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A B S T R A C T

This paper presents a mathematical model for a multi-period hydrogen supply chain design problem consider-
ing several design features not addressed in other studies. The model is formulated as a mixed-integer program
allowing the production and storage facilities to be extended over time. Pipeline and tube trailer transport
modes are considered for carrying hydrogen. The model also allows finding the optimal pipeline routes and
the number of transport units. The objective is to obtain an efficient supply chain design within a given time
frame in a way that the demand and carbon dioxide emissions constraints are satisfied and the total cost is
minimized. A computer program is developed to ease the problem-solving process. The computer program
extracts the geographical information from Google Maps and solves the problem using an optimization solver.
Finally, the applicability of the proposed model is demonstrated in a case study from Oman.
1. Introduction

H2 has been regarded by governments and experts as a sustainable
alternative to diversify the energy portfolio while ensuring supply
safety since it can be easily converted into electricity whenever it
is required. H2 has a high energy density, and it is approximately
2.5 times more efficient than gasoline [1]. The energy density of H2
is about 33.6 kW h/kg, while for diesel, this value is about 12–14
kW h/kg. H2 burns with oxygen, and the by-product is pure water. This
property makes H2 one of the cleanest fuels in terms of emissions of
pollutants or greenhouse gases. H2 can be used as fuel in vehicles or to
generate electricity. It can also be used in manufacturing processes to
produce chemicals, foods, and electronics.

Designing an H2 fuel network from production to delivery is a
complex supply chain problem. A Hydrogen Supply Chain (HSC) com-
prises several echelons with a high level of dependency among them. In
recent years, numerous studies have used mathematical programming
to model the HSC in different countries. Depending on the geographical
location of the case study and its requirements, the developed models
vary in various aspects. From the perspective of the planning horizon,
the existing models can be categorized into static and multi-period
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models [2]. Static models can be used to determine the configuration
of the HSC at a point in time. As a result, such models do not provide
detailed information about how HSC needs to be evolved. To deal
with this issue, some studies suggested the idea of using multi-period
models to optimize the evolution of the HSC over a predefined time
frame. To compensate for some of the shortcomings in the existing
literature, in this paper a new model is presented for designing a Multi-
period Hydrogen Supply Chain (MHSC). The model is formulated as a
mixed-integer program allowing the production and storage facilities
to be extended over time. Pipeline and tube trailer transport modes
are considered for carrying H2. The model also allows finding pipeline
routes and the number of transport units. A maximal coverage strategy
is applied within the model to satisfy H2 demands. The performance
of the model is evaluated in terms of total discounted costs and CO2
emissions. A computer program is developed to ease the problem-
solving process. The computer program uses APIs from Google Maps
to extract the geographical information and solves the problem using
CPLEX solver. The applicability of the proposed model is demonstrated
in a case study from Oman. Finally, the best HSC configuration is
determined through scenario comparisons and sensitivity analysis. In
summary, the main contributions of this study can be listed as follows:
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Nomenclature

Acronyms

CO2 Carbon dioxide
H2 Hydrogen
BG Biomass gasification
CCS Carbon capture and storage
CG Coal gasification
HSC Hydrogen supply chain
MHSC Multi-period hydrogen supply chain
SMR Steam methane reforming
WE Water electrolysis

Units

$ Dollar
bar Bar
d Day
h Hour
kgCO2 Kilo grams of CO2
kgH2 Kilo grams of H2
km Kilometer
kW Kilowatt
k$ Thousand dollars
tCO2 Metric tonne of CO2
tH2 Metric tonne of H2
t Metric tonne

Indices

𝑖, 𝑗 Index of locations
𝑙 Index of production plant types
𝑚 Index of storage facility types
𝑡, 𝑡′ Index of periods

Sets

𝐶 Set of all locations
𝑃 Set of potential locations for the establishment of

production plants (𝑃 ⊆ 𝐶)
𝑆 Set of potential locations for the establishment of storage

facilities (𝑆 ⊆ 𝐶)
𝑇 Set of periods (𝑇 =

{

1, 2,… , 𝑇0
}

, where 𝑇0 is the number
of periods at the design stage)

• Pipe-line and Tube trailer are simultaneously considered as the
transport modes in an MHSC model.

• Salt cavern is considered as one of the storage options in this
study.

• The proposed model allows the expansion of production plants
and storage facilities in different periods.

• A maximal coverage strategy is applied to determine how the HSC
should evolve.

• A computer program is developed to simplify the data-entry and
problem-solving process.

• Both cost and CO2 emissions criteria are used to evaluate the
performance of the HSC.

• The proposed model is applied to a case study from Oman.

Many experts agree that H2 could play an important role in the
future economy. This study can contribute to an efficient design of an
HSC in those countries that are planing to increase the share of H2
2

uel in their economy while keeping the CO2 emissions low. As the
Parameters

𝛼𝑡 Penetration rate of H2 at period 𝑡
𝛽 Interest rate (0 ≤ 𝛽 ≤ 1)
𝑏𝑖 Potential H2 demand at location 𝑖 (t/d)
𝑐𝐷 Driver wage of a tube trailer ($/h)
𝑐𝐺 General expenses of a tube trailer ($/d)
𝑐𝐿 Shipping cost of H2 via pipeline (k$/kgH2 /km)
𝑐𝑇 Shipping cost of H2 via tube trailer (k$/km)
𝑑𝐿𝑖𝑗 Distance from location 𝑖 to locations 𝑗 for installing a

pipeline link (km)
𝑑𝑇𝑖𝑗 Driving distance from location 𝑖 to locations 𝑗 (km)
𝑒𝑃𝑙 CO2 emissions factor of a production plant of type 𝑙

(kgCO2 /kgH2 )
𝑒𝑆𝑚 CO2 emissions factor of a storage facility of type 𝑚

(kgCO2 /kgH2 )
𝑒𝑇 CO2 emissions factor of a tube trailer (tCO2 /km)
𝐸𝑡 Permissible emissions intensity at period 𝑡 (kgCO2 /kgH2 )
𝐼𝐿 Capital cost of pipeline (k$/km)
𝐼𝑃𝑙 Capital cost of a production plant of type 𝑙 (k$)
𝐼𝑆𝑚 Capital cost of a storage facility of type 𝑚 (k$)
𝐼𝑇 Capital cost of a tube trailer (k$)
𝐿𝐿 Distance limit for transferring H2 via pipeline (km)
𝐿𝑇 Distance limit for transferring H2 via tube trailer (km)
𝑁 Number of days in each period
𝑛 Average storage time of H2 in a storage facility (d)
𝑁𝑃 Maximum number of production plants allowed to be

established in the Hydrogen Supply Chain (HSC)
𝑁𝑆 Maximum number of storage facilities allowed to be

established in the Hydrogen Supply Chain (HSC)
𝑜𝐿 Fixed operating cost of pipeline (k$/km)
𝑜𝑃𝑙 Operating cost of a production plant of type 𝑙 ($/t)
𝑜𝑆𝑚 Operating cost of a storage facility of type 𝑚 ($/tH2 )
𝑡𝐴 Average available time of a tube trailer (h/d)
𝑡𝐿𝑈 Load/unload time of a tube trailer (h)
𝑇1 Useful lifespan of the Hydrogen Supply Chain (HSC) after

finishing the construction phase (periods)
𝑢𝐿 Capacity of pipeline (tH2 /d)
𝑢𝑃𝑙 Production capacity of a production plant of type 𝑙 (t/d)
𝑢𝑆𝑚 Capacity of a storage facility of type 𝑚 (tH2 )
𝑢𝑇 Capacity of a tube trailer per each trip (tH2 )
𝑣 Average speed of a tube trailer (km/h)

mathematical model is embedded in the developed computer program,
the user is not required to have any mathematical modeling knowledge.
This makes it possible to easily implement the proposed mathematical
model in a case study or use it as a benchmark in future works.

2. Literature review

In this section, various design features considered in the current
literature of the MHSC are discussed and several shortcomings in the
existing models are identified. Table 1 gives an overview of the studies
dedicated to the category of MHSC design problems, a detailed review
of other types of HSC models can be found in [3]. In the following
sub-sections, these design features are discussed in detail.

2.1. H2 production and storage

H2 is not naturally found on Earth. Therefore, primary energy
should be applied to extract H from renewable sources such as water
2
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Table 1
Summary of the design features considered in the MHSC studies.

Paper Production technologiesa Storage typesb Facility Facility Coverage Carbon capture CO2 emissions sources Transport modes Transport Pipeline Criteriad

SMR CG BG WE AT SC sizes extension strategyc and storage Plants Storages Transport Truck Pipeline units routing
[1] ✓ ✓ ✓ ✓ ✓ ✓ CC ✓ TC
[2] ✓ ✓ ✓ ✓ CC ✓ ✓ ✓ ✓ ✓ ✓ TC + CE
[4] ✓ ✓ ✓ ✓ ✓ ✓ CC ✓ ✓ TC
[5] ✓ ✓ ✓ ✓ CC ✓ ✓ ✓ ✓ ✓ TC + EA
[6] ✓ ✓ ✓ ✓ ✓ ✓ CC ✓ ✓ ✓ ✓ ✓ ✓ TC
[7] ✓ ✓ ✓ ✓ ✓ ✓ CC ✓ ✓ TC
[8]e ✓ ✓ ✓ ✓ ✓ ✓ CC ✓ ✓ ✓ ✓ ✓ TC
[9] ✓ ✓ ✓ ✓ CC ✓ ✓ TC
[10] ✓ ✓ ✓ ✓ CC ✓ ✓ TC
[11] ✓ ✓ ✓ CC TC
[12] ✓ ✓ ✓ CC ✓ ✓ TC
[13] ✓ CC ✓ ✓ NPV
[14] ✓ ✓ ✓ ✓ CC ✓ ✓ TC
[15] ✓ ✓ ✓ ✓ CC ✓ ✓ ✓ ✓ NPV + CE
[16] ✓ ✓ ✓ ✓ CC ✓ ✓ ✓ ✓ ✓ TC + CE
[17] ✓ ✓ ✓ CC ✓ ✓ ✓ ✓ ✓ TC + CE
[18] ✓ ✓ ✓ CC ✓ ✓ ✓ ✓ ✓ NPV + CE
[19] CC TD
[20] ✓ ✓ ✓ MC ✓ ✓ ✓ ✓ TC + NR + CE
[21] ✓ ✓ ✓ ✓ ✓ ✓ MC ✓ ✓ TC
[22] ✓ ✓ ✓ ✓ CC ✓ ✓ ✓ ✓ ✓ ✓ TC + EA
[23] ✓ ✓ ✓ ✓ ✓ ✓ CC ✓ ✓ ✓ ✓ TC
This study ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ MC ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ TC + CE

aSMR: steam methane reforming; CG: coal gasification; BG: biomass gasification; WE: water electrolysis.
bAT: above-ground tank; SC: salt cavern.
cCC: complete coverage; MC: maximal coverage.
dTC: total costs; EA: environmental aspects; NPV: net present value; CE: CO2 emissions; TD: total distances; NR: network reliability.
In this study, pipeline transport mode is used for carrying CO2 produced at H2 production plants.
Decision variables

𝑔𝑖𝑗𝑡 =1 if a pipeline is installed from location 𝑖 to location 𝑗 at
period 𝑡 for storage purposes

ℎ𝑖𝑗𝑡 =1 if a pipeline is installed from location 𝑖 to location 𝑗 at
period 𝑡 for delivery of H2 to customers

𝑛𝑇𝑡 Number of tube trailers added to the Hydrogen Supply
Chain (HSC) at period 𝑡

𝑝𝑖𝑙𝑡 Amount of H2 produced at location 𝑖 by plant type 𝑙 at
period 𝑡 (t)

𝑟𝑃𝑖𝑙𝑡 Completion ratio of the production plant of type 𝑙 at
period 𝑡 at location 𝑖

𝑟𝑆𝑖𝑚𝑡 Completion ratio of the storage facility of type 𝑚 at period
𝑡 at location 𝑖

𝑠𝑖𝑚𝑡 Amount of H2 stored at location 𝑖 in storage type 𝑚 at
period 𝑡 (t)

𝑇𝐷𝐶 Total discounted costs (k$)
𝑇 𝐼𝑡 Total capital cost at period 𝑡 (k$)
𝑇𝑂𝑡 Total operating cost at period 𝑡 (k$/d)
𝑇𝑇𝑡 Total transportation cost at period 𝑡 (k$/d)
𝑣𝑖𝑡 Unsatisfied H2 demand of location 𝑖 at period 𝑡 (t)
𝑥𝐿𝑖𝑗𝑡 Amount of H2 sent from location 𝑖 to location 𝑗 via

pipeline at period 𝑡 for storage purposes (t)
𝑋𝑇

𝑖𝑗𝑡 Amount of H2 transferred between locations 𝑖 and 𝑗 at
period 𝑡 via tube trailers (t)

𝑥𝑇𝑖𝑗𝑡 Amount of H2 sent from location 𝑖 to location 𝑗 via tube
trailers at period 𝑡 for storage purposes (t)

𝑦𝐿𝑖𝑗𝑡 Amount of H2 sent from location 𝑖 to location 𝑗 via
pipeline at period 𝑡 for delivery to customers (t)

𝑦𝑇𝑖𝑗𝑡 Amount of H2 sent from location 𝑖 to location 𝑗 via tube
trailers at period 𝑡 for delivery to customers (t)

𝑧𝑃𝑖𝑙 =1 if a production plant of type 𝑙 is installed at location 𝑖
𝑧𝑆𝑖𝑚 =1 if a storage facility of type 𝑚 is installed at location 𝑖

and biomass, or nonrenewable sources such as coal and hydrocar-
bon [1]. Steam Methane Reforming (SMR), Water Electrolysis (WE),
3

Coal Gasification (CG), and Biomass Gasification (BG) are the produc-
tion technologies that have been considered in the reviewed papers.
The WE technology can produce less CO2 emissions if the electricity
used to produce H2 originates from nuclear or renewable energies.
Nevertheless, the other three production theologies release greenhouse
gases into the atmosphere. Carbon Capture and Storage (CCS) systems
can be used to reduce CO2 emissions. As is seen in Table 1, Agnolucci
et al. [8] and Murthy Konda et al. [6] are the only studies investigating
different production technologies with the CCS. H2 storage facilities
play a critical role in an HSC. H2 storage allows coping with the
variability of renewable energy resources and fluctuations in H2 de-
mands [24]. Compression in gaseous form is the most common method
to achieve higher storage densities [25]. However, high-pressure gas
tanks require high investment costs. Salt cavern storage is another
viable option, especially for large H2 volumes [26]. Although the
storage of H2 in salt cavern has been investigated in static HSC models,
see for example [25,27], still no research work is done to consider this
storage option in multi-period models. In an MHSC, it is important to
know when and where to establish the production and storage facilities.
Except for Murthy Konda et al. [6], the remaining studies assume
that once a facility is established, no further changes can be made to
increase its capacity. However, in practice, the construction of a facility
can be completed gradually to meet the demand requirements while
allowing a more distributed investment.

2.2. Demand coverage strategy

From the perspective of demand coverage, the existing studies
can be classified into complete and maximal strategies [20]. In the
complete coverage strategy, the demands are known in advance, and
the objective is to fulfill the demands completely. In the maximal
coverage strategy, a lower limit is set on the total covered demands,
and then the model decides how much H2 should be transferred to each
demand location. Such an approach could provide valuable information
about how demand nodes should be prioritized for coverage as the HSC
network evolves. Among the studied listed in Table 1, only Fazli-Khalaf
et al. [20] and Güler et al. [21] have addressed the maximal strategy
for the coverage of H demands.
2
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Fig. 1. Small example illustrating how pipeline routing can reduce the overall pipeline length, 𝑆 is the source node, 𝐷1–𝐷4 are the demand nodes, and the number on the edges
hows the corresponding shipment amount.
.3. H2 transport modes

In an HSC, different transport modes can be utilized for carrying H2
rom one location to another. As is seen in Table 1, one of the common
2 transport modes is tube trailer that has widely been considered in
HSC models. In studies such as [8,20] it is implicitly assumed that

he tube trailers are already available, and the transportation cost is
alculated by multiplying the distance by the transportation cost per
nit distance. Although such an assumption may be valid in other
upply chain design problems, in HSCs, it does not match reality. Tube
railers are special-purpose trucks that can safely carry H2 under high

pressure. As a result, it is crucial to determine how many transport units
(tube trailers) are required in the network.

Tube trailers are generally feasible for carrying H2 in smaller quan-
tities; however, other alternatives such as pipeline might be more
economical for higher quantities. Although pipeline transport mode has
been well studied in static HSC models, see for example [27–31], a
few studies have addressed this transport mode in multi-period models.
The model presented by Murthy Konda et al. [6] was one of the first
attempts considering both pipeline and tube-trailer transport modes.
However, for the sake of simplicity, it was assumed that direct pipeline
links should be established from source nodes to destination nodes to
satisfy the demand in the destination node; this approach is illustrated
in Fig. 1(a). In practice, the pipeline can originate from a source node
and then extend to other nodes to satisfy their demands; this approach
also shown in Fig. 1(b). By implementing this approach, H2 can be
distributed more efficiently in the HSC while using shorter pipeline
links and investing less money. Among the studies listed in Table 1,
only Agnolucci et al. [8] and Yoon et al. [23] implemented a similar
idea in which the CO2 produced at H2 production plants is delivered to
some storage reservoirs using pipelines. Adding the pipeline transport
mode to an MHSC to find the pipeline routes is a computationally
challenging problem; because a considerable number of binary decision
variables are required to reflect these features in the mathematical
model. The optimization problem becomes even more complex if tube
trailer transport mode is also included. This might be one of the reasons
for the lack of studies in this area.

2.4. Objective function

From Table 1, it is seen that monetary criteria such as total costs
and net present value are the basis of optimization models in MHSC.
Low CO2 emissions as one of the main aspects of green economy is
crucial against climate change and environmental issues. An HSC could
4

be pollutive in terms of greenhouse gases such as CO2; these emissions
mainly steam from production, storage, and transport processes. As
is seen in Table 1, since 2018, there have been continuous research
works addressing CO2 emissions in the MHSC models. These studies
have treated this issue either by directly calculating the amount of CO2
emissions, see [15–17,20], or indirectly by calculating the carbon tax,
see [2,18,22].

2.5. Case studies

The models presented in the studies listed in Table 1 were all tested
on case studies from different countries. Table 2 provides some impor-
tant information regarding the specification of these case studies and
the solution approach applied to solve the optimization problems. This
table shows that most of the existing models have been used for long-
term planning. Generally, the number of regions and the number of
periods are two critical factors that affect the computational complexity
of MHSC models. The case study conducted by Bae et al. [19] is one
of the largest ones of its kind in the literature. Table 2 also shows that
optimization solvers have widely been utilized to solve MHSC models,
see also [3]. According to Table 2, [18] is the only study applying a
metaheuristic optimization method.

3. Problem statement and mathematical model

A two-stage supply chain framework shown in Fig. 2 is used in
this study to formulate a mathematical model for the production and
delivery of H2. In this framework, the first stage corresponds to the
production and storage of H2, and the second stage corresponds to the
distribution of H2 to the demand points. In both stages, pipeline and
tube trailer can be utilized for transferring H2. Notation 𝐶 is defined to
denote the set of all locations. H2 is produced in production plants and
then transferred to storage facilities for distribution to the customers.
The set of potential locations where production plants and storage
facilities can be established are denoted by 𝑃 and 𝑆, respectively
(𝑃 and 𝑆 ⊆ 𝐶). It is assumed that different production and storage
technologies of different capacities can be utilized within the HSC. For
each production and storage technology, the capital cost, operating
cost, and CO2 emissions factor are known. The planning horizon is
divided into two main time intervals, starting from periods 1 to 𝑇0, and
𝑇0 + 1 to 𝑇0 + 𝑇1, respectively. Production plants and storage facilities
are established in the first time interval to fulfill the H2 demand. The
second time interval is also used to represent the effective lifetime
of the HSC. For each location, the potential H2 demand is known in
advance. A parameter called penetration rate is used within periods

1 to 𝑇0 to represent how much of the total potential H2 demand
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Table 2
Specification of the case studies in the reviewed papers.

Paper No. periods Time frame Location No. regions Solution approacha

[1] 3 2005–2022 Great Britain 34 OS
[2] 6 2020–2050 British Columbia, Canada 9 OS
[4] 5 2005–2034 Great Britain 34 OS
[5] 5 2005–2034 Great Britain 23 OS
[6] 4 2015–2050 Netherlands 25 OS
[7] 3 2005–2022 Great Britain 34 OS
[8] 3 2020–2035 United Kingdom 35 OS
[9] 12 12 months South Korea 15 OS
[10] 12 12 months Jeju Island, Korea 6 OS
[11] 12 12 months Jeju Island, South Korea 1 OS
[12] 4 4 periods Iran 15 OS
[13] 4 2020–2050 Spain 36 OS
[14] 4 2020–2050 Midi-Pyrénées, France 22 OS
[15] 5 2015–2040 Texas, USA 11 OS
[16] 4 2020–2050 Midi-Pyrénées, France 6 OS
[17] 3 15 years Portugal 4 OS
[18] 4 2020–2050 Occitania Region, France 8 GA
[19] 10 2021–2030 Seoul, South Korea 46 OS
[20] 3 3 years Iran 31 OS
[21] 5 2021–2050 Turkey 33 OS
[22] 6 2020–2050 British Columbia, Canada 9 OS
[23] 6 2020–2050 South Korea 16 OS
this study 10 25 years Oman 42 OS

aOS: optimization software; GA: genetic algorithm.
needs to be fulfilled in the corresponding period. Production plants
and storage facilities can be extended gradually over periods 1 to 𝑇0,
.e., all facilities should reach their full capacity by the end of period
0. This approach allows more uniform budget distribution throughout
he periods while meeting the demand requirements.

Tube trailer and pipeline are two transport modes in the proposed
SC. For each transport mode, parameters such as capacity, capital
ost, and operating cost are known. To determine the required number
f tube trailers, parameters such as load/unload time, average driving
peed, and distances between locations are taken into consideration.
he objective of the model is to minimize the total discounted costs of
he HSC in a way that demand and CO2 emissions requirements are met
uring different periods. Note that the total discounted costs is used to
ccount for the time value of money [6]. In this respect, costs for each
eriod are discounted back to the present time (at a certain discount
ate) and then summed [8]. As mentioned earlier, the planning horizon
as divided into time intervals

[

1, 𝑇0
]

and
[

𝑇0 + 1, 𝑇0 + 𝑇1
]

. Since the
onstruction phase of the HSC takes place within time interval

[

1, 𝑇0
]

,
or the periods belonging to this time interval, both capital and operat-
ng costs are incurred. While, within time interval

[

𝑇0 + 1, 𝑇0 + 𝑇1
]

only
perating costs are incurred.

.1. Assumptions

The main assumptions made in this study are given below.

• All parameters of the model are certain and known in advance.
• Only the gaseous form of H2 is studied in this research.
• The logistics of energy sources before the production stage of H2

is not taken into consideration.
• The available budget is not limited at each period, and it would

be available at the beginning of each period.
• The repair/renewal cost of facilities is disregarded.
• All tube trailers are of the same type.
• All pipelines are of the same diameter.
• Only one pipeline link can be installed from location 𝑖 to location
𝑗.
5

• Local H2 distribution is not considered in this study.
Fig. 2. Proposed two-stage framework for the HSC.

3.2. Mathematical model

The problem is now formulated as the following mixed-integer
program.

min 𝑇𝐷𝐶 =
∑

𝑡∈𝑇

𝑇 𝐼 𝑡 +𝑁
(

𝑇𝑂𝑡 + 𝑇𝑇 𝑡
)

(1 + 𝛽)𝑡

+
𝑁

(

𝑇𝑂𝑇0 + 𝑇𝑇 𝑇0

)

𝛽 (1 + 𝛽)𝑇0

(

1 − 1
(1 + 𝛽)𝑇1

)

, (1)

subject to:

𝑇 𝐼 𝑡 =
∑∑

𝐼𝑃𝑙 𝑟
𝑃
𝑖𝑙𝑡 +

∑ ∑

𝐼𝑆𝑚 𝑟
𝑆
𝑖𝑚𝑡
𝑖∈𝑃 𝑙∈𝐿 𝑖∈𝑆 𝑚∈𝑀
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𝑚

𝑖
∑

∑

∑

𝑙

𝑗

𝑗

𝑚

𝑗

𝑗

𝑥

𝑦

+ 𝐼𝑇 𝑛𝑇𝑡 +
∑

𝑖∈𝐶

∑

𝑗∈𝐶∖{𝑖}
𝑑𝐿𝑖𝑗𝐼

𝐿 (

𝑔𝑖𝑗𝑡 + ℎ𝑖𝑗𝑡
)

, ∀𝑡 ∈ 𝑇 , (2)

𝑇𝑂𝑡 =
∑

𝑖∈𝑃

∑

𝑙∈𝐿
𝑜𝑃𝑙 𝑝𝑖𝑙𝑡 +

∑

𝑖∈𝑆

∑

𝑚∈𝑀
𝑛 × 𝑜𝑆𝑚𝑠𝑖𝑚𝑡

+
∑

𝑡′∈𝑇
𝑡′≤𝑡

∑

𝑖∈𝐶

∑

𝑗∈𝐶∖{𝑖}
𝑑𝐿𝑖𝑗𝑜

𝐿 (

𝑔𝑖𝑗𝑡 + ℎ𝑖𝑗𝑡
)

, ∀𝑡 ∈ 𝑇 , (3)

𝑇𝑇 𝑡 =
∑

𝑡′∈𝑇
𝑡′≤𝑡

𝑐𝐺𝑛𝑇𝑡′ +
∑

𝑖∈𝐶

∑

𝑗∈𝐶∖{𝑖}

2𝑡𝐿𝑈 𝑐𝐷

𝑢𝑇
(

𝑥𝑇𝑖𝑗𝑡 + 𝑦𝑇𝑖𝑗𝑡
)

+
∑

𝑖∈𝐶

∑

𝑗∈𝐶
𝑗≥𝑖

(

𝑑𝑇𝑖𝑗 + 𝑑𝑇𝑗𝑖
)

𝑢𝑇

{

𝑐𝐷

𝑣
+ 𝑐𝑇

}

𝑋𝑇
𝑖𝑗𝑡

+
∑

𝑖∈𝐶

∑

𝑗∈𝐶∖{𝑖}
𝑑𝑖𝑗𝑐

𝐿
(

𝑥𝐿𝑖𝑗𝑡 + 𝑦𝐿𝑖𝑗𝑡
)

, ∀𝑡 ∈ 𝑇 , (4)

∑

𝑖∈𝑃

∑

𝑙∈𝐿
𝑒𝑃𝑙 𝑝𝑖𝑙𝑡 +

∑

𝑖∈𝑆

∑

𝑚∈𝑀
𝑒𝑆𝑚𝑠𝑖𝑚𝑡 +

∑

𝑖∈𝐶

∑

𝑗∈𝐶
𝑗>𝑖

𝑒𝑇

(

𝑑𝑇𝑖𝑗 + 𝑑𝑇𝑗𝑖
)

𝑢𝑇
𝑋𝑇

𝑖𝑗𝑡

≤ 𝐸𝑡𝛼𝑡
∑

𝑖∈𝐶
𝑏𝑖, ∀𝑡 ∈ 𝑇 , (5)

∑

∈𝐿
𝑧𝑃𝑖𝑙 ≤ 1, ∀𝑖 ∈ 𝑃 , (6)

∑

∈𝑀
𝑧𝑆𝑖𝑚 ≤ 1, ∀𝑖 ∈ 𝑆, (7)

∑

∈𝑃

∑

𝑙∈𝐿
𝑧𝑃𝑖𝑙 ≤ 𝑁𝑃 , (8)

𝑖∈𝑆

∑

𝑚∈𝑀
𝑧𝑆𝑖𝑚 ≤ 𝑁𝑆, (9)

𝑡∈𝑇
𝑟𝑃𝑖𝑙𝑡 = 𝑧𝑃𝑖𝑙 , ∀𝑖 ∈ 𝑃 , 𝑙 ∈ 𝐿, (10)

𝑡∈𝑇
𝑟𝑆𝑖𝑚𝑡 = 𝑧𝑆𝑖𝑚, ∀𝑖 ∈ 𝑆, 𝑚 ∈ 𝑀, (11)

∑

∈𝐿
𝑝𝑖𝑙𝑡+

∑

𝑗∈𝐶∖{𝑖}

(

𝑥𝐿𝑗𝑖𝑡 + 𝑥𝑇𝑗𝑖𝑡 − 𝑥𝐿𝑖𝑗𝑡 − 𝑥𝑇𝑖𝑗𝑡
)

=
∑

𝑚∈𝑀
𝑠𝑖𝑚𝑡, ∀𝑖 ∈ 𝐶, 𝑡 ∈ 𝑇 , (12)

∑

∈𝑃∖{𝑖}
𝑥𝑇𝑖𝑗𝑡 ≤

∑

𝑙∈𝐿
𝑝𝑖𝑙𝑡, ∀𝑖 ∈ 𝑃 , 𝑡 ∈ 𝑇 , (13)

∑

∈𝐶∖{𝑖}
𝑥𝐿𝑖𝑗𝑡 ≤

∑

𝑙∈𝐿
𝑝𝑖𝑙𝑡 +

∑

𝑗∈𝐶∖{𝑖}
𝑥𝐿𝑗𝑖𝑡, ∀𝑖 ∈ 𝐶, 𝑡 ∈ 𝑇 , (14)

∑

∈𝑀
𝑠𝑖𝑚𝑡 +

∑

𝑗∈𝐶∖{𝑖}

(

𝑦𝐿𝑗𝑖𝑡 + 𝑦𝑇𝑗𝑖𝑡 − 𝑦𝐿𝑖𝑗𝑡 − 𝑦𝑇𝑖𝑗𝑡
)

+ 𝑣𝑖𝑡 = 𝑏𝑖, ∀𝑖 ∈ 𝐶, 𝑡 ∈ 𝑇 , (15)

∑

∈𝑆∖{𝑖}
𝑦𝑇𝑖𝑗𝑡 ≤

∑

𝑚∈𝑀
𝑠𝑖𝑚𝑡, ∀𝑖 ∈ 𝑆, 𝑡 ∈ 𝑇 , (16)

∑

∈𝐶∖{𝑖}
𝑦𝐿𝑖𝑗𝑡 ≤

∑

𝑚∈𝑀
𝑠𝑖𝑚𝑡 +

∑

𝑗∈𝐶∖{𝑖}
𝑦𝐿𝑗𝑖𝑡, ∀𝑖 ∈ 𝐶, 𝑡 ∈ 𝑇 , (17)

∑

𝑙∈𝐿
𝑝𝑖𝑙𝑡 ≤

∑

𝑡′∈𝑇
𝑡′≤𝑡

𝑢𝑃𝑙 𝑟
𝑃
𝑖𝑙𝑡′ , ∀𝑖 ∈ 𝑃 , 𝑡 ∈ 𝑇 , (18)

𝑛
∑

𝑚∈𝑀
𝑠𝑖𝑚𝑡 ≤

∑

𝑡′∈𝑇
𝑡′≤𝑡

𝑢𝑆𝑚𝑟
𝑆
𝑖𝑚𝑡′ , ∀𝑖 ∈ 𝑆, 𝑡 ∈ 𝑇 , (19)

𝑥𝐿𝑖𝑗𝑡 ≤
∑

𝑡′∈𝑇
𝑡′≤𝑡

𝑢𝐿𝑔𝑖𝑗𝑡′ , ∀𝑖, 𝑗 ∈ 𝐶, 𝑖 ≠ 𝑗, 𝑡 ∈ 𝑇 , (20)

𝑦𝐿𝑖𝑗𝑡 ≤
∑

𝑡′∈𝑇
𝑡′≤𝑡

𝑢𝐿ℎ𝑖𝑗𝑡′ , ∀𝑖, 𝑗 ∈ 𝐶, 𝑖 ≠ 𝑗, 𝑡 ∈ 𝑇 , (21)

∑

𝑔𝑖𝑗𝑡 ≤ 1, ∀𝑖, 𝑗 ∈ 𝐶, 𝑖 ≠ 𝑗, (22)
6

𝑡∈𝑇
s

∑

𝑡∈𝑇
ℎ𝑖𝑗𝑡 ≤ 1, ∀𝑖, 𝑗 ∈ 𝐶, 𝑖 ≠ 𝑗, (23)

∑

𝑖∈𝐶
𝑣𝑖𝑡 ≤

(

1 − 𝛼𝑡
)
∑

𝑖∈𝐶
𝑏𝑖, ∀𝑡 ∈ 𝑇 , (24)

𝑋𝑇
𝑖𝑗𝑡 ≥ 𝑥𝑇𝑖𝑗𝑡 + 𝑦𝑇𝑖𝑗𝑡, ∀𝑖, 𝑗 ∈ 𝐶, 𝑗 > 𝑖, 𝑡 ∈ 𝑇 , (25)

𝑋𝑇
𝑖𝑗𝑡 ≥ 𝑥𝑇𝑗𝑖𝑡 + 𝑦𝑇𝑗𝑖𝑡, ∀𝑖, 𝑗 ∈ 𝐶, 𝑗 > 𝑖, 𝑡 ∈ 𝑇 , (26)

∑

𝑖∈𝐶

∑

𝑗∈𝐶∖{𝑖}

2𝑡𝐿𝑈

𝑡𝐴 × 𝑢𝑇
(

𝑥𝑇𝑖𝑗𝑡 + 𝑦𝑇𝑖𝑗𝑡
)

+
∑

𝑖∈𝐶

∑

𝑗∈𝐶
𝑗>𝑖

(

𝑑𝑇𝑖𝑗 + 𝑑𝑇𝑗𝑖
𝑡𝐴 × 𝑢𝑇 × 𝑣

)

𝑋𝑇
𝑖𝑗𝑡

≤
∑

𝑡′∈𝑇
𝑡′≤𝑡

𝑛𝑇𝑡′ , ∀𝑡 ∈ 𝑇 , (27)

𝑇
𝑖𝑗𝑡 = 0, ∀𝑖 ∈ 𝑃 , 𝑗 ∈ 𝑆, 𝑡 ∈ 𝑇 , 𝑑𝑇𝑖𝑗 > 𝐿𝑇 , (28)

𝑇
𝑖𝑗𝑡 = 0, ∀𝑖 ∈ 𝑆, 𝑗 ∈ 𝐶, 𝑡 ∈ 𝑇 , 𝑑𝑇𝑖𝑗 > 𝐿𝑇 , (29)

𝑥𝐿𝑖𝑗𝑡 = 𝑦𝐿𝑖𝑗𝑡 = 0, ∀𝑖, 𝑗 ∈ 𝐶, 𝑖 ≠ 𝑗, 𝑡 ∈ 𝑇 , 𝑑𝐿𝑖𝑗 > 𝐿𝐿, (30)

𝑥𝑇𝑖𝑗𝑡 ≥ 0, ∀𝑖 ∈ 𝑃 , 𝑗 ∈ 𝑆, 𝑡 ∈ 𝑇 , (31)

𝑦𝑇𝑖𝑗𝑡 ≥ 0, ∀𝑖 ∈ 𝑆, 𝑗 ∈ 𝐶, 𝑡 ∈ 𝑇 , (32)

𝑋𝑇
𝑖𝑗𝑡, 𝑥

𝐿
𝑖𝑗𝑡, 𝑦

𝐿
𝑖𝑗𝑡, 𝑣𝑖𝑡 ≥ 0, ∀𝑖, 𝑗 ∈ 𝐶, 𝑖 ≠ 𝑗, 𝑡 ∈ 𝑇 , (33)

𝑟𝑃𝑖𝑙𝑡, 𝑟
𝑆
𝑗𝑚𝑡, 𝑝𝑖𝑙𝑡, 𝑠𝑗𝑚𝑡 ≥ 0, ∀𝑖 ∈ 𝑃 , 𝑗 ∈ 𝑆, 𝑙 ∈ 𝐿, 𝑚 ∈ 𝑀, 𝑡 ∈ 𝑇 , (34)

𝑧𝑃𝑖𝑙 , 𝑧
𝑆
𝑗𝑚 ∈ {0, 1} , ∀𝑖 ∈ 𝑃 , 𝑗 ∈ 𝑆, 𝑙 ∈ 𝐿, 𝑚 ∈ 𝑀, (35)

𝑔𝑖𝑗𝑡, ℎ𝑖𝑗𝑡 ∈ {0, 1} , ∀𝑖, 𝑗 ∈ 𝐶, 𝑖 ≠ 𝑗, 𝑡 ∈ 𝑇 , (36)

𝑛𝑇𝑡 ∈ Z+, ∀𝑡 ∈ 𝑇 . (37)

In the proposed mathematical model, objective function (1) min-
imizes the total discounted costs. Eq. (2) gives the total capital cost
associated with the production plants, storage facilities, and pipelines,
Eq. (3) corresponds to the total operating cost of the production plants,
storage facilities, and pipelines. Eq. (4) is the total transportation cost
associated with the pipeline and tube trailer transport modes. Con-
straint set (5) limits the total amount of CO2 emitted by the production
plants, storage facilities, and tube trailers at each period. Constraint sets
(6) and (7) make sure that only one plant type or one storage type can
be established at each potential location. Constraint sets (8) and (9)
restrict the number of production plants and storage facilities in the
HSC. Constraint sets (10) and (11) ensure that the production plants
and storage facilities reach their full capacity by the end of period 𝑇0;
in other words, these constraint sets allow the facilities to be extended
gradually.

Constraint set (12) makes sure that the inflow to a location after
producing H2 is equal to the outflow from that location; in other words,
this constraint set determines the amount of H2 which is stored at each
period in different locations. Fig. 3(a) illustrates the inflow/outflow
of a node in the first stage of the proposed two-stage supply chain
framework. Constraint set (13) states that the amount of H2 shipped
by tube trailers from a production plant cannot be greater than the
corresponding production amount. Constraint set (14) states that the
amount of H2 shipped from location 𝑖 via pipeline cannot exceed the
amount of H2 produced at location 𝑖 plus the amount of H2 sent by
other pipelines to location 𝑖; in other words, this constraint set makes

ure that pipelines carrying H2 to the storage facilities are connected to
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Fig. 3. Inflows and outflows corresponding to a node in the HSC network.
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a production plant or other pipelines. It should be noted that constraint
sets (12)–(14) are associated with the first stage of the proposed two-
stage supply chain framework shown in Fig. 2. Constraint set (15)
makes sure that the inflow to a location after storing H2 is equal
to the outflow from that location; in other words, this constraint set
guarantees that the demand requirements are met in different locations.
Fig. 3(b) illustrates the inflow/outflow of a node in the second stage
of the proposed two-stage supply chain framework. Constraint set (16)
states that the amount of H2 shipped by tube trailers from a storage
acility cannot be greater than the corresponding storage amount.
onstraint set (17) states that the amount of H2 shipped from location
via pipeline cannot exceed the amount of H2 stored at location 𝑖
lus the amount of H2 sent by other pipelines to location 𝑖; in other
ords, this constraint set makes sure that pipelines carrying H2 to

he customers are connected to a storage facility or other pipelines. It
hould be noted that constraint sets (15)–(17) are associated with the
econd stage of the proposed two-stage supply chain framework shown
n Fig. 2.

Constraint sets (18), (19), (20), and (21) are the capacity constraints
or the production plants, storage facilities, and pipelines. Constraint
ets (22) and (23) prevent installing more than one pipeline from
ne location to another. Constraint set (24) ensures the committed
enetration rate for the H2 demand is met at each period. Constraint
ets (25) and (26) jointly determine the amount of H2 transferred
etween locations 𝑖 and 𝑗 at period 𝑡 via tube trailers. Constraint set
27) ensures that the number of tube trailers is enough for carrying H2
n the HSC. Constraint sets (28)–(30) prevent H2 shipment in case the
istance limit is exceeded. Finally, constraint sets (31)–(36) indicate
he type of the decision variables.

. Developed computer program

A user-friendly computer program is developed using RAD Studio
0.4.2 [32] programming software.1 The developed program is inte-
rated with APIs from Google Maps to extract geographical information
uch as the potential locations and the corresponding distances. Once
he required data for the HSC is entered, the program can quickly
enerate the optimization problem and solve it using IBM ILOG CPLEX
0.1.0 [33] solver with just one click. As the mathematical model is
lready embedded in the program, the user is not required to have
ny mathematical modeling knowledge. This makes it possible to im-
lement the proposed mathematical model in any other case study
round the world. After solving the problem, the user can see a detailed
olution report, as well as a graphical representation of the HSC on a
ap. The interface of the developed computer program is shown in

ig. 4. It should be mentioned that this program can also be used as a
enchmark in future studies.

1 Developed computer program can be requested by contacting the authors.
7

S

5. Case study

Oman is divided into eleven governorates, Musandam, Al Buraimi,
Al Batinah North, Al Batinah South, Muscat, Ad Dhahirah, Ad Dakhiliya,
Ash Sharqiyah North, Ash Sharqiyah South, Al Wusta, and Dhofar [34].
The governorates are further subdivided into 61 provinces. According
to National Center for Statistics and Information [35], in 2020, the
population of the residents in these provinces was 4 481 042. There are
three Governorates, Dhofar, Al Wusta, and Musandam, which are not
taken into consideration in the case study. The Dhofar Governorate is
located in Oman’s far South, and the Al Wusta Governorate is mainly
desert; the Musandam Governorate is also an exclave, separated from
the rest of the country by the United Arab Emirates. There is also
an island in Ash Sharqiyah South Governorate called Masirah Island,
which is neglected in the case study. These reduce the H2 demand
locations to 42 provinces. The total number of residents in the selected
provinces is 3 948 034, accounting for 88.11% of Oman’s population.
The name of the considered provinces, along with their geographical
information, can be seen in Table 3 and Fig. 5.

5.1. Locations and H2 demand

For each province, the H2 demand is estimated based on 20% of
he annual electric power consumption. According to The World Bank
36], Oman’s annual electric power consumption is 6445.581 kWh per
apita. Assuming one kgH2 generates 33.33 kWh of electric power and
ach year is 365 days, the equivalent amount of H2 is estimated to
e about 0.106 kgH2 per capita. Now, by multiplying this number by
he population of each province, the H2 demand can be estimated.
he estimated daily H2 demands are given in Table 3. It should be
oted that the estimated values are rounded to one decimal place.
he number of potential locations for the establishment of H2 facilities
ill have a significant impact on the computational complexity of the
roblem. Therefore, to be able to solve the resulting problem effectively
ithin a given time limit, the potential locations of hydrogen storage
nd production facilities are limited to eleven provinces, Nizwa, Ibri,
ohar, Rustaq, Barka, Al Buraimi, Al Mudhaibi, Ibra, Sur, Al Seeb, and
uscat. These provinces, also shown in Fig. 5, are either the capital

f their corresponding governorate or the province with the highest
opulation in the governorate.

.2. Penetration rate and CO2 emissions criteria

A time period of ten years (each year as 365 days) is considered for
he construction of the HSC network (i.e., 𝑇0 = 10), and after finishing
he construction phase, a lifetime of 15 years is assumed (i.e., 𝑇1 = 15).
he H2 penetration rate at the first period is set to 0.1, and after that,

t is incremented by 0.1 until it reaches one at the 10th year, that is,
𝑡 = 0.1 × 𝑡, for 𝑡 = 1, 2,… , 10. It should be mentioned that later, in

ection 6.3, two additional penetration profiles will be examined. The
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Fig. 4. Interface of the developed computer program for designing an HSC.
Table 3
Locations and estimated H2 demand for Oman.

Location
index

Province Population Longitude Latitude Demand
(tH2

/d)
Location
index

Province Population Longitude Latitude Demand
(tH2

/d)

1 Adam 28 215 22.390 57.523 3.0 22 Nakhal 28 088 23.394 57.825 3.0
2 Al Hamra 28 274 23.102 57.284 3.0 23 Wadi Al Maawil 20 206 23.480 57.834 2.1
3 Bahla 88 459 22.956 57.294 9.4 24 Al Buraimia 110 402 24.278 55.821 11.7
4 Bidbid 37 495 23.406 58.124 4.0 25 Sunaynah 1474 23.598 55.964 0.2
5 Izki 58 993 22.936 57.769 6.3 26 Mahdah 10 166 24.403 55.967 1.1
6 Manah 25 368 22.798 57.597 2.7 27 Al Mudhaibi 115 040 22.506 58.030 12.2
7 Nizwaa 132 013 22.922 57.537 14.0 28 Al Qabil 24 878 22.614 58.666 2.6
8 Samail 80 538 23.292 57.965 8.5 29 Bidiya 42 603 22.428 58.808 4.5
9 Dhank 23 466 23.547 56.259 2.5 30 Dema Wa Thaieen 26 530 23.041 58.600 2.8
10 Ibria 163 473 23.230 56.497 17.3 31 Ibraa 50 290 22.728 58.524 5.3
11 Yanqul 26 466 23.598 56.550 2.8 32 Wadi Bani Khalid 13 024 22.582 59.090 1.4
12 Al Khaboura 78 892 23.960 57.101 8.4 33 Al Kamil and Al Wafi 38 543 22.210 59.205 4.1
13 Al Suwaiq 184 897 23.833 57.430 19.6 34 Jalan Bani Bu Ali 107 867 22.024 59.340 11.4
14 Liwa 55 796 24.505 56.581 5.9 35 Jalan Bani Bu Hassan 44 593 22.086 59.279 4.7
15 Saham 150 329 24.161 56.870 15.9 36 Sura 111 231 22.549 59.484 11.8
16 Shinas 82 891 24.735 56.456 8.8 37 Al Amarat 121 344 23.504 58.475 12.9
17 Sohara 233 349 24.365 56.727 24.7 38 Al Seeb 479 893 23.670 58.151 50.9
18 Al Awabi 18 833 23.309 57.535 2.0 39 Bawshar 383 257 23.565 58.418 40.6
19 Al Musannah 99 204 23.752 57.627 10.5 40 Muscata 31 409 23.602 58.372 3.3
20 Rustaqa 118 100 23.449 57.432 12.5 41 Muttrah 231 614 23.615 58.559 24.5
21 Barka 181 993 23.687 57.887 19.3 42 Qurayyat 58 538 23.263 58.912 6.2

aCapital province.
8
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Fig. 5. Map of Oman showing the provinces along with the potential pipeline links and potential locations for the placement of H2 storage and production facilities.
𝑇𝐷𝐶 of the project is evaluated at an interest rate of 4.0% [37]. As a
base case, the CO2 emissions factor is set to 15 kgCO2 /kgH2 ; however,
ater in Section 6.2, some analyses are carried out to investigate the
ffect of this parameter on the HSC.

.3. H2 production facilities

In the case study, four representative technologies are considered
or the production of H2; these production technologies involve SMR,
G, WE, and BG. There are a maximum of three alternatives for the
apacity of the H2 production technologies; these capacity alternatives
re represented in Small (S), Medium (M), and Large (L) sizes. The
apacity and cost parameters of the H2 production technologies are
dopted from Bique et al. [38], and the corresponding CO2 emissions
actors are taken from Al-Qahtani et al. [39]. H2 production plants,
specially the large SMR and CG plants, are the primary sources of
O2 emissions [3]. So, for the sake of CO2 reduction, a CCS option

s also considered with the SMR and CG technologies. Production of
2 through the WE technology, however, emits a very low amount
f CO2. Therefore, CCS is not required for the WE technology. The
G technology is highly CO2 pollutive. However, for this production
echnology, capturing CO2 using a CCS becomes very costly and ineffi-
ient [39]. Therefore, in the case study, the CCS option is disregarded
ith BG technology. According to these explanations, three would be

ifteen alternatives to be considered for the production of H2; these
lternatives are shown in Table 4. It should be mentioned that for the
MR and CG technologies coupled with the CCS option, there were
o data for the capital and operating costs of the plants. Therefore, to
stimate these parameters, the CCS cost is taken from Al-Qahtani et al.
39] and scaled based on the plant capacity. Then, the resulting cost is
dded to the costs given in [38].

.4. H2 storage facilities

For the storage of H2, two types of storage facilities are taken into
ccount. The first storage option is an above-ground tank operating
9

t 15–250 bar, and the second is a salt cavern operating at 60–150
bar [25]. For the above-ground tank and salt cavern, respectively, five
and six storage capacities are defined. Then, based on the capacity
of each storage option, the information given in [25] is used to es-
timate the capital and operating costs. It also should be mentioned
that according to Almansoori and Shah [7], the average storage time
of H2 is assumed to be ten days. The information available in [25]
however does not include the CO2 emissions data. Thus, this data is
estimated based on the energy required for the compression of H2 to
the given operating pressures. According to Burheim [40], the amount
of electric energy required to compress H2 from one bar to 150 and 250
bar is approximately 1.7 and 1.85 kWh, respectively. Also, according
to International Energy Agency: IEA [41], in 2019, natural gas, with
97% share, and crude oil, with 3% share, were the primary sources
of electricity generation in Oman [41]. These electricity generation
sources roughly produce 0.402 kgCO2 /kWh. As a result, approximately
0.68 and 0.74 kgCO2 /kgH2 will be produced for the storage of H2
in a salt cavern and above-ground tank, respectively. A summary of
information for the proposed storage facilities are given in Table 5.

5.5. Transport modes

Two types of transport modes are considered in the case study. The
first transport mode is tube trailer, and the second one is pipeline. In
the following sub-sections, these two transport modes are discussed in
detail.

5.5.1. Tube trailer
Two types of tube trailers are considered for the transportation

of H2. The first type is a conventional tube trailer which has been
considered in many case studies such as [28,29,42,43]. This type of
tube trailer is built from steel and operates at 162 bar [28]. Although
the capital cost of conventional tube trailers is relatively cheap, their
capacity is not high. According to Yang and Ogden [28], a conventional
tube trailer costing $300000 can provide a capacity of 300 kgH2 . The
second type of tube trailer considered in the case study is a modern one
made from composite materials and can reach a capacity of up to 1100

kgH2 at 500 bar. However, due to the expensive material used in their



Renewable and Sustainable Energy Reviews 173 (2023) 113051K. Forghani et al.

s
c
f

w
c
A
a
i
t
c
t
t
t
e
o
w
d
d
d
5

5

A
2
t

Table 4
Parameters of the H2 production technologies [38,39].

Facility
index

Production
technology (Size)

Unit production
cost (k$/kgH2

)
Capital
cost (k$)

Capacity
(tCO2

/d)
CO2 emissions
(kgCO2

/kgH2
)

1 SMR (S) 1.41 8100 10 10.3
2 SMR (M) 1.32 121 100 150 10.3
3 SMR (L) 1.29 387 500 480 10.3
4 CG (M) 1.24 175 500 150 19
5 CG (L) 1.23 561 500 480 19
6 WE (L) 4.69 16 400 10 0.9
7 WE (M) 4.69 245 700 150 0.9
8 WE (L) 4.69 786 100 480 0.9
9 BG (M) 2.2 227 200 150 25.4
10 BG (L) 1.84 727 000 480 25.4

11 SMR + CCS (S) 2.10 12 000 10 1.15
12 SMR + CCS (M) 1.97 180 300 150 1.15
13 SMR + CCS (L) 1.92 576 900 480 1.15
14 CG + CCS (M) 1.94 275 100 150 3.57
15 CG + CCS (L) 1.93 880 100 480 3.57

S: small; M: medium, L: large.
Table 5
Parameters of the H2 storage facilities [25].

Storage facility type
(Operating pressure)

Facility type
index

Operating cost
(k$/kgH2

)
Capital cost
(k$)

Capacity
(t)

CO2 emissionsa

(kgCO2
/kgH2

)

Above-ground tank
(15–250 bar)

1 0.031 28 500 50 0.74
2 0.031 57 000 100 0.74
3 0.031 142 500 250 0.74
4 0.031 285 000 500 0.74
5 0.031 570 000 1000 0.74

Salt cavern
(60–150 bar)

6 0.018 32 000 100 0.68
7 0.009 42 000 250 0.68
8 0.006 51 000 500 0.68
9 0.003 62 000 1000 0.68
10 0.002 80 000 2500 0.68
11 0.001 97 000 5000 0.68

The average storage time is assumed to be 10 days [7].
aCO2 emissions data is estimated based on the energy required for the compression of H2 at the given operating pressures [40,41].
I
v
m
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b
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tructure, the capital cost of these tube trailers is much higher than
onventional tube trailers. Such a tube trailer costs about $1360, $150
or the cab and undercarriage [28], and $1210 for the container [44].

Table 6 includes the capacity and capital cost of tube trailers, along
ith the other necessary information. In this table, the shipping cost

omprises the maintenance cost plus the fuel cost of driving in Oman.
ccording to Yang and Ogden [28], 1% of the capital cost is considered
s the maintenance cost. So, assuming that the average driving speed
s 55 km/h and the tube trailers are available 365 × 18 hours a year,
he maintenance cost of conventional and modern tube trailers are
alculated as 8.302 × 10−3 and 3.764 × 10−2 $/km. The fuel cost for a
ube trailer operating in Oman is about 2.803×10−3 $/km [28,45]. Thus,
he shipping cost of conventional and modern tube trailers is estimated
o be 2.886 × 10−4 and 3.179 × 10−4 k$/km, respectively. The general
xpenses of tube trailers are calculated based on 5% of the capital cost
f the corresponding tube trailer. It should be mentioned that the driver
age is estimated based on the average salary of an experienced truck
river in Oman, assuming each month is 22 working days and each
ay is eight hours [46]. Also, the driving distance limit is based on the
istance that a driver can travel in eight hours at an average speed of
5 km/h.

.5.2. Pipeline
The second transport mode considered in the case study is a pipeline.

ccording to Johnson and Ogden [30], a pipeline with a diameter of
0.32 centimeters costs about 285000 $/km, and can transfer up to 120

/d. Table 7 gives the required information on this transport mode.
10

H2
n the proposed mathematical model, a significant portion of the binary
ariables is associated with the consideration of pipeline transport
ode. Since the number of demand points in the case study is relatively

arge, obtaining a good solution in a reasonable computational time
ecomes challenging. To deal with this issue, the potential pipeline
inks in the HSC network can be restricted. So, for each location, only
ive of the shortest links connecting that location to the other locations
re maintained. The selected potential pipeline links are displayed in
ig. 5. As seen in this figure, the minimum number of links originating
rom each location is five.

.6. Proposed scenarios

Eight main scenarios are defined considering different options in-
roduced for the H2 transport modes and storage facilities. Table 8

lists the options considered in each scenario. The purpose of defining
these scenarios is to compare and evaluate different alternatives for the
storage and distribution of H2 in the case study. As is seen in Table 8,
the basic configuration is given in Scenario 1, which only allows the
use of conventional tube trailers and above-ground tanks in the HSC.
Scenario 8 is the most comprehensive one allowing the simultaneous
use of pipelines, tube trailers, above-ground tanks, and salt caverns.

6. Computational results

Although in Sections 5.1 and 5.5.2 some restrictions were made
to reduce the number of binary variables, it might still be difficult to
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Table 6
Parameters of the tube trailer transport mode.

Tube trailer
type

Parameter Value Unit Data source

Conventional Capital cost 300 k$ [28]
Modern Capital cost 1360 k$ [28,44]
Conventional Shipping costa 2.886 × 10−4 k$/km [28,45]
Modern Shipping costa 3.179 × 10−4 k$/km [28,45]
Conventional General expensesb 4.11 × 10−2 k$/d [28]
Modern General expensesb 1.863 × 10−1 k$/d [28]
Conventional Capacity 0.3 t [28]
Modern Capacity 1.1 t [44]
Both Available time 18 h/d [42]
Both Load/unload time 2 h [42]
Both Average speed 55 km/h [42]
Both CO2 emissions 1.05 × 10−3 tCO2

/km [38]
Both Driver wagec 1.256 × 10−2 k$ [46]
Both Driving distance limitd 440 km

aThe shipping cost comprises the maintenance and fuel costs.
bThe General expenses are based on 5% of the tube trailer’s capital cost.
cThe driver wage is estimated based on the average salary of an experienced truck driver in Oman,
assuming each month is 176 working hours.
dThe driving distance limit is based on the distance that a driver can travel in eight hours at an average
speed of 55 km/h.
Table 7
Parameters of the pipeline transport mode.

Parameter Value Unit Data source

Capital cost 285 k$/km [30]
Shipping cost 3.115−4 $/kgH2

/km [47]
Fixed operating cost 11.4 k$/km/year [30]
Capacity 120 t/d [30]
Length limit 150 km

Table 8
Main scenarios investigated in the case study.

Scenario Transport mode H2 storage facility type

# Pipeline Tube trailer Above-ground Salt

Conventional Modern tank cavern

1 ✓ ✓

2 ✓ ✓

3 ✓ ✓ ✓

4 ✓ ✓ ✓

5 ✓ ✓ ✓

6 ✓ ✓ ✓

7 ✓ ✓ ✓ ✓

8 ✓ ✓ ✓ ✓

optimally solve the resulting optimization problems in a limited time
frame, especially if the pipeline transport mode is included. There-
fore, the solver is interrupted if the solving time exceeds seven hours
(25 200 s) or the optimality gap obtained by the solver reaches below
0.2% after two hours (7200 s). It also should be noted that the resulting
optimization problems are solved using the developed software, on a
Windows 10 operating system with an Intel(R) Core(TM) i7-4510U CPU
(operating at the base clock speed of 2.6. GHz) and 8 GB of RAM. A
summary of computational results, along with the number of variables
and constraints for each scenario, is given in Table 9. For Scenarios
1–4, the optimization problems were optimally solved by CPLEX. For
Scenarios 5–7, CPLEX could not solve the optimization problem with
a guaranteed optimality proof in the time limit of seven hours; this is
due to the inclusion of pipeline transport mode, which has significantly
increased the number of constraints and binary variables. However, as
is seen in Table 9, in the worst case, the relative optimality gap is
2.17%, meaning that the obtained solutions might be either optimal
11
or near-optimal. Also, for Scenario 8, the solver was interrupted since
the optimality gap reached below 0.2% after two hours of solving.

6.1. Effects of transport modes and storage facilities

For the proposed scenarios, the 𝑇𝐷𝐶 of the HSC network (calculated
based on 25 years) can be seen in Table 9. As mentioned in Section 3.2,
the 𝑇𝐷𝐶 consists of capital and operating costs. For each scenario, a
detailed composition of these costs is shown in Fig. 6. The results show
that the best configuration of the HSC can be achieved under Scenario
8, which is a combination of pipelines, modern tube trailers, and salt
cavern storage. For the last four scenarios, which involve pipeline
transport mode, the obtained HSC network is shown in Figs. A.1–A.4 in
Appendix; in these figures, the number on the edges shows amount of

H2 which is transported between two locations (the unit is tH2 /d). In
the following sub-sections, further discussions are made regarding the
effects of the proposed transport modes and storage types on the HSC.

6.1.1. Conventional tube trailer vs. modern tube trailer
As mentioned in Section 5.5.1, at the expense of higher capital costs,

a modern tube trailer can provide a higher capacity than a conventional
tube trailer. According to the scenarios defined in Table 8, four cases
are associated with comparing these two types of tube trailers. These
four cases are presented in Table 10. As is seen in this table, in all the
cases, replacing conventional tube trailers with modern tube trailers
reduces the 𝑇𝐷𝐶. This result justifies purchasing a modern tube trailer
rather than a conventional one despite its higher capital cost. According
to this table, this improvement reaches 11.048% in the best case. The
number of tube trailers obtained under each scenario is also plotted
in Fig. 7. Comparing Scenario 1 versus Scenario 2 and Scenario 3
versus Scenario 4 show that the number of tube trailers has been
reduced significantly. Note that in these scenarios, pipeline transport
mode has been neglected, and only tube trailers are allowed in the
H2 distribution network. Fig. 7 shows that in Scenario 6 less number
of tube trailers are required in comparison with Scenario 5. However,
a comparison between Figs. A.1 and A.2 shows that in Scenario 6,
due to the higher capacity of modern tube trailers, a higher volume
of H2 is transferred using tube trailers. Unlike the previous cases, in
Scenario 8, the required number of tube trailers is more than that in
Scenario 7. Nevertheless, when comparing Fig. A.3 related to Scenario
7 against Fig. A.4 related to Scenario 8, it is seen that many pipeline
links installed in Scenario 7 are not used in Scenario 8. Instead, modern
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Table 9
Summary of the results obtained for the scenarios introduced in Table 8.

Scenario Continuous
variables

Binary
variables

Constraints 𝑇𝐷𝐶 (k$)a CPU time Opt. gapb

1 14 510 242 8968 5916757.794 5569 0.00%
2 14 510 242 8968 5552719.952 1131 0.00%
3 14 950 264 9210 3651125.497 3550 0.00%
4 14 950 264 9210 3247733.588 634 0.00%
5 18 710 4442 13 168 5611995.146 25 200 2.00%
6 18 710 4442 13 168 5501138.101 25 200 2.17%
7 19 150 4464 13 410 3274215.116 25 200 0.34%
8 19 150 4464 13 410 3137459.302 7200 0.13%

aTotal discounted costs calculated based on 25 years.
bRelative optimality gap obtained by the CPLEX solver.
Fig. 6. Composition of cost components in the solutions obtained under the scenarios
defined in Table 8.

tube trailers are used for transferring H2. So, it can be concluded that
if modern tube trailers are taken into consideration, installing many
pipeline links is not economically justifiable.

6.1.2. Effect of considering pipeline
To examine the effect of pipeline transport mode on the HSC, four

additional scenarios (Scenarios 5–8) were defined in Table 8 by adding
the pipeline transport mode to Scenarios 1–4. As a result, there are
four different cases to compare. The comparison results are reported
in Table 10. From this table, it is seen that in all the cases, adding
pipeline transport mode has improved the 𝑇𝐷𝐶; the highest improve-
ment percentage in the 𝑇𝐷𝐶 is about 10.323% which corresponds to
the comparison between Scenario 3 versus Scenario 7. These results
conclude that pipelines combined with modern tube trailers are the
best options for transferring H2, and conventional tube trailers are not
recommended to be used in Oman’s future HSC network. One of the
main contributions of this study is the consideration of tube trailer
and pipeline transport modes in an MHSC model, which allows for
determining the pipeline routes and the number of transport units.
The solutions depicted in Figs. A.1–A.4 demonstrate how the HSC can
benefit from such a feature by simultaneously employing tube trailers
and pipelines in the H2 distribution network. The supply chain network
could have benefited further from the pipeline transport mode if a
broader range of potential pipeline links had been considered. How-
ever, the excess computational complexity of the resulting problem was
12
Fig. 7. Number of tube trailers obtained for the HSC considering the scenarios defined
in Table 8.

Fig. 8. Pareto frontier obtained based on Scenario 8, where green, blue, and gray
regions are defined according to Ewing et al. [48].

a barrier to consider more potential pipeline links. Another restricting
assumption made in the proposed model is that only one pipeline link
can be installed from a location to another, while in practice, it can be
more than one. Also, it is more realistic to extend the model to include
different pipeline diameters. These issues, along with the development
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Table 10
Comparison results between different components of the HSC.

H2 transportation H2 storage

Conventional tube trailer vs. modern tube trailer Disregarding pipeline vs. involving pipeline Above-ground tank vs. salt cavern

Corresponding
scenarios

Improvement
percentage

Corresponding
scenarios

Improvement
percentage

Corresponding
scenarios

Improvement
percentage

1 vs. 2 6.153% 1 vs. 5 5.151% 1 vs. 3 38.292%
3 vs. 4 11.048% 2 vs. 6 0.929% 2 vs. 4 41.511%
5 vs. 6 1.975% 3 vs. 7 10.323% 5 vs. 7 41.657%
7 vs. 8 4.177% 4 vs. 8 3.395% 6 vs. 8 42.967%
t
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p
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Fig. 9. CO2 emissions of the HSC under Scenario 8 by source with different emissions
intensities.

Fig. 10. Three H2 penetration profiles examined in this study.

of a more efficient solution method are the important topics that remain
to be addressed in future works.
13

k

6.1.3. Above-ground tank vs. salt cavern
Four cases are involved in comparing storage options. The corre-

sponding scenarios, as well as the resulting improvement percentage
in the 𝑇𝐷𝐶, are shown in Table 10. The comparison results show a
significant improvement in the 𝑇𝐷𝐶 if the salt cavern is added to the
storage options. According to the results, the improvement percentage
in the 𝑇𝐷𝐶 varies from 38.292% to 42.967%. Referring to the solutions
depicted in Figs. A.1–A.4, under Scenarios 5 and 6, the storage of
H2 requires seven above-ground storage tanks of different sizes. While
under Scenarios 7 and 8, a large-scale salt cavern with a capacity of
5000 tH2 is enough for the storage of H2 in the whole supply chain. As
Figs. A.3 and A.4 show, such a large-scale storage facility makes the
operations much more centralized. Although the results suggest that
the storage of H2 in the salt cavern is very promising, further technical
and analytical investigations are required before implementing the salt
cavern storage in Oman’s HSC. Another important issue that needs to
be highlighted is that this study only focused on the gaseous form
of H2, while in practice, H2 can also be stored and transferred in
liquid form. This product form will require some additional facilities in
the production, storage, and distribution stages of the HSC. Therefore,
in future works, the proposed model can be extended to decide the
product form of H2 as well.

6.2. Effect of CO2 emissions intensity on the HSC

In all the scenarios discussed so far, it was assumed that the CO2
emissions intensity is not allowed to exceed 15 kgCO2 /kgH2 in each
period, i.e., 𝐸𝑡 = 15 for 𝑡 ∈ 𝑇 . In this sub-section, further analysis
is carried out to investigate the effect of this parameter on the HSC.
Among the eight scenarios considered in the case study, Scenario 8 was
the best-case scenario in terms of the 𝑇𝐷𝐶. So, this scenario is selected
as the basis of sensitivity analysis. For the solution obtained under
Scenario 8, the CO2 emissions intensity was about 11.125 kgCO2 /kgH2 .
Now, considering the assumptions made under Scenario 8, the problem
is optimized for different CO2 emissions intensities ranging from 𝐸𝑡 =
12 to 𝐸𝑡 = 2 (kgCO2 /kgH2 ) for 𝑡 ∈ 𝑇 . Fig. 8 shows the resulting
Pareto frontier for the production cost and CO2 emissions intensity.
This figure also shows how the production cost of H2 increases by
reducing CO2 emissions intensity. The amount of CO2 produced by
plants, storage facilities, and tube trailers under different levels of CO2
emissions intensities is shown in Fig. 9. From this figure, it is seen that
even under the lowest level of CO2 emissions intensity, plants are the
primary sources of CO2 emissions. The interesting finding from this
figure is that even though tube trailers burn fossil flue for carrying H2,
heir role in CO2 emissions is neglectable compared to plant and storage
acilities. As a result, if CO2 emissions reduction is a goal, production
lants and storage facilities are the main priorities to focus on.

In this study, the definitions provided by Ewing et al. [48] are
pplied as a reference for evaluating the CO2 emissions of the HSC.
rom the perspective of CO2 emissions, Ewing et al. [48] classified
2 into three main types: green, blue, and gray. In this classification,

he CO2 emissions intensity for the green, blue and gray H2 should
ie within the following intervals [0–0.6], [2.3–4.1], and [11.3–12.1]
g /kg , respectively. For each type of H , these intervals are also
CO2 H2 2
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Fig. 11. Evolution of the HSC under Scenario 8 considering penetration profiles shown in Fig. 10.
highlighted in Fig. 8. As seen in this figure, in the worst situations,
the CO2 emissions intensity is about 11.125 kgCO2 /kgH2 , almost falling
into the gray H2 category. In this case, the production cost is about
1.679 $/kgH2 . Two solutions fall into the blue H2 requirements. Also
one solution falls between the green and blue H2 requirements. This
figure shows that CO2 emissions intensity can be reduced from 11.125
to 4 kgCO2 /kgH2 . However, this would increase the production cost
from 1.679 to 2.265 $/kgH2 by 34.87%. For this case, the evolution
of the HSC for the even periods, i.e., periods 2, 4, 6, 8, and 10, are
illustrated in Figs. A.5–A.9 in Appendix. Comparing Fig. A.9 with
Fig. A.4 shows that to achieve blue H2, the production plant located
in Al-Seeb province needs to be equipped with the CCS. Also, an
additional SMR plant with a capacity of 150 tH2 /d, as well as a salt
cavern storage with a capacity of 1000 t, is required to be installed in
Nizwa province. It should be noted that it is not required to equip the
new production plant with the CCS, as the current configuration meets
the CO2 emissions intensity of 4 kgCO2 /kgH2 .

To avoid further complications in the resulting optimization prob-
lem, the logistics of energy sources were neglected in this study.
Although the results from the case study show that using CCS in
the production plants can lead to blue H2 production, still it is not
possible to produce green H2. To achieve this goal, one possibility
could be utilizing green energy sources, such as solar and wind, for
generating the electricity used in different parts of HSC. H2 could play
an important role in large-scale electricity storage. Surplus electricity
produced during off-peak periods can be used to power up electrolysis
plants and produce H2. The H2 produced from this process can be
stored and converted back to electricity at peak times, thus providing
14
power balance for the grid. Therefore, further research can be done in
future studies to address these issues.

6.3. Effect of different penetration profiles on the HSC

To determine the shape of H2 demand over different time periods,
a market penetration analysis needs to be carried out. In Section 5.2,
it was assumed that the penetration rate of the H2 demand increases
linearly. In this section, two additional penetration profiles, S-shape [4,
21] and piecewise linear [7,17] are taken into consideration to examine
the effect of penetration rate on the HSC. Fig. 10 shows the trajectory
of the penetration rate for each profile. Under the S-shaped penetra-
tion profile, the potential H2 demand is expected to have an S-shape
trajectory, where in early periods, the potential demand is expected
to be limited. However, the potential demand increases sharply during
the mid-periods, and eventually, it levels off in the last periods. Under
the piecewise penetration profile, the potential H2 demand is expected
to increase linearly in a piecewise manner. According to these expla-
nations, two additional optimization problem were solved using the
CPLEX solver. It was determined that for the S-shape and piecewise
penetration profiles, the 𝑇𝐷𝐶 is about $2981M and $2875M, respec-
tively, thus reducing the 𝑇𝐷𝐶 by 5.24% and 8.36% compared to the
base case, i.e., linear penetration profile. Despite having a considerable
difference in the resulting 𝑇𝐷𝐶, the final HSC configuration is still the
same for all three penetration profiles. However, the way that HSC
evolves throughout the periods is different. Figs. 11(a) and 11(b) show
how the demand requirement under each penetration profile can be
met by gradually completing the construction of the production plants
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a

Fig. A.1. HSC network obtained based on Scenario 5, where above-ground tank is used for the storage of H2 and a combination of pipeline and conventional tube trailer is used
s the transport modes.
Fig. A.2. HSC network obtained based on Scenario 6, where above-ground tank is used for the storage of H2 and a combination of pipeline and modern tube trailer is used as
the transport modes.
and storage facilities. As this figure shows, the production plants and
storage facilities should reach their maximum capacity by the end of the
10th period. Figs. 11(c) and 11(d) also demonstrate how the transport
system is extended in different periods. According to Fig. 11(c), by
the end of the 10th period, the total number of tube trailers reaches
95 units. However, the pipeline network completes earlier in all three
15
cases. According to Fig. 11(d), the total pipeline length reaches almost
319 km by the end of the eighth period.

Designing an HSC is a long-term process that takes place in a
highly uncertain environment. Besides the uncertainty of environment,
parameter estimation error is another factor that can significantly affect
the optimization results. In supply chain design problems, essentially,
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Fig. A.3. HSC network obtained based on Scenario 7, where salt cavern is used for the storage of H2 and a combination of pipeline and conventional tube trailer is used as the

transport modes.
Fig. A.4. HSC network obtained based on Scenario 8, where salt cavern is used for the storage of H2 and a combination of pipeline and modern tube trailer is used as the
transport modes.
a wide variety of parameters are involved. Therefore, a significant
amount of the work should be spend on reliable data collection and an-
alyzing the effects of the parameters on the final design. Although tech-
niques such as sensitivity analysis can provide some insights into the
effects of such uncertainties on the final design of the HSC, employing
more specific techniques, such as stochastic and robust optimization,
could be more suitable and reliable for decision-making.
16
7. Conclusion

This paper presented a mathematical model for designing a multi-
period Hydrogen Supply Chain (HSC) considering pipeline and tube
trailer transport modes. The model was formulated as a mixed-integer
program allowing the production and storage facilities to be extended
over time. The model also allows finding pipeline routes and the
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Fig. A.5. HSC network obtained based on Scenario 8 (for the 2nd period) meeting the blue H2 requirements with a CO2 emissions intensity of 4 kgCO2
/kgH2

.

Fig. A.6. HSC network obtained based on Scenario 8 (for the 4th period) meeting the blue H2 requirements with a CO2 emissions intensity of 4 kgCO2
/kgH2

.

number of transport units. The objective was to obtain an efficient plan
for designing an HSC in a way that the demand and CO2 emissions
constraints are satisfied and the total cost is minimized. A computer
program was developed to ease the problem-solving process. As the
mathematical model is embedded in the developed computer program,
the user is not required to have any mathematical modeling knowledge.
This makes it possible to easily implement the proposed mathematical
model in a case study or use it as a benchmark in future works. This
17
study can contribute to an efficient design of an HSC in those countries
that are planing to increase the share of H2 fuel in their economy while
keeping the CO2 emissions low. To demonstrate this, a case study is pro-
vided from Oman. Different production and storage technologies, along
with the CCS option, were examined in the case study. The option of
using conventional tube trailers (built from steel) was compared against
modern tube trailers (made from composite materials). The results of
this comparison showed that although modern tube trailers are much
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Fig. A.7. HSC network obtained based on Scenario 8 (for the 6th period) meeting the blue H2 requirements with a CO2 emissions intensity of 4 kgCO2
/kgH2

.

Fig. A.8. HSC network obtained based on Scenario 8 (for the 8th period) meeting the blue H2 requirements with a CO2 emissions intensity of 4 kgCO2
/kgH2

.

more expensive than conventional ones, their higher capacity makes
it possible to reduce the total costs considerably, in some cases up to
11.048%. A comparison was also made to evaluate the effectiveness of
pipeline transport on the HSC. It was shown that pipelines combined
with modern tube trailers are the best options for transferring H2 in
Oman’s future HSC. Next, two storage options were compared: above-
ground tanks and underground salt caverns. The optimization results
showed that storage of H in salt caverns can reduce the total costs by
18

2

up to 43%, as salt caverns can offer much higher capacity with much
less capital cost. Finally, sensitivity analysis was carried out to estimate
the CO2 emissions of the HSC. The results revealed that even with the
CCS, production plants are the primary source of CO2 emissions. The
results also indicated that even though tube trailers burn fossil flue for
carrying H2, their role in CO2 emissions is neglectable compared to
plant and storage facilities. Lastly, it was shown that the HSC could
achieve blue hydrogen requirements by employing the CCS. By doing
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Fig. A.9. HSC network obtained based on Scenario 8 (for the 10th period) meeting the blue H2 requirements with a CO2 emissions intensity of 4 kgCO2
/kgH2

.

so, the CO2 emissions intensity of the HSC can be reduced from 11.125
to 4 kgCO2 /kgH2 . However, this would increase the production cost
from 1.679 to 2.265 $/kgH2 by 34.87%.

Due to the limitations of this study, some issues were not addressed
in the proposed HSC model. The issues listed below are the important
ones that can be investigated in future works.

• This study only focused on the gaseous form of H2, while in
practice, H2 can also be stored and transferred in liquid form.
This product form will require some additional facilities in the
production, storage, and distribution stages of the HSC. Therefore,
in future works, the current study can be extended to decide the
product form of H2.

• Although in this study different H2 production technologies were
taken into consideration, the logistics of energy sources for those
technologies were ignored. Particularly, it would be interesting if
the proposed model is extended to include green energy sources,
such as solar and wind, for generating the electricity used in
different parts of the HSC.

• H2 could play an important role in large-scale electricity storage.
Surplus electricity produced during off-peak periods can be used
to power up electrolysis plants and produce H2. The H2 produced
from this process can be stored and converted back to electricity
at peak times, thus providing power balance for the grid. This in-
teraction is another topic that can be investigated in the proposed
MHSC model.

• Designing an HSC is a long-term process that takes place in
a highly uncertain environment. Although techniques such as
sensitivity analysis can provide some insights into the effects of
uncertainties on the final design of the HSC, employing more
specific techniques, such as stochastic and robust optimization,
could be more suitable and reliable for decision-making. There-
fore, dealing with uncertainties in HSCs is another potential topic
for future works.
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Appendix. Hydrogen supply chain networks obtained in this study
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under different scenarios are shown in Figs. A.1–A.9.
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