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A B S T R A C T

In sustainable energy transitions, the utilization of hydrogen is crucial, providing flexibility in the operation of 
net-zero emission renewable-based energy systems. This paper presents a study on the optimal operation of net- 
zero emission multi-energy future microgrids that utilize hydrogen as an alternative fuel instead of natural gas. 
The electrolyzers’ output is injected into the hydrogen grid to meet demand or converted back to electricity later 
using generating units, owing to the storage capability of pipes, called linepack. For this purpose, a detailed 
mathematical model is developed to simulate the main characteristics of grids (e.g., voltage, current, hydrogen 
flow, and pressure) as well as various components (e.g., renewable systems, electrolyzers, and hydrogen-fired 
units). To become more realistic, a possibilistic-robust approach is developed to account for the uncertainty 
arising from the lack of real-world implementation. By representing a case study, a test is performed to evaluate 
the possibility of employing a low-pressure gas grid to meet the demand for hydrogen. After that, the effects of 
electrolyzers are analyzed in the presence and absence of the uncertainty consideration approach. The result 
indicates that, despite hydrogen’s lower energy density compared to natural gas, it is still feasible to satisfy the 
same energy demand level, considering the technical characteristics of the grid. The integration of electrolyzers 
can reduce wind curtailment by 2 % and supplement hydrogen demand by 50 %. A higher level of conservatism 
in the possibilistic-robust approach leads to an increase in the mean value of the objective function and a 
reduction in the standard deviation under the realization of uncertain parameters, which provides the decision- 
makers with a more realistic insight.

Nomenclature

Indices
t Time step b Bus in electricity grid
n Node in hydrogen grid l Electric line
p Pipe ​ ​
Parameters
ψ t Import price for 

electric power
ψʹ

t Export price for electric 
power

ψʹ́
t Shedding cost for 

electric demand
ϕ Import price for 

hydrogen
ϕʹ Cost of linepack 

management
ϕʹ́ Shedding cost for 

hydrogen demand

(continued on next column)

(continued )

Eload
b,t /Erload

b,t Active/reactive power 
demand

Vmax
b Voltage limit

Rl,t/Xl Resistance/reactance 
of electric line

Imax
l Current limit

Edg,min/max
b

Minimum/maximum 
available renewable 
power

Ton/off Minimum up/down 
time of generating units

Rampb Ramp limit Hload
n,t Hydrogen consumption

πmin/max
n Minimum/maximum 

pressure
Hline, min/max

p Minimum/maximum 
flow within pipe

LP0
p,t Initial linepack (stored 

hydrogen) within pipe
Dn,nʹ Diameter of pipe

(continued on next page)
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(continued )

Ln,nʹ Length of pipe ξ Hydrogen required for 
electricity production 
using generating unit

ζ Electricity required for 
hydrogen production 
using electrolyzer

fn,nʹ Friction factor

S Slope or gradient of 
pipe

cij Cost coefficient

ãij Imprecise constraint 
coefficients

bi Right-side coefficient

ρ0 Fixed tolerance ĉ Optimal value of 
objective function 
without uncertainty

z Control parameter of 
decision maker

γ Weighted coefficient

Decision Variables
OFMEM Operating cost of 

multi-energy microgrid
OFELC Operating cost of 

electricity grid
OFH2 Operating cost of 

hydrogen grid
Ebuy

t
Purchased power

Esell
t Sold power Eshed

b,t Load shedding

Hbuy
t

Purchased hydrogen ΔHn,t Changes in hydrogen 
within pipe

HNSn,t Hydrogen-not-supplied Edg
b,t

Electric power from 
renewable resources

Ernw
b,t Electric power of gas- 

fired unit
Eline

l,t /Erline
l,t Active/reactive power 

within line
Eelz

b,t Electric power 
consumption of 
electrolyzer

Vb,t Voltage

Ert Reactive power from 
the main grid

Il,t Current

Γi,t On/off status of 
generating units

Helz
n,t Hydrogen production of 

electrolyzers
πn,t Pressure Hline

p,t Hydrogen flow within 
pipe

LPp,t Linepack (stored 
hydrogen within pipes)

Hpipe,in/out
p,t

Hydrogen flow to/from 
pipe

Hdg
n,t

Hydrogen required for 
generating units

z Objective function

xij Decision variables Γi Protection level
Abbreviations ​ ​ ​
RES Renewable Energy 

Systems
MEM Multi-Energy 

Microgrids
PRP Possibilistic-Robust 

Programming
DICOPT Discrete and 

Continuous Optimizer
GAMS General Algebraic 

Modeling System
NG Natural Gas

NGL Natural Gas-Low Initial 
Linepack

H2 Hydrogen

mcm Million Cubic Meter kcm Thousand Cubic Meters
H2L Hydrogen-Low Initial 

Linepack
MINLP Mixed-Integer 

Nonlinear 
Programming

1. Introduction

Currently, a considerable share of emissions stems from the energy 
sector as there is still dependency on burning fossil fuels for energy 
demand provision. To address this concern, governments of different 
countries set targets to increase their renewable energy share in their 
final energy consumption [1]. This objective is being pursued through 
various policies promoting the adoption and development of Renewable 
Energy Systems (RESs). These policies include financial incentives like 
feed-in tariffs, investment grants, and tax credits to encourage the 
installation of RESs [2]. However, despite their efforts, the key challenge 
still includes the intermittent nature of renewable sources impacting the 
grid [3]. A solution can be to utilize flexible gas-fired units burning 
hydrogen to manage intermittency and address supply-demand pro
visions without emissions [4]. The existing gas grid infrastructure can be 
repurposed to transport and distribute hydrogen to the gas-fired units, 
reducing the need for new investments [5]. The hydrogen produced by 
electrolyzers can also be injected into the grid to supply these units or 

provide hydrogen demand for other purposes, leading to reduced 
emissions and moving toward a carbon-neutral energy sector [6].

In order to study the role of hydrogen in the operation of energy 
systems, it is of great importance to consider the time that it takes to 
transfer gas from the supply point to the demand point. However, the gas 
stored within the pipes, known as linepack, can help manage sudden 
changes in demand by compensating for the mentioned time delay. 
Linepack also serves as a form of storage, allowing gas to be reserved for 
later use, which optimizes the need for additional storage systems to 
provide flexibility [7]. A growing number of studies focus on the 
incorporation of alternative fuels within natural gas grids, employing 
steady-state models to inform their analyses with respect to the linepack 
within pipes. For instance, in [8], the distributed injection of alternative 
fuels, such as hydrogen and biogas, into transmission gas grids was 
examined. The findings indicated the potential to supplement demand 
by injecting alternative fuels up to a 10 % mixture. In [9], a case study in 
Germany was considered to examine the impact of hydrogen on the 
supply of energy. This study provided insight into the capacity of elec
trolyzers, hydrogen storage systems, and fuel cells used in future sce
narios, which showed that hydrogen is still expensive due to the high 
loss factor of conversions. While highlighting the role of hydrogen and 
linepack management on the supply side of natural gas systems, the 
above-mentioned studies did not focus on its conversion for use in the 
power sector.

Some other studies focused on the electricity grid operation, 
considering the production and/or sale of hydrogen in the market. For 
instance, in [10], a risk-averse operating model was developed for a 
grid-connected energy system, which consisted of photovoltaic systems, 
wind turbines, diesel generators, and hydrogen storage systems. The 
results indicated the potential cost savings of interactions with elec
tricity and hydrogen markets. In [11], an operating model for a micro
grid was developed and optimized to improve the resilience in the 
islanded mode. It indicated that the capability of the integration of 
electrolyzers, fuel cells, and hydrogen storage systems to reduce the load 
shedding in the case of an unexpected failure in the upstream grid. In 
[12], the role of hybrid hydrogen and battery storage systems in the 
optimal dispatch of an isolated electricity grid was studied. By analysis 
of a case study indicated that the hybrid system facilitated the integra
tion of renewable resources. In [13], a stochastic model was developed 
for the dispatching of energy systems, analyzing the role of power-to-gas 
systems for seasonal storage. The output demonstrated the seasonal 
storage capability to improve the operation of the energy system. In 
[14], the optimal operation of a transmission electricity grid was opti
mized considering power-to-gas systems. The results addressed the 
economic and environmental improvement obtained by scheduling the 
integration of the power-to-gas systems. In [15], the integration of fuel 
cells into photovoltaic and wind units is studied by developing a model 
for a multi-microgrid. Developing a heuristic solving approach, this 
studies reduce the allocation cost by developing a framework for this 
purpose. In [16], energy management of microgrids that rely on 
renewable and hydrogen storage is optimized using artificial intelli
gence. However, in [17], the optimal operation of stand-alone and 
photovoltaic-based microgrids is examined, which are equipped with 
hydrogen storage systems. The results of the studies indicate the more 
efficient and economical energy management through the devised 
frameworks. The main drawback of the reviewed studies was that they 
did not model the gas or hydrogen grids, and their mathematical models 
of the optimization problems were neither detailed nor realistic.

Multiple research efforts have explored both gas and electricity grids, 
specifically investigating the viability of injecting produced green 
hydrogen, generated via electrolyzers, into natural gas grids. Notably, in 
[18], the potential of power-to-hydrogen systems to enhance flexibility 
within both natural gas and electricity grids was highlighted. This study 
anticipated future energy scenarios, where surplus RESs’ output could 
be converted into hydrogen using power-to-hydrogen technologies. This 
surplus hydrogen could also be integrated into the natural gas grid to 
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meet demand requirements. Alternatively, during instances of demand 
exceeding supply in the electricity grid, the stored hydrogen could be 
reconverted into electricity through the fuel cells, offering a flexibility 
option that provides cost savings. In [19], the planning for flexibility 
options was conducted to facilitate the operation of natural gas and 
electricity grids for future energy resources. The outputs indicated that 
the integration of flexibility options, such as flexible gas-fired units and 
compressors, provided operating cost savings. Although these studies 
focused on the operation of multi-energy systems considering flexibility 
options, they only focused on the natural gas grid. None of them focused 
on a net-zero emission future grid that fully supplies hydrogen through 
pipes to meet demand.

Aside from the recapped issues, the development of a method to deal 
with intermittent and vague parameters makes the output more realistic. 
For instance, in [20], a planning approach is conducted to allocate a 
microgrid integrated into a hydrogen grid using a stochastic approach. 
In [21] and [22], a scenario-based stochastic method is employed to 
operate multi-microgrids connected to the hydrogen grid. In [23], 
hydrogen storage planning is implemented to reach peak shaving and 
valley filling utilizing robust programming. In [24], a possibilistic 
approach is used to dispatch different parties in a microgrid, such as 
wind turbines, hydrogen storage systems, and heat storage systems. In 
[25], the operation and configuration of a microgrid are optimized, 
which relies on electrolyzers and fuel cells. This study uses robust pro
gramming to capture the uncertainty in renewable resources and de
mand. Although uncertainty has been considered in the existing 
literature, most proposed approaches are scenario-based according to 
the reviewed studies, which increases the computational complexity of 
solving the optimization problem. This underscores the need for 
non-scenario-based methods to effectively reduce the complexity asso
ciated with the optimal operation of MEMs.

Following the examination of existing studies in the related subjects 
(Table 1), the main objectives of this study are as follows: 

• Primary Objective: to develop a comprehensive framework for 
assessing the applicability of existing gas infrastructure for hydrogen 
distribution, and to investigate the role of electrolyzers, flexible 
hydrogen-fired units, and the storage capability of pipelines (i.e., 
linepack) within MEMs. For this purpose, a detailed operating model 
of the hydrogen grid is developed, considering constraints such as 
hydrogen pressure limits, hydrogen flow limits, and linepack varia
tions. Additionally, a test is proposed to evaluate the adaptability of 
previously used low-pressure natural gas grids for hydrogen distri
bution, taking into account supply-demand balance. The framework 
is further enhanced to simulate and optimize MEM operation by 
integrating the electric grid, incorporating parameters, such as 
voltage at connection points, current flow through lines, and active/ 
reactive power.

• Secondary Objective: to propose a novel Possibilistic-Robust Pro
gramming (PRP) approach that captures uncertainty in key param
eters and provides a more realistic decision-making environment 
based on possibility and necessity theories within fuzzy logic and 
robust optimization. This approach simulates uncertainties to assist 
decision-makers, whose performance is evaluated through the real
ization of uncertain parameters and the comparison of mean values 
and standard deviations.

By representing a case study, the test is conducted to evaluate the 
capability of the former low-pressure natural gas grid to be used for 
hydrogen. The role of electrolyzers in producing hydrogen to be injected 
into the hydrogen grid is examined. The produced green hydrogen can 
be either used to assist hydrogen supply-demand provision or converted 
back to electricity by hydrogen-fired units, owing to the linepack. More 
precisely, the interaction between the grids, the effects of hydrogen on 
the operation of the electricity grid, and the role of the uncertainty 
consideration approach are studied in detail.

2. Methodology

In this section, the operating model for the MEM, which consists of 
an electricity grid and a hydrogen grid utilized for hydrogen trans
portation, is presented (Step I). Afterward, integrating the uncertainty 
consideration approach based on possibilistic and robust programming 
is explained to be more realistic (Step II). Then, the solving approach 
and the test for the applicability of the natural gas grid to be used for 
hydrogen are introduced (Step III), as demonstrated in Fig. 1. It should 
be noted that, after the methodology, the main steps are case study 
representation and determination of scenarions (i.e., Step IV), repre
sented in Section 3. At the end, the results and analyses are conducted in 
Section 4 (i.e., Step V).

Before developing an operational model, the definition of a micro
grid is introduced in this section. A microgrid is a localized energy 
system that can operate autonomously or in conjunction with the main 
grid, integrating various energy sources to meet the needs of a specific 
community or facility. Microgrids are key components in the transition 
to resilient and sustainable energy systems because they enhance energy 
security, reduce transmission losses, and facilitate the integration of 
renewable energy sources such as wind and solar [26]. In contrast to 
traditional microgrids, multi-energy microgrids go a step further by 
incorporating multiple forms of energy, such as electricity, heat, and 
gas, allowing for a more flexible and efficient energy exchange. These 
systems leverage diverse energy carriers, like hydrogen, to optimize 
overall energy efficiency and reliability, while balancing supply and 
demand across different energy vectors. By coupling sectors and 
enabling energy storage through systems, such as hydrogen linepack, 
multi-energy microgrids play a critical role in advancing net-zero 
emission goals and improving the resilience of future energy in
frastructures [27].

The following subsection presents a detailed mathematical model of 
a multi-energy microgrid that integrates electricity and hydrogen sys
tems. It should be noted that in the hydrogen grid’s model, the conti
nuity and momentum equations are employed to represent gas flow, 
with the primary assumption that variations in kinetic energy along the 
pipeline resulting from changes in velocity and density are negligible. In 
the electricity distribution network model, the demand is represented as 
constant active and reactive power, power losses along each branch are 
assumed to occur at the sending end, and the network is modeled as a 
single-phase balanced equivalent. Furthermore, the microgrid is 
assumed to interact with the main grid within a day-ahead market 
framework, and renewable generation output is assumed to follow the 
forecasted day-ahead profile [11].

2.1. Operational model

To optimize the operation of an MEM, the objective function consists 
of two terms indicated in (1): (i) the operating cost of the electricity grid 
and (ii) the operating cost of the hydrogen grid. The operating cost of the 
electricity grid depends on three terms (Eq. (2)), including (a) the 
expense of buying electricity from the main grid, (b) the earnings from 
selling surplus electricity back to the main grid, and (c) the cost of load 
shedding during emergencies. The cost of operating the hydrogen grid is 
also influenced by three terms (Eq. (3)), including (a) the cost of pur
chasing hydrogen from the market, (b) the expenses associated with 
storing hydrogen within pipes, and (c) the cost of hydrogen shedding 
when it is required. To ensure a cost-effective operation of the MEM, the 
summation of the objective functions is minimized subject to a set of 
constraints, which are introduced in the following. 

OFMEM = OFELC + OFH2 (1) 

OFELC =
∑T

t=1
ψ t⋅Ebuy

t −
∑T

t=1
ψʹ

t⋅Esell
t +

∑T

t=1

∑B

b=1
ψʹ́

t⋅Eshed
b,t (2) 
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Table 1 
A systematic review of previously conducted studies considering various energy carriers.

No. Ref. Objective Solution Method Grid Consideration Transmission/ 
Distribution 
Level

Solver Uncertainty 
Consideration 
Approach

Components

Numerical 
analysis or 
simulation

Exact 
optimization

Electricity Gas Hydrogen Renewable P2G Fuel 
cell/ 
gas- 
fired 
unit

1 [8] -Examining 
the injection 
of green 
hydrogen into 
gas grids

✓ - - ✓ - Transmission - - ✓ ✓ -

2 [9] -Examining 
Germany’s 
hydrogen 
strategy

✓ - - - ✓ Transmission - - ✓ ✓ ✓

3 [10] -Improve the 
operation of 
electricity 
grids

- ✓ ✓ - - Transmission CPLEX Stochastic ✓ ✓ -

4 [11] -Improve the 
resilience of 
microgrids

- ✓ ✓ - - Distribution 
(Microgrid)

DICOPT - ✓ ✓ ✓

5 [12] -Improve the 
integration of 
renewable 
resources

- ✓ ✓ - - Distribution 
(Microgrid)

GUROBI - ✓ ✓ ✓

6 [13] -Improve the 
operation of 
electricity 
grids

- ✓ ✓ - - Distribution CBC Stochastic ✓ ✓ ✓

7 [14] -Improve the 
operation of 
electricity 
grids

- ✓ ✓ - - Transmission CPLEX - ✓ ✓ ✓

S [15] -Improve 
energy 
management 
of microgrids

- ✓ ✓ - - Distribution 
(Microgrid)

Huristics - ✓ ✓ ✓

9 [16] -Improve 
energy 
management 
of microgrids

- ✓ ✓ - - Distribution 
(Microgrid)

Artificial 
inteligence

Stochastic ✓ ✓ ✓

10 [17] -Improve 
energy 
management 
of microgrids

- ✓ ✓ - - Distribution 
(Microgrid)

Huristics - ✓ ✓ ✓

11 [18] -Examining 
power-to-gas 
systems from 
techno- 
economic 
aspect

✓ - ✓ ✓ - Distribution - - ✓ ✓ ✓

12 [19] -Improve the 
flexibility of 
gas and 
electricity 
grids

- ✓ ✓ ✓ ​ Transmission OA/ER - ✓ ✓ ✓

13 [20] -Planning a 
microgrid 
with net-zero 
target

- ✓ ✓ - ✓ Distribution 
(Microgrid)

GUROBI Stochastic ✓ ✓ ✓

14 [21] -Improve the 
operation of 
microgrids

- ✓ ✓ - - Distribution 
(Microgrid)

CPLEX Stochastic ✓ ✓ ✓

15 [22] -Improve 
operation and 
configuration

- ✓ ✓ ​ ​ Distribution 
(Microgrid)

CPLEX Robust ✓ ✓ ✓

16 [23] -Improve the 
operation of 
electricity 
grids

- ✓ ✓ - - Transmission CPLEX Robust ✓ ✓ ✓

17 [24] -Improve the 
operation of 
electricity 
grids

- ✓ ✓ ✓ - Distribution CPLEX Possibilistic ✓ ✓ ✓

(continued on next page)
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OFH2 =
∑T

t=1
ϕ.Hbuy

t +
∑T

t=1

∑N

n=1
ϕʹ. ΔHn,t +

∑T

t=1

∑N

n=1
ϕʹ́ .HNSn,t (3) 

2.1.1. Operating constraints of the electricity grid
To fulfill the energy demands of consumers and avoid any risk of 

system overload or underload when operating an electricity grid, it is 
important to adhere to technical constraints. In (4), active power bal
ance is presented, which means that the total active power generated by 
distributed energy resources and renewable resources, along with im
ported power from the main grid, must match the aggregate active 
power consumed, losses in distribution lines, power consumption of 
electrolyzers to produce hydrogen, and exported power to the main grid. 

Edg
b,t + Ernw

b,t + Ebuy
t = Eload

b,t +
∑B

bʹ=1

(
Eline

l,t +Rl,t .I2
l,t

)
+ Eelz

b,t + Esell
t ∀b, lϵ(b, bʹ),∀t

(4) 

Apart from maintaining a balance in active power, the reactive 
power balance is a crucial constraint that must be taken into consider
ation in the operation of the electricity grid (Eq. (5)). The operating 
model should guarantee that the reactive power flow from the main grid 
matches the total reactive power consumed by the loads and the reactive 

power losses in the distribution lines. This balance of reactive power is 
essential in maintaining the voltage stability of the grid. 

Ert +
∑B

bʹ=1

(
Erline

l,t +Xl,t .I2
l,t

)
= Erload

b,t ∀b, lϵ(b, bʹ),∀t (5) 

Kirchhoff’s law presents another fundamental constraint that should 
be considered in the electricity grid. According to this law, the voltage 
and current at every node within the grid must comply with the principle 
of energy conservation (Eqs. (6)-(7)). 

V2
b,t − V2

bʹ,t = 2
(

Rl.Eline
l,t +Xl.Erline

l,t

)
+ Z2

l .I
2
l,t lϵ(b, bʹ), ∀t (6) 

V2
b,t .I

2
l,t = Eline 2

l,t + Erline 2
l,t lϵ(b, bʹ), ∀t (7) 

The maximum and minimum limits for voltage at nodes and current 
within lines are also necessary, as represented in Eq. (8) and Eq. (9), 
respectively. 

Vmin
b ≤ Vb,t ≤ Vmax

b ∀b, ∀t (8) 

0 ≤ Il,t ≤ Imax
l lϵ(b, bʹ), ∀t (9) 

Additionally, dispatchable and renewable generating units must be 

Table 1 (continued )

No. Ref. Objective Solution Method Grid Consideration Transmission/ 
Distribution 
Level 

Solver Uncertainty 
Consideration 
Approach 

Components

Numerical 
analysis or 
simulation 

Exact 
optimization 

Electricity Gas Hydrogen Renewable P2G Fuel 
cell/ 
gas- 
fired 
unit

18 [25] ​ - ✓ ✓ - - Distribution 
(Microgrid)

GUROBI Robust ✓ ✓ ✓

19 * -Evaluating a 
net-zero 
emission 
multi-energy 
microgrid

- ✓ ✓ - ✓ Distribution 
(Microgrid)

DICOPT Possibilistic- 
Robust

✓ ✓ ✓

Fig. 1. Overview of the methodology for optimizing microgrid operation with hydrogen energy carrier.
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operated within their designated or available power limits, as indicated 
in Eq. (10). However, the ramp-rate limits of dispatchable units consti
tute another crucial constraint in the operation, indicated in Eq. (11). 
These limits govern the rate at which the dispatchable units can ramp up 
or down their power output. Another set of operating constraints that 
need to be considered is related to the minimum up/down time of these 
generating units. As proposed in Eq. (12) and Eq. (13), these constraints 
refer to the minimum amount of time that a dispatchable unit must 
remain either on or off after being started or stopped. 

Γi,tEmin
b ≤ Edg

b,t ≤ Γi,tEmax
b ∀b, ∀t (10) 

⃒
⃒
⃒Edg

b,t − Edg
b,t− 1

⃒
⃒
⃒ ≤ Rampb ∀b, ∀t (11) 

Γi,tʹ − Γi,tʹ− 1 ≤ Γi,t tʹϵ[t − Ton +1, t − 1] (12) 

Γi,tʹ− 1 − Γi,tʹ ≤ 1 − Γi,t tʹϵ
[
t − Toff +1, t − 1

]
(13) 

2.1.2. Operating constraints of hydrogen grid
To optimize the operation of the MEM, a set of constraints is also 

considered for the hydrogen grid. These constraints cover various as
pects of the hydrogen distribution system, ensuring its safe and efficient 
operation. A set of constraints is related to the hydrogen flow balance, 
indicated in Eq. 14. This constraint ensures that the amount of pur
chased hydrogen from the upstream, besides the distributed production 
by electrolyzers, must be equal to the consumption at each time step 
within the microgrid. By maintaining this balance, the constraint gua
rantees that the hydrogen demand is adequately met. 

Helz
n,t + Hbuy

t = Hdg
n,t + Hload

n,t +
∑N

nʹ=1

Hline
p,t ∀n, ∀t (14) 

To maintain the integrity of the hydrogen grid, the maximum and 
minimum pressure at each node are limited in Eq. (15). These con
straints impose limits on the pressure at each node to ensure that the grid 
is operated within safe pressure levels. 

πmin
n ≤ πn,t ≤ πmax

n ∀n, ∀t (15) 

The maximum and minimum hydrogen flow within pipes is limited 
in Eq. (16) to avoid overloading. 

Hline,min
p ≤ Hline

p,t ≤ Hline, max
p pϵ(n, nʹ),∀t (16) 

Additionally, linepack refers to the amount of gas stored within the 
pipes. Eq. (17) is also included, which is related to linepack changes to 
help manage the storage of hydrogen, allowing the system to respond to 
demand fluctuations effectively. 

LPp,t = LP0
p,t +

∑t

0

(
Hpipe,in

p,t − Hpipe,out
p,t

)
pϵ(n, nʹ), ∀t (17) 

Lacey’s equation plays a significant role in linking hydrogen flow 
within pipes to the pressure at nodes, enabling accurate modeling of the 
hydrogen distribution system [28]. In Eq. (18), Lacey’s equation is 
adapted for a low-pressure hydrogen grid, with an operating pressure 
between 0 and 75 mbar gauge [29]. In the formulation pressure at nodes 
(π), the diameter of pipes (D), the length of pipes (L), and the hydrogen 
flow within pipes (Hpipe) are measured in mbar gauge, mm, m, cm/h, 
respectively. 

Hpipe
n,nʹ,t = 0.023

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[(
πn,t − πnʹ,t

)
D5

n,nʹ

fn,nʹSLn,nʹ

]√
√
√
√ pϵ(n, nʹ), ∀t (18) 

Unwin’s low-pressure formula [30] can be used to determine the 
value of f , represented in Eq. (19). 

fn,nʹ = 0.0044
(

1+
12

0.276Dn,nʹ

)

pϵ(n, nʹ), (19) 

Alternatively, by replacing the value of 0.0065 with fn,nʹ for all pipes, 
Eq. (18) can be replaced by Eq. (20), called Pole’s equation. 

Hpipe
n,nʹ,t = 0.0071

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[(
πn,t − πnʹ,t

)
D5

n,nʹ

SLn,nʹ

]√
√
√
√ pϵ(n, nʹ), ∀t (20) 

Considering S equal to 0.0695 for hydrogen, the equation can be 
rewritten in the following (Eqs. (21)-(22)). 

πn,t − πnʹ,t = Kn,nʹHpipe
n,nʹ,t

2
pϵ(n, nʹ), ∀t (21) 

Kn,nʹ =
1378.69 Ln,nʹ

D5
n,nʹ

pϵ(n, nʹ) (22) 

However, for natural gas distribution, as the S is equal to 0.589, the 
constant is calculated, as indicated in Eq. 23 [27]. 

Kn,nʹ =
11684.19 Ln,nʹ

D5
n,nʹ

pϵ(n, nʹ) (23) 

2.1.3. Linking constraints
In Eq. (24) and Eq. (25), the constraints that link the hydrogen and 

electricity grids are indicated. The former calculates the hydrogen 
required for distributed generating units, which is added to the 
hydrogen flow balance. The latter indicates the electricity consumption 
to produce hydrogen by electrolyzers, added to the load flow balance. 

Hdg
n,t = ϕEdg

b→n,t ∀n, ∀t (24) 

Helz
n→b,t = ψEelz

b,t ∀b, ∀t (25) 

2.2. PRP approach

A PRP approach is proposed to handle the uncertainty in the pa
rameters of the optimization problem. This method is based on the 
combination of the light-robustness counterpart [31] and possibility 
theory [32]. In robust programming, Soyster’s method ensured feasi
bility within a convex set but was conservative, leading to a significant 
loss of optimality [33]. Fischetti and Monaci’s light robust method 
addressed this by introducing a protection level to manage conserva
tism, but it only considered worst-case scenarios [34]. This developed 
PRP approach extends the interval representation of uncertain param
eters using a fuzzy membership function, allowing decision-makers to 
better balance robustness and optimality, resulting in more practical 
solutions under various uncertain conditions.

In the context of MEMs, the electricity demand is an uncertain 
parameter. The electricity demand is subject to epistemic uncertainty 
when considering the integration of electrolyzers into the future 
microgrid, a high penetration of renewable resources in the future, 
which affects the demand profile of prosumers, and the gas grid, which is 
employed for hydrogen. More precisely, this uncertainty arises from 
limited data on future RESs’ impacts on electricity demand. Integrating 
electrolyzers, which produce hydrogen from water using electricity, 
introduces complexity as it depends on variable RESs like solar and 
wind. The increasing adoption of renewables alters traditional demand 
patterns, impacting when and how much electricity prosumers consume 
and generate. Employing hydrogen within existing gas infrastructure 
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necessitates coordination and adaptation, further complicating future 
demand forecasting and grid management. To address these challenges, 
the possibilistic method is efficient in optimizing the microgrid opera
tion under uncertain and evolving energy conditions.

Considering an optimization problem presented in Eq. (26), the goal 
is to minimize the total cost, which is expressed as a double summation 
over all decision variables (xij) and their corresponding cost coefficients 
(cij). 

Minimize z =
∑

i

∑

j
cijxij

Subject to
∑

j
ãijxij ≤ bi ∀i

xij ≥ 0 ∀i, ∀j

(26) 

In the above-mentioned optimization problem, as discussed, cij and 
xij indicate cost coefficients and decision variables, respectively. How
ever, imprecise constraint coefficients and the right-hand side of con
straints are indicated by ãij belongs to 

[
âij − aij, âij +aij

]
and bi, 

respectively. The robust counterpart of the above-mentioned optimiza
tion problem is indicated in Eq. (27) [35]. 

Minimize ||λ||

Subject to
∑

j
âijxij + Γiωi +

∑

j
pij ≤ bi + γi ∀i

ωi + pij ≥ aijxij ∀i, ∀j
∑

j
âijxij ≤ bi ∀i

∑

i

∑

j
cijxij ≤ ĉ + ρ0

xij, pij, ωi ≥ 0 ∀i, ∀j

(27) 

In the robust formulation, the protection level allowing decision 
makers to set the level of conservatism is indicated by Γi. The price of 
robustness is limited by a fixed tolerance, indicated by ρ0. The optimal 
value of the objective function without uncertainty consideration is 
represented by ĉ. The formulation allows decision-makers to make a 
tradeoff between the price of robustness and the feasibility of robustness 
[36]. To develop the possibilistic method, a fuzzy membership function 
is replaced with the uncertainty interval. The formulation of the fuzzy 
membership function is indicated in Eq. (28). Decision makers can 
change the z to reach the most preferred membership function [37]. 

Probability
(
aij(λ)

)
= aij(1 − λz)

z ≥ 0andλ ∈ (0, 1] (28) 

This possibilistic method considers both the most optimistic and 
pessimistic possible level for data occurrence (Possibility in Eq. (29) and 
Necessity in Eq. (30)). A tradeoff between possibility and necessity is 
developed, which is called Mean in Eq. (31) and Eq. (32) [37]. 

Possibility(a) = sup(Probability(a)) (29) 

Necessity(a) = 1 − Possibility(a) (30) 

Mean(a) = γPossibility(a) + (1 − γ)Necessity(a) (31) 

Necessity(a) ≤ Mean(a) ≤ Possibility(a) (32) 

Considering Possibility, Necessity, and Mean, the optimization prob
lem in Eq. (26) can be reformulated as shown in Eq. (33) as Mean is 
greater than [γ(1 − λz)+ (1 − γ)λz] if and only if 

∑
jãijxij ≤ bi is 

maximized. 

Maximize [γ (1 − λz) + (1 − γ)λz]

Subject to
∑

j
âijxij + Γiωi +

∑

j
pij ≤ bi + ςi ∀i

ωi + pij ≥ aij[γ (1 − λz) + (1 − γ)λz]xij ∀i, ∀j
∑

j
âijxij ≤ bi ∀i

∑

i

∑

j
cijxij ≤ ĉ + ρ0

xij, pij, ωi ≥ 0 ∀i, ∀j

(33) 

In the case of uncertainty in bi, optimization problem proposed in Eq. 
(33) is replaced by Eq. (34), which indicates the generalized formulation 
of the PRP approach. 

Maximize [γ (1 − λz) + (1 − γ)λz]

Subject to
∑

j
âijxij + Γiωi +

∑

j
pij ≤ b̂i + [γ (1 − λz) + (1 − γ)λz] ∀i

ωi + pij ≥ aij[γ (1 − λz) + (1 − γ)λz]xij ∀i, ∀j
∑

j
âijxij ≤ b̂i ∀i

∑

i

∑

j
cijxij ≤ ĉ + ρ0[γ (1 − λz) + (1 − γ)λz]

xij, pij, ωi ≥ 0 ∀i, ∀j

(34) 

In the optimal operation of the MEM, the PRP model is written in Eq. 
(35).

2.3. Solving approach and applicability test

To solve the developed problem in this study, Discrete and Contin
uous Optimizer (DICOPT) is employed using General Algebraic 
Modeling System (GAMS) software [37]. Based on the iterative 
approach described in Fig. 2(a), the solving method involves generating 
upper and lower bounds in each iteration to tackle the Mixed-Integer 
Nonlinear Programming (MINLP) problem effectively [38]. The upper 
bound is derived from the primal problem, utilizing initialized binary 
variables from the relaxed problem solution in the first iteration and the 
master problem in subsequent iterations. The lower bound is obtained 
by solving the master problem, where nonlinear equality constraints are 
linearized at the current solution to generate a cutting plane. The pro
cess iterates between solving the primal and master problems, gradually 
refining the solution until convergence is achieved. Additionally, a 
geometrical interpretation of the linearizations in the master problem 
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illustrates how the objective function is underestimated while the 
feasible region is overestimated, aiding in the efficient solving of the 
optimization problem (Fig. 2(b) and (c)) [11].  

Eqs. (5)-(17), (21), and (23)-(24).

The potential for repurposing the natural gas grid for hydrogen 
distribution involves evaluating key grid characteristics, such as the 
pipe’s diameter and length. Given the energy density differences, sup
plying the same load with hydrogen requires three times the volume 

compared to natural gas. In this study, load shedding for hydrogen de
mand is tested when the natural gas demand is on the verge of shedding. 

Fig. 2. Solving approach for the operation of MEMs ((a) iterative approach utilized by DICOPT solver, (b) objective function underestimation, and (c) feasible region 
overestimation).

Maximize [γ (1 − λz) + (1 − γ)λz]

Subject to

− Edg
b,t − Ernw

b,t − Ebuy
t +

∑B

bʹ=1

(
Eline

l,t + Rl,t .I2
l,t

)
+ Eelz

b,t + Esell
t + Γb,tωb,t +

∑

t
pb,t ≤

Eload
b,t + [γ (1 − λz) + (1 − γ)λz] ∀b,∀t

ωb,t + pb,t ≥
(

− Edg
b,t − Ernw

b,t − Ebuy
t +

∑B

b́ =1

(
Eline

l,t + Rl,t .I2
l,t

)
+ Eelz

b,t + Esell
t + Γb,tωb,t +

∑

t
pb,t

)

[γ (1 − λz) + (1 − γ)λz]∀b, ∀t

− Edg
b,t − Ernw

b,t − Ebuy
t +

∑B

bʹ=1

(
Eline

l,t + Rl,t .I2
l,t

)
+ Eelz

b,t + Esell
t + Γb,tωb,t +

∑

t
pb,t ≤ − Eload

b,t ∀b, ∀t

OFMEM ≤ OFMEM∗
+ ρ0[γ (1 − λz) + (1 − γ)λz]

ωb,t and pb,t ≥ 0

(35) 
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If hydrogen can supply the load without shedding, it indicates the 
feasibility of using the natural gas grid for hydrogen distribution. 
Further analysis includes checking load shedding when natural gas de
mand is on the verge of shedding, and there is low linepack within the 
pipe. The successful supply of hydrogen without load shedding dem
onstrates the feasibility of utilizing the natural gas grid for hydrogen. 
Additionally, a more detailed analysis considers initial linepack re
quirements within the pipe. The absence of load shedding in hydrogen 
distribution during this assessment further validates the suitability of 
adapting existing natural gas infrastructure to support hydrogen distri
bution. It should be noted that, in this study, the risk associated with the 
leakage of hydrogen and explosion is not considered.

3. Case study

The case study is an MEM, consisting of hydrogen and electricity 
distribution grids. In this study, the potential for hydrogen to serve as an 
alternative to natural gas is examined under conditions where the nat
ural gas demand is high. The focus is on evaluating whether hydrogen 
can maintain the load without requiring load shedding when (i) the 
natural gas supply is on the verge of shedding (energy demand is high) 
and (ii) there is a low linepack conditions within the pipeline. In both 
cases, hydrogen supply without load shedding supports the feasibility of 
utilizing the natural gas grid for hydrogen from the viewpoint of supply- 
demand provision. After that, three cases are examined in this study, as 
follows:

Case 1. In the first case, the operation of the MEM is studied when 
there is no electrolyzer.

Case 2. In the second case, there are electrolyzers in the microgrid, and 
the output hydrogen of these systems is injected into the hydrogen grid.

Case 3. In the third case, in addition to the existence of the electro
lyzers, the proposed PRP approach is integrated to deal with the un
certainty in electricity demand and output power of renewable 
resources.

3.1. Hydrogen grid

The hydrogen grid consists of 11 nodes and 14 pipes, connected to 
the upstream grid through node one, which can import or export 
hydrogen. An illustration of the hydrogen grid is indicated in Fig. 3. 
More detailed information about the hydrogen grid under study, such as 
diameter and length of pipes, pressure and flow limits, supply limit, and 
costs, can be found in [39]. For natural gas, the purchasing cost is 
assumed to be $350/kcm, the linepack management cost is $3.5/kcm, 
and the load shedding cost is $3500/kcm. For hydrogen, the purchasing 
cost is assumed to be $540.5/kcm, the linepack management cost is 
$5.25/kcm, with the load shedding cost, assumed to be the same.

3.2. Electricity grid

The electricity grid under study is illustrated in Fig. 4. This grid 
consists of 33 nodes and 32 electric lines. The flexible generating units 
and electrolyzers are connected to buses numbered two and nine. The 
buses are connected to the hydrogen distribution grid. The wind tur
bines are connected to the buses numbered 15, 29, 30, and 32. The 
installed capacity of the components installed in the electricity grid is 
also indicated in Table 2. More detailed data about the electricity sys
tem, such as electricity price and characteristics of lines, can be found in 
[11]. The proposed model for the operation of the MEM, consisting of 
hydrogen and electricity grids, is solved in the General Algebraic 
Modeling System, GAMS software, using a computer with an Intel Core 
i7 processor and 8 GB of RAM.

4. Results and discussions

In Fig. 5(a), the supply curve analysis over 24 h reveals significant 
insights into the performance of natural gas and hydrogen under varying 
conditions (Natural gas (NG), Natural Gas-Low Initial Linepack (NGL), 
Hydrogen (H2), and Hydrogen-Low Initial Linepack (H2L)). Under high 
demand, the natural gas supply meets demand without experiencing 
load shedding. In the scenario where the initial linepack is low, the 
system requires increased injections of natural gas to sustain demand. 
Conversely, hydrogen supply demonstrates robustness in both normal 
and low initial linepack conditions. Although the volume of hydrogen 
required is inherently higher due to its lower energy density, it also 
meets demand without load shedding. Notably, in the low linepack 
scenario, the hydrogen supply requires a slight increase compared to 
normal linepack conditions, but still maintains system stability and de
mand fulfillment. These findings indicate the potential of repurposing 
existing natural gas infrastructure for hydrogen distribution, with 
appropriate adjustments to account for hydrogen’s volumetric and 
linepack characteristics. The linepack within the pipe indicates that, in 
the case of natural gas supply, more injections are required to 
compensate for the low initial linepack (Fig. 5(b)). However, for 
hydrogen supply, the linepack remains lower throughout the entire 
operating period. Hydrogen transfers faster than natural gas due to its 
smaller and lighter molecules, resulting in higher diffusion and flow 
rates. Consequently, even with a lower linepack, hydrogen can maintain 
a consistent supply, demonstrating the feasibility of using existing nat
ural gas infrastructure for hydrogen distribution.

The obtained results from Case 1 and Case 2 (without and with 
electrolyzers, respectively), including wind power, purchased power 
from the main grid, and output of gas-fired units, are indicated in Fig. 6. 
In Fig. 6(a), it is indicated that there is wind curtailment without elec
trolyzers, especially from 01:00 to 07:00. In case 2, the total amount of 
wind curtailment during the operating period is about 800 kW. In Figs. 6
(b) and (c), the power purchased from the main grid and the output 
power of the gas-fired generating units are indicated. In case 1, a 

Fig. 3. Case study - hydrogen grid [39].
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considerable amount of power is purchased from the main grid, as 
indicated in Fig. 6(b). The purchased power in Case 1 is about 50 MW 
more than the purchased power in Case 2. However, in the presence of 
electrolyzers, more power is produced utilizing gas-fired generating 

units. The produced power utilizing gas-fired units in Case 2 is around 
40 MW more than the generated power in Case 1. The reason is the 
availability of Hydrogen in the case of the presence of electrolyzers, 
which assists the transition to a lower-carbon energy system.

In Fig. 7, the maximum voltage deviation in the electricity grid is 
compared during the operating period in the absence and presence of the 
electrolyzers (Case 1 and Case 2, respectively). The graph shows the 
lower voltage deviation in the presence of the electrolyzers. More 
voltage drops in the absence of electrolyzers are evident from 13:00 to 
19:00. When there is a voltage drop, it is possible for various compo
nents that use electricity to become overheated. Voltage deviation is an 
important indicator of power quality and grid stability; excessive de
viations can lead to equipment malfunction, reduced efficiency, and 
potential damage to sensitive electrical devices.

The hydrogen purchased from the market supplied into the hydrogen 
distribution grid is indicated in Fig. 8. The figure shows a greater de
pendency on purchasing hydrogen in the absence of electrolyzers. The 

Fig. 4. Case study - electricity grid [40].

Table 2 
Characteristics of components in the electricity grid.

Component Location Characteristics

Wind Node 15, Node 29, 
Node 30, and Node 
32

Capacity=2800 kW [41]

Flexible 
units

Node 2 and Node 9 Capacity=600 kW, Efficiency=55 %, 
Conversion Rate= 0.00027 MW/mcm, and 
Ramp rate=50 % [42]

Electrolyzers Node 2 and Node 9 Capacity=5000 kW and Efficiency=60 % 
[43]

Fig. 5. Supply (a) and linepack (b)-utilization of gas grid for hydrogen (Natural gas (NG), Natural Gas-Low Initial Linepack, Hydrogen (H2), and Hydrogen-Low 
Initial Linepack (H2L)).
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Fig. 6. Output of the optimization problem ((a) wind power, (b) purchased power from the main grid, and (c) gas-fired units’ output power, Case 1 without 
electrolyzer versus Case 2 with presence of electrolyzers).

Fig. 7. Maximum voltage deviation - Case 1 (no electrolyzer) versus Case 2 (presence of electrolyzers).
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total amount of purchased hydrogen is about 38,000 cm higher when 
there are no electrolyzers connected to the grid. Relying on locally 
generated hydrogen can be advantageous as it increases the reliability of 
the hydrogen supply. In the event of a failure in the upstream grid, there 
would be no issues. Moreover, it can lead to cost savings and emission 
reduction as hydrogen can be produced from accessible renewable 
sources in the electricity grid. Finally, in Fig. 9, the changes in linepack, 
which is hydrogen stored within pipes, are indicated during the 24-hour 
operating period. Based on the results, there are more changes in the 
linepack in the presence of electrolyzers (or Case 2). It indicates the 
operation of this grid is more efficient, and the linepack assists supply- 
demand provision. More precisely, more efficient utilization of the 
stored hydrogen within pipes has the potential to reduce the operating 
cost of the hydrogen grid significantly.

In addition to the analysis conducted on the system performance 
with and without the electrolyzer, a further investigation is performed to 
examine the sensitivity of system operation to electrolyzer efficiency 

and the electrification of heat demand supplied through the electricity 
grid instead of the hydrogen grid. The results show that increasing 
electrolyzer efficiency from 60 % to 80 % leads to a noticeable shift in 
the cost distribution between the two energy grids. Specifically, the 
operating cost of the electricity grid increases due to higher power 
purchases required to operate the electrolyzers, while the hydrogen grid 
cost decreases considerably as more hydrogen is generated locally. This 
trade-off highlights the system’s sensitivity to electrolyzer efficiency, 
emphasizing that higher efficiency improves overall hydrogen produc
tion economics but imposes additional stress and cost on the electricity 
grid, as illustrated in Fig. 10.

Aside from what has already been discussed, in Case 3, the problem 
of optimal operation of hydrogen and electricity distribution grids is 
considered utilizing the PRP approach. To evaluate the performance of 
the proposed method in this study, the costs and standard deviations are 
compared ten times, generating random values for uncertain parameters 
(i.e., electricity demand). This ten-time random data generation is 

Fig. 8. Hydrogen supply - Case 1 (no electrolyzer) versus Case 2 (presence of electrolyzers).

Fig. 9. Linepack changes - Case 1 (no electrolyzer) versus Case 2 (presence of electrolyzers).

Fig. 10. Analysis of the operating cost of hydrogen and electricity grids when the efficiency increases from 60 % to 80 %.
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chosen because, after ten iterations, there are no significant changes in 
the mean values and standard deviations, indicating the knee point. The 
output of the examination is indicated in Table 3. Based on the results, 
by increasing the conservatism level from 0.1 to 10, the mean value 
increases by around 5 % while the standard deviation decreases by 
around 16 %, highlighting a better performance in dealing with uncer
tainty. It is important to recognize that the rise in operating costs is 
primarily due to the increased purchases of electricity from the main 
electricity grid, as indicated in Fig. 11. In this figure, as the conservatism 

level increases from 0.1 to 10, the total purchased power also increases 
from 37 MW to over 40 MW. Another sensitivity analysis is conducted by 
changing the uncertainty interval (i.e., changing z). The results indicate 
that a higher value of z causes the membership function to decline more 
rapidly, representing a more conservative decision. Conversely, a lower 
value of z produces a flatter membership function, reflecting more 
optimistic assumptions. The conservative case yields lower mean values 
and smaller standard deviations in the realization of uncertain param
eters, resulting in more robust but higher-cost operational outcomes.

Fig. 11. Purchased power - Case 3 (with uncertainty consideration z = 2).

Fig. 12. (a) Hydrogen supply and (b) linepack changes - Case 3 (with uncertainty consideration).

Table 3 
Analyses of uncertainty consideration approach.

Conservatism Level Uncertainty interval (Z) Operating cost ($) Mean value Standard deviation

Electricity grid Hydrogen grid

Γ = 0.1 2 5675.69 14,720.23 22,231.55 566.86
Γ = 1 2 5806.23 15,058.79 22,742.87 508.62
Γ = 10 2 6212.66 15,152.43 23,287.95 475.27
Γ = 0.1 3 6078.66 14,821.79 20,522.90 565.55
Γ = 1 3 6305.56 15,171.73 21,094.22 508.01
Γ = 10 3 6784.22 14,287.29 21,769.08 474.79
Γ = 0.1 1 5663.69 13,839.21 24,057.78 617.57
Γ = 1 1 5887.54 14,165.94 24,682.33 553.94
Γ = 10 1 6334.47 14,273.84 25,460.93 519.77
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As illustrated in Fig. 12(a) and (b), another reason for the increase in 
operating costs is related to a greater hydrogen supply and linepack 
within the pipes. During the operational period, as the level of conser
vatism increases from 0.1 to 1, there is a corresponding increase of 
approximately 8000 cm in the hydrogen supply and 1600 cm in the 
linepack. Although this increases the cost of operations, it is a necessary 
measure to adapt to changes in demand. For example, having more 
linepack enables a quicker supply of hydrogen during times of varying 
demand, as well as meeting the demand for gas-fired units that assist 
with varying electricity demand provision. The reason for this is that the 
transfer of hydrogen within pipes from supply nodes to demand nodes 
takes time. Moreover, a higher linepack requires more injection of 
hydrogen from supply nodes, which in turn increases operating costs. In 
the case of increased linepack (Case 3 (1.0) and (10)), the stored 
hydrogen is used to supply demand, causing oscillations in linepack 
levels, as indicated in Fig. 12(b). For these two conversion levels, the 
oscillations are in the same direction, while the total changes in linepack 
are greater at a conversion level of 10, indicating more efficient use of 
linepack.

Overall, the findings of this study have significant practical impli
cations for microgrid owners, particularly those considering the inte
gration of hydrogen into their energy systems. In relation to the primary 
objective of this research, the results demonstrate the robustness of 
hydrogen supply in maintaining supply-demand balance even under low 
initial linepack conditions. Hydrogen’s ability to transfer faster than 
natural gas due to its smaller and lighter molecules results in higher 
diffusion and flow rates, which allows for faster response to the changes. 
This efficiency can be advantageous for microgrid operators, as it allows 
for a consistent supply even with lower linepack levels. Consequently, 
microgrid owners can consider investing in hydrogen infrastructure 
without the need for significant increases in storage capacity, thus 
optimizing the use of existing pipes and linepack management that re
duces capital expenditure. Furthermore, the role of electrolyzers, also 
central to the primary objective, is shown to be crucial in integrating 
RESs into the microgrid. Electrolyzers reduce wind curtailment and 
enhance the utilization of locally generated hydrogen, thereby 
improving both the reliability of hydrogen supply and the overall energy 
efficiency of the system. This integration supports a stable and flexible 
operation of the MEM while facilitating progress toward a net-zero 
emission energy system.

In relation to the secondary objective, which introduces the PRP 
approach to capture uncertainties, the findings highlight the stability of 
system performance under uncertain operating conditions. The PRP- 
based model ensures robust decision-making despite fluctuations in 
renewable generation and demand, resulting in consistent operational 
outcomes and reduced standard deviation under the realization of un
certain parameters as key performance indicators. This confirms the 
effectiveness of the proposed approach in managing uncertainty and 
enhancing the reliability and resilience of MEM operations.

Overall, these results collectively demonstrate that the developed 
framework and uncertainty modeling approach successfully meet the 
primary and secondary objectives of this study, offering a practical, 
adaptable, and robust solution for the integration of hydrogen in multi- 
energy microgrids.

5. Conclusion

This research aimed to optimize microgrid operations for a cleaner 
energy future by examining hydrogen as a substitute for natural gas. In 
line with the primary objective of this research, a comprehensive 
mathematical framework was developed to evaluate the applicability of 
existing gas infrastructure for hydrogen distribution and to assess the 
roles of electrolyzers, gas-fired units, and linepack within Multi-Energy 
Microgrids. The developed applicability test demonstrated that existing 
low-pressure natural gas pipelines can be effectively repurposed for 
hydrogen transport from demand provision aspect. This finding 

confirms the technical feasibility of hydrogen integration with minimal 
additional investment in new infrastructure, though our work extends 
prior findings by incorporating both the electrical and gas subsystems in 
a unified optimization model. The results further revealed that incor
porating electrolyzers significantly improved renewable energy utiliza
tion, reducing wind curtailment by approximately 2 % and enhancing 
system voltage stability by about 8 %. These outcomes directly address 
the primary objective’s focus on evaluating electrolyzers’ contributions 
to flexible operation. The observed efficiency gains are consistent with 
earlier findings on electrolyzer-based grid balancing. However, this 
model also highlighted the unique advantage of leveraging linepack as a 
temporary hydrogen storage mechanism, an aspect that remains 
underexplored in previous studies. Addressing the secondary objective, 
the proposed Possibilistic-Robust Programming approach effectively 
managed uncertainties in renewable generation and demand, yielding 
solutions with reduced standard deviation and improved cost stability 
under varying conditions. This demonstrates the approach’s capacity to 
provide realistic and reliable decision-making under uncertainty, com
plementing and extending previous PRP-based studies by explicitly 
incorporating hydrogen-related variability. Overall, this study success
fully meets both its primary and secondary objectives, demonstrating 
that repurposing existing gas infrastructure for hydrogen use, supported 
by robust optimization techniques, can enable a cost-effective, reliable, 
and sustainable energy transition.

The findings contribute to the growing body of research advocating 
for hydrogen-integrated microgrids and provide actionable insights for 
policymakers, energy planners, and microgrid operators seeking to 
advance toward net-zero energy systems. While these findings are 
promising, the study acknowledges several limitations and assumptions. 
The current model does not explicitly address hydrogen leakage or ex
plosion risks, which could affect both system safety and economic 
feasibility. In addition, uncertainties related to infrastructure retrofit
ting costs, material compatibility of existing pipelines, and hydrogen 
purity requirements were not explicitly modeled. These aspects, along 
with the simplified representation of renewable variability and aggre
gated operational constraints, present important directions for future 
work. Incorporating these real-world constraints and cost uncertainties 
will enhance the robustness and applicability of the proposed frame
work in practical planning contexts.
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