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ABSTRACT The regional multi-energy system (RMES) can realize the coupling and complementation of
different energy sectors, including electricity, heat, and gas, with the advantage of energy cascade utilization.
With the development of hydrogen fuel cell vehicle (FCV) technology, hydrogen has great application
potential in the transportation sector. The use of surplus electricity to produce hydrogen through water
electrolysis technology can increase renewable energy penetration in power systems. This paper proposed
an optimal design and operation method of RMES that considers system reliability constraints under
different-level renewable energy penetrations. The RMES includes renewable generation devices, conversion
devices such as fuel cells and electric boilers, and emerging devices such as electrolysis cells and hydrogen
storage tanks. In order to improve the reliability of the planning results, we consider the reliability constraints
of crucial devices in the planning model. In addition, we paid attention to the potential of hydrogen storage
tanks for inter-seasonal energy complementation. In the solution of the model, the optimization model can
be transformed into a mixed-integer linear programming (MILP) problem by linearizing the non-linear
constraints, which can be directly solved by CPLEX, showing good performances in practical applications.
Finally, case studies are performed to show the superiority of the planning model.

INDEX TERMS Hydrogen energy, regional multi-energy system, reliability, renewable energy.

I. INTRODUCTION
With the depletion of fossil energy consist of coal and oil
and the environmental problem caused by them, people are
paying more attention to the development and utilization of
renewable energy [1], [2]. Due to the intermittent and fluctu-
ating output of renewable energy, renewable curtailment has
become a world problem [3]. The multi-energy system can
increase the operational flexibility and economy by hybridiz-
ing different technologies, showing great potential in energy
supply [4], [5].

From another perspective, the development of water elec-
trolysis and fuel cell technologies makes it possible to convert
the redundant power into hydrogen for synthetic ammonia,
alcohol production, steel making, fuel cell energy supply, etc.
[6]. It gets rid of the single storage function of the battery,
realizes the bridge between renewable energy and industrial
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applications, and can further increase the renewable penetra-
tions [7]. However, as an emerging technology, the longevity
and utilization hours of the fuel cells and electrolytic cells are
still important issues [8]. Therefore, system reliability must
be considered in the design and operation of the RMES.

Up till now, there are some works related to the reliability
of the multi-energy system. Based on the energy hub model,
the authors of [9] proposed a linearized model for optimal
design and operation of multi-energy systems (MES) with
reliability requirements, which can satisfy different energy
demands while respecting reliability constraints. On this
basis, literature [10] further studied the EV integration and
low-carbon policy on the optimal design and operation of
MES with reliability constraints. In the above research, the
expected load not supplied (ELNS), expected energy not
supplied (EENS), loss of load expectation (LOLE), and loss
of load probability (LOLP) are used to assess the system reli-
ability. The authors of [11] proposed a reliability evaluation
model for integrated power-gas systems considering critical
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devices of power-to-gas and gas storage, in which a sequential
Monte Carlo (SMC) simulation is utilized to evaluate the sys-
tem reliability. Furthermore, the authors of [12] used a quasi-
sequential Monte Carlo approach to assess system reliability.

The above studies have made significant contributions to
the reliability of MES. However, none of them consider the
role of hydrogen energy. With the development of water elec-
trolysis technologies, the surplus electricity can be converted
into hydrogen through the electrolytic cell (EC) for storage.
Then, the hydrogen can further transform into electric power
through the fuel cell when there is a shortage in the power
supply. More productively, with the application of hydro-
gen in industrial applications such as synthetic ammonia,
oil refining, and emerging transportation demand via fuel
cell vehicles, the potential of hydrogen as a terminal energy
source is huge [13].

In order to promote the renewable energy penetration,
literature [14] proposed an investment-operation model of
a multi-stakeholder joint venture consisting of a plant side
and a distributed generation side to establish a large-scale
hydrogen production plant, achieving win-win cooperation.
Literature [15] proposed a planning method for the
electricity-hydrogen integrated energy system for high
renewable energy penetrations and focused on the functional
role of hydrogen energy in inter-seasonal storage. Refer-
ence [16] developed an optimal dispatch model of hydrogen
energy storage that considers the coupling of transportation
and power systems, and studies the value of hydrogen in
reducing the price of the electricity market and providing
demand response to delay grid expansion planning. Refer-
ence [17] proposes a collaborative optimization method of
power to hydrogen and heat (P2HH), and the waste heat
recovery of EC was considered to improve the conversion
efficiency of EC. Reference [18] built a planning model
for the liquid organic hydrogen system, which considers
the transportation system and electric auxiliary services.
The authors of [19] proposed a bi-level optimization model
to improve the bidding strategy of power to hydrogen
and methane in the multi-energy market and establishes a
multi-operation mode model of hydrogen storage to real-
ize the decoupling of hydrogen production and methane
production.

The above researches fully affirm the value of hydrogen
energy but do not consider the impact of emerging tech-
nologies on the safe and reliable operation of the system.
Therefore, on this basis, we have further studied the regional
multi-energy system (RMES) with high renewable energy
penetration and hydrogen utilization. The main contributions
are as follows:

1) An optimal design and operation method of RMES
considering reliability constraints is firstly proposed,
which is beneficial to increase the penetration lev-
els of renewable energy with the consideration of
hydrogen-related technologies.

2) A cross-season hydrogen storage model is established
to achieve inter-seasonal complementary energy, which

shows good performances in improving system eco-
nomics by the comparative analysis of case studies.

II. SYSTEM STRUCTURE
Fig. 1 shows the structure of the RMES that considers multi-
ple energies, such as electricity, heating, gas, and hydrogen.
The RMES consists of photovoltaics (PV), fuel cells (FC),
electric boilers (EB), electrolysis cells (EC), batteries (BT),
and hydrogen storage tanks (HST). The system can also
exchange electric power with the upper grid and purchase
natural gas from the gas company to meet the demands of
electricity, heating, and hydrogen in this region. The detailed
models of all devices are given in the following sections,
respectively.

FIGURE 1. Structure of the RMES.

A. ELETROLYZERS
The principle of water electrolysis technology is to use power
to drive water into hydrogen and oxygen. Fig. 2 shows the
operating mechanisms of electrolysis cells (EC) and fuel
cells (FC). At present, alkaline EC, proton exchange mem-
brane (PEM) EC, and solid oxide EC are three main types

FIGURE 2. Operating mechanisms of EC and FC.
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of electrolysis cells, in which the alkaline electrolysis cell is
the most mature technology and has reached MW level for
industry application, so we use this type of electrolysis cell in
this work. The dynamic characteristics of alkaline electrolysis
cell are very fast, which can quickly convert excess electricity
into hydrogen. Therefore, the alkaline electrolysis cell only
needs to meet the following constraints:

ξ ecεecst C
ec
≤ Pecst ≤ ε

ec
st C

ec
(1)

H ec
st = η

ecPecst (2)

where C
ec

is the maximum capacity of EC installed in the
RMES, Pecst is the input power of EC in scenario s at time t ,
H ec
st is the output hydrogen flow of EC in scenario s at time t ,

εecst represents the operating states of EC, equaling to 1 if EC
works in scenario s at time t , ηecis the conversion efficiency
of EC, and ξ ecis the minimum load requirement ratio of
EC. Constraint (1) represents the maximum and minimum
operating constraints of EC, and (2) builds a relationship
between input and output of EC.

B. FUEL CELLS
Fuel cells can produce electricity and heat by consuming
natural gas or hydrogen. Compared with gas turbines, it has
the advantages of fast dynamic response, high electrical effi-
ciency, and low noise emissions [10]. The operating con-
straints of FC are as follows:

ξ fcεfcstC
fc
≤ Pfc,est ≤ ε

fc
stC

fc
(3)

−0.5 · C
fc
≤ Pfc,est − P

fc,e
s,t−1 ≤ 0.5 · C

fc
(4)

Pfc,hst = λ
fcPfc,est (5)

Pfc,est = η
fc(Pgasst + H

hcng
st · lhv) (6) 0 ≤ Phcngst ≤ ψPgasst

ψ =
11.88υV

11.88υV + 39.05(1− υ)V
(7)

where C
fc

is the maximum capacity of FC installed in the
RMES,Pfc,est andPfc,hst is the output electric and heating powers
of FC in scenario s at time t , andPgasst and Hhcng

st is the input
gas power and hydrogen flow of FC in scenario s at time t ,
respectively. In addition, ηfc is the conversion efficiency, λfc

is the heat-power ratio efficiency, ξ fc is the minimum load
requirement ratio, lhv is the lower heat value of hydrogen,
ψ and v is the energy ratio and volume ratio of hydrogen
enriched compressed natural gas (HCNG), respectively, and
V is the volume of the mixture. Constraint (3) represents
the maximum and minimum operating constraints of FC,
(4) limits the ramping capacity of FC, (5) builds a relation-
ship between the output electric power and heating power,
(6) imposes the input and output of FC, and (7) limits the
maximum HCNG ratio to ensure the security of FC, and
the relationship between ψ and volume ratio v is also given
in (7).

C. BATTERIES
Batteries are used to meet the power fluctuation within a day,
and its specific constraints are as follows:{

0 ≤ Pbt+st ≤ C
bt
p

0 ≤ Pbt−st ≤ C
bt
p

(8)

0.2 · C
bt
e ≤ Sbtst ≤ C

bt
e (9)

Sbtst = Sbts,t−1 +
(
Pbt+st ηbt − Pbt−st /ηbt

)
1t (10)

Sbts0 = Sbts24 (11)

where C
bt
p and C

bt
e are the maximum power-capacity and

energy-capacity of BT installed in the RMES, respectively,
Pbt+st and Pbt-st are the charging and discharging powers of BT
in scenario s at time t , Sbtst is the stored electric energy of BT
in scenario s at time t , and ηbt is the charging/discharging
efficiency of BT. Constraint (8) limits the maximum and
minimum charging and discharging power of BT, (9) defines
the upper and lower stored power of BT, (10) characterizes the
dynamical changes of stored electric energy due to the charg-
ing and discharging processes, and (11) shows the intraday
energy cycles of BT.

D. HYDROGEN STORAGE TANKS
Fig.3 shows the operating mechanism of hydrogen storage
tanks (HST). Compared with batteries to meet intra-day
power fluctuation, hydrogen storage tanks are mainly used to
achieve the energy complementarity between different days
or scenarios. From Fig. 3, the stored hydrogenwithin the HST
can be increased if the amount of production is greater than
that consumed by FC and FCV in a day or scenario, and vice
versa. The operating constraints of HST are listed:

Shsts = Shsts−1 +
∑
t∈T

(ηhstH ec
st − H

hcng
st − H fcv

st ) (12)

0 ≤ Shsts ≤ C
hst

(13)

Shst0 = Shst365 = 0.5 · C
hst

(14)

where C
hst

is the maximum capacity of HST installed in the
RMES, Shsts is the stored hydrogen of HST in scenario s,H fcv

st
is the hydrogen demand of FCV in scenario s at time t , ηhst is
the storage efficiency of HST due to the energy consumption

FIGURE 3. Operating mechanism of HST.
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for compressing hydrogen, and T is the index for time blocks
within a day. Constraint (12) characterizes the dynamical
changes of stored hydrogen due to the hydrogen production
by EC and hydrogen consumption by FC and FCV. Constraint
(13) limits the amount of stored hydrogen in HST, and (14)
gives the yearly energy cycle of HST.

E. UPPER GRID AND GAS COMPANY
The interaction with the upper grid and gas company should
also be considered as follows:

0 ≤ Pgridst ≤ P
grid

(15)

0 ≤ Pgasst ≤ P
gas

(16)

where P
grid

and P
gas

are the maximum interaction power
between RMES and upper grid or gas company, Pgridst is the
purchasing electric power from the upper grid in scenario s at
time t , Pgasst is the purchasing gas power between RMES and
gas company in scenario s at time t .

F. OTHER DEVICES
In addition to the above models, the operating constraints of
PV and EB are given in the following:

0 ≤ Ppvst ≤ p
pv
st C

pv
(17)

0 ≤ Pebst ≤ C
eb

(18)

where C
pv

and C
eb

are the maximum capacity of PV and EB
installed in the RMES, ppvst is the unit output power of PV in
scenario s at time t , and Ppvst and Pebst is the PV output and EB
input in scenario s at time t , respectively.

III. OPTIMIZATION MODEL
The optimization model of the RMES that includes objective
function, power balances, and reliability constraints is given
in this section.

A. OBJECTIVE FUNCTION
The objective function is the total annual cost of the RMES,
which consists of the annual investment cost Cinv and annual
operating cost Cope. The annual investment cost given in (20)
includes the annual investment costs of PV, EC, FC, BT, EB,
and HS, and the annual operating cost given in (21) includes
the annual O&M cost of all components, the annual purchase
cost of electricity, and the annual purchase cost of natural gas.

Minimize (Cinv + Cope) (19)

Cinv=
r(1+r)n

(1+r)n − 1

(
cpvC

pv
+cecC

ec
+cfcC

fc

+ cbtp C
bt
p +c

bt
e C

bt
e +c

ebC
eb
+chsC

hs

)
(20)

Cope=
∑
s∈S


∑
t∈T

(
cpvm P

pv
st +c

ec
mP

ec
st +c

fc
mP

fc
st

+ cebm P
eb
st +c

bt
m (P

bt+
st +P

bt−
st )

)
+

∑
t∈T

cgridst Pgridst +
∑
t∈T

cgasPgasst /η
fc

1t
(21)

where cpv/ec/fc/eb/hs is the unit investment cost of
PV/EC/FC/EB/HS, cbtp and cbte are the unit investment
cost of BT in power and energy capacity, respectively, c
pv/ec/fc/eb/bt m is the unit O&M cost of PV/EC/FC/EB/BT,
cgridst is the electricity price for purchasing from the upper grid,
cgas is the heat price of natural gas. Besides, S is the scenario
index.

B. POWER OUTPUTS
Based on the Energy Hub model, the power balances of
electricity and heating are given in the following:

Pgridst +P
fc
st+P

pv
st +P

bt−
st −P

bt+
st −P

ec
st −P

eb
st =P

tot,e
st (22)

Pfc,hst +η
ebPebst =P

tot,h
st (23)

where Ptot,est and Ptot,hst are the total output electric and heating
powers of RMES in scenario s at time t .

C. RENEWABLE ENERGY PENETRATION
The proportion of renewable energy generation is regarded
as an important indicator to measure the advancement of the
integrated energy system. Compared with simply using the
installed capacity as a percentage of total power generation
capacity, the ratio of annual renewable utilization to the
total power generation throughout the year can better reflect
the actual utilization level of renewable energy generation.
To this end, we define the renewable energy penetration ratio
as follows:

ϑ =

∑
s∈S

∑
t∈T

Ppvst∑
s∈S

∑
t∈T

(Ppvst + P
grid
st + P

fc
st )

(24)

D. RELIABILITY ASSESSMENT
Four reliability indices are applied in most articles to assess
the reliability of the RMES: ELNS, EENS, LOLE, and LOLP.
Since the four reliability indices have overlap in characteriz-
ing system reliability, we only use ELNS and LOLP in this
work. The definition of ELNS and LOLP is as follows:

ELNSϑ =
∑
i∈�

∑
s∈S

∑
t∈T

ρ
i,ϑ
st L

i,ϑ
st (25)

LOLPϑ =
∑
i∈�

∑
s∈S

∑
t∈T

ρ
i,ϑ
st t

i,ϑ
st /8760 (26)

where ϑ means the energy carriers consist of electricity and
heating, � is the index of all device within the RMES, ρi,ϑst
is the probability of failure of device i for producing energy
carrier ϑ in scenario s at time t , L i,ϑst is the amount of load not
supplied due to failure of device i, t i,ϑst is the time duration
due to failure of device i.
The available reserve of each device i for producing energy

carrier ϑ is limited by constraints (27), which imposes the
available reserve is non-negative, less than the maximum
installed capacity when adding the normal output, and builds
a relationship with the total reserve for producing energy
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carrier ϑ within RMES.
0 ≤ Pi,ϑst + R

i,ϑ
st ≤ C

i,ϑ

0 ≤ Ri,ϑst∑
i∈�

Ri,ϑst = Rϑ−totst

(27)

FOR stands for the equipment forced outage rate, using to
statistically calculate the forced unavailability of each device
during a long time duration. Actually, the value of FOR is
tightly affected by the frequency of use of equipment. Since
the longer the equipment is used, the greater the probability of
failure, we can suppose that FOR is time-dependent as (28).
For instance, Fig. 4 shows the yearly FOR curve of device i,
where γ and γ0 are set to 4 and 15000, respectively [11].

FOR(γ ) =
1

1+ ( γ
γ0
)µ
, γ = 1, 2....8760 (28)

FIGURE 4. Yearly curve of FOR.

The probability of unavailability of each device can be ana-
lyzed by its FOR during the planning horizon, given in (29):

ρ
i,ϑ
st = FORi,ϑ ×

∏
i6=i′

(1− FORi
′,ϑ ) (29)

In order to characterize if the unavailability of a device
will lead to some loads not supplied, a binary variable φi,ϑst is
defined in (30), equal to 1 if the unavailability of the device
i for producing energy carrier ϑ will lead to some loads in
scenario s at time t .

Lϑtot,t −
∑
i′ 6=i

(Pi
′,ϑ
st + R

i′,ϑ
st )

∑
i∈�

C
i,ϑ ≤ φ

i,ϑ
st

≤ 1+

Lϑtot,t −
∑
i′ 6=i

(Pi
′,ϑ
st + R

i′,ϑ
st )

∑
i∈�

C
i,ϑ

(30)

Then, the ELNS represented in (25) can be re-edited as
follows [9]:

ELNSϑ =
∑
i∈�

∑
s

∑
t

ρistφ
i,ϑ
st (Pi,ϑst + R

i,ϑ
st − R

ϑ−tot
st )

(31)

In the planning model, the calculated ELNS and LOLP
should less than the reliability targets.

ELNSϑ ≤ ELNSϑ,tar

=

∑
i∈�

∑
s

∑
t

FORi,ϑφi,ϑst (Pi,ϑst + R
i,ϑ
st − R

ϑ−tot
st )

(32)

LOLPϑ =

∑
i∈�

∑
s

∑
t
φist · FOR

i,ϑ

8760
× 100% ≤ LOLPϑ,tar

(33)

IV. MODEL SOLUTION
A. MODEL LINEARIZATION
There are three types of non-linear terms in the model. The
first type is the product-term of binary variable and continu-
ous variable represented by constraints (1) and (3), which can
be linearized by the big M method, as follows:


ξ ecψec

st ≤ P
ec
st ≤ ψ

ec
st

−ξ ec ·M ≤ ψec
st ≤ ξ

ec
·M

−(1− ξ ec) ·M + C
ec
≤ ψec

st ≤ (1− ξ ec) ·M + C
ec

(34)
ξ fcψ fc

st ≤ P
fc
st ≤ ψ

fc
st

−ξ fc ·M ≤ ψ fc
st ≤ ξ

fc
·M

−(1− ξ fc) ·M + C
fc
≤ ψ fc

st ≤ (1− ξ fc) ·M + C
fc

(35)

The second type is the constraint (30) with divisions of
optimized variables in upper and lower boundaries. Consider-
ing φi,ϑst is a binary variable, (30) can be changed into (36) by
multiply

∑
i∈�

C
i,ϑ

in both sides. Then, the non-linear term of

φ
i,ϑ
st ·

∑
i∈�

C
i,ϑ

can be further linearized by the big M method.

Lϑtot,t −
∑
i′ 6=i

(Pi
′,ϑ
st + R

i′,ϑ
st )

≤ φ
i,ϑ
st ·

∑
i∈�

C
i,ϑ

≤

∑
i∈�

C
i,ϑ
+ Lϑtot,t −

∑
i′ 6=i

(Pi
′,ϑ
st + R

i′,ϑ
st ) (36)

The last non-linear term is the constraint (32) in character-
izing the reliability of RMES, which can further be linearized
based on the method proposed in [9], where $ i,ϑ

st equals
to
∑
t
FORi,ϑφi,ϑst (Pi,ϑst + R

i,ϑ
st − R

ϑ−tot
st ).

ELNSϑ ≤ ELNSϑ ,tar =
∑
i∈�

∑
s

∑
t

$
i,ϑ
st (37)
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FORi,ϑφi,ϑst (−
∑
i∈�

C
i,ϑ

)

≤ $
i,ϑ
st ≤ FORi,ϑφi,ϑst C

i,ϑ

$
i,ϑ
st ≤ FORi,ϑ (Pi,ϑst + R

i,ϑ
st − R

ϑ−tot
st )

+ (1− φi,ϑst )FORi,ϑφi,ϑst
∑
i∈�

C
i,ϑ

FORi,ϑ (Pi,ϑst + R
i,ϑ
st − R

ϑ−tot
st )− (1− φi,ϑst )

FORi,ϑφi,ϑst C
i,ϑ
≤ $

i,ϑ
st

(38)

B. OVERALL FRAMEWORK
The overall framework of the optimal design and operation
model that considers system reliability constraints can be
summed up as:

Minimize (Cinv+Cope) s.t.
[
(2), (4)−(18), (20)−(24),
(27), (33), (34)−(38)

]
(39)

V. CASE STUDIES
A. INITIAL PARAMETERS AND DATA
The RMES shown in Fig. 1 is used to perform the case study.
Table 1 shows the efficiency, investment cost, and operation
cost of RMES, referenced from [20]–[22]. Fig. 5 shows the
annual electric, heating, and hydrogen demands and unit PV
outputs. Especially, the annual electric demand comes from
actual regional data in northern China, the annual heating
demand is simulated by Transient System Simulation Pro-
gram (TRNSYS) [23], and the unit PV output comes from the
National Renewable Energy Laboratory (NREL) [24]. Here,
it should be mentioned that we only consider the reliability
for supplying heating power (failure of FC and EB), since
the RMES can obtain extra electric power when there is a
power vacancy due to the unavailability of devices, and the
distribution of hydrogen demand within a day is relatively
flexible.

TABLE 1. Parameters of RMES.

B. ANALYSIS OF DIFFERENT RENEWABLE PENETRATION
Fig. 6 gives the economics of the RMES under different
renewable energy penetrations. It can be seen from the
figure that as the renewable energy penetration increases,
the annual investment cost and annual O&M cost of the
system gradually increase, while the annual purchase costs

FIGURE 5. Operating mechanism of HS.

FIGURE 6. Total annual cost under different renewable penetration.

of electricity and natural gas gradually decrease, but the total
annual cost of the system clearly increases. Specifically, when
the renewable energy penetration is 0.3, the proportion of
the annual purchase cost of natural gas is the highest, and
when the penetration is 0.7, the annual investment cost of the
system is the highest. Fig. 7 shows the equipment configu-
ration results under different renewable energy penetrations.
As can be seen from the figure, in order to achieve the
renewable proportion requirement, the PV capacity of the
system needs to be increased. When the penetration is 0.3,
the system will preferentially configure electrolytic cells and

205312 VOLUME 8, 2020



M. Zhang et al.: Optimal Design and Operation of RMESs With High Renewable Penetration

FIGURE 7. Optimal capacity under different renewable penetration.

hydrogen storage tanks instead of BT to achieve photovoltaic
consumption. As the penetration increases to 0.7, the system
will be equippedwith a large number of BT. In addition, as the
penetration increases, the installed capacity of FC gradually
decreases, while that of EB slightly increases.

C. RELIABILITY ASSESSMENT
Three scenarios are simulated to analyze the reliability effect
on the optimal design and operation of RMES. The forced
outage rate (FOR) of FC and EB is 0, 2%, and 4% in Sce-
nario 1-3. When the FOR is equal to 0, it means that the
unavailability of all devices is not considered. In addition,
the reliability targets of ELNSh,tar and LOLPh,tar are set to
1 and 0.1%, respectively, since we consider the reliability for
supplying heating power (failure of FC and EB).

Fig. 8 gives the economics of the RMES under differ-
ent scenarios. It can be seen from the figure that as FOR
increases, the total annual cost slightly increases. The reason
is as follows. Considering the effect of equipment unavail-
ability, the RMES should install more devices compared
with the scenario without reliability constraints. The larger

FIGURE 8. Total annual cost under different FORs.

the value of FOR, the higher the probability of equipment
failure, so the more equipment capacity the system needs to
configure. In addition, the RMES purchases more electricity
from the upper grid and less natural gas from the gas company
when increasing the value of FOR.

FIGURE 9. Optimal capacity under different FORs.

Fig. 9 shows the device configuration results in three sce-
narios. From Fig. 9, in addition to the HST, the installed
capacity of all devices increase. In particular, due to the
failure probability of EB and FC, the capacity of these two
devices increase the most, from 625kW and 1393kW in
Scenario 1 to 699kW and 1833kW in Scenario 3, respec-
tively. The results show that the introduction of reliability
constraints will reduce the economy of the system to a certain
extent.

D. OPERATION MECHANISM OF HST
To study the function of HST in the optimal design and opera-
tion of RMES, we further compare the total annual cost under
scenarios with and without HS, as shown in Fig. 10. As we
can see, the total annual cost is higher under the scenario
without HS compared with Scenario 2, which highlights the
role of HS in improving system economics. Although the
investment cost of the RMES under the scenario without HS
is relatively low, its annual purchase costs of electricity and
natural gas are higher, which leading to an 8% increase in
total annual cost compared to Scenario 2. In order to further
study the operation mechanism of HST, Fig. 11 gives the
daily hydrogen production by EC, HCNG, and hydrogen con-
sumption by FCV within a year. For comparison, the storage
state of HST is also plotted in the figure for comparison.
It can be seen from the figure that hydrogen production is
more volatile than hydrogen consumption. Therefore, HST
plays an important role in suppressing the fluctuation of the
supply and demand of hydrogen energy. In addition, it can be
found from the storage state of HST that HST can realize the
cross-day hydrogen energy complementation, and realize a
complete round-trip cycle within a time period of tens of days.
In addition, the hydrogen flow of HCNG only accounts for a
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FIGURE 10. Total annual cost under scenarios with and without HS.

FIGURE 11. Operation results of HST within a year.

small part of the total hydrogen demand due to the limited
energy ratio of HCNG. In the future, with technological
breakthroughs, a large energy ratio of HCNG or hydrogen
fuel cell cogeneration will play an important role in hydrogen
applications.

VI. CONCLUSION
In this paper, an optimal design and operation method of
regional multi-energy systems that considers system reliabil-
ity constraints under different-level renewable energy pene-
trations is proposed. We further established an HST model to
achieve the inter-seasonal energy complementation.

The results of the case studies show that the model pro-
posed in this paper is suitable for the planning and design
of RMES with different renewable energy penetrations, and
the model can satisfy the system reliability requirements.
In addition, the system can also consider the integration of
emerging technologies, such as HST and HCNG, and FCV.
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