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It is inevitable that renewable energy consumption will increase as installed

capacity continues to increase, primarily wind and photovoltaic power

generation. Power to Gas (P2G) technology can store electrical energy in

the form of chemical energy on a large scale. Reversible solid oxide cell

(RSOC) has a very high conversion efficiency in both electrolytic gas

production and fuel cell power generation compared with traditional

electricity-to-gas devices. For the future integrated energy system,

Reversible solid oxide cells are expected to play a significant role in

integrating power generation and energy storage. This work proposes a

new integrated energy system based on Reversible solid oxide cell for

photovoltaic (PV) consumption. The Integrated Electricity-Gas System

(IEGS) considers the two modes of electrolysis and power generation of

Reversible solid oxide cell in the model. The model takes the minimum

running cost as the objective function to linearize part of the model to

generate a mixed integer linearization problem and solve it in GAMS. The

case study shows that wind power is maximized, and the gas mixture can be

transported in natural gas pipelines, improving the economics and stability

of Integrated Electricity-Gas System. This work not only can reduce the

operating cost of the system but also increase the high penetration of

photovoltaic power generation. A quantitative assessment of the impact

of hydrogen injection ratio and renewable energy penetration was also

carried out.
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1 Introduction

The rapid and disorderly development of renewable energy

has raised some related issues (Zhang et al., 2022; Zhao S, et al.,

2022). First of all, renewable energy power generation is mainly

wind power generation and photovoltaic power generation,

which naturally have the characteristics of intermittent

fluctuation. The integration of renewable energy into the grid

is a huge challenge for the power network that requires stability

and security (Denholm and Hand, 2011; Brouwer et al., 2014;

Ahmed and Khalid, 2019). Secondly, most of the areas rich in

renewable energy are located at the terminal stations of the power

grid. Although the installed capacity is large, it cannot be fully

absorbed on site. Due to the rapid and unbalanced development

of renewable energy and regional environmental impacts, the

surrounding facilities of some large-scale new energy power

plants that have been built are not perfect, which may easily

lead to waste of renewable resources. A promising solution to

these problems is to convert it into other energy for consumption

(Fang et al., 2018; Wang et al., 2019; Martínez Ceseña et al.,

2020). Power to gas (P2G) technology produces hydrogen by

hydrolysis of water using renewable energy power, which can

supply power during peak power demand of the grid, and store

surplus energy when renewable energy power generation is more

than power demand. Paul C. Okonkwo has studied Proton

exchange membrane fuel cells (PEMFCs), which converted

power to gas through hydrolysis of water (Okonkwo et al.,

2021a; Okonkwo et al., 2021b; Okonkwo and Otor, 2021;

Okonkwo et al., 2022). Reversible Solid Oxide Cells (RSOC)

can achieve an energy conversion efficiency of more than 85% for

electrolysis mode, which is far above other methods in forms of

energy storage, and have the advantages of bidirectional

conversion, low preparation cost, and easy realization of

cogeneration (Zhang et al., 2010; Laguna-Bercero, 2012).

RSOC stands out among many P2G processes (Mogensen

et al., 2019a). The RSOC can consist of the integrated

operation of both positive and negative modes of co-

electrolysis and co-generation (Luo et al., 2017). In addition

to producing hydrogen, RSOC can also convert hydrogen into

part of synthetic natural gas (SNG) through co-electrolysis. The

produced hydrogen is mixed with natural gas and injected into

the natural gas pipeline to formHydrogen-Enriched Compressed

Natural Gas (HCNG). Current experimental and simulation

studies have demonstrated that it is feasible to inject

hydrogen in the range of 10%–20% without changing the

natural gas pipeline and natural gas equipment used by users

(Abeysekera et al., 2016; Lapo et al., 2021; Zhao et al., 2021). Such

a high proportion of hydrogen injection enables the natural gas

network to store large amounts of renewable energy. Through

P2G technology, the natural gas network and the power network

are coupled, which greatly improves the flexibility of the power

system and promotes the ability of the entire system to absorb

renewable energy, such as photovoltaic power generation.

The operation mode of the electric P2G part of the integrated

energy includes the injection and utilization of hydrogen

(Schiebahn et al., 2015; Manuel et al., 2016). Aiming at the

difficult problem of transmission of a large number of wind

power equipment installed in different regions to the demand

center, the literature (Qadrdan et al., 2015) studied an operation

optimization model of the combined natural gas and power

network in the United Kingdom. Reference (Stephen and

Pierluigi, 2015a) considers the amount of hydrogen that can

be mixed with natural gas under different natural gas network

conditions and develops a two-stage optimization method for

integrated power and natural gas networks. The impact of P2G

technology on natural gas prices and seasonal gas storage

utilization was assessed. Reference (Gao et al., 2018) linearized

the non-linear electric-gas hybrid integrated energy system

model to construct an integrated energy system model with

linear power flow distribution characteristics. Under the

condition of satisfying the demand for electric load and heat

load, the economical and reliable indicators of the system are

analyzed, and the economic benefits of P2G technology

absorbing wind power are evaluated.

RSOC has become more and more popular due to its high

energy conversion efficiency in both hydrogen production and

cogeneration (Singhal, 2012; Barelli et al., 2017). RSOC stacks can

not only be used as distributed power generation devices but also

can be grouped and integrated into large-scale stationary power

generation/P2G power plants. In the integrated energy system, it

is possible to switch freely between working modes, making the

use and storage of hydrogen more flexible. In recent research

work, solid oxide cells (SOFCs) have been thermodynamically

modeled. Several studies have provided insight into the dynamic

performance of the co-electrolysis/generation process (Becker

et al., 2012; Foit et al., 2017; Yu et al., 2017). In addition, the

electrochemical performance and durability of RSOC were

studied, and the internal electrolytic reduction process was

analyzed in detail (Azra et al., 2005; Mogensen et al., 2019b).

RSOC-based energy systems have also been extensively studied.

Previous work modeled fuel cells in microgrid-scale analysis but

did not consider the co-electrolysis process. In the modeling of

energy systems with power-to-gas relationships, the research

mainly focuses on the planning and operation of networks.

Fuel cells are generally used as devices with fixed energy

conversion efficiency, and P2G technology is generally directly

modeled as input/output components (Stephen and Pierluigi,

2015b; Haifei and Yibo, 2018; Luo et al., 2018).

In this work, a new type of RSOC electricity-gas integrated

energy system hub station is constructed, which is able to inject

hydrogen produced by electrolysis into the existing natural gas

network for storage of renewable energy and utilization of mixed

gas. The modes of co-electrolysis and power generation are

considered in the RSOC modeling. The time start-up cost of

RSOC is also considered. Combining the DC power flow model

with the gas power flow model realizes the network optimization
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of the electrical integrated energy system. A mixed integer linear

programming problem can be obtained by linearizing the

Weymouth gas flow function incrementally. In terms of case

studies, the above model is tested using an improved RTS-24

busbar grid combined with a 20-node natural gas network. The

benefits and impacts of H2 injection, storage and utilization and

natural gas blending throughout the natural gas pipeline are

quantitatively analyzed. The effects of different renewable energy

levels and H2 injection limitations on integrated energy systems

with P2Gwere investigated. The research results show that RSOC

combined with P2G and H2/SNG injection can increase the

consumption of new energy through the energy system, and

improve economic and environmental benefits.

2 Conception

The RSOC of integrated electricity-gas energy system studied

in this work aims to provide multiple energy carriers such as

electricity, natural gas, and hydrogen and their mixtures on the

basis of the transmission network, and has a considerable

renewable penetration rate. The advantage of this system is

that it reduces the capacity of the hydrogen storage facility

and saves the transportation losses of compressed hydrogen.

As shown in Figure 1, RSOC stacks are considered multi-

stackable and can be grouped into large stationary power

plants. RSOC system consists of SOEC part and methanation

part, which are combined in one reactor with different

temperature gradient zones (Zhou et al., 2020). When the

photovoltaic power generation is insufficient, the RSOC will

operate in fuel cell mode and provide power together with a

conventional heat set and a gas turbine (GT). During sufficient

PV availability, the RSOC will operate in electrolyser mode,

generating H2 with SNG that can be injected, stored and

utilized, and passed through the storage unit and NG

network. The injected H2 can be mixed in the NG pipeline

and sent to the downstream natural gas terminal. The mixed gas

can be utilized by traditional gas-consuming units such as gas

turbines and household stoves, as long as the mixed hydrogen

does not exceed a safe mixing percentage. The mathematical

model of the energy system includes a power network model and

a gas pipeline network model that injects a certain proportion of

hydrogen mixed with natural gas.

3 Mathematical formulation of IEGS

3.1 Objective function

The goal of IEGS is to minimize the overall operating cost

while meeting the user’s electricity and gas needs. Its objective

function is shown in Eq. 1. The first item represents the power

FIGURE 1
The IEGS including RSOC and H2 injection.
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generation cost of the generator set; the second item is the natural

gas cost provided by the natural gas source; the third item is the

photovoltaic curtailment cost. The fourth item is the cost of

power abandonment.

C � ∑
g∈ΩT,t

bgPg,t +∑
n,t

cnSgn,t +∑
i,t

VOLV × Pvc
i,t

+∑
i,t

VOLL × LSi,t, (1)

where Pg,t is the power generation of the generator set g at time t,

Sgn,t is the gas production at the gas source n at time t, LSi,t is the

load shedding amount at the bus i, and Pvc
i,t is the power of the

abandoned photovoltaic. The constants are: bg the power

generation price of the thermal unit g, Cn the natural gas

price at the gas source point n, VOLL the price required to

reduce the load of the system, and VOLV the price of the

abandoned light.

3.2 Modeling of RSOC

The RSOC station model proposed in this work adopts the

method of lumped functions and considers several properties of

RSOC in the hour time frame. Part-load performance of power

generation and co-electrolysis, operating schedule for RSOC, and

time-varying start-up costs are calculated as mixed integer linear

programming (MILP). Fitted curves for the part-load

performance of power generation and co-electrolysis at

steady-state RSOC are given in Figure 2. Since the C=O bond

is not easily broken, the co-electrolysis efficiency decreases with

the increase of the volume fraction of the prepared SNG.

Figure 2B depicts the operating curves for 15% (mol) H2 and

100% (mol) H2. Part-load performance can be expressed as a

non-linear function in Eqs 2, 3. It is assumed that the effect of the

production fraction of SNG on the co-electrolysis efficiency is

linear, that is, a coefficient χ is added in front of the electrolysed

natural gas in Eq. 3. Equation 4 expresses the constraint of

natural gas production. β is the maximum gas production

fraction. Carbon dioxide converted or captured during RSOC

operation can be inferred from the natural gas produced.

Pr,t � f Ein
r,t( ), (2)

EH2
r,t + χESNG

r,t � F PP2G
r,t( ), (3)

ESNG
r,t

HNG
≤ β · ESNG

r,t

HNG
+ EH2

r,t

HH2

( ), (4)

ECO2
r,t � ηCO2ESNG

r,t . (5)

In the above formula, the subscript r represents each RSOC.

Ein
i,t is the input energy of the gas; E

H2
r,t and E

SNG
r,t is the electrolysis

of hydrogen and natural gas. PP2G
r,t is the input power supply for

the common electrolysis process.HNG andHH2 is calorific value

of natural gas and hydrogen. The non-linear function f(x) can
be linearized piece by piece by incremental linearization

techniques, as expressed by Eqs 6–8 (Li and Yu, 1999).

f x( ) � f x1( ) + ∑N−1

s�1
f xs+1( ) − f xs( )[ ] · ξs, (6)

x � x1 +∑N
s�1

xs+1 − xs( ) · ξs, (7)

ξs+1 ≤ SCs, SCs ≤ ξs, 0≤ ξs ≤ 1. (8)

ξS represents the position of the number s segment; f(xs) is
the starting position of the number SCS segment; is a binary

variable.

RSOC is limited by physical conditions and cannot be started

and stopped frequently. The device needs to consider the start

and stop time constraints, as represented by Eqs 9, 10.

FIGURE 2
Linearization of the characteristic curve of RSOC during
steady-state operation. (A) power generation mode, (B)
electrolysis mode.
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Y t, j( ) +∑
s

Z t + s, j( )≤ 1, (9)

Z t, j( ) +∑
s

Y t + s, j( )≤ 1, (10)

where Y(t, j) andZ(t, j) represent the start and stop states of the
number j fuel cell during t, respectively. They are both binary

variables. 0 means the battery is off, 1 means the battery is on.

The logical relationship between the switch states of the

electrolysis and power generation modes of the fuel cell is

shown in Eqs 11–14.

Ugen
r,t − Ugen

r,t−1 � Ygen
r,t − Zgen

r,t , (11)
Uele

r,t − Uele
r,t−1 � Yele

r,t − Zele
r,t , (12)

Ygen
r,t + Zgen

r,t ≤ 1, (13)
Yele

r,t + Zele
r,t ≤ 1. (14)

The response of the SOFC is relatively slow when it switches

from one thermal equilibrium state to another, so it is necessary

to consider its ramping power when the solid oxide fuel cell

works. The relationship between the minimum operating power

and the rise/fall power is determined by Eqs 15, 16.

Prd,gen
r ≤Pgen

r,t − Pgen
r,t−1≤P

ru,gen
r , (15)

Prd,ele
r ≤PP2G

r,t − PP2G
r,t−1 ≤P

ru,ele
r . (16)

Pgen
r,t represents the generated power of the RSOC at time t;

PP2G
r,t represents the electrolysis power of the RSOC at time t;

Pru,gen
r , Prd,gen

r represent the uphill and downhill power in the fuel

cell power generation mode; and Pru,ele
r , Prd,ele

r represent the

uphill and downhill power in the electrolysis mode.

As the operating hub of the entire integrated energy system,

the RSOC’s start-up and shutdown costs cannot be ignored. As a

thermal unit, the start-up cost of an RSOC is considerable. A

1 kWh SOC stack requires approximately 1.3 kWh of energy to

cold start (Peksen, 2018). In an energy system, the RSOC can be

taken offline for a short period of time and then connected to the

grid before it is fully cooled, so that the start-up cost of the RSOC

is much lower than when it is fully cooled. The start-up cost of the

RSOC is measured by the input gas energy and depends on how

long the RSOC is offline before start-up. A typical time-

dependent start-up cost function can be found in (Carrion

and Arroyo, 2006). The start-up cost is discretized, as shown

in Figure 3 and Eqs 17, 18.

Esl
r,t−1 ≥Kl

r Uele
r,t + Ugen

r,t( ) −∑l
n�1

Kl
r −Kn−1

r( ) · Uele
r,t−n + Ugen

r,t−n( ),
(17)

Kl
r � Vsl

r 1 − e− 1/τ( )( ) + Fsl
r , (18)

Among them, l is the length of the RSOC offline, Kl
r is the

start-up cost of fuel cell after the offline time length, Vsl
r is the

maximum start-up cost variable, Fsl
r is the fixed start-up cost, and

τ is the cooling time constant. So the start-up cost when the

RSOC is fully cooled is Vsl
r + Fsl

r .

3.3 Electricity network

The integrated energy system adopts the transmission

network and adopts the DC power flow transmission model.

Equations 19–23 represent the constraints of the transmission

network.

∑
g∈Ωi

G

Pg,t − PP2G
g,t( ) + LSi,t + Pv

i,t − Li,t � ∑
j∈Ωi

l

Pij,t, (19)

Pij,t � δi,t − δj,t
xij

, (20)

−Pmax
ij ≤Pij,t ≤Pmax

ij , (21)
Ppv
t � pv

i + pvc
t , (22)

0≤LSi,t ≤Li,t. (23)

In the formula, Li,t is the power load, δi,t is the included angle

of the busbar i, xij is the reactance of the transmission line

between the busbar i and j, Ppv
t is the predicted photovoltaic

power generation, Pv
i is the photovoltaic power generation

included in the power grid, and Pvc
t is the amount of

abandoned light.

3.4 Gas network

Gas network constraints include pressure boundary

constraints and gas flow equilibrium constraints. For a

pipeline node, the gas coming in from the node mainly comes

from the terminal gas supply, storage facilities, gas supply from

pipelines (transmitted from other nodes), and hydrogen

produced by P2G, and the gas going out mainly goes to

FIGURE 3
The relationship between startup cost and offline time.
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another pipeline or is consumed by utilization. For network

optimization, the volume of injected H2 is converted to the

volume of natural gas. Equations 24–26 further constrain the

gas source output and gas flow.

∑
m

Qn,m,t + GLn,t + ∑
g∈Ωn

G

Ein
g,t + Esl

r,t + ECO2
r,t

HNG

� ∑
m

Qm,n,t + ∑
r∈Ωn

R

EH2
r,t + ESNG

r,t

HNG
+ Sgn,t,

(24)

Sgmin
n ≤ Sgn,t ≤ Sgmax

n , (25)
Qmin

n,m ≤Qn,m,t ≤Qmax
n,m , (26)

Among them, Qn,m,t is the gas volume flow rate from node n

to nodem, andGLn,t is the gas load at node n. The nodal pressure

constraints follow the Weymouth formula:

Qm,n,t Qm,n,t

∣∣∣∣ ∣∣∣∣ � C2
mn · p2

m,t − p2
n,t( ), (27)

pmin
n ≤pn,t ≤pmax

n . (28)

Linearize the Weymouth formula in order to make the entire

optimization system a mixed integer linear programming model.

In theWeymouth formula, it can be linearized by the incremental

linearization technique mentioned in the previous section.

Qm,n,t Qm,n,t

∣∣∣∣ ∣∣∣∣ � Q1 Q1| | + ∑N−1

κ�1
Qk+1 Qk+1| | − Qk Qk| |( ) · ξk, (29)

Qm,n,t � Q1 + ∑N−1

κ�1
Qk+1 − Qk( ) · ξk, (30)

ξk+1 ≤ SGk ≤ ξk (31)
0≤ ξk ≤ 1. (32)

In order to ensure a safe mixing ratio of the hydrogen

mixture, the limit of the mixture of hydrogen and natural gas

must be limited. The risks and hazards of mixing high

proportions of hydrogen with natural gas have been evaluated

in many projects (Azra et al., 2005). In this paper, the mixing

constraint of H2 can be expressed as:

QH2
n,t

QH2
n,t + QSNG

n,t + Sgn,t

≤MI. (33)

The MI is the maximum mix limit percentage. QH2
n,t and

QSNG
n,t are the quantities of hydrogen and natural gas injected at

node n, and Sgn,t is the quantities of natural gas supplied by

the node.

4 Case studies

4.1 Tested system

As shown in Figure 4, the tested electric-gas integrated

energy system network consists of a 20-node gas system and a

modified IEEE RTS-24-bus power system. In the following

FIGURE 4
The IEGS network test system.
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example, we demonstrate the behavior of the proposed model

during hourly optimization of the day. There are three

photovoltaic power plants on Lines 1, 19 and 21 with

capacities of 750, 1,000, and 1,250 MW respectively. When the

sunlight is sufficient during the day, the excess photovoltaic

power generation of the power system can be used by the

reversible solid oxide fuel cell to participate in the P2G

process. RSOC1, RSOC2, RSOC3, and RSOC4 are installed on

bus bars 1, 2, 16 and 22 with capacities of 152, 152, 155, and

300 MW respectively. The technical data of RSOC refer to

literature (Peksen, 2018; Mogensen et al., 2019b), which are

uniformly adjusted to all RSOC units. The performance of

power generation and co-electrolysis is shown in Figure 2.

The power generation efficiency of each fixed RSOC is 52%,

and the electrolysis efficiency of pure H2 is 76%. The maximum

gas production is 85%, and the total electrolysis efficiency is 69%.

Start-up fees vary over time, as shown in Figure 3. The electricity

demand data, natural gas demand data, and photovoltaic power

generation forecast data are shown in Figure 5. User natural gas

FIGURE 5
Scheduling results for hydrogen injection with a maximum
concentration of 20%. (A) 50% light intensity, (B) 80% light
intensity, (C) 100% light intensity.

FIGURE 6
The situation of each RSOC electrolysis and power
generation. (A) 50% light intensity, (B) 80% light intensity, (C) 100%
light intensity.
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demand is measured by the volume of natural gas, which adds up

to 36.4 × 106 SCM per day. The rest of the system data can be

obtained from literature [38].

Because photovoltaic power plants fluctuate greatly on a daily

basis, they have been chosen as the renewable energy source of

this integrated energy system. This indicates a system’s ability to

absorb renewable energy more clearly in a fluctuating renewable

energy environment. In order to evaluate the impact of different

levels of renewable energy and different hydrogen injection

limitations on the established integrated energy system, three

different light levels were used: 1) low light (50%) light intensity,

2) medium light (80%) light intensity, 3) strong light (100%) light

intensity, three hydrogen injection limits: 1) 5% maximum

hydrogen injection concentration; 2) 20% maximum hydrogen

injection concentration; 3) 0% hydrogen injection concentration.

In order to operate the system at different light intensities, the

system will increase/decrease the input predicted photovoltaic

power generation power for each time period, while the light

intensity changes hourly way does not change. In order to reflect

the changes in the system when the hydrogen injection limit

values are different, the injection percentage parameter MI in Eq.

33 for the maximum hydrogen injection concentration is

adjusted to adjust the maximum hydrogen injection

concentration that can be safely injected into the natural gas

pipeline.

4.2 20% H2 injection limit

Figure 5 shows the scheduling results for a maximum H2

injection concentration of 20%. We can observe that as light

intensity increases, fossil fuel power generation decreases, and

electrolysis power increases. When the light intensity increases to

80%, the power generation of fossil fuels is lower at the time of

t9–t14. This is because the light intensity at noon is large, the

power supplied to the grid is sufficient, and a part can be used for

electricity to gas conversion.When the light intensity is 100%, the

power generation of fossil fuels and the power of electricity to gas

does not change greatly, which is caused by the power limitation

of fuel cell electricity to gas and the limitation of the maximum

hydrogen concentration. The electricity-to-gas process can still

generate fossil fuel power at night, even when there is no light.

This is because the lines are congested, and in order to balance

supply and demand, part of the electricity is converted into

natural gas or hydrogen.

The operating state of the RSOC is shown in Figure 6 and

Table 1. As light intensity increases, the P2G process’s operating

power increases. At 50% light intensity, RSOC1 and

RSOC4 operate in electrolysis mode at noon, and the rest of

the time is to provide power to the power system. The start-up

costs for RSOC1, RSOC2 and RSOC4 are 183, 206, and

408 MWh, respectively, because PV generation is not

sufficient to maintain the minimum P2G operating power of

these units. At 80% light intensity, all RSOCs can operate in

electrolysis and power generation modes, except for all-day

RSOC2 in power generation mode. At 100% light intensity, all

RSOC will participate in the electrolysis and power generation

process. Under 50% light intensity, although the efficiency of

converting electricity to natural gas is relatively low, the gas

production is still considerable. SNG production balances

hydrogen and natural gas mixing ratios. The production of

electricity to natural gas and hydrogen increased continuously

with the increase of light intensity, but the increase was not

obvious at more than 80% light intensity. To integrate more

unconsumed photovoltaic power generation, more natural gas

needs to be mixed with hydrogen injection pipelines. In addition,

due to the limitation of the transmission capacity of the circuit

line, when the light intensity is relatively high, a part of the

renewable energy cannot be converted into hydrogen and natural

gas in time through the RSOC for storage.

TABLE 1 Operating results of the system under different hydrogen doping concentrations and light intensities.

H2 injection
concentration (%)

Light
intensity (%)

System
cost (103$)

PV
cuts (MWh)

H2 produc-tion
(106M3)

SNG produc-tion
(106M3)

0% 50% 289 26 0 0

0% 80% 3055 3756 0 0

0% 100% 3216 7141 0 0

5% 50% 2841 15 0.944 0

5% 80% 2979 3299 0.944 0

5% 100% 3135 6608 0.944 0

20% 50% 2835 23 0.988 0.194

20% 80% 2931 2518 0.984 0.216

20% 100% 3091 5902 0.981 0.187
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4.3 System operation results under
different maximum hydrogen injection
concentrations

Under the framework of energy dispatch, the benefit of

mixing different concentrations of hydrogen 0%, 5% and 20%

maximum hydrogen injection concentration scenarios is

discussed. Among them, the total optimal cost includes source

gas cost, photovoltaic reduction penalty, and load reduction.

It can be concluded from Table 2 that when the highest

hydrogen doping concentration is 20%, the system cost and

photovoltaic reduction are relatively reduced, while the

production of hydrogen and natural gas increases

correspondingly. In spite of this, the cost of the system did

not decrease significantly after the light intensity gradually

increased. This is because when calculating the cost of the

system, its light penalty is taken into account. The cost of the

system will increase significantly when the light intensity is high,

and the load demand is low. It is found that when the highest

hydrogen doping concentration is 5%, the natural gas production

is 0 when the highest hydrogen doping concentration is 20%.

When the highest hydrogen doping concentration is 20%, the

system will generate natural gas, which reduces the supplement

of external natural gas and reduces the cost. The intake of

hydrogen gas is higher.

5 Conclusion

In this work, we presented a power-to-gas integrated energy

system based on RSOC in order to promote the development of

multi-energy complementary systems. By dividing the

electricity-to-gas process in the RSOC into electricity-to-

hydrogen and electricity-to-natural gas, we investigated the

system characteristics and the time-varying law of start-up

costs under different RSOC operating modes (electrolysis

and power generation). Based on the DC power flow power

systemmodel and the linearized gas pipeline model, the optimal

scheduling problem of the integrated energy system is

established. In addition, we also evaluated the amount of

energy generated from renewable sources, such as

photovoltaics, and the effect of the maximum concentration

of hydrogen injection on the energy system. This work also

quantified the economic benefits of power-to-gas in renewable

energy integration. With the continuous improvement and

progress of electricity-to-gas technology, reversible solid

oxide fuel cells may ultimately contribute significantly to

carbon neutrality.
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Nomenclature

Abbrevations

HCNG Hydrogen-Enriched Compressed Natural Gas

IEGS Integrated Electricity-Gas System

P2G Power to Gas

PV Photovoltaic

RSOC Reversible solid oxide cell

SNG Synthetic natural gas

SOFCs Solid oxide cells

English letter

GLn,t the gas load at node n

LSi,t load shedding amount at the bus i

SCS binary variable

Sgn,t gas production at the gas source n at time t

bg the power generation price of the thermal unit

cn the natural gas price at the gas source point n

deltai,t the included angle of the busbar i

EH2
r,t the electrolysis of hydrogen

Ein
r,t the input energy of the gas

ESNG
r,t the electrolysis of natural gas

Fslr fixed start-up cost

HH2 calorific value of hydrogen

HNG calorific value of natural gas

Kl
r start-up cost of fuel cell after the offline time length

l length of the ROSC offline

Li,t power load

Pg,t power generation of the generator set g at time t

Pvc
i,t power of the abandoned photovoltaic

Pgen
r,t generated power of the RSOC at time t

PP2G
r,t input power supply for the common electrolysis process

Pv
i the photovoltaic power generation included in the

power grid

Prd,ele
r downhill power in the electrolysis mode

Prd,gen
r downhill power in the fuel cell power generation mode

Pru,ele
r uphill power in the electrolysis mode

Pru,gen
r uphill power in the fuel cell power generationmode

Ppv
t the predicted photovoltaic power generation

Pvc
t the amount of abandoned light

Qn,m,t the gas volume flow rate from node n to node m

QH2
n,t the quantities of hydrogen injected at node n

QSNG
n,t the quantities of natural gas injected at node n

tau cooling time constant

Vsl
r the maximum start-up cost variable

VOLL the price required to reduce the load of the system

VOLV the price of the abandoned light

xij the reactance of the transmission line between the busbar i

and j

Y(t, j) binary variable indicating start state

Z(t, j) binary variable indicating stop state
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