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ARTICLE INFO ABSTRACT
Keywords: Hydrogen fuel stations (HFSs) may be connected to power systems; to absorb electricity, produce hydrogen and
Electrolyzer supply hydrogen demands. To the best of the authors' knowledge, the resilience of HFS-integrated power systems

Green hydrogen
Hydrogen fuel station
Hydrogen storage
Mobile battery

Power system resilience

has not been addressed in the literature. In this research, a novel strategy is proposed for resilience enhancement
of PV-rich HFS-integrated power systems, considering the uncertainties. In the proposed strategy, fuel cells (FCs)
and hydrogen tanks are added to HFSs and mobile batteries are added to the power system. A two-stage sto-
chastic model is developed in which the location of mobile batteries are the first-stage here-and-now decision
variables and other variables are second-stage wait-and-see decision variables. The model is formulated as a
multi-objective problem as the ability of the system to supply both electricity and hydrogen demands are
considered. Expected load not served (ELNS) is used as resilience metric. Case study is a modified IEEE 24-bus
power system with 5 HFSs. The results confirm that with the proposed resilience enhancement strategy, hurri-
cane does not result in any shed for hydrogen demands. As per results, mobile batteries are the most efficient
tools in resilience enhancement of the studied system; they cause 84 % improvement in ELNS of electricity and
43 % improvement in ELNS of hydrogen. The results also show that besides mobile batteries, hydrogen storage
tanks and FCs are the most efficient components in resilience enhancement of the system. Hydrogen tanks
improve ELNS of electricity by 1.8 % and remove the need of system operator to shed hydrogen demands. A
sensitivity analysis is done to see how the results of the developed model are sensitive to its parameters.

enables the linkage to other energy sectors.
With proliferation of hydrogen production units and hydrogen de-

1. Introduction mands, they are commonly integrated into power systems. Hydrogen
fuel stations (HFSs) which typically include electrolyzers and hydrogen
The consumption of hydrogen in different sectors is increasing [1-3]. tanks are connected to buses of power systems; they absorb electricity
The largest share of hydrogen demand is from chemical sectors for from local bus and supply hydrogen demands in the neighborhood. The
ammonia production and in refining industries for desulphurization of integration of HFSs/electrolyzers adds to the flexibility of power sys-
fuels [4]; it may be used in transportation sector for charging fuel cell tems, however they may cause new challenges for power system oper-
electric vehicles and may also be used for residential heating and pro- ators and pose new research questions.
duction of steel, iron and glass [4-6]. The electricity fed into electro- In literature, the impact of HFSs and electrolyzers on power systems
lyzers may be produced by fossil fuel-based generators or renewable has been investigated in some researches.
energy resources. The hydrogen produced through renewable energy In [11], a stochastic mixed-integer linear programming (MILP)
resources is referred to as green hydrogen. Green hydrogen offers a model is developed for the optimal placement HFSs in power systems

couple of benefits [4,7-10]; it decreases emissions and is a big step to-

with high penetration of renewable energy resources, while power
wards decarbonization; decreases renewable energy curtailment and
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Nomenclature MB Mobile battery
12% PV
Acronyms s Scenario
FC Fuel cell shed Shed
HFS Hydrogen fuel station t Time
MILP Mixed-integer linear programming tank Hydrogen tank
PV Photovoltaic
Parameters and variables
Sets n Battery efficiency
Qfomwcfbm Set of buses connected to bus i CR Conversion ratio (for electrolyzers and FCs)
ref Reference bus conex Connection status of buses (1 for connected ones)
Qf Set of generators at bus i b Demand )
Qv Set of PVs at bus i ELNS Expected load not supplied
fail Set of failed lines E State of charge of storage system
nofail Set of non-failed lines H Hydrogen (kg)
u ON/OFF status
Bars J Objective (weighted sum of ELNS of electricity and
* Lower bound hydrogen)
* Upper bound P Power
Fl Power flow
Indices a Probability (of reduced scenarios)
bat Fixed battery B Phase angle of bus voltage
ch/dch  Charging/discharging status of storage systems RU Ramp-up limit
EL Electrolyzer RD Ramp-down limit
e Electric X Reactance of transmission line
FC FC At Time resolution
4 Generator u The existence status of mobile battery at a bus
h Hydrogen Tshed  Total demand shed
ij Bus w Weight in multi-objective optimisation
in Initial value
hfs HFS

system operator sells its extra hydrogen in a day-ahead local hydrogen
market. In the developed model, a linearisation strategy is used to
transform the nonlinear binary terms into linear terms and the un-
certainties of electricity and hydrogen demands, PV generation and
hydrogen market prices are considered.

In [12], a stochastic MILP model has been proposed for optimal
participation of HFSs in electricity markets with uncertain electricity
prices, while HFS operator may choose among different types of con-
tracts and markets. In [13], HFSs have been integrated into power sys-
tems and a new structure has been proposed for hydrogen exchange
through transportation system. The results show that the proposed
structure is compatible with multi-energy carrier markets. In [14],
optimal design of HFSs has been done within renewable-rich power
systems.

In [15], the impact of electrolyzers and hydrogen demands on
available transmission capacity has been evaluated in power systems
with electricity and hydrogen demands and high level of wind pene-
tration. A nonlinear AC load flow model has been used. The results show
significant impact of size and location of electrolyzers as well as wind
penetration level on harvestable hydrogen. As per the achieved results,
for a certain electrolyzer size, the harvestable hydrogen decreases in
higher loading margins.

In [16], a security-constrained optimal power flow has been done for
power systems with electricity and hydrogen demands. Electrolyzers
and hydrogen storage tanks have been used to produce hydrogen and
deliver it to hydrogen demands. The results show that the integration of
hydrogen demands and electrolyzers increase the profit of power system
operator as they decrease the curtailment cost of renewables. In [17],
hydrogen demands and electrolyzers have been integrated into a power
system to decrease the renewable energy curtailment induced by
retirement of 16 GW conventional fossil-fueled power plants and

addition of 65 GW renewable power generation in Spain. In [18], the
Europe's potential to supply hydrogen demand by renewable energy has
been assessed and concluded that the whole hydrogen demand of the
Europe may be supplied by renewable generators.

In [19], a bi-level model has been proposed for operational equi-
librium of power, transportation and hydrogen systems. In the proposed
bi-level model, the upper-level problem minimises the cost of hydrogen
fuel stations and decides the electrolyzer load and hydrogen prices; on
the other hand, power system and transportation system are at the lower
level in which electricity demands and hydrogen prices are determined.
For traffic system, a traffic assignment problem is solved to determine
hydrogen demand.

In [20], operational planning has been done for HFSs including
Alkaline electrolyzer, low-pressure storage and compressor, connected
to both electricity markets and wind power plants. The objective is to
minimise HFS planning cost and maximise the utilisation of wind elec-
tricity. The results show that the reduction of taxes and surcharges
considerably changes the planning outcomes. In [21], optimal invest-
ment has been done for electrolyzers and hydrogen storage systems
connected to a power system. The electrolyzer and storage system aim to
supply industrial hydrogen demands in Sichuan Province, China. The
results confirm that if the electrolyzers are installed close to hydrogen
demands, their utilisation factor may be increased by 10 %.

In [22], a MILP model has been developed for operational planning
of proton-exchange membrane (PEM) electrolyzers. The model de-
termines the electricity purchased from power system or photovoltaic
(PV) units as well as the purchased reformed hydrogen. The developed
model minimises operation cost and emissions, while maximises the
share of green hydrogen. In [23], operational planning has been done for
a hybrid electricity-hydrogen system including battery, wind turbines,
PV, electrolyzer, ammonia plant, methanol plant and biogas plant.
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Fig. 1. Case study.

Despite the above-mentioned researches on power systems with
hydrogen production units and hydrogen demands, to the best of the
authors' knowledge, the resilience enhancement of those systems have
not been addressed. The resilience of a power system is defined as its
ability to withstand extreme events and maintain continuous supply of
demands [24]. Extreme events such as hurricane and flood are low-
probable, high impact events which may lead to the simultaneous
outage of multiple power system components and result in the inter-
ruption of supply for lots of consumers [24]. Enhancement of the resil-
ience in power and energy systems results in significant saving through
expenditure recovery and risk reduction [24,25]. Resilience enhance-
ment measures may be subdivided into two categories; power system
hardening and operational measures [24,26].

In this research, a novel strategy has been proposed for resilience
enhancement of HFS-integrated power systems with high PV penetra-
tion and high storage capacity, considering the uncertainties in the
failed lines, failure times and repair times. In the proposed strategy, fuel
cells (FCs) are added to HFSs and mobile batteries are added to the
power system. A two-stage stochastic model has been developed in
which the location of mobile batteries are first-stage here-and-now de-
cision variables and other variables are second-stage wait-and-see de-
cision variables. The model has been formulated as a multi-objective
problem as the ability of the system to supply both electricity and
hydrogen demands are considered. Expected load not served (ELNS) has
been used as resilience metric. The contributions of this research are
listed as below.

v A two-stage stochastic model has been developed with both here-
and-now and wait-and-see decision variables considering the un-
certainties of failed transmission lines, their failure and repair times.

v FCs have been added to HFSs to enhance the resilience of the system.

v Mobile batteries have been incorporated into power system to
enhance its resilience.

v The effect of the size and number of mobile batteries on system
resilience has been assessed.

v The effect of weights in the developed bi-objective model on resil-
ience metrics has been assessed.

2. The proposed model

As Fig. 1 shows, the case study is a modified IEEE 24-bus power
system in which 5 HFSs are installed in buses 3, 5, 12, 19 and 22; 7 fixed
batteries are installed in buses 1, 4, 7, 14, 15, 17 and 20; 5 PV power
plants are installed at buses 1, 2, 13, 15 and 23. The system includes only
2 dispatchable generators and the penetration of PV is high. Each HFS
includes an electrolyzer, a hydrogen storage tank and a fuel cell. The
data of IEEE 24-bus power system has been taken from [27]. The pro-
posed two-stage stochastic model for resilience enhancement of the HFS-
integrated power system is characterised by Egs. (1)-(43).

As system includes both electricity and hydrogen demands, the
objective of the model is defined as a linear weighted sum of ELNS of
electricity and hydrogen, represented by Eq. (1). ELNS of electricity is
defined by Egs. (2)-(3) [24]; in a similar way, ELNS for hydrogen de-
mands is defined by Egs. (4)-(5). Deciding on the values of weight
factors W, and Wj, is the sole responsibility of the system operator.
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The flow of power in the system is constrained by Egs. (6)-(10)
which includes DC load flow equations [24]. According to Eq. (6), the
flow of each line is proportional to the difference between phase angles
of the connected buses and inversely proportional to its reactance. As
per Eq. (7), the flow of each failed line is equal to zero and Eq. (8) im-
poses upper and lower bounds on the flow of lines. Constraints (9) set
the phase angle of the reference bus as zero.

(Bi,(,s - ﬁ_i.l,s)
X

Flij s = Y(i,j) € conex(i,j) and € nofail(i,j, t, s), Vt, Vs (6)

ij
Flij,, = OV(i,]) € fail(i,j,t,s), Vt, Vs %)

—Fli; < Flij s <FL;V(i,j) € conex(i,]) and € nofail(i, j, t, s), Vt, Vs (8)

ﬁref.(.s = OVt7 Vs (9)
1y T

—Z<B, . <V,
5 <P < VI Vs (10)

Constraints (11) are nodal electric power balance equations; they
make sure that at each bus, time and scenario sum of power generated by
FC, PV power plants, dispatchable generators, discharging power of
fixed and mobile batteries and electricity shed is equal to sum of elec-
tricity demand, electric power fed into the connected electrolyzer,
charging power of fixed and mobile batteries and power outflow of the
bus. Constraints (12) ensure the adequacy of hydrogen at system buses,
according to which, for each bus, at each time and scenario, sum of the
hydrogen produced by electrolyzer, hydrogen outflow of hydrogen
storage tank and hydrogen shed should not be less than nodal hydrogen
demand, hydrogen fed into FC and hydrogen inflow of hydrogen storage
tank. Constraints (13) bound the nodal electric demand shed to the
nodal electric demand and similarly, constraints (14) bound the nodal
hydrogen shed to the nodal hydrogen demand.

PFC.i.I,s +PMB,11EII,[J.S + Pdch.,batj.l.s + ZPg.I,J + E PPVJ.S + P:hed.i.z,s

gEA? PVEAY
=D,iy+Periss +Pusenins + Penparivs + E P;j. Vi, Vt, Vs an
jegumlw(lhm
;

Hev;i s + Hachankis + Hsnedsis = Dy + Hengankics + Hecjis Vi, Vt, Vs 12)

Pshed,i,l,s < De.i.\Vi7 Vtx, Vs (13)

Hihed,its < DnjidVi, Vt, Vs 14)

The constraints of the dispatchable generators are represented as
constraints (15)-(18) [28], among which Egs. (15)-(16) represent ramp-
up and ramp-down rate limits that preclude the stress on rotors. Con-
straints (17) ensure that the generating power of online dispatchable
generators is confined within their corresponding allowed operation
interval and constraints (18) define u,; which denote the online/offline
status of dispatchable generators as binary variables [29,30].

Pg.l+l‘s - Pg.l‘s S RUng« Vts VS (15)
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Pg,t—l.s - Pg.t.s < RDngq Vt, Vs (16)
Palgents < Pyrs < Py Vg, Vt, Vs a7
Uy € {0, 1}V, Vt, Vs 18)

The operation of fixed batteries must respect constraints (19)-(23)
[31]. Constraints (19) and (20) respectively confine the charging and
discharging power of batteries within their corresponding allowed
range. Constraints (21) do not allow the SOC of batteries either exceed
their upper bounds or go below their lower bounds. Constraints (22) do
not allow simultaneous charge and discharge of batteries. Constraints
(23) represent the changes in SOC of batteries over time, which is a
function of their charging power and discharging power [32-34].

Puch patiUdchbatits < Pachbatits < Pdch,batiUdeh batits Vi, VL, VS 19)
Pt parilchbatits < Penpatits < Pehparlenbatigs Vi, VE, Vs (20)
Evai < Bpais < BoaiVi, Vt, Vs 21
Uch patits + Udehpaties < 1Vi, Vt, Vs (22)
Pacn baties .
Ebvatits = Ebatit-15 + Neppa Pehbatits At — | ———= | AtVi, Vs (23)
Ndch bat

The operation of mobile batteries is subject to constraints (24)-(29)
[26]. As mobile batteries must be installed at suitable buses to enhance
the resilience of the system, they may be either in discharge or idle
states. Constraints (24) are nonlinear, due to the existence of the product
of binary terms. Since solving a nonlinear model is a big challenge, we
have transformed the nonlinear constraints (24) into (24.a) to (24.e).
Constraint (28) ensures that the number of installed mobile batteries is
equal to the number of available mobile batteries.

P ach UnB den st < Py acnits < PubachUnp denisbwg Vi, VE, Vs (24)
Eme < Ewmsjigs < EusVi, Vt, Vs (25)
Uy achics € {0, 1}Vi, Vt, Vs (26)
Ewpits = Empic-15 — At (*PMB’dCh’['S)VL vt, Vs 27)
"mB. deh
ZHMB,a = Nwms (28)
b, € {0, 1}V 29)
Pyib achZMB.achiss < Py dchirs < Pub achZub.dchies Vi, VE, Vs (24.2)
ZMB dehits < Pyp ;i Vis VE, Vs (24.b)
ZMB dchjits < UMB deh,its Vis Vt, Vs (24.0)
ZMB,dchjits = UMB.dchits T Hypi — 1Vi, Vt, Vs (24.d)
Zasaeniss € {0, 11V, V1, Vs (24.¢)

Constraints of electrolyzers are represented by Egs. (30)—(34). As per
Eq. (30), the hydrogen produced by an electrolyzer is proportional to its
input electricity and its conversion ratio. Constraints (31)—(32) repre-
sent ramp-up and ramp-down rate limits of electrolyzers. Constraints
(33) ensure that the produced hydrogen of online electrolyzers is
confined within their corresponding allowed operation interval and
constraints (34) define ug s which represent the status of electrolyzers
as binary variables [35].
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Fig. 2. Time factor of hydrogen demands (normalised values).

Hepis = CRgr Prri s AtYi, Vt, Vs (30)
Heri1s — Hevigs < RUg VLV, Vs (31)
Herie1s — Hevies < RDpuVE, VE, Vs (32)
Hepugries < Hevies < HepUpe s Vi, Vi, Vs (33)
UpLics € {0, 1}Vi, Vt, Vs 34

FC's constraints are represented by Egs. (35)-(39). As per Eq. (35),
the electricity produced by any FC is proportional to its input hydrogen
and its conversion ratio. Constraints (36)-(37) do not let sudden severe
changes in electricity generation of FCs. Constraints (38) ensure that the
generated electricity of the committed FCs is confined within their
corresponding operation interval and constraints (39) define upcs
which denote the status of FCs as binary variables.

Prcis = Mﬁ, Vt, Vs (35)
At

Prcii1s — Preics < RUgcV, VE, Vs (36)

Prcit1s — Prcirs < RDgcVi, Vt, Vs 37)

Prcurcics < Prejias < PrcurcigsVi, Vi, Vs (38)

Urcics € {0, 11V, V1, Vs (39

The charge and discharge of hydrogen storage tanks in HFSs is sub-
ject to the constraints (40)-(43) [35,36]. Constraints ((40), (41))

respectively impose limits on hydrogen inflows and outflows of tank.
Constraints (42) prevent the stored hydrogen either exceed its upper
bound or go below its lower bound. Constraints (43) represent the
changes in SOC of tanks over time, which is a function of their hydrogen
inflows and outflows.

Hdch,lank,i S Hdch,lank,i,l,s S Hdch.lank.iVia VIy VS (40)
Hch.lank.i S Hch.mnk.i.l.s S Hch.mnk.iVithv Vs (41)
Elank.i S Elank.i‘l.s S Elank.iVi7 Vt7 VS (42)
Hachankits \ -
Elunk.i,t,s = Elank.i.l—l,s + nch.lankHch.lank.i.l.s -\ VI,VLVS (43)
Nach,ank

3. Results and analysis

In this section, the results of the proposed resilience enhancement
strategy are presented. Without loss of generality, it is assumed that
hurricane is the extreme event which happens. In this paper, the default
units for power, energy, hydrogen generation/demand and time are
respectively MW, MWh, kg and h. As Fig. 1, case study is a modified IEEE
24-bus power system with 5 PV power plants at buses 1, 2, 13, 15 and 23
respectively with maximum power 1000 MW, 800 MW, 800 MW, 1200
MW and 1500 MW. Five HFSs exist at buses 3, 5, 12, 19 and 22; each HFS
contains a PEM electrolyzer, a FC and a hydrogen tank. Hydrogen de-
mands exist at buses 3, 5, 12, 19, 22 respectively with peak 200 kg, 250
kg, 400 kg, 550 kg and 700 kg. There are 3 available mobile batteries
which must be used in suitable buses to enhance the resilience of system.

Table 1
Specifics of fixed batteries.
Number Bus  Maximum Initial Minimum Maximum Minimum Maximum Charging Discharging
SOC SOC charging power charging power discharging power discharging power efficiency efficiency
#1 1 1500 150 10 100 10 100 0.95 0.95
#2 4 850 150 10 200 10 200 0.95 0.95
#3 7 1500 150 10 350 10 350 0.95 0.95
#4 14 2500 150 10 400 10 400 0.95 0.95
#5 15 2500 150 10 400 10 400 0.95 0.95
#6 17 2500 150 10 400 10 400 0.95 0.95
#7 20 2500 150 10 400 10 400 0.95 0.95
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Table 2
Specifics of mobile batteries.
Maximum Initial Minimum charging Maximum charging Minimum discharging Maximum discharging Charging Discharging
soC SOC power power power power efficiency efficiency
1500 1500 2 200 2 200 0.95 0.95
Table 3
Specifics of hydrogen storage systems.
Maximum Initial Minimum charging Maximum charging Minimum discharging Maximum discharging Charging Discharging
soC SoC power power power power efficiency efficiency
6000 6000 0 1000 0 1000 1 1
bl and their ramp rates are 200 MW. Minimum and maximum power of
Table 4 . . L . both dispatchable generators are 100 MW and 1200 MW and their ramp
Introduction of considered scenarios in the stochastic model.
rates are 100 MW. To see how the hydrogen demand of the system
Scenario  Damaged lines Probability  Isolated changes over time, have a look at Fig. 2. Specifics of fixed batteries,
buses . . .
mobile batteries and hydrogen storage systems have been respectively
1 1-5,5-10 at time interval [2-19], 9-12, 0.3 5,12 included in Tables 1-3. Minimum state of charge (SOC) of all storage
3’2%?; 10-12,12-13 at time interval systems is 0. The details of 8 selected scenarios in the developed sto-
2 3-9,3-1, 3-24 at time interval [1-18], 0.2 3,22 chastic model can _be seen in Tabl"; 4. N
17-22, 21-22 at time interval [3,14] As per the achieved results, with the proposed resilience enhance-
3 2-6, 6-10 at time interval [5,16], 1-5, 0.1 5,6,12 ment strategy, ELNS of electricity is 287.35 MWh and ELNS of hydrogen
5-10 at time interval [5,16], is 0 kg. The results show that with the proposed resilience enhancement
9-12, 12-23, 10-12, 12-13 at time . - .
interval [6,20] strategy, hurricane does not result in any shed for hydrogen demands in
4 3-9, 3-1, 3-24 at time interval [4,16], 0.1 3 buses of the system. Optimal location of mobile batteries are buses 3, 5
19-20 at time interval [4,16] and 6. Mobile batteries, hydrogen tanks and FCs are the cornerstones of
5 1-5,5-10 at time interval [8-20],19-20at 0.1 5 the proposed resilience enhancement strategy for HFS-integrated power
time interval [8-20], systems. As per Table 4, hurricane may cause the isolation of some buses
6 3-9,3-1, 3-24 at time interval [5-17], 0.1 3 in th I i01.b 5and 12, i i02. b 3
2023, 610 at time interval [5.17], in the po.wer syste.rn. n scenario 1, buses . and 12, in sc'enarlo 3 uses
7 1-5,5-10 at time interval [2-24], 15-24at  0.05 5 and 22, in scenario 3, buses 5, 6, 12 are isolated and in scenarios 4-8,
time interval [2-24] buses 3, 5, 3, 5 and 6 are respectively isolated. In the absence of mobile
8 2-6, 6-10 at time interval [5,23], 20-23 at 0.05 6

time interval [1-24]

Power system data may be found in [26].

It is assumed that in electrolyzer, 1 MWh electricity is converted to
25 kg hydrogen and in FC, 1 kg hydrogen is converted to 0.005 MWh (5
kW) electricity [37]. Assuming value of 1 kg hydrogen and 1 kWh
electricity as 6% and 0.15$ respectively, the normalised weights in the
developed multi-objective model have been respectively set as 0.96 and
0.04 for ELNS of electricity and hydrogen. Minimum and maximum
power of FCs are 0 MW and 2 MW and their ramp rates are 2 MW.
Minimum and maximum power of electrolyzers are 0 MW and 500 MW

batteries and FCs, electricity demand of an isolated bus remains fully
unsupplied. A mobile battery, installed at a certain bus may release its
stored electricity to partially or fully supply local demands. Mobile
battery may also feed the electrolyzer of an isolated bus to facilitate
hydrogen production and partial/full supply of local hydrogen demands;
therefore, mobile battery is expected to enhance ELNS for both elec-
tricity and hydrogen demands.

In buses with hydrogen tank and FC, when the bus is isolated, FC may
use the hydrogen released by hydrogen tank to produce electricity and
supply a portion of local electricity demand. Hydrogen storage may be
efficient in resilience enhancement of HFS-integrated power systems. In
isolated buses in which the electrolyzer is not able to produce hydrogen,
the stored hydrogen may be released to supply at least a portion of local

1000

800

600

400

200

Unsupplied electric demand (MWh)

4

5

Scenario

Fig. 3. Total shed of electric demands in different scenarios.
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Scenario

Scenario

Fig. 5. Hydrogen produced by electrolyzer in bus 3.

hydrogen demands. Hydrogen storage may also improve ELNS of elec-
tricity, as its released hydrogen may feed FC and the electricity produced
by FC may supply the electricity demands of the isolated bus.

Total shed of electric demands in different scenarios may be seen in
Fig. 3. Note that in scenarios 1, 3, 5 and 7, system experiences neither
electricity demand shed nor hydrogen demand shed; this means that
mobile batteries, hydrogen tanks and FCs have collectively supplied all
electricity and hydrogen demands of all isolated buses. On the other
hand, scenario 2 with 969.630 MWh experiences the maximum elec-
tricity shed as buses 3 and 22 with considerable electricity and hydrogen
demands are isolated in this scenario. Electric demand shed of bus 3 at
different times and scenarios have been illustrated in Fig. 4. Fig. 5 il-
lustrates the hydrogen produced by electrolyzer in bus 3.

Input and output hydrogen of hydrogen tank, located at bus 3, at
different times and scenarios have been respectively illustrated in Figs. 6
and 7. The variations of electricity produced by FC at bus 3 over times
and scenarios can be seen in Fig. 8. Discharging power of mobile battery
at bus 3 has been illustrated as Fig. 9. In each scenario, the schedule of
mobile batteries, hydrogen storage tanks and FCs are set in a way to
minimise ELNS of electricity and hydrogen. Note that the locations of
mobile batteries are here-and-now scenario-independent decision

variables.

To find the share of mobile batteries, FCs and hydrogen tanks on
resilience of the studied HFS-integrated power system, see Figs. 10 and
11 which respectively show ELNS of electricity and hydrogen. Fig. 11
shows that if the system contains hydrogen tanks, no hydrogen demand
shed occurs in the system; otherwise, system experiences a hydrogen
shed of at least 3194 kg. The figures show that mobile batteries are the
most efficient tools in resilience enhancement of this HFS-integrated
power system. While in the absence of FCs, tanks and mobile batte-
ries, ELNS of electricity and hydrogen were respectively 2027.35 MWh
and 5587 kg, the incorporation of mobile batteries reduces them
respectively to 317.22 MWh and 3210 kg, which indicates 84 %
improvement in ELNS of electricity and 43 % improvement in ELNS of
hydrogen. The results show that besides mobile batteries, hydrogen
storage tanks and FCs are the most efficient components in resilience
enhancement of the system. Hydrogen tanks decrease ELNS of electricity
from 2027.35 MWh to 1990.82 MWh, which shows an improvement of
1.8 %; they remove the need of system operator to shed hydrogen de-
mands. FCs improve ELNS of electricity from 2027.35 MWh to 2022.81
MWh, which shows an improvement of 4.54 MWh; although they cause
a minor deterioration in ELNS of hydrogen, as they use hydrogen for
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electricity production.

Here, a sensitivity analysis is done to see how the results of the
developed model are sensitive to its parameters; sensitivity analysis is
done with respect to size of FCs, hydrogen storage tanks and mobile
batteries, number of mobile batteries as well as the weights of ELNSs.
The sensitivity of system resilience to size of FCs can be seen in Fig. 12
which shows that the increase of FC size beyond 2 MW leads to no
improvement in resilience of the system. With any FCs' size, even
without FC, ELNS of hydrogen is zero. Figs. 13 and 14 respectively show
the sensitivity of ELNS of electricity and hydrogen to the size of
hydrogen tanks. According to these figures, in order to remove the ne-
cessity of hydrogen demands, the capacity of hydrogen tanks must be at
least 6000 kg. With 5000 kg tanks, ELNS of electricity would be 287.35
MWh. An increase of tank capacity from 6000 kg to 7000 kg improves
ELNS of electricity by only 0.7 % and does not change ELNS of hydrogen;
so, 6000 kg seems to be a good choice for size of hydrogen tanks.

The sensitivity of system resilience to the size and number of avail-
able mobile batteries may be seen as Figs. 15 and 16. With all sizes of

mobile batteries, system experiences no hydrogen demand shed. As per
Fig. 15, while with 2000 MWh mobile batteries, the system experiences
an ELNS of 107.47 MWh for electricity, 3000 MWh mobile batteries
remove the necessity of either electricity or hydrogen demand shed
throughout the system. Fig. 16 shows that adding the second mobile
battery improves ELNS of electricity by 55 % and adding the third one
causes a further 42 % improvement in ELNS of electricity. Fig. 16 also
indicates that increasing the number of mobile batteries beyond 3 leads
to no improvement in ELNS.

As the weights of objectives in multi-objective optimisation models
affect the optimal objectives, a sensitivity analysis has been done to
measure the sensitivity of ELNS of electricity and hydrogen to weights.
As per the results, the sensitivity of ELNS of electricity to weights is
negligible. Fig. 17 shows the effect of weights in the developed bi-
objective model on ELNS of hydrogen. According to this figure, the
weights equal to or above 0.005 for ELNS of hydrogen, removes the
necessity of hydrogen demand shed throughout the system.



W. Cai et al.

Journal of Energy Storage 73 (2023) 108909

6000 T T T

5000 BRI - —

S
>
(=
=

ELNS of hydrogen (kg)
S s
S S

1000

Nothing FC Tank

MB

FC & tank FC & MB MB & tank All

Fig. 11. ELNS of hydrogen for different cases.

296 1: :r T T T T ! T T
’_a 294 R S e N e A R O A [ —
=
s
.‘E’ 1 ] e .S L SO S _
2
F S
3 z z z z : : :
o e e e B i
c 1 1 1 1 1 1 1 1
7]
%
= 288 E E

286 a a a a . . a . .

0 1 2 3 4 5 6 7 8 9 10

FC size (MW)

Fig. 12. Effect of FCs' size on ELNS of electricity.

330

w
S
- |

310

ELNS of electricity (MWh)

300
290 |_|'
2800 0.2 0.4 0.6 0.8 1 1.2 14 1.6 18

:l'ank capacity (kg)

Fig. 13. Effect of size of tanks on ELNS of electricity.

10

4. Conclusions

In this research, a novel strategy based on mobile batteries, FCs and
hydrogen tanks has been proposed for resilience enhancement of HFS-
integrated power systems with high PV penetration, considering the
uncertainties in the failed lines, failure times and repair times. A two-
stage stochastic model has been developed in which the locations of
mobile batteries are first-stage here-and-now decision variables and
other variables are second-stage wait-and-see decision variables.

The results show that thanks to the proposed resilience enhancement
strategy, hurricane does not result in any shed for hydrogen demands; as
per the results, mobile batteries and then hydrogen tanks and FCs are the
most efficient tools in resilience enhancement of the studied system.
Mobile batteries cause 84 % improvement in ELNS of electricity and 43
% improvement in ELNS of hydrogen; they release their stored
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electricity to supply demands in isolated buses; they may also feed the
electrolyzer of isolated buses to facilitate hydrogen production and
supply of local hydrogen demands. Hydrogen tanks decrease ELNS of

11

electricity from 2027.35 MWh to 1990.82 MWh, which shows an
improvement of 1.8 % and remove the need of system operator for
hydrogen shed. In isolated buses in which the electrolyzer is not able to
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produce hydrogen, the stored hydrogen is released to supply local
hydrogen demands. Hydrogen tanks also improve ELNS of electricity, as
their released hydrogen feeds FC and the electricity produced by FC
supplies the electricity demands of the isolated bus. FCs improve ELNS
of electricity by 4.54 MWh; although they cause a minor deterioration in
ELNS of hydrogen.

A sensitivity analysis has been done with respect to size of FCs,
hydrogen storage tanks and mobile batteries, number of mobile batteries
as well as the weights of ELNSs. The results show that the increase of FCs'
size beyond 2 MW leads to no improvement in resilience of the system
and with any FC size, ELNS of hydrogen is zero. According to the results,
to remove the necessity of hydrogen demands, the capacity of hydrogen
tanks must be at least 6000 kg. An increase of tank capacity from 6000
kg to 7000 kg improves ELNS of electricity by only 0.7 % and does not
change ELNS of hydrogen; so, 6000 kg seems to be a good choice for size
of hydrogen tanks.

As per sensitivity analysis, with 2000 MWh mobile batteries, the
system experiences an ELNS of 107.47 MWh for electricity, whereas
3000 MWh mobile batteries remove the necessity of either electricity or
hydrogen demand shed throughout the system. The results show that
adding the second mobile battery improves ELNS of electricity by 55 %
and adding the third one causes a further 42 % improvement in ELNS of
electricity. Increasing the number of mobile batteries beyond 3 leads to
no improvement in ELNS. As per the results, the sensitivity of ELNS of
electricity to weights is negligible and the weights equal to or above
0.005 for ELNS of hydrogen, remove the necessity of hydrogen demand
shed.
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