and PY

ES,max ES,max
SY and S2% are the beginning and end states of the storage device. The operation constraint
settings of the heat storage equipment and the hydrogen storage equipment are similar to
that of the electric storage equipment.

In order to ensure the reliability of energy supply of the system, while using renewable
energy to generate electricity, the interaction between the system and the grid gas network
should be considered. The constraints of system energy purchase are as follows:

t t t

Pmin < Pbuy < Pruax
t t t
min < QNG,buy < Qmax

are the maximum charging and discharging power of the system, and

(15)
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P!, and P! . are the upper and lower limits of the interactive power between the
system and the grid, Q . and Q! are the upper and lower limits of the interactive power
between the system and the natural gas network, and Péuy and Qé\lG,buy represent the
system purchased electricity and the system purchased gas, respectively.

2.3.3. Solution of the Linearized Model

The model established in this paper is a mixed integer nonlinear model, so it needs to
be linearized. The YALMIP toolkit in MATLAB is used for programming, and the CPLEX
solver is invoked to solve the model.

3. Results

In this section, by setting different scenarios, the results of system operation are com-
pared and analyzed from the perspective of economy and low carbon, and the utilization
rate of renewable energy in the system is considered, reflecting the superiority of hydro-
gen energy addition to the system. See Appendix A for specific load parameters and
equipment parameters.

3.1. Economic Analysis of System Operation

In order to reflect the superiority of hydrogen transportation in a natural gas network,
three different operation scenarios are set up, and the carbon trading mechanism is unified
by unit price.

e  Scenario 1 is the traditional integrated energy system that does not consider the
electrolytic equipment and hydrogen fuel cells;

e  Scenario 2 is a comprehensive energy system that considers hydrogen energy utiliza-
tion and considers a fixed value of hydrogen mixing ratio of 10%;

e  Scenario 3 is an integrated energy system that considers the utilization of hydrogen
energy, and the hydrogen mixing ratio of the pipeline network is considered to vary
between 2 and 20%.

The load scheduling results in different scenarios are shown in Figures 2 and 3, and
the wind power consumption is shown in Figure 4.

‘Thermal power balance diagram «<10°

4
[ e I GT < IR B . N or CHrc I oc [ sRow

powerkW

“o 5 10 15 ) 2
timei

(b)

Figure 2. Energy balance plot in Scenario 2: (a) electrical power balance in scenario 2, (b) thermal
power balance in Scenario 2, and (c) hydrogen power balance in Scenario 2.

Hydrogen power balance diagram

power/kW

powerkWW.

power/kW

Figure 3. Energy balance plot under Scenario 3: (a) electrical power balance in Scenario 3, (b) thermal
power balance in Scenario 3, and (c) hydrogen power balance diagram in Scenario 3.
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Figure 4. Wind power output and energy consumption in different scenarios: (a) Scenario 1: electrical
absorption of stroke; (b) Scenario 2: electrical absorption of stroke; and (c) Scenario 3: electrical
absorption of stroke.

In Figure 2, the integrated Figure 2a—c can be obtained in the time period from 0:00 to
7:00 and the night time period from 20:00 to 24:00. Due to the high output of wind power
and the low demand of electric load in this time period, the electrolytic cell has a higher
output and absorbs the excess wind power. The low output of wind power and the high
demand of electric load lead to the decrease in the electrolytic cell output. In the period
when the electrolytic cell is at high capacity, the hydrogen output is high, resulting in a
high HFC force in this period. As shown in Figures 3-5, HFC provides the main energy
equipment for the system in the early morning and at night, and the gas turbine output is
low in this period. In the noon period (10:00~16:00), due to the lack of hydrogen supply
in HFC, gas turbines are used as the main energy supply equipment to meet the system
load demand.

5 x10°
25 10" , ‘ ‘ 3.03525

& hfcincome — = -
—&— hfc contribute 13.0352

13.03515

13.0351

13.03505

13.035

hfc income/yuan
hfc contribute/kw

3.03495

13.0349

13.03485

ol : : : : : : : 3.0348
0 0 20 30 40 50 60 70 80

Green certificate price/yuan

Figure 5. HFC operation under different green certificate prices.

In Figure 3, it can be seen from Figure 3a—c that the maximum output value of EL
increases in the morning because the proportion of hydrogen is not incorporated into
the restricted gas network, and it is obvious that the hydrogen content of the output gas
network decreases in the noon period when compared with Figure 2c. The output of HFC
and GT in Figure 3a is more flexible. Power is better allocated according to the system load
demand. From 8:00, the demand for electric heating load of the system changes with the
output trend of wind power. Compared with Figure 2, the difference between the outputs
of HFC and GT change more significantly, and more hydrogen is injected into GT to adjust
the energy supply state of the equipment.



Energies 2024, 17, 1902

10 of 16

The system operating costs in different scenarios are shown in Table 1. Compared
to Scenario 1, in Scenario 2 and Scenario 3, due to the addition of electrical-hydrogen
coupling equipment in the system, the operating cost of system equipment is increased.
However, compared to Scenario 1, due to the addition of hydrogen production and hy-
drogen use equipment, the utilization rate of wind power is increased by 17.68% and
19.73%, respectively, the wind power abandonment cost is reduced, and the unit output is
increased. In Scenario 2, Scenario 3 considers the variation in the hydrogen blending ratio
in hydrogen-doped natural gas, and the equipment operation cost is the highest among the
three scenarios. However, due to the enhanced system flexibility and better unit output,
the system wind abandonment penalty, carbon emission cost, and energy purchasing cost
are all lower than in Scenario 2.

Table 1. Parameter comparison of different scenarios.

Argument Scenario 1 Scenario 2 Scenario 3
Utilization rate of wind power/% 77.42 95.10 97.15
Cost of purchasing power/CNY 10,000 589.80 413.81 396.13
Carbon emission cost/CNY 10,000 143.74 140.93 131.50
Curtailment cost/CNY 10,000 104.43 13.67 7.95
Running cost/CNY 10,000 20.52 52.30 53.67
Total cost/CNY 10,000 858.50 620.73 589.25

3.1.1. Analysis of System Wind Absorption

The output of wind power under different scenarios is shown below in Figure 4. Since
Scenario 1 only considers the supply load demand of wind power generation, there are
few utilization ways of wind power, and there is a lack of wind curtailment and absorption
equipment, and a large number of wind power curtailment phenomena occur as wind
power output fluctuations. After considering the electric hydrogen production equipment,
the system’s electricity utilization path increases, and the wind power consumption capacity
of Scenario 2 and Scenario 3 is significantly improved. In Scenario 2, the wind power
utilization rate is increased by 17.68%. In the high wind power output period from 0:00
to 7:00, due to the fixed hydrogen mixing ratio of the system, the output of the electric
hydrogen production equipment is limited. There is still an obvious wind abandonment
phenomenon at 2:00 and 5:00, and the wind power utilization rate is insufficient compared
to Scenario 3. In Scenario 3, due to the relatively flexible hydrogen mixing ratio, the
hydrogen energy demand of hydrogen equipment further promotes the system to absorb
wind power and produce hydrogen energy during the high-power period of wind power
from 0:00 to 6:00; thus, the wind power utilization rate is improved compared to Scenario 2.

3.1.2. Analysis of System Carbon Emission

Compared with Scenario 1, the system carbon emission cost of Scenario 2 and Scenario
3 are decreased by CNY 28,100 and CNY 122,400, respectively. In Scenario 2, the total
carbon emissions generated by the operation and purchase of all equipment in the system
are 2,823,070.90 tons, while in Scenario 3, the total carbon emissions of the system are only
2,635,986.97 tons. In Scenario 2 and Scenario 3, hydrogen energy utilization equipment is
added. Due to the cleanliness of hydrogen energy, carbon emission is not considered in the
operation process of hydrogen equipment, thus reducing the carbon emission of the system.
Moreover, the coupling of hydrogen electricity and hydrogen heat achieved by hydrogen
fuel cells reduces the output of the gas unit in the system, reduces the carbon emission
of the gas unit, and reduces the power purchase and gas purchase of the system as well
as reduces the carbon emissions produced by the purchase and achieves the low carbon
scheduling of the system. Due to the variability in the hydrogen mixing ratio in Scenario 3,
the output of the hydrogen production equipment in Figure 3¢ during the period from
10:00 to 13:00 is lower than that in Figure 2c. However, considering the whole day, the
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output of the hydrogen equipment in Scenario 3 is higher than that in Scenario 2; thus, the
overall low-carbon performance is better than that in Scenario 2.

In summary, compared to the traditional power-to-gas integrated energy system, it
has a more far-reaching significance in improving the absorption capacity of wind energy,
promoting the development of hydrogen energy, and completing the transformation of the
system toward the low-carbon direction.

3.2. Analysis of the Influence of Green Certificate Price on the Output of Hydrogen Equipment

The technical cost of hydrogen energy in transportation, storage, and other aspects is
higher than that of other energy sources, but with the development of skills, the reduction in
hydrogen energy utilization cost, the improvement in operation efficiency, and the support
of national policies, the economy of hydrogen energy is constantly improving.

Referring to the price fluctuation range of each green certificate in recent years, the
price of the unit green certificate is in the range of CNY 0-80. Green certificate income and
output of hydrogen fuel cells under different green certificate prices are considered, and
their variations are shown in Figure 5.

In this paper, gas turbine and hydrogen fuel cell are used as energy supply equipment.
However, due to the relatively higher cost of hydrogen fuel cell, the HFC cannot work
at full capacity when the price of green certificate is low because of the poor economic
efficiency of hydrogen fuel cell. However, with the increase in green certificate price, the
green certificate income obtained by hydrogen fuel cell output increases, and the output
state of hydrogen fuel cell is also slowly improving.

3.3. Analysis of the Influence of Hydrogen Mixing Ratio on the System

In this paper, after the use of abandoned wind for hydrogen production and storage,
two modes of hydrogen use, i.e., the hydrogen fuel cell and hydrogen mixed with gas, are
considered. Due to the cleanliness of hydrogen energy and the absence of carbon emissions,
the carbon emissions during the working process of the hydrogen fuel cell are 0 MW. As
can be seen from Figure 6, the output of the hydrogen fuel cell reaches 3035.25 MW, and
hydrogen energy utilization is an effective way to absorb wind power.

350
—+—-+-Fixed hydrogen doping ratio of 10%

—#— -*-Flexible hydrogen blending ratio
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Figure 6. Hydrogen energy consumption under different hydrogen blending scenarios.

In Scenario 2 and Scenario 3, due to the different restrictions on the proportion of
hydrogen in the hydrogen mixed natural gas, device output flexibility varies in different
scenarios. Under the scenario of a fixed hydrogen blending ratio, the proportion of hydro-
gen consumed by gas turbines remains unchanged at 10%, which is not affected by energy
price and wind power output and lacks flexibility. However, in the scenario of a variable
hydrogen mixing ratio, when the electricity price or electricity load demand is high, the
system reduces the hydrogen mixing amount of the hydrogen mixing device and reduces



Energies 2024, 17, 1902

12 of 16

the output of the electric hydrogen production equipment, to reduce the consumption of
electric energy. As can be seen from Figures 2a and 3a, in the night period, wind power
is used more for electrolytic hydrogen production due to the high output of wind power
and the low demand for electric load at this time. In Scenario 2, electrolytic hydrogen
production equipment consumes 5269 MW of wind power, and in Scenario 3, it consumes
5382 MW. The hydrogen reserve is abundant; thus, in Scenario 3, the hydrogen mixing
ratio of the system’s hydrogen mixed natural gas is higher than that in Scenario 2 from
0:00 to 6:00. During the period from 10:00 to 13:00, due to a low wind power output and
a high electricity price, the system reduces the amount of hydrogen incorporation in the
gas turbine under the scenario of a variable hydrogen blending ratio; while under the
scenario of a fixed hydrogen blending ratio, due to the system’s restriction on the amount
of hydrogen in the hydrogen mixing natural gas, the system still needs to force hydrogen
production to meet the requirements of hydrogen consumption. In this period, the turbine
hydrogen energy consumption in Scenario 3 is 39.69%, which is lower than that in Scenario
2. Compared to Table 1, it can be seen that under the scenario of reasonable control of
the hydrogen blending ratio of the gas unit, the system has better emission reduction
and economy.

3.4. Analysis of User Energy Optimization Scheduling Results

In order to analyze the demand response of user units of the model proposed in this
paper, two scenarios are set for analysis and comparison:

e  Scenario 4, the user unit does not consider demand response;
e  Scenario 5, the user unit considers demand response.

As shown above, the user unit performs flexible load reduction and transfer during the
peak energy consumption period. According to the load optimization curve of the system,
under the proposed model, the user unit participates in the demand response according
to the changes in price signals, thus achieving load reduction and transfer during peak
hours and the smoothing of the load curve. It plays an obvious role in peak cutting and
valley filling, and the load peak and valley have been significantly improved. Compared to
Figures 5 and 7, due to the role of demand response, the optimized electricity load demand
is closer to the output fluctuation of wind power, which helps to reduce the system air
generation volume and optimize the output of hydrogen production equipment.
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Figure 7. Load change status before and after demand response: (a) electrical load status before and
after demand response and (b) heat load status before and after demand response.

4. Discussion

Firstly, this paper considers the refined utilization mode of hydrogen energy, estab-
lishes a comprehensive energy system model, and analyzes the changes in flexibility, econ-
omy, and the cleanliness of the system under the new energy utilization mode compared
with the traditional comprehensive energy system.
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Secondly, in the simulation operation, considering the energy supply and demand
balance of the system and the operation constraints of the equipment, ensuring the safe
operation of the system in many aspects and accurately achieving the coordinated planning
of supply and demand in the system are conducive for achieving the economic optimality
of the system.

Finally, by setting different scenarios and analyzing the equipment output status
during the system operation, the economic and environmental benefits in the system
operation cycle are achieved, and the scheme plan for the future development of the power
system is provided as a reference.

Based on the design of this paper, the research and analysis of China’s current energy
policy are conducted. The calculation shows that, with the addition of hydrogen energy
utilization, the operating cost of the system equipment increases, but the economic benefit
also improves. As the country attaches importance to environmental benefits, in the future
power system planning, the proportion of clean energy such as hydrogen energy will
continue to increase, and with the development of hydrogen energy utilization technology,
the energy cost of hydrogen energy will continue to decline.

5. Conclusions

In order to improve the low-carbon economic benefits of the power system, this paper
constructs a comprehensive energy system optimization model of hydrogen mixed with gas
and hydrogen fuel cells, fully complying with the green certificate policy and the demand
response mechanism. The carbon emissions of the system under different hydrogen mixing
ratios were analyzed considering hydrogen production and hydrogen use equipment. The
following conclusions can be drawn from the settings of the different scenarios:

1.  Hydrogen production equipment is added to the system to optimize the peak and
trough periods of the system load through demand response. In the low period of
system power load, wind power hydrogen production is used to improve the system
wind power consumption capacity, so that the system wind power consumption
capacity is increased to more than 95%.

2. The electric-hydrogen coupling unit in the system partially replaces and assumes
the functions of thermal power units and natural gas sources for power supply and
heating using technical means such as electrolytic hydrogen production, hydrogen
fuel cell power generation, and hydrogen blending, reducing the carbon emissions of
the system and improving the flexibility and economy of the system.

3.  Compared with the traditional electric integrated energy system, hydrogen storage
equipment, and hydrogen equipment, the operation cost is very high. However,
combined with the green certificate policy, the optimized model described in this
paper has significant advantages in improving the system’s wind power consumption
capacity and reducing the system’s carbon emissions.
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Abbreviations

The abbreviations or symbols used in this text are detailed below:

Tt Time state change collection

pt Battery change state set

Qf Collection of gas energy state changes

Ht Collection of thermal energy state changes
GD Purchase electricity from the grid

C Collection of states of economic change
N¢, N  Energy storage and release of system energy storage equipment
GT Gas turbine

FD Store and discharge electricity

CD Charge amount of storage device

GD The system buys power from the grid

RC Heat storage devices store energy

RF The heat storage device releases energy
QC Hydrogen storage devices store energy
QF Hydrogen storage devices release energy
EL Electrolytic device power consumption
HFC Hydrogen fuel cell

WP Wind power generation

DFH Electric load
RFH Heat load
SRQW  Hydrogen power input to the gas grid

Appendix A

Table Al. Running parameters of device.

Equipment Argument Numerical Value
EL Maximum/minimum power consumption (MW) 400/0
Unit climbing rate (MW /h) 100
Maximum and minimum output (MW) 350/0
HFC Unit climbing rate (MW /h) 100
Power generation and heat efficiency 85%/75%
Maximum and minimum output (MW) 350/0
GT Unit climbing rate (MW /h) 50
Power generation and heat efficiency 35%/40%
Upper and lower limits of storage capacity (MW) 500/50
Stored ener Maximum charge and discharge power (MW) 100
&Y Charge and discharge efficiency 90%
Initial capacity (MW) 50

Table A2. Time-of-use electricity prices.

Time Frame

Electricity Price/[CNY/KW-h]

0:00-7:00 0.35
8:00-9:00, 13:00-19:00, 23:00-24:00 0.68
10:00-12:00, 20:00-22:00 1.09
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Table A3. Time-sharing gas prices.

Time Frame Electricity Price/[CNY/m3]
0:00-1:00, 9:00-12:00, 20:00-24:00 3.25
2:00-8:00, 18:00-19:00 3.65
13:00-17:00 2.65

«10° Basic data map
T T T

T
‘-Wind power output —4— Electric load —&— Heat load

power/kW

time/h

Figure A1. Load and wind power output.

Table A4. Time-sharing gas prices.

Time 2 3 4 5 6 7 8 9 10 1 12
Type of Load

Electric load 205 205 210 195 180 190 190 200 255 345 375 380

Heat load 300 325 340 350 370 365 365 340 315 300 280 270

Time 0 4 15 16 17 18 19 2 21 2 23 2
Type of Load

Electric load 375 355 350 345 360 360 357 365 365 355 355 310
Heat load 250 245 245 245 245 250 252 260 270 290 295 310
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