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e A solving approach based on the integration of GBD and MOGP methods.
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This study presents a novel framework for improving the resilience of microgrids based on the power-to-
hydrogen concept and the ability of microgrids to operate independently (i.e., islanded mode). For this pur-
pose, a model is being developed for the resilient operation of microgrids in which the compressed hydrogen
produced by power-to-hydrogen systems can either be used to generate electricity through fuel cells or sold to
other industries. The model is a bi-objective optimization problem, which minimizes the cost of operation and
resilience by (i) reducing the active power exchange with the main grid, (ii) reducing the ohmic power losses,
and (iii) increasing the amount of hydrogen stored in the tanks. A solution approach is also developed to deal
with the complexity of the bi-objective model, combining a goal programming approach and Generalized
Benders Decomposition, due to the mixed-integer nonlinear nature of the optimization problem. The results
indicate that the resilience approach, although increasing the operation cost, does not lead to load shedding in
the event of main grid failures. The study concludes that integrating distributed power-to-hydrogen systems
results in significant benefits, including emission reductions of up to 20 % and cost savings of up to 30 %.
Additionally, the integration of the decomposition method improves computational performance by 54 %
compared to using commercial solvers within the GAMS software.

European Union plans to become climate-neutral by 2035, which will
require the utilization of renewable resources, as energy production
accounts for a substantial portion of global greenhouse gas emissions

1. Introduction

1.1. Motivations and aims

The deployment of renewable energy resources is an option to
mitigate the emissions of greenhouse gases which have become one of
the major concerns on a global scale. Taking advantage of renewable
resources, the federal government of the United States has set a goal of
reaching a net-zero electricity sector by 2050 [1]. Likewise, the
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[2]. In order to ensure a reliable electricity supply using renewable re-
sources, deploying distributed energy resources, such as rooftop
photovoltaic panels and small-scale wind turbines, are potential options
[3]. These units are installed in low-voltage electricity distribution
networks near the consumers, which reduces transmission loss. It also
increases the reliability of supply compared to traditional generators
that are typically located far from consumers and mounted on high-
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Nomenclature

Sets

I Nodes in microgrid (i € I)

T Periods (t € T)

L Electric lines (I € L C (i,))

Cc Power-to-hydrogen systems consist of electrolyzers,

hydrogen storage systems, and fuel cells (c € C C 1)

Parameters

Si Purchased energy price ($/kW)

6,“ Sold energy price ($/kW)

6’; Sold hydrogen price ($/m3)

aj Variable cost of generating power using non-renewable
dispatchable units ($/kW)

Pi Cost of emissions ($/Ton)

¢ Produced emissions of dispatchable units (Ton/kW)

vi Fixed cost of generating power using non-renewable
dispatchable units ($)

; Cost of load shedding ($/kW)

PP/™ Minimum/maximum produced power by non-renewable

units or supplied by substations (kW/h)

Rma.x up/down
i

h)
Minimum/maximum active power of non-renewable units
or substations (kVAr)
pload Active demand (kW)
Qload Reactive demand (KVAr)

Maximum ramp up/down of non-renewable units (kW/

min/max
Q

R; Resistance (Q2)

X Reactance (Q2)

7 Impedance ()

V;"i"/ M Minimum/maximum voltage (kV)

e Maximum current (KA)

prind. max Naximum available power by wind generators (kW)

A L, L, ,.# Optimal multipliers of optimization problem
o, Efficiency of power-to-hydrogen (%)

R Efficiency of hydrogen-to-power (%)

W, Coefficient of hydrogen-to-power (kW/m?)

HLT® Maximum level of hydrogen through hydrogen storage
systems (m?)

HL? Initial level of hydrogen through hydrogen storage systems
(m®)

PN Penalty

Decision variables

Z Objective function

H Resiliency measures

Pf’_‘t‘y /sl pyrchased/sold energy from/to day-ahead market (kW)

Piy Generated power of non-renewable units (kW)

Qir Reactive power of generating units or substations (kVAr)

P}f’f"d Output power of wind turbines (kW)

Pﬂ'e Active power (kW)

f‘?e Reactive power (kVAr)

I, Electricity current (kA)

Vi Voltage magnitude (kV)

pECH: Electricity power used to produce hydrogen (kW)

piok Produced power using hydrogen (kW)

HZ"t/ U Input/output volume of hydrogen (m3)

HL., Volume of hydrogen through hydrogen storage systems
(m*)

HE, Volume of hydrogen used to produce electricity (m?)

el Volume of hydrogen sold to industries (m3)

P]lsth Load shedding (kW)

d . .

SVf/t Slack variables on supply/demand side

Binary variables

Ui, Status of non-renewable dispatchable units {1,0}

Pt Injecting output power of fuel cells into microgrid using
compressed hydrogen {1,0}

Qct Selling hydrogen to industries {1,0}

voltage transmission networks.

In order to operate distributed energy resources more efficiently, the
sources and loads can be considered in an interconnected energy system
called a “microgrid”. Despite being generally connected to the main
grid, the microgrid can operate autonomously, called islanded mode,
when the upstream grid fails [4]. In this way, microgrids can improve
the resilience of the electricity system by reducing the amount of energy-
not-supplied. The term resiliency refers to the systems’ ability to resist
low-frequency and high-impact incidents efficiently and provide quick
recovery and restoration [5]. Besides, excess microgrid generation can
be sold to the main grid to provide customers with financial benefits,
such as reductions in electricity bills. These factors make microgrids
increasingly attractive to customers who cannot rely on the main grid
and/or seek economic benefits from locally generated electricity. In the
United States, microgrids operate in different states, and according to
the forecasts, the capacity is expected to double to a total of 320 in the
next three years [6]. There are also over 160 microgrids in India that
mainly rely on solar panels for their power supply [7]. In addition to
developed countries, microgrids can be an effective solution to connect
people in developing and underdeveloped countries to electricity.

In addition to distributed energy resources, other options can come
together in a microgrid, such as flexible small-scale generating units and
power-to-hydrogen (PtH) systems. The flexible and dispatchable
generating units are an appropriate option to handle the variability of

renewable energy resources benefiting from their flexible ramping
capability [8]. Moreover, PtH systems are flexible technologies that can
convert the excess output of renewable energy resources and/or excess
supply in electricity networks to hydrogen. This gas can be either
consumed in other industries or converted to electricity to provide
supply—demand balance during peak hours (e.g., using fuel cells) [9].

Despite the already-mentioned issues, solving the optimal operation
of microgrids for the dispatch of different components is still chal-
lenging. The first reason would be the complexity of modeling different
components, such as distributed generators, PtH systems, and storage
systems. The second one would be difficulty with modeling power flow
within the electricity network in microgrids, which involves a set of
nonlinear constraints. Therefore, it would be more efficient to break the
original problem into smaller ones and solve the subproblems, which
decreases complexity compared to solving the original problem [10].
However, a solving procedure that finds optimal solutions to the prob-
lem should not sacrifice optimally and accuracy [11].

1.2. Review of related literature

A few review papers published recently investigating the operation
of microgrids when distributed sources of renewable energy and Power-
to-Gas (PtG) systems are highly prevalent. For instance, in [12], the role
of different technologies and shares of PtG systems integrated into
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energy systems are investigated and compared. In particular, different
types of electrolyzers and storage systems were examined, along with a
high and low penetration of the PtG systems. In [13], distinct aspects of
energy systems, including PtG systems integration, resiliency consider-
ation, pollution reduction, and operation objectives, are investigated. In
[14], the operation of different storage systems, such as hydrogen
storage systems, is recapped in energy systems. In the following, a sys-
tematic review of the recent research works in this field is also con-
ducted as well. In this section, the studies in this field are divided based
on their objectives, including examination of the role of PtG systems,
resiliency consideration, or development of solving methods (e.g.,
heuristic and exact methods).

Among the previous studies, in [15], the role of PtG systems was
studied costal microgrids in coastal areas considering water resources
and wind power as energy input and raw material input, respectively. It
concluded that the integration of PtG systems was an efficient solution to
handle fluctuations of wind power by peak shaving and valley filling. In
[16], a considerable number of PtG systems were examined in islanded
microgrids applying a game that involves different parties, including
wind turbines, storage systems, and photovoltaic systems. The results
indicated the integration of hydrogen and methane reduced wind
curtailment and improved the income of each party. In [17], the effect of
PtG systems and fuel cells was examined in the optimal operation and
planning of microgrids. It was demonstrated that the integration of the
PtG systems improved the penetration level of renewable resources to
supply demand. In [18], the role of PtG systems besides fuel-cell electric
vehicles was investigated to mitigate the growth in energy demand due
to the development of the transportation system. It indicated that the
integration of PtG systems assisted in the integration of electric vehicles
by decreasing renewable energy curtailment. In [19], the study focused
on assessing the effects of PtG and power-to-heat technologies on the
operation of industrial microgrids, with the aim of providing affordable
energy supply to meet the demand. The operator of the industrial parks
interacted with different markets (e.g., the heat market), which pro-
vided operating cost savings. Some studies also examined the effect of
PtG systems in conjunction with the combined heat and power systems.
For instance, in [20] and [21], the role of PtG systems and combined
cooling and heating systems were examined to enhance clean produc-
tion in microgrids. In [22] and [23], the joint dispatch of PtG systems
and combined heat and power systems were considered to handle the
variability of renewable energy resources and demand. These studies
also demonstrated that integrating PtG systems into microgrids reduced
operating costs and emissions. In [24] and [25], the problem of optimal
operation of microgrids was examined by considering PtG systems,
combined heat and power systems, and fuel cell electric vehicles. The
obtained results indicated that the combination of the technologies and
electric vehicles reduced the operating costs of microgrids. In [26] and
[27], the effect of PtG systems and demand response programs on
scheduling microgrids was studied by considering combined heat and
power units. In [28], the impacts of PtG systems and demand response
programs were studied on scheduling microgrids coupled with wind
turbines, photovoltaic systems, and storage systems. These studies
showed that the integration of PtG systems into demand response pro-
grams or storage systems was an appropriate solution to reach peak
shaving and valley filling that leads to operating cost savings. Besides,
some other studies consider other subsystems’ constraints in operating
microgrids to examine the impact of PtG systems (e.g., gas, hydrogen,
and heat networks). In [29], the role of PtG facilities was examined by
considering a hydrogen subsystem to be utilized for the charging station
of electric vehicles in microgrids. In [30], the impact of PtG systems was
studied on microgrids considering congestion in the natural gas
network. The results of the studies indicated that the output hydrogen of
PtG systems supplied electric vehicles and injected into the gas network,
respectively, which concluded cost savings. In [31], the variation of
market price and wind power, as well as the role of hydrogen storage
systems in microgrids, were studied, which consisted of the electricity
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network, gas network, and heat network. In [32], the optimal scheduling
of microgrids was analyzed in electricity markets considering PtG sys-
tems, demand response programs, and energy storage systems. The
outputs of these studies also addressed the capability of PtG systems
besides demand response and energy storage systems for an efficient
demand provision using distributed energy resources.

On the other hand, some other studies focus on improving the
resilience of the microgrid. These studies consider the failure of the main
grids in different scenarios or use flexible components, such as PtG
systems, to reach this aim. For instance, in [33], microgrid operation
was optimized under conditions of failure in the main grid that increased
load shedding risk. This study introduced a trade-off between resilient
and economic operation, as resilient operation increased the operating
costs of microgrids. In [34], different outage scenarios were considered
for an airport microgrid (e.g., failures of the main grid during peak hours
and off-peak hours), and the resiliency of the system considering storage
systems and diesel generators was evaluated. It indicated that the inte-
gration of storage systems and diesel generators reduced operating costs
as well as the duration of network failure in case of an outage. In [35],
different scenarios were considered, including grid-connected and
islanded ones, to optimize the operation of microgrids to enhance
resiliency. This study concluded the proposed approach maximized the
profits of microgrids considering the possibility of islanding. In [36],
different scenarios for outages in industrial microgrids were taken into
consideration in the presence of fuel cells, hydrogen storage tanks, and
battery and heat storage systems to improve resiliency. This study
demonstrated the use of hydrogen as a backup for generating power and
the stochastic scheduling of microgrids to consider outage scenarios
reduced load shedding risks. In [37], the role of incentive-based changes
in the demand of customers was examined to improve the resiliency of
microgrids in islanded mode. It concluded that the flexibility obtained
by customers improved the profit of microgrids in both normal and
resilient operations. In [38], an unbalanced microgrid was studied
considering random variables, such as demand and output power of
renewable resources, and examined the resiliency considering contin-
gency constraints that indicated the islanded mode. It concluded the
resilient scheduling of microgrids minimized costs and maximized the
use of distributed renewable resources. In [39], both failures of the main
grid and uncertainty in microgrid resources were considered to enhance
resiliency by examining the level of flexibility provided by distributed
resources. In [40], the economic mode of operation and a determined
resilient mode based on the charge and discharge of energy storage
systems were compared in the case of contingency and main grid failure.
Based on the results of the reviewed studies, it was necessary to employ a
resilient approach using flexibility options to reduce load shedding and
provide a technically possible portion of demand when the main grid
fails, and microgrids go into islanded mode.

As discussed earlier, solving the optimal operation of microgrids is
challenging due to the complexity of the problem, which can be in the
form of mixed-integer nonlinear programming (MINLP). Various heu-
ristic methods have been developed to address this problem, such as the
Improved Multi-Objective Differential Evolutionary Optimization algo-
rithm [41], an approach based on Differential Evolution and Chaos
Theory [42], the Quantum Version of Teaching Learning Based Opti-
mization [43], the Conventional Particle Swarm [44], the Modified Bat
Algorithm [45], a Co-Evolutionary algorithm [46], and a hybrid
approach based on the Gray Wolf Optimizer, Sine Cosine Algorithm, and
Crow Search Algorithm [47]. While heuristic techniques were able to
find satisfactory optimal solutions more rapidly using a computational
procedure, they often compromised optimality and accuracy. However,
a few recent studies focused on the exact methods to solve the optimi-
zation problem. For instance, to solve the robust operation of micro-
grids, a dual Benders Decomposition approach was developed in [48].
The decomposition approach is based on splitting a large optimization
problem into smaller subproblems that can be solved independently and
combining the results to find a solution to the original problem. Another
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Table 1
Systematic review of related work to this study.
Reference Single- Multi- Objectives Resiliency Consideration Modeling Solution Method Decomposition Power-to-Hydrogen Systems
Objective Objective Failure of Flexible Another Approach Exact  Heuristic Approach Gas-to- Power- Gas-to- Gas
the main components objective industry or to-gas power storage
grid market
[15] v - -Cost minimization - - - MILP v - - - v v v
[16] v — -Income - — - MINLP — v — - v v v
maximization
[17] - v -Cost minimization - - - MINLP - 4 - - 4 v v
-Wind-curtailment
minimization
[18] v - -Profit - - - MILP v - - v 4 - -
maximization
[19] v — -Cost minimization - — - MILP v - — - v — -
[20] — v -Cost Minimization - — - MILP v - - - v - -
-Emission
minimization
[21] — v -Cost minimization - — - MILP v - - v v v -
-Emission
minimization
[22] v — -Cost minimization - — - MILP v - - - v - v
[23] - v -Cost minimization - - - MINLP v - - v v v -
-Emission
minimization
[24] v - -Cost minimization - - - MILP v - - v 4 - -
[25] v - -Cost minimization - - - MILP v - - v v v v
[26] v — -Cost minimization - - - MILP - v — v v — —
[27] v - -Cost minimization - - - MILP v - - v v v v
[28] v - -Cost minimization - - - MINLP v - - v v -
[29] v - -Profit - - - MILP - v - v v v v
maximization
[30] v - -Cost minimization - - - MILP v - - v v v v
[31] v - -Cost minimization - - - MILP v - - v v v v
[32] v — -Cost minimization - — - MILP v - — v v — v
[33] v - -Cost minimization v v - MILP v - - - - - -
[34] v - -Cost minimization 4 v - MILP v - - - - - -
[35] - v -Cost minimization v v MILP v - — - - - -
-Resiliency
maximization
[36] - v -Cost minimization v v v MILP - v SOCR v - v v
-Resiliency
maximization
[37] v - -Cost minimization v v - MILP v - - - - - -
[38] v — -Cost minimization v v - MINLP v - — — - — —
[39] 4 - -Cost minimization v - - MILP v - - - - - -
[40] -Cost minimization v v - MILP v - - - - - -
-Resiliency
maximization
[41] v - -Cost Minimization - - - MINLP - v - - - - -
[42] v - -Cost Minimization - - - MINLP - v — - - — -
[43] v — -Cost Minimization - — - MILP - v — — - — —
[44] v - -Cost Minimization - - - MINLP - v - - - - -
[45] v - -Cost Minimization - - - MINLP - v — - - — -
[46] v - -Cost Minimization - - - MINLP - v - — - — —
[47] 4 - -Cost Minimization - - - MINLP - v - - - - -

(continued on next page)
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= study applied Benders Decomposition to optimize the profit of micro-
% E grids during the islanded mode of operation [49]. In [50], a model was
3 g N N :i proposed to maximize the profit of supply and flexible loads on the
_§ demand side in microgrids. This study developed the Alternating Di-
5w '§ rection Method of Multipliers, which divided the original objective
“% % E‘ function and constraints to reduce the complexity of the problem like
O a [ > § Benders Decomposition. In [51], agent-based scheduling was studied for
2 2 microgrids considering PtH systems (e.g., electricity and hydrogen sys-
‘3 E @ g tems agents). This study also developed the Alternating Direction
o0 . . . . .
218 2 N N E Method of Multipliers to solve the optimization problem. It concluded
% g that, in the reviewed studies, the solving methods provided precise so-
3, % lutions benefiting from splitting the problem into smaller subproblems,
E i § which decreased complexity compared to solving the original problem.
I E g
2l a3 . oo
SISBEl |~ N a 1.3. Research gaps and contributions
<]
*
g Considering the literature listed above, the comparison of related
8 k= studies with the proposed approach in this research is given in Table 1.
‘2'5 = Previous studies have examined the operation of microgrids in the
g8 § é Q S presence of PtH systems, taking into account the conversion of excess
§ 5 , 222 2 A electricity to hydrogen and the storage of the hydrogen produced, but
g the consumption of hydrogen for industrial use has not been fully
-2 = investigated. Furthermore, the role of PtH systems in enhancing resil-
9|8 ) g 3 g
% g A ience and reducing energy-not-supplied has not been adequately
S| = S 5% investigated. Nonetheless, current resilience methods primarily focus on
g * . . L e .
Sl . = failure scenarios of the main grid or the utilization of flexible compo-
9 o . . .
3:;: 2 N N = nents like storage systems. Previous studies have not given enough
5 attention to the potential of exact mathematical solutions, such as
= p
& decomposition methods, in effectively solving the operation model for
= . . . . .
80 5 g microgrids in the presence of PtH systems. Given that the problem is
e g g p Y p
Cl-] ; ; o ; o formulated as an MINLP problem, exploring these mathematical ap-
=% SEEE = —°§ proaches could yield more accurate solutions.
g In view of the above problem, this study proposes a bi-objective
° 5 model for the resilient operation of industrial microgrids in the pres-
— o . s
= % 3 ence of PtH systems consisting of electrolyzers, hydrogen storage sys-
E ;% L N 5 tems, and fuel cells. In this model, the first objective is the cost of
2 microgrid operation, and the output hydrogen from these systems can
%sa either be sold to industry, stored in tanks (i.e., hydrogen storage sys-
g g tems), or consumed to generate electricity using fuel cells. The second
§ ﬁ g g objective considers three measures to enhance the resilience of the
g g 5 o N ﬁgo microgrid by reducing the interaction with the main grid, increasing
o
% & hydrogen levels in storage systems, and reducing power losses. As the
S g model of resilient operation of microgrids in the presence of PtH systems
&l s = g is bi-objective and in the form of MINLP, a solution approach is devel-
gl 9 =5 ) PP
I
= ER- 2 oped in which Generalized Benders Decomposition (GBD) is integrated
Sl = v .=
2l €580 S g into the Multi-Objective Goal Programming (MOGP) approach. A pre-
3 rocessing approach is also developed to facilitate the convergence of
= p g app P g
EEE _ 8 - the solution method. This approach involves two key steps: initializing
S88 2 § o | 2 points for the decomposition method and convexifying the MINLP
3 E E E % S B % i problem. These steps aim to streamline the optimization process and
£ S5E 2 . ESE 5 improve the overall efficiency of the solution approach.
% 8882 é §°§ g E = Finally, through the introduction of case studies, various technical
P T EETE ZB é analyses are carried out to examine the role of PtH systems in the
E % operation of a microgrid. Analyses are performed with the aim of
1S B P . . . o1 . .
2 = roviding insight into the resilience and economic operation of the
) g 3 p 8 8 P!
— O
g 2 g) = microgrid in the presence of PtH systems. The developed solution
S
=0 e > E ° approach’s significance in addressing the complexity of the optimization
g2 model for the resilient operation of the microgrid is examined.
2 £33
E ==
_ %éaui 8 g 1.4. Paper organization
=S| g2 -2
S|&a 0o SN S S 2B
3 =
g - —_ The remainder of this study is structured as follows: In Section 2, an
3| g 5 & =4 optimization model is proposed for the resilient operation of microgrids
~ Q o= . . . . . .
~|8 8 i § considering distributed renewable energy resources, flexible generating
% ﬁ 2T é’ é 8 units, and PtH systems composed of electrolyzers, hydrogen storage
g < systems, and fuel cells. Subsequently, the solving method is presented,
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Hydrogen sold to industries

Excess output of renewable

resources

Consumers Consumers Dispatchable Units

<
<

Power-to-Hydrogen Systems

Distributed Renewable Resources

Fig. 1. The illustration of a microgrid connected to the main grid consists of consumers, dispatchable units, PtH systems, and distributed renewable energy resources
(blue lines and green lines indicate power flow and hydrogen transmission, respectively). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

which involves combining the MOGP approach with the GBD method. In
Section 3, a case study is illustrated to examine the applicability and
performance of the proposed model, and an analysis is conducted to
assess the effectiveness of the proposed model and provide insights for
operators in Section 4. Finally, the main conclusions and future research
directions are presented and recapped in Section 5.

2. Model and formulation

A configuration of an industrial microgrid connected to the main grid
is illustrated in Fig. 1. As depicted, it consists of consumers, distributed
renewable energy resources, flexible natural gas-fired units, and PtH
systems. When the output power of distributed energy resources in this
microgrid exceeds local demand, the excess power can be consumed by
PtH systems’ electrolyzers to produce hydrogen from the water. These
systems consume electricity to split hydrogen and oxygen from the
water through electrolysis. (2H,0—2H> + O3) [52]. In the microgrid,
the compressed hydrogen can be either sold to industries or filled into
storage tanks of the PtH systems for later use (e.g., generating electricity
using PtH systems’ fuel cells). Moreover, in the case of any failures in the
main grid, the microgrid is disconnected and operated independently in
islanded mode. Therefore, it is of significant importance to schedule it
considering resilience when any failure in the main grid is predicted. For
instance, predicting the level of hydrogen in tanks and being indepen-
dent of imported power from the main grid could be beneficial as pre-
ventive measures when local supply is lower than demand. These
measures help local demand provision during a specific period
improving the system’s resilience.

It should be noted that although the PtH systems, including elec-
trolyzers, hydrogen storage systems, and fuel cells, are cost-intensive,
they can be valuable in the scheduling of industrial microgrids from
several perspectives. The first one is that hydrogen is necessary for
different industries in the area, including metalworking, flats glass
production, and electronic industries [53]. Hydrogen sales to industries
can provide the operator with revenue that can be used to offset other
operating costs. The second one is that these systems are designed to

provide the storage capability for excess renewable energy, which can be
used during periods of low renewable energy availability or high energy
demand. In this way, fuel cells that are used in conjunction with elec-
trolyzers and hydrogen storage systems can be a flexible option to
convert hydrogen into power. The last point to consider is that PtH
technologies are rapidly advancing, which will improve their efficiency
and reduce the costs associated with their deployment [54]. Therefore,
the PtH systems can play a key role in achieving decarbonization in the
future of energy systems, where all energy needs are met by low/net-
Zero emission sources.

2.1. Model for the resilient operation of microgrid considering PtH
systems

The model for the resilient operation of single-phase and balanced
electricity distribution networks of microgrids is indicated in this sub-
section. It is noteworthy to mention that demand is considered as con-
stant active and reactive power for each hour of operation in the model,
and the power loss is also assumed at the beginning of each line. Besides,
the microgrid can exchange power with the main grid in electricity
markets; hence it is assumed that the day-ahead electricity market was
operated to determine electricity price based on the supply and demand
(i.e., day-ahead electricity price is determined). In this study, the
optimal operation of the microgrids is investigated, meaning all com-
ponents were previously installed, including PtH systems. The resilient
operation of microgrids in the presence of PtH systems is formulated as a
bi-objective optimization problem. The reason is that there are two
objectives with different scales, including minimizing cost ($) and
minimizing de-resilience (kWh). The objective functions and the con-
straints are explained in the following.

2.1.1. Objective functions

Equation (1) addresses the objective function of the optimal opera-
tion of the microgrid considering PtH systems. The objective function
consists of five terms: cost of purchasing electricity from the main grid,
costs of producing electricity and emissions production using non-
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renewable dispatchable units (e.g., microturbines), cost of load shed-
ding, the revenue of selling electricity to the main grid, and revenue of
selling hydrogen to industries. It is assumed that the day-ahead elec-
tricity market has already been operated, and as a result, the price of
electricity has been determined based on the interaction between elec-
tricity suppliers and consumers.

Minimize Zy =Y > 6, Pl + Y > (@i + B;-6)-Pis + p.14)
t i t i
DY =D D S P -D D S HT
t i t i t c

Three measures are also determined as another objective function to
improve the resiliency of the microgrid against predicted events in Eq.
(2). More precisely, considering the second objective function improves
the operation of the microgrid to be more efficient when it goes to
islanded mode. Each term of the objective function is precisely
explained in the following.

Minimize Z, = %, — H#, + %5 (@3]

o The first term: decrease interactions with the main grid.

As a resiliency measure, it is necessary to reduce power imports from
the main grid (Eq. (3)). The purpose of this measure is to ensure that the
microgrid is independent and ensure power supply by locally generated
power. When a microgrid operates independently, it can function more
reliably in cases of contingency (i.e., in islanded mode).

Ry =33 P 3)

t

o The second term: increase available power through tanks.

A microgrid can achieve improved operation when the available
local supply falls short of demand, if it has sufficient hydrogen supply
that can be converted to electricity in the event of contingencies in the
main grid. Therefore, the second term of this objective is gas level
through tanks multiplied by the efficiency of electricity production, as
indicated in Eq. (4).

Ty =" @ HL, Q)

o The third term: decrease power loss.

When the power loss is minimized, consumers are supplied by the
nearest suppliers, which improves the reliability of the supply. For this
purpose, the third term of the second objective (i.e., the third resiliency
measure) is considered to reduce the power loss (Eq. (5)).

Ry = > R}, (5)
t 1

2.1.1.1. Constraints. In addition to objective functions, constraints of
the problem are determined, including active power balance,
maximum/minimum output power of renewable and non-renewable
generating units, ramp up/down, reactive power balance, Kirchhoff’s
voltage law and voltage and current limitations, and PtH systems’
technical constraints, in the following.

e Active power balance.

In Eq. (6), the active power balance for the microgrid is indicated by
considering dispatchable and renewable generating units, interactions
with the main grid, charge and discharge power of PtH systems, and
power loss within the lines [55]. More precisely, it declares that the
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supply should match the demand in each hour of the operation period
[56].

wind E—H) L —E Ish buy _ psell __ line
Piy + Pi,t - Pc,r + Pgr + Pi.l + P P:S'.r E (Pl.z
7

+R.L,) =P Vi VIV (6)

e Maximum/minimum output power of renewable and non-renewable
generating units.

In Egs. (7)-(8), the maximum/minimum output power of different
generating units is demonstrated. The binary variable u;, represents the
status of dispatchable generating units which is equal to one when the
units are on and is zero otherwise.

P:Av;nd S P:ty;[nd.max Vth (7)

i PP < Pyy <y PP ViV ®

e Ramp up/down.

In Egs. (9)-(10), the ramp-up and ramp-down constraints of dis-
patchable generating units are indicated, which refers to their capability
to change their output power. A fast ramping rate capability is appro-
priate to deal with the variable output power of renewable generating
units, called flexibility measure.

Py — Py <RM™ Vi Vi ©)

Pi.[—l _ Pi.z < R:_mmlnwn Vi,Vt (10)

e Reactive power balance.
In Eq. (11), the reactive power balance in the network is presented.

Qi+ O+ QI + X8 =l i, ¥, e an

e Kirchhoff’s voltage law and voltage & current limitations.

In Egs. (12)-(13), Kirchhoff’s voltage law for each time step is indi-
cated [57]. Egs. (14)-(15) indicate the voltage limitation at each node
and the current limitation through each line.

vin _you? 2(R,.ij’;w 'y jf;’f) +2R, WV 12)
Vi L, = Qi + Pl VLYV (13)
VIV, < VMYV 14)
|| <1 v vt (15)

e PtH systems’ technical constraints.

In Egs. (16)-(20), constraints are indicated related to the operation of
PtH systems in microgrids. According to Eq. (16), excess power from a
microgrid (Pf;’HZ) can be used to produce hydrogen utilizing electro-
lyzers. Hydrogen produced (H™,) is compressed and stored within tanks,
as indicated in Eq. (17). It should be noted that, in this equation, the
stored amount of hydrogen from the previous operating period is also
taken into consideration (HL?). More precisely, the amount of hydrogen
stored within tanks at the end of each operating period will be used as
the initial amount at the beginning of the next operating period. The
stored amount of hydrogen can either be used in generating electricity
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for later uses by fuel cells (Hﬁ .) or sold for use in other industries (Hg‘;“),
as indicated in Egs. (18)-(19). Additionally, Eq. (20) indicates the level
of hydrogen stored within the tanks (FHL,) cannot exceed its maximum
(HLT®™). The discharge of hydrogen to produce electricity in microgrids
and the sale of hydrogen to industries are also limited by Egs. (21)-(22).
Binary variables are also defined (p, . and ¢.,), and another constraint is
introduced to prevent that each storage can be discharged to produce
electricity in the microgrid and supply industries, simultaneously (Eq.
(23)). The reason is that fuel cells need hydrogen at a specific pressure to
operate efficiently. Therefore, the simultaneous discharge of hydrogen
from storage systems should be avoided so that fuel cells can operate
properly [58,59].

PECHp = H" VeVt 16)

HL) if Veit=1

HLc,t = ) {TW (17)
HLc, + <¢C-HL”_, - 7’) if Ve, Nr>2
HE = HE, + HE Ve, vt as)
Hf,z'l//c = P‘:,?%E Ve, vt 19
HL., < HL"™ Ve,V (20)
Hg, < po HLI™ VeVt (21)
HY < @ HL™" Ve, Vit (22)
Pest 0oy <1 Ve, Vt (23)

2.2. Solving approach based on GBD and MOGP

To address the resilient operation of microgrids with PtH systems, a
solving method is devised that combines the GBD technique with the
MOGP approach. This combination provides an effective solution for
optimizing microgrid operations under various scenarios and enables
efficient utilization of PtH systems. An upside to the MOGP method is
the reduction in the number of iterations and solving time of the MINLP
model [60]. Different satisfaction levels for each objective function can
be considered using MOGP to provide insights for the operators. The first
step of the MOGP is to calculate the positive ideal and negative ideal
solutions for each objective function. After that, using the obtained re-
sults in the last step, membership functions are determined for the
objective functions. In the third step, the weighted sum of objective
functions is optimized to find the maximum level of satisfaction of
constraints for each objective. Finally, MOGP is added as a constraint,
and the model is solved iteratively, which provides a set of solutions to
be opted by operators. However, to solve the resilient operation of
microgrids in the presence of PtH systems using the four-step MOGP
approach, the problem contains binary variables and nonlinear con-
straints, which makes the model an MINLP problem. To handle this
issue, an approach based on Benders Decomposition, called GBD, is
combined with the MOGP method for solving this MINLP problem.
Proposed a few decades ago [61,62], GBD has often been employed to
solve optimization problems in different fields, such as telecommuni-
cation, energy, and transport. As non-convexity is often associated with
MINLP problems, within a finite number of iterations, the GBD fixes the
non-convexity problem and converges to the exact solution [49,50].
Therefore, this approach is an appropriate option to optimize the resil-
ient operation of microgrids due to the nonlinear constraints (Egs. (12)-
(13)) and binary decision variable (u;;, Pers and 0Oc)-

In the following, at first, the main step of the MOGP method to solve
the problem of resilient operation of microgrids in the presence of PtH
systems is determined step-by-step. Then, it is explained how the GBD
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method is integrated into the MOGP method to solve the optimization
problem.

e MOGHP: the first step.

The first step involves finding ideal and non-ideal solutions by
solving the optimization problem considering only one of the objective
functions and ignoring the other one at any time [63]. For instance, in
Egs. (24), minimizing the first objective function provide an ideal and a
non-ideal solution for the resilient operation of microgrids in the pres-
ence of PtH systems (Z] and Z;, respectively (Eq. (25)). In Eq. (26), the
other ideal and non-ideal solutions are also determined for the problem
studied (Z; and Zy, respectively (Eq. (27)). More precisely, when the
optimization problem is solved by considering only one objective
function, it provides an ideal solution for that objective function and a
non-ideal solution for the other objective function.

Minimize Z,
Subject to 24)
Equations (6) — (23)

Zf =2and Z, = Z, (25)
Minimize Z,

Subject to (26)
Equations (6) — (23)

Zf =Zyand Z; = Z, 27)

e MOGP: the second step

A membership function (y; and y,) is determined for each objective
function as indicated in Eq. (28). In this way, the membership functions
are determined for the problem of the resilient operation of the
microgrids.

| fz<z
WSz <nsz
Zl 7Zl
0 if Z1 >Z;
(28)
1 if 7, <7t
Z — 7,

Wy = Z -z if 2, <2 <Z

0 if Z,>27,

MOGEP: the third step

A maximum level of satisfaction for the constraints is determined by
solving a crisp model indicated in Eq. (29). In the optimization problem,
¢, wp, and h respectively indicate the maximum level of satisfaction for
the constraints, weighted coefficients (3,0, = 1) determined by
decision-makers (i.e., microgrid operator in the problem of resilient
operation of microgrids), and a set of objective functions.

Maximize E [
7

subject to (29)
v,>¢ h=1 and 2, ¢€[0,]]
Equations (6)—(23)

e MOGP: the fourth step
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Table 2
Main steps of GBD to solve an MINLP optimization problem.

Loop

Initialization

Iteration : = 1

Upperbound =

Initializing binary variables y*)

The first step: nonlinear programming subproblem
Minimize ZPrmal = CTy®) 4 f(x)
Subject to
h(x) =0, g(x) <0, Cx + By®) <b, Ay < a,xeR"
The solutions are optimal multipliers (A*)) and decision variable (x*))
if zPrmal < Upperbound
Upperbound := ZPma!
qnew . ﬂ(k>
xew ;= x(k)
End

The second step: mixed integer programming master problem
Minimize ZMt = y
Subject to
1> CTy + f(x) =20 (C"x® + By — b)
Ay <a,
ye{0,1}
The solution is y*+1)

The third step: convergence checking
If Zmaster > Upperbound
Stop
Else
Iteration : = Iteration + 1
Gotostep 1
End

Finally, goal programming is integrated into the approach to solving
the resilient operation of microgrids by adding a constraint (™ > y,)
into the model proposed in the last step (Eq. (30)). This step is repeated
until it provides an appropriate level of satisfaction () for the microgrid
operator. Meanwhile, an analysis of weighted coefficients is carried out
by modifying the weights assigned to each objective function. This
analysis aims to provide decision-makers with valuable insights by
exploring the impact of different weightings on the overall optimization
results.

Maximize g ¢,
7

subject to
Y, >¢ h=1and 2,¢el,1] (30)

U=
Equations (6)—(23)

Despite using the MOGP approach to solve the bi-objective problem
presented in this study, challenges remain in solving the Mixed-Integer
Nonlinear Programming (MINLP) problems encountered in the first,
third, and fourth steps. For this purpose, GBD is integrated into the
MOGP to cope with this issue. The concept of GBD is to solve the primal
problem first and then the master problem, which generates an upper
bound and a lower bound. Firstly, the primal problem is solved by
initializing the binary variables in the first iteration that provides the
upper bound and Lagrange Multipliers related to constraints. After that,
the master problem is determined by employing duality theory and
Lagrange Multipliers of the previous step. The solution to the master
problem provides a lower bound and binary variable for the next iter-
ation. The procedure converges in a finite number of iterations when the
upper bound is greater or equal to the lower bound. Considering an
MINLP problem in the form of Eq. (31), the main steps of this decom-
position approach are represented in detail in Table 2.
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Table 3
Main steps of GBD to solve the resilient operation of microgrids in the presence
of PtH systems.

Loop

Initialization
Iteration : =1
Upperboun

Initializing binary variables uE_’?, pﬁ’? R andgi’_‘g

The first step: nonlinear programming subproblem
Minimize 27! = 5,57 (riatly) + S Sioie Py + .5
ZzZivi-Pﬁh 7212151[ PftH Ech‘sct HSEH

Subject to
Equations (6), (7), (9), (10), (11), (12),(13), (14),(15),(16),(17),(18),(19),
and (20)

u® .Pl,

it

HE, < p%) HLT®®

ct =

i((@i+ fi-6i) -Pie) +

(] 1M
<P < u(’;).Pi

= 2W W vi v
Wct ,Ve, vt
B < Qc Herulxsell % ) Ve, vt
/( + () ) <1, x Vc vt
The solutions are optlmal multipliers of constraints and continuous decision variables
if zrimal < Upperbound
Upperbound := ZPma!

weW  buy (k)
P = py
Pit"ew = Pir(k)
nnew  ish(k)
PE[ =P
peelt"® . _ pseli (k)
it . it
unew 11(k)
H i=HG

and---
gnew R
- Lt
e . _ f/”(k)
=78
(k
o = gl
(3
A = P

End

The second step: mixed integer programming master problem
Minimize ZM&®r =y
Subject to
02 D) + S0P+ St ) Pu) +
(k) (k)
pIBILE Pfs ; thﬁlt Pt -y 3.6 HEEY
ZtZz“‘/’ — U PP + Zthg"Ct Hf.t ’ _ﬂc.t-HLTgXE> +
(k) 11(k) .
Do Her I’fci - (’c.t'HLG?xseu)~
Per+ 0 <1
Uig,Pey, and @g,€{0,1}

(k+1) (k+1)

The solutions are uj; . p; (k1)

, and Qk

The third step: convergence checking
If Zmaster > Upperbound
Stop
Else
Iteration : = Iteration + 1
Gotostep 1
End

Minimize C"y + f(x)

Subject to

h()c)J =0, g(x) <0, Cx+By<b GD
xeR", ye{0,1}

As demonstrated, initialization of iteration (Iteration := 1), upper
bound (Upperbound = oo), and binary variables (y*)) are implemented,
and after that, the primal problem is solved in the form of nonlinear
programming (i.e., the first step). The output of solving the primal
problem provides an upper bound (Upperbound := ZP"™?), Lagrange
Multipliers (%)), and continuous variables (x®) for the next step. In the
second step, the master problem is solved, as demonstrated in the above
table (i.e., the second step). The third step is also convergence checking
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Combined GBD and MOGP Approach
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Fig. 2. Main steps of the developed solving approach to optimize the resilient operation of microgrids in the presence of PtH systems.

(Zmaster > Upperbound) and updating iteration (Iteration : = Iteration + 1)
when another iteration is required. As an example, in Table 3, the main
steps of this decomposition approach to solve the operation of PtH
systems in microgrids are demonstrated (i.e., solving the optimization
problem discussed at the first step of MOGP (Eq. (24)).

Fig. 2 illustrates the main stages involved in solving the resilient
operation of microgrids with PtH systems using the developed solving
approach. More precisely, this figure indicates the flowchart of solving
the optimization problem using the developed approach. As depicted, on
the right side of the figure, the main steps of MOGP are demonstrated as
discussed previously. Based on this approach, in the first, third, and
fourth steps of the MOGP approach, the GBD method is integrated to
solve the optimization problems, indicated on the left side of the figure,
as discussed earlier (See Fig. 3.)

It should be noted that the model is non-convex in its current form,
which means that the solution method may lead to local optimum so-
lutions. While GBD is an appropriate solving method to deal with the
MINLP problem, a pre-processing technique could help to achieve a
unique solution. The first step of this technique is to prepare the opti-
mization problem by reformulating Eq. (13) into Eq. (32), which
transforms the non-convex optimization problem of optimal power flow
into a convex one by a conic program based on [64]. More precisely, by
converting the model into a convex optimization problem, achieving a
unique solution is guaranteed. The second step of pre-processing is to
solve the relaxed optimization problems in which binary variables are
considered as continuous variables between zero and one. After solving
the relaxed problem, initial points for solving the original problem using
GBD are obtained by rounding the value of these continuous variables.
As a result, this method prevents initializing the binary variable

10

inappropriately. The third step of this method is based on adding slack
variables to the power flow balance equation (Eq. (33)), adding the
corresponding considerable penalty to the objective function (Eq. (34)),
and solving the obtained optimization problem. It also prevents trapping
into local optimum or infeasible solutions by overestimating the feasible
region, as demonstrated in Fig. 4 [65]. The main reason is that the
initializing binary variable may still lead to infeasible solutions in the
early iterations of the proposed solving approach. Although the third
step assists in coping with the problem, the value of the slack variable
must be zero if a unique solution is to be obtained. On the other hand,
the initial points and penalties must be updated to reach this aim [66].

line2

VIZJ ‘12 2 Lt

T> + P VLYt (32)

Py + Py — PECM 4 PIEoE L P P — P = (P RISV,

=P+ SV{, ViVl

33)

Z =Z+) ) PN.(SV}, +SVY) (34)

t i

It should be noted that, as this study examines the resilience opera-
tion of microgrids in the presence of PtH systems, developing the
method based on the decomposition provide more accurate solutions in
comparison with linearization. The reason is that the linearization
techniques are an approximation around specific points and provide a
less accurate solution when the distance from the points increases

[67,68]. Therefore, in this case, applying the GBD method leads to a
more accurate solution and guarantees a globally optimal solution.
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Step 1: Preparing to be solved by
transforming the nonconvex problem to the
convex one (rewriting Equation (13) into
Equation (32))

!

Step 2: Determining and solving the relaxed
model in which binary variables are
considered as continuous variable between
zero and the obtained results are used as
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initial points

v

(Equations (33)-(34))

Step 3: Adding Slack variables to the power flow balance and
corresponding penalty to the objective function

\ 4

Solve the model using the proposed solving approach based on
GBD and MOGSP (as depicted in Figure 2)

Adjusting penalties

Optimal
solution?

or initial points

A

Fig. 3. Main steps of the developed preprocessing approach to optimize the resilient operation of microgrids in the presence of PtH systems.
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Fig. 4. Feasible solution and initial points for the solving method with and without preprocessing.

3. Case study

In this study, based on real-world data, an industrial microgrid is
taken into consideration to analyze the role of PtH systems, the resil-
iency consideration approach, and the solving approach from technical
and economic aspects. As depicted in Fig. 5, a microgrid is studied,
which consists of 33-node, 32-line, four connections to wind generators,
three connections to PtH systems, and two connections to dispatchable

11

units. In a normal situation, the microgrid can sell/buy electricity to/
from the main grid. While the microgrid is connected to the main grid in
the normal operation mode, in case of a contingency in the main grid (e.
g., equipment failure caused by severe weather), this microgrid operates
independently in the islanded mode.

It is worthwhile to mention that, in the paper, PtH systems are

examined that consist of alkaline electrolysis technology, known for its

robustness and long-standing presence in the industry [69].
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Fig. 5. Illustration of the microgrid examined in this study, including PtH systems, dispatchable units, and distributed renewable resources.

Table 4
Characteristics of different systems installed in the microgrid.
System Location Installed capacity Characteristics of each unit
Windturbines Node 15, Node 29, Node 30, and Node 32 2400 kW p?’ti"dvmax — 600 kW
Dispatchable units Node 9 100 kW a; = 0.04 $/kW,
Prin — 10kW,
P — 100 kW,
d
Rrexw/dom _ 50w,
i =5 $/Ton, and
¢; = 0.0003 Ton/kW
Dispatchable units Node 2 500 kW a; = 0.253/kW,
PMin — 100kW, f; =65 $/Ton, and
PP — 500kW, ¢; = 0.000417 Ton/kwh /2]
d
Ry™/ ™ — 125 kW,
PtH systems Node 7, Node 19, and Node 27 1200 kw ¢, = 60%, g, = 36%, HL™™ =2000m?, and &', = 6$/m®

Table 5
Scenarios examined in the study.

No.  Scenario Further explanations

1 Different prices of hydrogen e 100 %, 10 %, and 1 % of real prices of
hydrogen

2 Distributed PtH systemsanda e Centralized PtH system capacity is equal

centralized PtH system to the sum of distributed PtH systems
Centralized PtH system is connected to

node 7

3 No PtH systems

4 Low wind availability e 20 % wind availability

Hydrogen storage full at the start of the
operating period

Additionally, proton exchange membrane (PEM) fuel cells are integrated
to convert the stored hydrogen back into electricity, with the added
benefit of a fast start-up time, albeit with a higher cost due to the
required catalyst [70]. The produced hydrogen is also compressed to be
stored in steel-made cylinders under high pressure. By combining these
technologies, PtH systems can transform surplus electrical energy into a
storable and versatile form of fuel that can be utilized for power gen-
eration or in various industrial applications.

12

In Table 4, the location, capacity, and characteristics of the compo-
nents installed in this microgrid are addressed [71]. All required data to
simulate the electricity network in the microgrid are also presented in
Appendix.

Considering the case study, different scenarios are investigated
(Table 5), including various prices of hydrogen (Scenario 1), a central-
ized PtH system versus distributed PtH systems (Scenario 2), no PtH
systems (Scenario 3), and a low wind power availability, as an example
of extreme weather events (Scenario 4). It should be noted that the
proposed model for the resilient operation of microgrids in the presence
of PtH systems is implemented in General Algebraic Modeling System
(GAMS) using a computer with an Intel Core i8 processor and 8 GB of
RAM.

4. Result and analysis

The results and analyses presented in this section are divided into
two main subsections. The role of PtH systems is examined in the
operation of the microgrid from technical and economic viewpoints in
Subsection 4.1 (Scenario 1 and Scenario 2). In Subsection 4.2, the role of
the resiliency consideration approach to mitigate load shedding in the
microgrid is examined along with the output of the developed approach
to solve the optimization problem (Scenario 3 and Scenario 4).
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mainly due to improvements in production technologies, the promotion
of the use of renewable resources, and government policies to use clean
energy. For this purpose, the output and/or input power of different
components as well as interactions with the main grid are illustrated in
Fig. 6. It demonstrates that the excess electricity in the microgrid is
converted to hydrogen during off-peak hours of operation (from 00:00 to
07:00 and from 23:00 to 24:00), and the amount of stored hydrogen
within tanks of PtH systems is used for either electricity production or
industries’ demand provision during peak hours of operation (from
08:00 to 22:00). When the price of hydrogen is high, the stored
hydrogen within tanks is continuously sold to industries (Alpha = 1.0).
Examination of a low price of hydrogen shows that, in this case, the
stored hydrogen is persistently converted to electricity to supply peak
demand (Alpha = 0.01). However, when Alpha is equal to 0.1, only at
the beginning of peak hours, the stored hydrogen is converted to elec-
tricity, and it is mostly used to supply the required amount of hydrogen
for industries.

Fig. 7 further illustrates the total charged and discharged energy of
the PtH systems as part of the overall solving approach for the resilient
operation of microgrids. It shows that the charged energy is less than 4
MWh, and the PtH systems are discharged either to provide hydrogen for
industry or supply energy in the microgrid according to the price of
hydrogen. However, in the case of high hydrogen prices, the hydrogen
sold to the industry is much higher than in other cases. It is due to a
substantial revenue stream from hydrogen sales at high prices, which
makes importing power from the main grid and converting it into
hydrogen using PtH systems a beneficial option. It is supported by an
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Fig. 13. Scheduling of microgrid when low wind power is available in the
presence and absence of PtH systems.

illustration of different terms of the first objective function for different
prices of hydrogen, indicated in Fig. 8. This figure indicates the revenue
of selling hydrogen to industry, the cost of imported power from the
main grid, the cost of emission, and the cost of flexible generating units
operation. Based on the examination, when the price of hydrogen is
high, the cost of imported power from the main grid is high as con-
verting to hydrogen and selling to industry provides a significant reve-
nue that offsets a portion of operating costs.

In Fig. 9, the total imported and exported energy to/from the
microgrid is also illustrated, including imported energy from the main
grid, supplied energy by renewable and dispatchable systems, and
charged and discharged energy of PtH systems. It indicates that
renewable energy sources provide a substantial portion of electricity
demand (about 40 MWh). However, the main grid still provides about
20 MWh of electricity demand. The flexible generating units only supply
the electricity demand during peak hours. Due to the lower price of the
main grid compared to the operating costs of flexible generating units (i.
e., based on Table 9 and Table 4), imported power from the grid is given
priority over flexible generating units. Due to the technology of dis-
patchable units connected to node 2, the variable cost of operation is
0.25 $/kWh, while the maximum price of electricity is 0.16 $/kWh. For
resilient operations, however, dispatchable units in the microgrid would
supply the energy to minimize dependence on the main grid.

To analyze the role of PtH systems, another examination is also
conducted that compares the operation of distributed against central-
ized PtH systems in this microgrid (i.e., Scenario 2). It is worthwhile to
mention that the capacity of the centralized PtH system is equal to the
sum of the installed capacity of the distributed systems represented in
the case study, and it is connected to node 7. The examination shows
that the distributed PtH systems reduce the total amount of power im-
ported from the main grid, as indicated in Fig. 10. For instance, for
Alpha equal to 0.01, 0.1, and 1, the amount of imported energy reduces
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Table 6
Sensitivity analysis of the MOGP approach.
Weighted coefficients Z1(9) Z5(kWh) Weighted coefficients Z1(8) Z3(kWh)
@ = 1and 0y = 0 1272.95 18219.13 @ =04 and w; = 0.6 1740.12 11649.59
@ =08 and wy =02 1314.47 14434.91 @ =02 and w; = 0.8 2816.43 7027.54
@ =0.6and w; = 0.4 1359.71 13934.74 @ =0 and @y =1 6566.00 -115.08
precisely, in the distributed installation of the PtH systems, more output
= 20000 power of renewable energy resources is converted and charged into
E 15000 hydrogen storage systems. As a result, this can assist demand provision
%/ more efficiently and reduce the dependency on the main grid. On the
=, 10000 other hand, when the price of hydrogen increases, the amount of im-
g ported energy rises as well, from 18.12 MWh to 26.92 MWh. However,
b 5000 the reason is that the hydrogen production to be sold to industries is
] .. . . -
< 0 more beneficial when there is a high price of hydrogen and compen-
>
%" 0 0.2 0.4 0.6 0.8 1
S -5000 Table 7
-10000 Examining different weighted coefficients for each term of the second objective

Weighted coefficient of the second objective function

(w,)

Fig. 14. Energy-not-supplied versus different weighted coefficients for resil-
iency consideration objective function.

by 610 kWh, 470 kWh, and 410 kWh, respectively. It shows a more
efficient operation of the PtH systems to deal with changes in demand
when installed in a distributed way compared to a centralized one. More

a) Economic Operation

Main Grid

b) Resilient Operation

function.

Weighted coefficient =~ Weighted coefficient =~ Weighted coefficient  Z;

of % of %5 of A3
0.2 0.4 0.4 9996.470
0.5 0.25 0.25 3481.525
0.8 0.1 0.1 2238.990
0.4 0.2 0.4 1858.448
0.25 0.5 0.25 1161.530
0.1 0.8 0.1 464.612
0.4 0.4 0.2 1791.199
0.25 0.25 0.5 1245.591
0.1 0.1 0.8 699.982
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Fig. 15. Load flows through microgrid with and without resiliency consideration ((a) economic operation and (b) resilient operation).
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Table 8
Comparison of costs and solving time using GAMS software versus GBD.
Weighted coefficients Solver Z1(9) Solving Time (sec)
w1 = 1and wy = 0 DICOPT 1009.50 733
GBD 1009.51 330
w1 =0.8 and wy; =0.2 DICOPT 1314.47 954
GBD 1314.47 418
w1 =0.6 and w, =0.4 DICOPT 1359.71 987
GBD 1359.70 433
w1 = 0.4 and w2 = 0.6 DICOPT 1740.12 1263
GBD 1740.12 558
w1 =0.2 and wy; =0.8 DICOPT 2816.43 1244
GBD 2816.42 550
w1 = 0and wy = 1 DICOPT 6566.00 1800
GBD 6566.00 810

sating operating costs. To go into greater depth, the operating cost of the
microgrid and the amount of produced emission in this scenario is
indicated in Fig. 11. In the figure, in addition to the centralized and
distributed PtH systems, another case is examined without the PtH
systems when Alpha is equal to 0.01. Based on the obtained results, the
distributed integration of PtH systems, compared to when there are no
PtH systems, reduces the emissions by two tons and the cost of operation
by $540. It is due to the reduction in the amount of imported power from
the main grid due to the more efficient operation of PtH systems to deal
with the variable output of renewable resources and changes in demand.
More precisely, the distributed PtH systems are more efficiently charged
in off-peak hours and discharged during peak hours which assists de-
mand provision in this case. However, it should be noted that the
centralized PtH systems can normally provide a higher efficiency due to
economies of scale, optimized operation, and large-scale production,
which should not be ignored [73].

All in all, the analyses in this subsection can provide microgrid op-
erators with proper insights into the operation of the PtH systems.
Firstly, the analyses show that the integration of the PtH systems can
supply either the demand of industries for hydrogen or electricity de-
mand during peak hours. It depends on the strategy of the operators and
the price of hydrogen whether the hydrogen must be sold to industries to
increase the revenue (i.e., compensate the cost of operation) or
consumed in the microgrid for other purposes, such as peak shaving that
prevent the establishment of extra capacity of suppliers. Besides, the
analyses prove that the installation of the system in a distributed way
makes these systems operate more efficiently. It concludes with more
cost-saving and emission reduction compared to a centralized high-
capacity PtH system.

4.2. Resiliency analysis and computational performance of the
decomposition approach

In this subsection, at first, analysis is conducted to examine the po-
tential of PtH systems in the resilient operation of the microgrid. To this
aim, the scheduling of the microgrid in the absence of PtH systems is
indicated in Fig. 12 (i.e., Scenario 3). The hourly scheduling of the

Table 9
Data of demand, wind output power, and electricity price during a day.
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microgrid indicates that it is more dependent on the main grid (espe-
cially during the peak operating hours) instead of charging PtH systems
during off-peak and valley hours of demand and discharging them
during peak hours. In comparison with Fig. 6, it is evident that wind
curtailment occurred from 00:00 to 07:00 and from 23:00 to 24:00. It
means that although wind power is available, it cannot be used in the
microgrid due to some limitations (e.g., congestion). However, as dis-
cussed earlier, the output power of turbines could be converted to
hydrogen to be used during peak hours of the operating period. It should
be noted that, in this case, the total wind curtailment during the oper-
ating period is 4.5 MWh.

The scheduling of the microgrid with and without PtH systems in a
day with a low wind power availability is also indicated in Fig. 13 to
investigate the value of PtH systems in extreme conditions (i.e., Scenario
4). It is assumed that, in the presence of PtH systems, at the beginning of
the operating period, the hydrogen storage systems are full (e.g., due to
the availability of wind power and/or low price of energy in previous
days). It shows that when a low amount of wind power is available, the
microgrid supplies a large portion of demand by purchasing from the
main grid (especially when there are no PtH systems). However, the
microgrid’s dependency on hydrogen-to-power to supply demand is
evident from 07:00 to 21:00. It indicates the positive role of PtH systems
in the energy management of microgrids to enhance resilience.

In this subsection, the obtained results of the resiliency consideration
approach are investigated. In Table 6, the sensitivity analysis of
weighted coefficients of the MOGP approach is indicated. When the
weighted coefficient of the first objective (i.e., Cost minimization (Z;))
increases from zero to one, the cost of operation reduces from $6566.00
to $1272.95. However, the resiliency reduces due to some reasons, such
as dependency on the main grid and low levels of hydrogen within the
tanks. On the other hand, the increase in the weighted coefficient of the
second objective function (i.e., de-resilience minimization (Z)) reduces
the de-resilience from 18219.13 to —115.08. It is noteworthy to mention
that the greater the weighted coefficient is given to the second objective
(i.e., resiliency consideration), the more cost of operation increases. For
instance, when w, increases from O to 0.6, the operating cost goes up
from $1272.95 to $1740.12. However, when the weighted coefficient is
equal to 0.8 and 1, the operating cost is considerably elevated, matching
$2816.43 and $6566.00, respectively. The reason is that a considerable
amount of hydrogen within tanks is stored when the weighted coeffi-
cient of the second objective is high. It also highlights the role of the PtH
systems in the economic operation of the microgrid. As the cost of
operation surges when a considerable level of hydrogen is stored within
the tanks, the most resilient approach would not be preferable from the
economic perspective, although improving the resiliency of the
microgrid.

In Fig. 14, the changes in the amount of energy-not-supplied versus
the weighted coefficient of the resiliency consideration objective func-
tion are demonstrated in the case of the main grid failure. This analysis is
conducted by fixing all decision variables based on the obtained result
from the optimization problem (i.e., scheduling of microgrid) except the

Time Electricity (%) Wind (%) Electricity price ($/kWh) Time Electricity (%) Wind (%) Electricity price ($/kWh)
(hour) (hour)

1 0.6843 0.8345 0.0300 13 0.9460 0.7601 0.1600
2 0.6451 0.5361 0.0200 14 0.9515 0.5987 0.0850
3 0.6198 0.4424 0.0300 15 0.9721 0.4704 0.0820
4 0.6044 0.4220 0.0250 16 0.9991 0.5162 0.0700
5 0.6057 0.9124 0.0250 17 1.0000 0.5641 0.0800
6 0.6268 0.8579 0.0310 19 0.9638 0.6466 0.0650
7 0.6773 0.8981 0.0450 19 0.9608 0.8375 0.0550
8 0.7437 0.6792 0.0470 20 0.9271 0.9480 0.0650
9 0.8029 0.9266 0.0490 21 0.9269 0.8187 0.0750
10 0.8484 0.9083 0.0620 22 0.8872 0.9185 0.0500
11 0.8930 0.8075 0.0900 23 0.7853 0.9699 0.0450
12 0.9222 1.0000 0.1300 24 0.7685 0.9002 0.0350
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load shedding and the objective function value. The amount of in-
teractions with the main grid is also equal to zero in the case of this
failure to simulate islanded mode of operation. As demonstrated in the
figure, as far as the weighted coefficient of the second objective function
increases from zero to one, the amount of energy-not-supplied reduces
when there is an interruption in the main grid. Although having a
considerable amount of cost (see the last table), when ws is equal to one,
there is no load shedding during the islanded mode, which is preferable
from the resiliency viewpoint.

Additional analysis is conducted to investigate the underlying rea-
sons for the no load shedding during resilient operation scenarios. This
analysis aims to identify the factors and conditions that contribute to the
successful avoidance of load shedding, providing insights into the
effectiveness of the resilient operation strategy. In Fig. 15, the load flow
within the microgrid is indicated for the most economic strategy of
operation versus the most resilient one in the peak hour (t = 17). It is
worthwhile mentioning that the microgrid is still connected to the main
grid. The analysis shows that the amount of power imported from the
main grid reduces in the resilient operation (b) in comparison with the
economic operation (a). In this mode, the dispatchable generating units
connected to node two operate to supply a considerable portion of de-
mand. However, the cost of these generating units is more than the price
of the main grid. Moreover, in the resilient operation, the maximum
volume of hydrogen is stored within tanks connected to nodes 7, 19, and
27 to deal with the predicted failure of the main grid. As a result, when
the microgrid goes to the islanded mode in the case of failure in the main
grid, no load shedding occurs.

Another analysis is also conducted to examine the impact of each
term of the second objective function on the resiliency (i.e., the impact
of #1, #2, and .#3 on Z,). This analysis is conducted considering the
most resilient approach, examined above (w; = 0 and w; = 1). For this
purpose, determining a weighted coefficient for each term of the second
objective function, the value of this objective function (de-resiliency) is
examined as demonstrated in Table 7. Based on the analysis, when the
weighted coefficient of the second term is higher than other ones
(weighted coefficient of .%; is equal to 0.8), the maximum resiliency (i.
e., minimum de-resiliency) is achieved. It highlights the impact of the
availability of hydrogen to be converted to electricity in emergency
cases (e.g., islanded model when local supply is lower than demand).
Moreover, this term makes the objective function exclusive, as when the
amount of hydrogen stored in storage systems increases, it concludes the
increase in the operating cost of the microgrid. The reason is that the
microgrid should purchase more power from the main grid and/or
dispatch gas-fired units.

To sum up, it should be declared that it is beneficial to sell hydrogen
to industries in a normal situation. However, when a failure in the main
grid is predicted, and local supply is lower than demand, it is not
reasonable. In the case of prediction of failure in the main grid, the
hydrogen produced by PtH systems must be stored within tanks to be
converted to electricity after the failure occurrence. It prevents or re-
duces energy-not-supplied in the microgrid in the case of the occurrence
of the predicted event. Aside from the mentioned strategy, two other
measures are employed in this research that prevent load shedding,
including the reduction in interactions with the main grid and power
loss. The former decreases the dependency on the main grid and the
latter causes supply demand from the nearest producers. Therefore,
whenever a microgrid goes to islanded mode, if the strategies are
implemented beforehand, the amount of shedding reduces significantly,
which prevents harming the industries. Industries are negatively
affected by a shortage of electrical power, as material is lost, equipment
breaks down, and productivity is lost.

Aside from the discussed issues, the cost of microgrid operation
versus various levels of resilience is examined. For this purpose, both the
GAMS DICOPT solver and the GBD method are integrated into the
MOGP method to solve the optimization problem considering different
weighted coefficients. It should be noted that this GAMS solver is mainly
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Fig. 16. Convergence of upper and lower bounds using the GBD.

used to solve complex problems, whose benefits are generating high-
quality solutions and faster computation. Table 8 compares the value
of the objective function and the solving time between the GBD method
and DICOPT to ensure that the proposed approach yields unique solu-
tions. This comparison serves to evaluate the performance of both
methods in terms of solution quality and computational efficiency. It is
demonstrated that the integration of GBD provides better or similar
solutions in a shorter time. When the economic aspect is only considered
(w1 = 1), the decomposition approach reduces the solving time from
733 s to 330 s. However, in the most resilient approach (w; = 1), the
integration of the GBD to solve the problem decreases the solving time
from 1800 s to 810 s. It should be noted that whenw; = 0.8, 0.6, 0.4, and
0.2, the GBD reduces the solving time by 536, 554, 678, and 694 s,
respectively. Besides, when the problem is solved using the GBD
approach, upper and lower bounds converge between eight to ten iter-
ations. For instance, in Fig. 16, the convergence to the optimal solution
is depicted in eight iterations when w; = 1 and w; = 0 aswellasw; = 0
and w, = 1.

5. Conclusion

This study introduced a bi-objective optimization model formulated
as a mixed-integer nonlinear programming problem. The model was
specifically designed for the resilient operation of microgrids that
incorporate power-to-hydrogen systems which include electrolyzers,
hydrogen storage systems, and fuel cells. The power-to-hydrogen sys-
tems produced hydrogen from excess electricity in the microgrid, which
could either be sold to industry or stored in tanks for future use. Three
resilience measures were considered in this study to improve microgrid
operation during main grid failures: (i) decreasing imported power, (ii)
reducing power loss, and (iii) increasing hydrogen levels in the tanks.
The decrease in the amount of imported power from the main grid and
power loss measures reduced the dependency of the microgrid on the
main grid. As a result, the electricity was supplied from the nearest re-
sources, improving the reliability of supply. The increase in hydrogen
level in the tanks improved the ability of the microgrid to supply the
demand in the islanded mode by utilizing the stored hydrogen for con-
version to electricity. To address the complexity of the mixed-integer
nonlinear programming bi-objective model for the operation of the in-
dustrial microgrid, a novel method was developed. This method inte-
grated the Generalized Benders Decomposition technique with the
Multi-Objective Goal Programming approach. The aim was to handle
the model’s complexity while improving computational performance
effectively.

Based on the results, the integration of the power-to-hydrogen sys-
tem into the microgrid could either facilitate the provision of peak
electricity demand or supply the required amount of hydrogen in the
industries. The price of hydrogen plays a crucial role in determining the
most beneficial course of action: whether to sell hydrogen to industries
(in the case of a high hydrogen price) or convert it into electricity (in the
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case of a low hydrogen price). The price directly influences the economic
viability and profitability of these options, allowing decision-makers to
optimize their strategy based on prevailing market conditions.
Furthermore, three cases of (i) no power-to-hydrogen system, (ii) a
centralized power-to-hydrogen system, and (iii) distributed power-to-
hydrogen systems were considered, and cost and emissions analyses
were carried out. It was demonstrated that the distributed integration of
power-to-hydrogen systems reduced the emissions by about 20 % and
the operating cost by about 30 % compared to the no power-to-hydrogen
system case, due to the reduction in the amount of power imported from
the main grid. In the low wind power availability scenario, it was
indicated that the power-to-hydrogen systems were important in
maintaining the security of supply and enhancing system resilience. The
study investigated the impact of different weighted coefficients on the
role of resilience measures. Furthermore, the computational perfor-
mance of the problem was evaluated with respect to the solution
approach used. The approach of resilience consideration indicated that
the most resilient weighted coefficients increased the operation cost by
more than four times. However, in this case, the amount of load shed-
ding in the case of failure of the main grid was zero. It was also
demonstrated that the solution time of this mixed-integer nonlinear
programming problem was reduced by 54 % using the developed
approach compared to GAMS commercial solver.

While this study offers valuable insights into the resilient operation
of microgrids with power-to-hydrogen systems, there are additional
areas that warrant further exploration. One such aspect is the incorpo-
ration of costs associated with the establishment and maintenance of
power-to-hydrogen system components, including electrolyzers, storage
systems, and fuel cells. Future research can delve into integrating these
cost considerations into the optimization model to provide a more
comprehensive analysis of the economic feasibility and viability of such
systems in ensuring a reliable and sustainable energy supply. Besides,
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Appendix A. Electricity network data

The shares of electricity demand (hourly demand/peak demand) and
wind output power (available power/installed capacity) as well as
electricity price during the day are indicated in Table 9 [49].

In Table 10 and Table 11, the characteristics of the electricity
network and the electricity demand are demonstrated, respectively. It is
noteworthy to mention that the demand is indicated as active and
reactive powers, and it is assumed all loads have the same profile [74].

Table 11
Microgrid’s load.

future studies can focus more on incorporating uncertainty in the model. Node Load (kW + jkVar) Node Load (kW + jkVar)
This can involve exploring the effects of different sources of uncertainty, 2 100 + j60 18 90 + j40
such as availability of renewable power and electricity demand. 3 90 + j40 19 90 + j40
4 120 + j80 20 90 + j40
. . L 5 60 + j30 21 90 + j40
CRediT authorship contribution statement 6 60 + 20 2 90 + 40
7 200 + j100 23 90 + j40
Vahid Shahbazbegian: Data curation, Investigation, Methodology, 8 200 + j100 24 420 + j200
Software, Writing — original draft. Miadreza Shafie-khah: Conceptu- 9 60 +j20 25 420 + j200
alization, Supervision, Validation, Writing — review & editing. Hannu 1(1) 4612 +J§g 33 28 +Ji§
Laaksonen: Conceptualization, Supervision, Validation, Writing — re- 12 60 1;35 28 60 1;20
view & editing. Goran Strbac: Supervision, Writing — review & editing. 13 60 + j35 29 120 + j70
Hossein Ameli: Investigation, Methodology, Visualization, Writing — 14 120 + j80 30 200 + j600
review & editing. 15 60 +j10 31 150 + j70
16 60 + j20 32 210 + j100
17 60 + j20 33 60 + j40
Table 10
Electricity network data.
Branch From Node To node Resistance () Reactance (Q) Branch From Node To node Resistance (Q) Reactance (Q)
1 1 2 0.0922 0.0470 17 17 18 0.7320 0.5740
2 2 3 0.4930 0.2511 18 2 19 0.1640 0.1565
3 3 4 0.3660 0.1864 19 19 20 1.5042 1.3554
4 4 5 0.3811 0.1941 20 20 21 0.4095 0.4784
5 5 6 0.8190 0.7070 21 21 22 0.7089 0.9373
6 6 7 0.1872 0.6188 22 3 23 0.4512 0.3083
7 7 8 0.7114 0.2351 23 23 24 0.8980 0.7091
8 8 9 1.0300 0.7400 24 24 25 0.8960 0.7011
9 9 10 1.0440 0.7400 25 6 26 0.2030 0.1034
10 10 11 0.1966 0.0650 26 26 27 0.2842 0.1447
11 11 12 0.3744 0.1238 27 27 28 1.0590 0.9337
12 12 13 1.4680 1.1550 28 28 29 0.8042 0.7006
13 13 14 0.5416 0.7129 29 29 30 0.5075 0.2585
14 14 15 0.5910 0.5260 30 30 31 0.9744 0.9630
15 15 16 0.7463 0.5450 31 31 32 0.3105 0.3619
16 16 17 1.2890 1.7210 32 32 33 0.3410 0.5302
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