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Abstract: In the context of carbon neutrality and carbon peaking, in order to achieve low carbon
emissions 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 realize the
transmission and utilization of hydrogen energy. At the same time, the participation of demand
response is considered, the load peak and trough period is adjusted, and large-scale consumption
of renewable energy and the reduction of carbon emissions are realized. 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 low-carbon 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 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 increasing climate warming. 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 will produce 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
connection of wind power, the problem of wind abandonment caused by its randomness and
intermittency is also exposed. How to achieve high efficiency of wind power consumption and realize
low-carbon economic operation has become a new hot issue.

Hydrogen energy is widely recognized as a clean energy source with significant development
potential in the 21st century. As a crucial secondary energy to support the 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
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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 literature [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. Literature [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. Diverging from conventional P2G technology, this
approach utilizes hydrogen to produce methane after completing the electric hydrogen production
stage. Literature [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 equipment to complete the coupling of hydrogen energy with electric energy and
heat energy, so as to realize the fine utilization of hydrogen energy. Literature [10] constructed an
electric hot gas hydrogen integrated energy system, and analyzed the feasibility of realizing the
optimal scheduling of the system after adding hydrogen equipment for hydrogen production to the
traditional integrated energy system. Literature [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 hydrogen energy supply.

The above literature basically only considers the feasibility of hydrogen energy integration 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 promote the low-carbon transformation of the integrated energy system under the
context of ensuring high economic benefits. Because the basic equipment for hydrogen distribution
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]. Literature [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 hydrogen mixing ratio on the system. Literature [15] combined gas hydrogen blending technology
and carbon trading mechanism to analyze the impact of gas hydrogen blending technology on the
low-carbon property of the system, but it did not give full play to 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 certificate policy trading mode.
Literature [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. Literature [17] optimizes load matching degree
through demand response to optimize equipment operating costs and carbon emissions.

To solve these problems, a comprehensive energy system model considering hydrogen blending
and demand response is proposed. First of all, considering the production and utilization of
hydrogen energy, the electrolytic hydrogen production equipment and hydrogen 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 optimization method considering the demand response and hydrogen mixing of gas
is proposed to establish the low-carbon economy optimization goal with the lowest comprehensive



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 February 2024 d0i:10.20944/preprints202402.1766.v1

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 In order to realize 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 realized in full combination with China's energy policy.

¢  In the integrated energy system, the influence of the change of hydrogen incorporation 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 provided by the power supply system and the gas supply
system, in which the electricity is mainly considered wind power generation and external electricity
purchase. The electric-thermo-hydrogen coupling of the system is mainly completed by electrolytic
hydrogen production equipment, hydrogen fuel cell and gas turbine equipment. The natural gas
purchased from 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 electrolyser realizes the coupling between electric energy and hydrogen
energy, the gas turbine realizes the coupling of hydrogen-doped natural gas with electric energy and
heat energy, and the hydrogen fuel cell realizes the coupling of hydrogen energy with electric energy
and heat energy.
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Figure 1. Operational structure of the integrated energy system.

2.2. Mathematical Model of Hydrogen Enerqy Comprehensive Production and Utilization Unit

As a relatively pure and efficient new energy, hydrogen energy has a strong 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.
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2.2.1. Green Hydrogen Production Link

Currently recognized as the simplest and most energy-saving power-to-gas technology is P2G
technology, which is generally divided into two stages, namely electrolytic water reaction and
catalytic reaction of hydrogen to produce methane. However, due to the low overall conversion
efficiency of 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:

2H,0 —»2H,+0, (1)
The specific mathematical model is as follows:

QIZ:“L Hy, T Na b }:EL

P, <P, <P

ELmin EL — © ELmax

2)

Where QfEL u, 1istheelectrolytic hydrogen production power at time t, P), is the amount of electric
power consumed at time t, 77, is the conversion efficiency of the hydrogen production equipment

by electrolytic water, P,  and P,

rmin are the upper and lower limits of the electric energy of the

output hydrogen production equipment, respectively.

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 hydrogen fuel cell,
hydrogen energy is converted into electricity and heat energy, and there is no carbon dioxide
emission of conventional thermal power units, which improves the cleanliness of the system. Its
operating model is as follows

HFC HFC HFC
B =15, Ou,

HFC HFC HFC
H 77Q t Q

HFC HFC < HFC (3)
QH2 min QH2 H) ax

HFC HFC HFC HFC

AQH2 min — = H, t+1 QHzt - AQ Hy nax

2.2.3. Hydrogen Mixing Link of Gas Network

The HCNG unit injected the hydrogen obtained from the electrolytic hydrogen production
equipment into the natural gas pipeline and blended it with natural gas to form hydrogen-doped
natural gas. Since there are two kinds of gas in the natural gas pipeline at the same time, in order to
consider the operation safety of the equipment, the hydrogen ratio of hydrogen-doped natural gas
with methane as the main and hydrogen as the auxiliary is set. 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%. Set the hydrogen mixing
volume ratio to y, then
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Apeng =Yy, + (1= y)acy,

(4)
Hyeng = yHH2 +(1 _y)HCH4

In the formula, @y, @) and oy, are the volume occupied by hydrogen-doped natural
gas, hydrogen and methane respectively, and H ,cy., H y, and H cn, are the calorific value of

hydrogen and methane respectively

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 pollutant production 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 gas turbine is:

Pyl =06 (G Loy, + G0 Ly )

Hrff =Mer.r (G’i{ﬂﬂ LCH4 + Grf,{’Hz LH2 )

GErir < GIT T < G

GELl < GE <Gt .
. G
‘ Grff,cm N G,ff’Hz

APGT S PGT _PGT < APGT

m,min m,t+1 mpt — m,max
GT GT GT GT
AH <H —H < AH
m,min — m,t+1 mpt — m,max

Where PmGtT and H ,S { are respectively the electrical power and thermal power output of the gas
turbine at time t; G,ff’CH“ and G:Z’HZ are respectively the volume values of natural gas and

hydrogen consumed by the gas turbine at time t; G ~-'* and GY " are respectively the upper

m,max m,min
and lower limits of the gas volume of the input gas turbine; G,(n; Tnfxz and Grf iﬁz are respectively
the upper and lower limits of the hydrogen volume of the input gas turbine. LCH4 and LH2 are
respectively the calorific value of natural gas and hydrogen, 77, and 7;, ,, are respectively the
energy utilization rate and waste heat recovery rate of the gas turbine, K is the heat production

coefficient set at 2, ¥" is the volume proportion of hydrogen at time t. APS! —and AP ~ and

ax m,min
GT GT
AH and AH

m,max m,min

are the upper and lower climbing limits of electric energy and heat

production of gas turbines, respectively.
2.3. IES System Economic Optimization Model

2.3.1. Objective Function



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 February 2024 d0i:10.20944/preprints202402.1766.v1

The system optimises the output of each device with the objective function of minimising the
cost of running the system. The objective function is to minimise 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 the specific mathematical model is shown in equation (6):

Cmi = C + Crun + Ccur + Cc + Cco (6)

n buy

In the formula, C

min 1 the total cost, including five parts: energy purchase cost, equipment

operation cost, wind abandonment penalty cost, green certificate income and carbon emission cost.
The specific expressions for each part are as follows
Energy purchase cost C,,, :

Cbuy =

t

t 12
(CNG,bquNGYbuy + cP,buyl)buy ) (7)

T
=1
. . . t . .

Where ¢, ,,, is the unit natural gas price, QN(M is the power corresponding to the natural

uy

. t . P . .
gas purchase at time t, and ¢, 18 the electricity price at time t.

Equipment operating costC,  :

T

Crun = Z (I)iitli) (8)

t=1

Where B_t is the operating power of device i at time t, and /; is the unit operating price of
device i;
Curtailment penalties cost C,, :

T

C.. =2 (cr ) 9)

t=1

Where ¢, is the penalty cost per unit of abandoned air volume, and Pci” is the abandoned

air volume at time t.
Carbon emission cost C,. :

C.=(E,,, +E;)C (10)

Jbuy

Where E, puy 18 the carbon emissions generated by electricity consumption, E_, isthe carbon

emissions generated by gas units, and C is the carbon emission price.

Green certificate income C, :
T
C,=C, > (B"+P"™)/1000 (11)
t=1

C, stands for the selling price of the green card.

2.3.2 Construct 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 load, the power constraints of this part are as
follows:
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t ¢ te _ pt ¢ ¢ ¢ t,d
IDLOAD+PEL+PES _PWT+I)BUY+PGT+PHFC+PES

t te _ gyt t t,d
HLOAD+HHS _HGT+HHFC+HHS (12)

< _ d
Q;-IZ,GT + Qzlqz,HFc + ;st - Q}tzL,H2 + Q;JZS

In the formula, P, and H,,,, represent the electrical and thermal load demand of the
system respectively; be:; , H ;1; and Q;IES represent the charging energy of the electrical, thermal

and hydrogen energy storage systems respectively; Py, H ;jsi and Q,t{’js represent the discharge

ES 7
Pt

energy of the electrical, thermal and hydrogen energy storage systems respectively; F py

wr s
P,y and P, represent the power supply of wind power, gas turbine, power purchase and
hydrogen fuel cell respectively; Py, represents the power consumption of the electrolytic water
device. H, and H,,. are the heat energy supplied by the gas turbine and hydrogen fuel cell
respectively, O, y, is the hydrogen supplied by the water electrolytic device, QZZ’GT and
Q;{p ure are the hydrogen consumed by the gas turbine and 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 ¢
PWTmax _PWT+P

0<P, <P,

WT ,max

(13)

Where PB,,  is the value of wind power generation, P, is the actual wind power

consumption, and PC’W 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 S SES S SES,max

f,c t,cha pt,c
0< P <u; ‘P

ES ES,max
0< Py’ <upd" Py (14)
upd® +uld =1
Sgs = Ség

Inthe formula, Sy . and S . arethe maximum and small storage capacity of the storage

t,dis

and ujs are the charging and discharging states of the device, PEI’S‘:maX and Pg;{max

. t,cha
device, uj

are the maximum charging and discharging power of the system, Sgs and S;; are the beginning

and end states of the storage device. The operation constraint setting of heat storage equipment and
hydrogen storage equipment is similar to that of 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:
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P <p <P

min buy max

t t 12
Qmin S Q S max

NG buy

(15)

P’ and P

max min

are the upper and lower limits of the interactive power between the system and
the grid, O ., and Q. are the upper and lower limits of the interactive power between the system
and the natural gas network, and Bfuy an Q;GM represent the system purchased electricity and

system purchased gas, respectively.

3. Results

In this section, by setting different scenarios, the results of system operation are compared 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 hydrogen energy addition to the
system.

3.1. Economic Analysis of System Operation

In order to reflect the superiority of hydrogen transportation in natural gas network, three
different operation scenarios are set up, and the carbon trading mechanism is unified unit price.
e  Scenario one is the traditional integrated energy system that does not consider electrolytic
equipment and hydrogen fuel cells;
e  Scenario 2 is an integrated energy system of hydrogen energy utilization, and a fixed value of
10% hydrogen mixing ratio is considered;
e  Scenario 3 is a comprehensive energy system of hydrogen energy utilization, and the change of
hydrogen mixing ratio of the pipeline network is considered.
The total wind power consumption and dispatching results of different hydrogen-doped natural
gas integrated energy systems are shown in Figures 4 and 5.

Figure 2 (a) Figure 2 (b) Figure 2 (c)

Figure 2. Energy balance plot in scenario 2.

Figure 3 (a) Figure 3 (b) Figure 3 (c)

Figure 3. Energy balance plot under Scenario 3.
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The system operating costs in different scenarios are shown in Table 1. Compared with 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 with scenario 1,
due to the addition of hydrogen production and hydrogen 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 of 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 in different scenarios.

Argument Scenario 1Scenario 2Scenario 3
Utilization rate of wind power /% 77.42 95.10 97.15
Cost of purchasing power / 10,000 yuan 589.80  413.81 396.13
Carbon emission cost / 10,000 yuan 143.74 140.93 131.50

Curtailment cost /10,000 yuan 104.43 13.67 7.95
Running cost /10,000 yuan 20.52 52.30 53.67
Total cost / 10,000 yuan 858.50  620.73  589.25

3.1.1. Analysis of System Wind Absorption

The output of wind power under different scenarios is shown in Figure 4 below. 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, 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 obvious wind abandonment phenomenon at 2:00 and
5:00, and the wind power utilization rate is insufficient compared with 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 0:00-6:00, so the wind power utilization rate is improved
compared with scenario 2

Wind pover output I Wind power output w0® Wind power output

pEp— o Vndroveroumt Err=— O Wi povercu

xxxxxx

Figure 4 (a) Figure 2 (b) Figure 2 (C)

Figure 4. Wind power output and energy consumption in different scenarios.

3.1.2. Analysis of System Carbon Emission

Compared with scenario 1, the system carbon emission cost of scenario 2 and scenario 3
decreased by 28,100 yuan and 122,400 yuan respectively. In scenario 2, the total carbon emissions
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generated by the operation and purchase of all equipment in the system are 2823070.90 tons, while in
scenario 3, the total carbon emissions of the system are only 2635986.97 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. Reduce the carbon emissions brought by the purchase and realize the low carbon scheduling
of the system. As can be seen from Figure 6, due to the variability of hydrogen mixing ratio in Scenario
3, it can be seen from the hydrogen power balance diagram that although the output of hydrogen
production equipment in the period from 10:00 to 13:00 is lower than that in scenario 2, the output of
hydrogen equipment in Scenario 3 is higher than that in scenario 2, so the overall low-carbon
performance is better than that in scenario 2.

In summary, compared with the traditional power-gas integrated energy system, it has 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 to 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 of hydrogen energy
utilization cost, the improvement of 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 selected in the range of 0-80 yuan. Green certificate income and output of
hydrogen fuel cells under different green certificate prices are considered respectively, and the
variation is shown in Figure 5.

T T
- heincome

(5 hfc contribute | 3.0352

hfc incomelyuan
hfc contribute/kw

Green certificate price/yuan
Figure 5. HFC operation under different green certificate prices.

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, HFC will not 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 of 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
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In this paper, after the use of abandoned wind for hydrogen production and storage, two modes
of hydrogen use, hydrogen fuel cell and hydrogen mixed with gas, are considered. Due to the
cleanliness of hydrogen energy and no carbon emission, the carbon emission during the working
process of hydrogen fuel cell is OMW. As can be seen from Figure 6, the output of hydrogen fuel cell
reaches 3035.25MW, and hydrogen energy utilization is an effective way to absorb wind power.

In scenario 2 and scenario 3, due to different restrictions on the proportion of hydrogen in the
hydrogen mixed natural gas, device output flexibility varies in different scenarios. Under the scenario
of fixed hydrogen blending ratio, the proportion of hydrogen 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 variable hydrogen mixing ratio, when the electricity price or electricity
load demand is high, the system will reduce the hydrogen mixing amount of the hydrogen mixing
device, and reduce the output of the electric hydrogen production equipment to reduce the
consumption of electric energy. As can be seen from Figures 2 and 3, in the night period, wind power
is more used 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 5,269MW of wind power, and in scenario 3, 5,382MW. The hydrogen reserve is abundant,
so in scenario 3, the hydrogen mixing ratio of the system's hydrogen mixed natural gas is higher than
that in scenario 2 from 0:00-6:00. During the period from 10:00 to 13:00, due to low wind power output
and high electricity price, the system reduces the amount of hydrogen incorporation in the gas
turbine under the scenario of variable hydrogen blending ratio; while under the scenario of 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% lower than that in scenario 2. Compared with Table 1, it can be seen that under the scenario
of reasonable control of hydrogen blending ratio of gas unit, the system has better emission reduction
and economy.

rdrogen consumption power under fixed ratio and variable ratio hydrogen mixing
350

T
~+-Fixed 10% hydrogen doped

w0 -*-Variable doped hydrogen

200 |

150 |

power/(t/)

100 |

5 |

0 5 10 15 20 25 30

time/h
Figure 6. Hydrogen energy consumption under different hydrogen blending scenarios.

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:
. Scenario 4, the user unit does not consider demand response;

e  Scenario 5, the user unit considers demand response.
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1o Heatload curve before and after demand response
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Figure 7 (a) Figure 7 (b)

Figure 7. Load change status before and after 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 smoothing the load curve.
It plays an obvious role of peak cutting and valley filling, and the load peak and valley have been
significantly improved. Compared with FIG. 5 and FIG. 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.

4. Discussion

Firstly, this paper considers the refined utilization mode of hydrogen energy, establishes a
comprehensive energy system model, and analyzes the changes of flexibility, economy and
cleanliness of the system under the new energy utilization mode compared with the traditional
comprehensive energy system.

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 is conducive to achieving the economic optimal 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
realized, and the scheme plan for the future development of the power system is provided as a
reference.

Based on the design of this paper, combined with China's current energy policy research and
analysis. The calculation shows that with the addition of hydrogen energy utilization, the operating
cost of the system equipment increases, but the economic benefit is also better. 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 combining the green certificate policy and demand response mechanism. The carbon
emissions of the system under different hydrogen mixing ratio were analyzed considering hydrogen
production and hydrogen use equipment. The following conclusions can be drawn from the Settings
of different scenarios:
1. Hydrogen production equipment is added to the system to optimize the peak and trough period

of system load through demand response. In the low period of system power load, wind power
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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 by means of
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 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

P! Battery change state set

Qt Collection of gas energy state changes GD Purchase electricity from the grid
H! Collection of thermal energy state changes

C Collection of states of economic change

N¢ Nd Energy storage and release of system energy storage equipment

GT Gas turbine
FD Store and discharge electricity
CD Charge amount of storage device
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

Appendix A

Table Al. Device Running Parameters.

Equipment Argument Numerical Value
EL Maximum/minimum power consumption (MW) 400/0
Unit climbing rate (MW/h) 100
HEC Maximum and minimum output (MW) 350/0

Unit climbing rate (MW/h) 100
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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
Maximum charge and discharge power (MW) 100
Stored energy Charge and discharge efficiency 90%
Initial capacity (MW) 50

Table A2. Time-of-use electricity price.

Time Frame Electricity Price /[Yuan/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

Table A3. time-sharing gas prices.

Time Frame Electricity Price /[Yuan /KW-h]
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
‘-V\I‘mdpowerouipui : A Eledrlc‘\oad N ‘Heaﬂoad ‘

power/kW

time/h

Figure A1l. Load and wind power output.
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