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A B S T R A C T

Energy decarbonisation is essential to achieve Net-Zero emissions goal by 2050. Consequently, investments in
alternative low-carbon pathways and energy carriers for the heat sector are required. In this study, we propose
an optimisation framework for the transition of heat sector in Great Britain focusing on hydrogen infrastructure
decisions. A spatially-explicit mixed-integer linear programming (MILP) evolution model is developed to
minimise the total system’s cost considering investment and operational decisions. The optimisation framework
incorporates both long-term planning horizon of 5-year steps from 2035 to 2050 and typical days with hourly
resolution. Aiming to alleviate the computational effort of such multiscale model, two hierarchical solution
approaches are suggested that result in computational time reduction. From the optimisation results, it is shown
that the installation of gas reforming hydrogen production technologies with CCS and biomass gasification
with CCS can provide a cost-effective strategy achieving decarbonisation goal. What-if analysis is conducted
to demonstrate further insights for future hydrogen infrastructure investments. Results indicate that, as cost is
highly dependent on natural gas price, Water Electrolysis capacity increases significantly when gas price rises.
Moreover, the introduction of carbon tax policy can lead to lower CO2 net emissions.
1. Introduction

1.1. Motivation

In the last decades, global greenhouse gas emissions have increased
rapidly resulting in a significant rise of global temperature by almost
1 ℃ from mid-1970 (BEIS, 2022). In order to hedge against climate
change, the UK has set a goal to achieve Net-Zero target by 2050,
while reducing emissions by approximately 78% by 2035 in comparison
with 1990 emissions levels (CCC, 2020). In this context, a strategy
has been published by HM Government (2021) and International En-
ergy Agency (IEA, 2021) describing alternative pathways to achieve
Net-Zero goal.

The energy sector is responsible for about three quarters of global
greenhouse gas emissions today (IEA, 2021) due to fossil fuels, which
are widely used for energy production. Thus, energy systems decar-
bonisation is inevitable and the use of ‘‘green fuels’’ in the form
of electricity, hydrogen, ammonia or synthetic hydrocarbons is re-
quired. According to national statistics, 16% of the UK greenhouse
gas emissions are estimated to come from residential sector (BEIS,
2023). Therefore, an increasing attention for the role of hydrogen in
the decarbonisation of heat has emerged in the last years (BEIS, 2018).

As energy transition is a highly complex challenge for the indus-
trialised societies, many governments around the world have started
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funding researches and projects launching plans of hydrogen as a
future fuel. The UK has a leadership role in tackling climate change
and taking measures to end its contribution in global warming. To
this end, Department for Business, Energy & Industrial Strategy (BEIS,
2021c) published its UK Hydrogen Strategy policy paper suggesting that
hydrogen demand will increase significantly in the following years and
the installed production capacity of hydrogen will reach up to 20 GW
by 2035.

Hydrogen is a key element in meeting Net-Zero target either as
an alternative for natural gas or as an energy carrier of renewable
electricity generation. Towards heat sector decarbonisation, hydrogen
can play an important role in the energy mix. Studies focus on the direct
use of hydrogen in heat appliances either as a mix with natural gas or
as pure hydrogen.

Regarding the direct use of hydrogen, changes in heating appliances
and pipework in the building are necessary. However, safety issues may
arise from these changes (Element Energy and E4tech, 2018). Thus,
risk reduction measures are suggested to safely install hydrogen infras-
tructure (Hy4Heat and BEIS, 2021). These measures include frequent
maintenance, appropriate ventilation, internal pipework refinement,
hydrogen detection alarms and awareness of residents.
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Consequently, as new hydrogen infrastructure networks connect-
ing supply to demand are required, a novel modelling tool for hy-
drogen supply chain is essential to investigate design decisions. This
work focuses on the hydrogen production, storage and transmission
infrastructure to meet the heat demand in Great Britain.

1.2. Literature review

Optimisation in hydrogen infrastructure planning is a field receiving
considerable attention in the PSE community in the last decades. One
of the first integrated framework for hydrogen supply chains design
and operation using mathematical modelling approach was developed
by Hugo et al. (2005). The authors proposed a MILP evolution model
for the strategic investment decisions of future hydrogen infrastructure
for supplying hydrogen fuel cell vehicles. In this work, the decisions for
optimal infrastructure are based on both economic and environmental
criteria. Almansoori and Shah (2006) introduced a MILP snapshot
spatially-explicit model determining the optimal infrastructure strategy
to meet hydrogen demand in transport sector in the UK. Then, they
extended their model taking into account the evolution of demand over
the time horizon (Almansoori and Shah, 2009).

In the last decade, considerable literature has addressed hydro-
gen supply chain infrastructure design to meet hydrogen demand for
transportation sector using different multi-objective optimisation ap-
proaches. A bi-criterion model for simultaneous minimisation of system
cost and environmental impact of the system was proposed by Guillén-
Gosálbez et al. (2010). The greenhouse gas emissions of this study
considered the entire life cycle of the process. Almaraz et al. (2013)
have introduced a snapshot model using multi-objective optimisation
taking into account cost, environmental impact and safety risk of
hydrogen infrastructure for transportation demand in Great Britain. The
aforementioned group extended their model into a multi-period spatial
model in two case studies. The first case study focused on the hydrogen
transportation demand in mainland France (Almaraz et al., 2014) while
the second work used a case study on mobility and industry hydrogen
demand in Hungary (Almaraz et al., 2022).

Agnolucci et al. (2013) proposed a spatially-explicit multi-period
MILP model (SHIPmod), which was applied in different scenarios for
meeting hydrogen transport demand in the UK. This study was the
first, to the best of author’s knowledge, that included a carbon capture
and storage system (CCS) in Hydrogen Supply Chain (HSC) model.
The CCS system consisted of CO2 pipeline network and reservoirs for
CO2 emissions in the pathway of low-carbon hydrogen production.
Moreover, a hierarchical procedure was proposed for decreasing the
computational time for solving of large-scale problems. Next, Moreno-
Benito et al. (2017) extended the SHIPmod formulation by adding
hydrogen pipelines for regional transmission and local distribution.
The authors concluded that steam methane reforming coupled with
carbon capture and storage is the most economical low-carbon produc-
tion technology. Hydraulics of hydrogen pipelines were investigated
by Weber and Papageorgiou (2018). They created a multi-objective
MILP formulation minimising the total system cost and the risk of a
hydrogen pipeline operation.

Ogumerem et al. (2018) developed a multi objective spatially-
explicit multi period MILP model of hydrogen network for transporta-
tion demand using a case study in Texas. In this work, the role of oxy-
gen as a by-product from water electrolysis was studied. The authors
investigated two cases: oxygen as a discarded or revenue generating
by-product. They concluded that hydrogen from electrolysis apart from
being a low-carbon technology, can be an economically viable option
when oxygen is treated as revenue generating by-product.

One of the first works that simultaneously determined the de-
sign and operation of a hydrogen network in hourly resolution was
STeMES (Samsatli et al., 2016). STeMES is an integrated wind, hydro-
gen and electricity model with spatial resolution aiming at decarbonis-
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ing the transportation sector in Great Britain. He et al. (2021) proposed
a snapshot spatial model which determines the least-cost hydrogen
planning for multiple end-uses in the US Northeast. The framework
included production unit commitment and flexible scheduling for hy-
drogen transmission. Their results suggested that trucks used as both
transmission and storage can provide significant extra flexibility to the
system and decrease the total system cost.

In the recent years, there is a growing interest in the decarbonisation
of heating sector using low-carbon hydrogen. Samsatli and Samsatli
(2019) have developed a spatio-temporal MILP model (Value Web
Model) to investigate the role of hydrogen from renewable electricity
in decarbonising heat. Their results showed that hydrogen storage
is an important part of the network profitability. An MILP frame-
work, which took into account production technologies with CCS and
electrolysis, for the design of a hydrogen based heating system was pro-
posed by Sunny et al. (2020). The authors concluded that auto-thermal
reforming is the most cost effective technology for CO2 mitigation.

Seo et al. (2020) introduced a spatial hydrogen supply chain model
from supplier to end-use with centralised storage. From their case study
in Korea, they concluded that centralised storage could reduce levelised
hydrogen cost compared with decentralised storage. Green hydrogen as
shipping fuel was studied by Kazi and Eljack (2022). Their work focuses
on green hydrogen economy in both industry and maritime sector in
Qatar. More specifically, they developed a spatio-temporal MILP model
with one year time steps until 2030. The multi-objective optimisation
aimed at the reduction of both system cost and the greenhouse gas
emissions.

1.3. Contribution of this work

The proposed framework investigates the expansion planning of
hydrogen infrastructure to meet residential heat demand in the UK.
Hourly resolution is considered to deal with demand and renewables
availability fluctuations during the day. The optimisation framework
includes CCS investment decisions which are required for a long-
term low-carbon hydrogen infrastructure planning. Furthermore, in
the context of green hydrogen production from water electrolysis, the
electricity generation from renewable sources is considered in this
model.

The spatio-temporal resolution and the number of technologies
result in a model of high combinatorial complexity which can be
decreased using solution procedures. To this end, the large-scale model
can be divided into smaller models which are easier to solve without
compromising the quality of the solution. Therefore, two hierarchical
approaches have been developed for computational time reduction,
which allows us to add more features to the model and increase
spatio-temporal resolution.

To provide a more comprehensive view of the hydrogen based
system, a what-if analysis has been conducted regarding gas price,
carbon tax and biomass availability. From the optimisation of different
cases, environmental and economic insights can be obtained for the
conversion to a hydrogen based heating system.

Conclusively, the novelty of this work focuses on:

• the development of a multi-scale optimisation framework, and
• the introduction of two hierarchical approaches to enhance com-

putational efficiency.

The remainder of the paper is structured as follows: The problem
statement is described in Sections 2 and 3 details the mathematical
model. A description of solution procedures is presented in Section 4.
A case study on hydrogen infrastructure planning for heat decarbonisa-
tion in Great Britain is described in Section 5. Section 6 focuses on the
results and what-if analysis discussion. Finally, the concluding remarks

are summarised in Section 7.
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2. Problem statement

The goal of this work is the optimal design of hydrogen infrastruc-
ture over a planning horizon to meet the hydrogen residential heating
demand while satisfying the Greenhouse Gas (GHG) Net-Zero emission
targets. The proposed Supply Chain (SC) model includes design deci-
sions concerning the location, the type and the capacity of production
and storage investments, the size and the location of hydrogen and
CO2 pipelines and the commission of CO2 reservoirs. Moreover, it aims
to determine production, storage and transmission decisions on typical
days. The optimisation problem is stated as follows.

Given:

• Hydrogen heating demand and renewables availability in each
region, time period, cluster and hour;

• Capital and operating costs for hydrogen production technologies,
hydrogen storage sites, renewables farms, hydrogen and CO2
pipelines;

• Minimum and maximum capacity and ramp rates as well as the
lifetime of production plants and storage sites;

• Minimum and maximum flowrate in pipelines;
• Capacity of hydrogen caverns and CO2 reservoirs;
• Hydrogen import price;
• Carbon tax and capture rates for CO2 emissions as well as CO2

emission targets for each year;
• Land availability and biomass availability.

To determine the optimal:

• Location and capacity of production technologies and storage
sites;

• Hydrogen production and storage rate in each region, time period,
representative day and hour;

• Hydrogen and CO2 transmission investments between regions;
• Hydrogen and CO2 flowrates between regions in each time period,

representative day and hour;
• Electricity generation of renewables in each region, time period,

representative day and hour;
• Hydrogen import rates in each time period, representative day

and hour.

So as to minimise the total system cost subject to GHG emission
targets.

The key assumptions for this work are summarised as follows:

• Gas hourly demand profiles (Charitopoulos et al., 2023) are used
as a proxy for gas consumption which is required for residential
heating;

• A gas price prediction is used for the 5-year period according to
Future Energy Scenarios (National Grid ESO, 2022);

• Hydrogen transmission between regions takes place through
pipelines;

• Transmission distances are calculated as the distance between
centroids of each region;

• Hydrogen pipeline connections are designed according to the
connections of the incumbent gas pipeline network;

• Hydrogen distribution within a region is not modelled;
• Water Electrolysis production units use electricity generated from

renewable farms;
• Variable operating cost for renewable farms is assumed zero;
• Curtailment cost is not taken into account.

3. Mathematical model

3.1. Spatio-temporal resolution

The temporal resolution (illustrated in Fig. 1) of the hydrogen
system is dual to incorporate both design and operating decisions. The
123
Fig. 1. Multi-scale temporal resolution.

Fig. 2. Regional representation of Great Britain.

hydrogen system transition is studied from 2035 to 2050 using 5-year
steps to define the optimal design decisions. On the other hand, in each
5-year time step, typical days are studied for operating decisions, such
as production and storage rates. On a daily basis, hourly resolution is
employed to consider peak-hour demand as well as the fluctuations in
the availability of solar, wind onshore and wind offshore technologies.

K-medoids clustering is used for representative days selection. More
specifically, the days that share similar hourly profiles for heat demand,
wind and solar availability are agglomerated in the same representative
day (cluster). K-medoids clustering method is used as the real days
can produce more accurate results incorporating higher variations than
an average profile (Kotzur et al., 2018). Furthermore, Great Britain is
divided in 13 regions according to local gas Distribution Zones (LDZ)
of the incumbent natural gas network, as illustrated in Fig. 2.
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Fig. 3. Hydrogen and CO2 infrastructure.
3.2. Superstructure

This case study includes hydrogen production, storage and trans-
mission technologies and a carbon capture and storage (CCS) system
as illustrated in Fig. 3.

The technologies which are considered in the H2 model for hy-
drogen production are Steam Methane Reforming (SMR) with Carbon
Capture and Storage (CCS), Auto-thermal Reforming (ATR) with CCS,
Biomass Gasification (BG) with CCS and Water Electrolysis (WE).

The aforementioned technologies are coupled with a CCS system to
decrease GHG emissions in the context of reducing the environmen-
tal footprint in hydrogen production to achieve heat decarbonisation.
CO2 produced from the chemical reactions can be captured using an
amine solvent. Amine CO2 removal systems constitute mature tech-
nologies (Walker et al., 2018) and work in an absorber-regeneration
loop (Liang et al., 2015).

Moreover, for water electrolysis, PEM (Polymer electrolyte mem-
brane) technology is considered as it offers high operating density and
smaller environmental footprint (Kumar and Lim, 2022). It is worth
mentioning that the electricity required for WE is generated from
renewable technologies. Solar panels, Wind Onshore and Wind Offshore
farms are taken into account in this case study.

Hydrogen storage is a key element in hydrogen economy to address
the future high demands and the demand peaks. In this study, two
types of storage vessels, High Pressure Storage Vessel (HPSV) and
Medium Pressure Storage Vessel (MSPV), are considered. Hydrogen can
be transmitted between regions through pipelines. The neighbouring
connections which are allowed three discrete alternatives for pipeline
diameters are considered (0.5 m, 0.8 m and 1 m).

To meet Net-Zero goal, CCS system is included in the system in-
frastructure. CO2 emissions are captured from the production units and
they are transmitted to the CO2 reservoirs through pipelines. Two di-
ameters alternative are considered in this case study (0.6 m and 1.2 m).
Moreover, the CO2 reservoirs which are taken into consideration in this
study, are located in North and Irish Sea.

The detailed techno-economical data for the model were collected
from different sources and they can be found in the Supplementary
Information.

3.3. Mathematical framework

The mathematical model presented in this Section is an exten-
sion of the multi-period spatially explicit mathematical framework
(SHIPmod) developed by Agnolucci et al. (2013) and Moreno-Benito
et al. (2017). The aforementioned framework is extended to include
renewable technologies for electricity generation used as feedstock for
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water electrolysis. Moreover, in the proposed model, key constraints
for long term low-carbon hydrogen transition such as emission targets,
land and biomass availability are considered. Another focal extension
is the introduction of hourly temporal resolution to incorporate hourly
fluctuations in demand and production rates.

3.3.1. Objective function

Total Cost
The model’s objective function is the minimisation of the total

system cost. The total cost (𝑇𝐶) consists of the production capital
cost (𝑃𝐶𝐶), the storage capital cost (𝑆𝐶𝐶), the transportation capital
cost (𝑇𝐶𝐶), the production operational cost (𝑃𝑂𝐶), the storage op-
erational cost (𝑆𝑂𝐶), the transportation operational cost (𝑇𝑂𝐶), the
carbon emissions cost (𝐶𝐸𝐶), the hydrogen import costs (𝐼𝐼𝐶) and the
renewables cost (𝑅𝑒𝐶).

𝑇𝐶 = 𝑃𝐶𝐶 + 𝑆𝐶𝐶 + 𝑃𝐿𝐶𝐶 + 𝑃𝑂𝐶 + 𝑆𝑂𝐶 + 𝑃𝐿𝑂𝐶 + 𝐶𝐸𝐶 + 𝐼𝐼𝐶 + 𝑅𝑒𝐶

+𝐵𝐶 +𝑁𝐺𝐶

(1)

Production Costs
The production capital cost (𝑃𝐶𝐶) depends on the number of the

new hydrogen plant investments (𝐼𝑃𝑝𝑔𝑡) which are installed in each
region 𝑔 and each time period 𝑡, while production operational cost
(𝑃𝑂𝐶) depends on the number of the available hydrogen plants (𝑁𝑃𝑝𝑔𝑡)
and the production rate (𝑃𝑟𝑝𝑔𝑡𝑐ℎ) in each production type 𝑝, region 𝑔,
time period 𝑡, cluster 𝑐 and hour ℎ.

𝑃𝐶𝐶 =
∑

𝑝∈𝑃

∑

𝑔∈𝐺

∑

𝑡∈𝑇
𝑑𝑓𝑐𝑡 ⋅ 𝑝𝑐𝑐𝑝𝑡 ⋅ 𝑐𝑎𝑝

𝑃
𝑝 ⋅ 𝐼𝑃𝑝𝑔𝑡 (2)

𝑃𝑂𝐶 =
∑

𝑝∈𝑃

∑

𝑔∈𝐺

∑

𝑡∈𝑇
𝑑𝑓𝑜𝑡

[

𝑝𝑜𝑐𝐹𝑝𝑡 ⋅ 𝑐𝑎𝑝
𝑃
𝑝 ⋅𝑁𝑃𝑝𝑔𝑡 +

∑

𝑐∈𝐶

∑

ℎ∈𝐻
𝑊𝐹𝑐 ⋅ 𝑝𝑜𝑐

𝑉
𝑝𝑡 ⋅ 𝑃𝑟𝑝𝑔𝑐ℎ𝑡

]

(3)

where 𝑛 the duration of the time period while 𝑑𝑓𝑐𝑡 and 𝑑𝑓𝑜𝑡 are the
discount factors for capital and operational costs, respectively, and are
calculated in Supplementary Information. 𝑝𝑐𝑐𝑝𝑡, 𝑝𝑜𝑐𝐹𝑝𝑡, 𝑝𝑜𝑐𝑉𝑝𝑡 stand for
the capital, fixed operational and variable operational cost of hydrogen
production for production type 𝑝 and time period 𝑡 and 𝑐𝑎𝑝𝑃𝑝 stands for
the production capacity of production technology 𝑝. 𝑊𝐹𝑐 is the weight

of days for each typical day (cluster) 𝑐.
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Storage Costs
The storage capital cost (𝑆𝐶𝐶) depends on the number of the new

hydrogen storage investments (𝐼𝑆𝑠𝑔𝑡) which are installed in each region
𝑔 and each time period 𝑡 while storage operational cost (𝑆𝑂𝐶) depends
on the number of the available storage sites 𝑠 and the storage level
(𝑆𝑡𝑠𝑔𝑡𝑐ℎ) in each storage type 𝑠, region 𝑔, time period 𝑡, cluster 𝑐 and
hour ℎ.

𝑆𝐶𝐶 =
∑

𝑠∈𝑆

∑

𝑔∈𝐺

∑

𝑡∈𝑇
𝑑𝑓𝑐𝑡 ⋅ 𝑠𝑐𝑐𝑠𝑡 ⋅ 𝑐𝑎𝑝

𝑆
𝑠 ⋅ 𝐼𝑆𝑠𝑔𝑡 (4)

𝑆𝑂𝐶 =
∑

𝑠∈𝑆

∑

𝑔∈𝐺

∑

𝑡∈𝑇
𝑑𝑓𝑜𝑡

[

𝑠𝑜𝑐𝐹𝑠𝑡 ⋅ 𝑐𝑎𝑝
𝑆
𝑠 ⋅𝑁𝑆𝑠𝑔𝑡 +

∑

𝑐∈𝐶

∑

ℎ∈𝐻
𝑊𝐹𝑐 ⋅ 𝑠𝑜𝑐

𝑉
𝑠 ⋅ 𝑆𝑡𝑠𝑔𝑐ℎ𝑡

]

(5)

where 𝑑𝑓𝑐𝑡 and 𝑑𝑓𝑜𝑡 are the discount factors for capital and operational
costs respectively while 𝑛 the duration of the time period. 𝑠𝑐𝑐𝑠𝑡, 𝑠𝑜𝑐𝐹𝑠𝑡 ,
𝑠𝑜𝑐𝑉𝑠 stand for the capital, fixed operational and variable operational
cost of hydrogen storage for storage site 𝑠 and time period 𝑡 and 𝑆𝐶𝑎𝑝𝑠
stands for the storage capacity.

Transportation Costs
Hydrogen can be transported through pipelines. The total pipeline

cost consists of the pipeline capital cost (𝑃𝐿𝐶𝐶) and the pipeline
operating cost (𝑃𝐿𝑂𝐶).

The pipeline capital cost (𝑃𝐿𝐶𝐶) consists of hydrogen pipeline cost
between regions and to storage caverns, CO2 onshore pipeline cost and
CO2 offshore pipeline cost to reservoirs. The pipeline operating cost
(𝑃𝐿𝑂𝐶) is assumed to be a certain fraction of the pipeline capital cost
(𝛿, 𝛿, 𝛿).

𝐿𝐶𝐶 =
∑

𝑑∈𝐷

∑

𝑡∈𝑇

∑

𝑔,𝑔′∈𝑁𝑝𝑖𝑝𝑒
𝑔𝑔′

𝑑𝑓𝑐𝑡 ⋅ 𝑝𝑐𝑑 ⋅𝐷𝑝𝑖𝑝𝑒
𝑔𝑔′ ⋅ 𝑌𝑑𝑔𝑔′𝑡

+
∑

𝑑∈𝐷

∑

𝑡∈𝑇

∑

𝑔,𝑠∈𝐺𝑆𝑔𝑠

𝑑𝑓𝑐𝑡 ⋅ 𝑝𝑐𝑑 ⋅𝐷𝑠𝑡
𝑔𝑠 ⋅ 𝑌

𝑆
𝑑𝑔𝑠𝑡

+
∑

𝑑∈𝐷

∑

𝑡∈𝑇

∑

𝑔,𝑔′∈𝑁𝑔𝑔′

𝑑𝑓𝑐𝑡 ⋅ 𝑝𝑐𝑑 ⋅𝐷𝑝𝑖𝑝𝑒
𝑔𝑔′ ⋅ 𝑌 𝑑𝑔𝑔′𝑡

+
∑

𝑑∈𝐷

∑

𝑡∈𝑇

∑

𝑔,𝑟∈𝐺𝑅𝑔𝑟

𝑑𝑓𝑐𝑡 ⋅ 𝑝𝑐𝑑 ⋅𝐷𝑟𝑒𝑠
𝑔𝑔′ ⋅ 𝑌 𝑑𝑔𝑟𝑡

(6)

𝑃𝐿𝑂𝐶 =
∑

𝑑∈𝐷

∑

𝑡∈𝑇

∑

𝑔,𝑔′∈𝑁𝑝𝑖𝑝𝑒
𝑔𝑔′

𝛿 ⋅ 𝑑𝑓𝑜𝑡 ⋅ 𝑐𝑟𝑓 ⋅ 𝑝𝑐𝑑 ⋅𝐷𝑝𝑖𝑝𝑒
𝑔𝑔′ ⋅ 𝐴𝑌𝑑𝑔𝑔′𝑡

+
∑

𝑑∈𝐷

∑

𝑡∈𝑇

∑

𝑔,𝑠∈𝐺𝑆𝑔𝑠

𝛿 ⋅ 𝑑𝑓𝑜𝑡 ⋅ 𝑐𝑟𝑓 ⋅ 𝑝𝑐𝑑 ⋅𝐷𝑠𝑡
𝑔𝑠 ⋅ 𝐴𝑌

𝑆
𝑑𝑔𝑠𝑡

+
∑

𝑑∈𝐷

∑

𝑡∈𝑇

∑

𝑔,𝑔′∈𝑁𝑔𝑔′

𝛿 ⋅ 𝑑𝑓𝑜𝑡 ⋅ 𝑐𝑟𝑓 ⋅ 𝑝𝑐𝑑 ⋅𝐷𝑝𝑖𝑝𝑒
𝑔𝑔′ ⋅ 𝐴𝑌 𝑑𝑔𝑔′𝑡

+
∑

𝑑∈𝐷

∑

𝑡∈𝑇

∑

𝑔,𝑟∈𝐺𝑅𝑔𝑟

𝛿 ⋅ 𝑑𝑓𝑜𝑡 ⋅ 𝑐𝑟𝑓 ⋅ 𝑝𝑐𝑑 ⋅𝐷𝑟𝑒𝑠
𝑔𝑔′ ⋅ 𝐴𝑌 𝑑𝑔𝑟𝑡

(7)

where 𝑌𝑑𝑔𝑔′𝑡, 𝐴𝑌𝑑𝑔𝑔′𝑡, 𝑌 𝑆
𝑑𝑔𝑠𝑡, 𝐴𝑌 𝑆

𝑑𝑔𝑠𝑡, 𝑌 𝑑𝑔𝑔′𝑡, 𝐴𝑌 𝑑𝑔𝑔′𝑡, 𝑌 𝑑𝑔𝑟𝑡 and 𝐴𝑌 𝑑𝑔𝑟𝑡
tand for the new pipeline investment and the available pipelines for
egional hydrogen transmission, storage hydrogen transmission, on-
hore and offshore CO2 transmission, respectively. 𝐷𝑝𝑖𝑝𝑒

𝑔𝑔′ is the distance
between two regions through pipeline, 𝐷𝑠𝑡

𝑔𝑠 is the distance between
a region g and the underground storage 𝑠 and 𝐷𝑟𝑒𝑠

𝑔𝑔′ is the distance
etween the region 𝑔 and the CO2 reservoir 𝑟. 𝑝𝑐𝑑 , 𝑝𝑐𝑑 and 𝑝𝑐𝑑 are

the pipeline cost for each diameter 𝑑, while 𝑐𝑟𝑓 is the capital recovery
factor.

Renewables Cost
The renewables cost (𝑅𝑒𝐶) depends on the new installed capacity

(𝐼𝑅𝑒𝑔𝑡) and the available capacity (𝑁𝑅𝑒𝑔𝑡) of renewable 𝑒 in region 𝑔
and time period 𝑡. It is calculated as in Eq. (8).

𝑅𝑒𝐶 =
∑ ∑ ∑

(𝑑𝑓𝑐𝑡 ⋅ 𝑟𝑐𝑒𝑡 ⋅ 𝐼𝑅𝑒𝑔𝑡 + 𝑑𝑓𝑜𝑡 ⋅ 𝑟𝑜𝑒𝑡 ⋅𝑁𝑅𝑒𝑔𝑡) (8)
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𝑒∈𝐸 𝑔∈𝐺 𝑡∈𝑇
here 𝑟𝑐𝑒𝑡 and 𝑟𝑜𝑒𝑡 are the renewable capital and operating cost,
espectively, for renewable 𝑒 and time period 𝑡.
Carbon Emissions Cost
The emissions cost depends on the carbon emissions cost (𝑐𝑡𝑡) for

each time period 𝑡 and the total CO2 emissions, which results from the
ydrogen production rate (𝑃𝑟𝑝𝑔𝑡𝑐ℎ) multiplied with the coefficient of
O2 emissions (𝑦𝑒𝑝𝑡) for each production technology and time period.

𝐸𝐶 =
∑

𝑝∈𝑃

∑

𝑔∈𝐺

∑

𝑡∈𝑇

∑

𝑐∈𝐶

∑

ℎ∈𝐻
𝑊𝐹𝑐 ⋅ 𝑑𝑓𝑜𝑡 ⋅ 𝑐𝑡𝑡 ⋅ 𝑦𝑒𝑝𝑡 ⋅ 𝑃𝑟𝑝𝑔𝑡𝑐ℎ (9)

Import Cost
The import cost is computed based on the import price (𝑝𝑖𝑚𝑝) and

he import rate (𝐼𝑚𝑝𝑔𝑡𝑐ℎ).

𝐼𝐶 =
∑

𝑔∈𝐺𝐼

∑

𝑡∈𝑇

∑

𝑐∈𝐶

∑

ℎ∈𝐻
𝑊𝐹𝑐 ⋅ 𝑑𝑓𝑜𝑡 ⋅ 𝑝

𝑖𝑚𝑝 ⋅ 𝐼𝑚𝑝𝑔𝑡𝑐ℎ (10)

here 𝐺𝐼 is the set which denotes the regions that hydrogen can be
mported.
Fuels Cost
The cost of the natural gas used in the reforming technologies can

e calculated from Eq. (11).

𝐺𝐶 =
∑

𝑡∈𝑇
𝑑𝑓𝑜𝑡 ⋅ 𝑐

𝑔𝑎𝑠
𝑡 ⋅ 𝑉 𝑔𝑎𝑠

𝑡 (11)

here 𝑐𝑔𝑎𝑠𝑡 stands for the gas price and 𝑉 𝑔𝑎𝑠
𝑡 stands for the gas consump-

ion.
Similarly, the cost of biomass which is used for biomass gasification

an be estimated from Eq. (12).

𝐶 =
∑

𝑔∈𝐺

∑

𝑡∈𝑇
𝑑𝑓𝑜𝑡 ⋅ 𝑐

𝑏𝑖𝑜
𝑡 ⋅ 𝑉 𝑏𝑖𝑜

𝑔𝑡 (12)

here 𝑐𝑏𝑖𝑜𝑡 stands for the biomass price and 𝑉 𝑏𝑖𝑜
𝑡 stands for the biomass

onsumption.

.3.2. Mass and energy balances
Hydrogen energy balance and CO2 mass balance are depicted in

ig. 4. Hydrogen energy balance can be described by Eq. (13). More
pecifically, in each region 𝑔, time period 𝑡, cluster 𝑐 and hour ℎ,
he total production rate (𝑃𝑟𝑝𝑔𝑡𝑐ℎ), the flowrates (𝑄𝑔′𝑔𝑡𝑐ℎ) to region 𝑔,
he rejected hydrogen from storage site 𝑠 and the imported hydrogen
𝐼𝑚𝑝𝑔𝑡𝑐ℎ) are equal to the flowrates (𝑄𝑔𝑔′𝑡𝑐ℎ) from region 𝑔, the injected
ydrogen to storage sites 𝑠 (𝑄𝐼

𝑔𝑠𝑡𝑐ℎ) and the total demand (𝑇𝐷𝑔𝑡𝑐ℎ).
∑

∈𝑃
𝑃𝑟𝑝𝑔𝑡𝑐ℎ +

∑

𝑙∈{𝑃 𝑖𝑝𝑒}

∑

𝑔′∈𝑁𝑝𝑖𝑝𝑒
𝑔′𝑔

𝑄𝑔′𝑔𝑡𝑐ℎ +
∑

𝑠∈𝐺𝑆𝑔𝑠

𝑄𝑅
𝑔𝑠𝑡𝑐ℎ + 𝐼𝑚𝑝𝑔𝑡𝑐ℎ

=
∑

𝑙∈{𝑃 𝑖𝑝𝑒}

∑

𝑔′∈𝑁𝑝𝑖𝑝𝑒
𝑔𝑔′

𝑄𝑔𝑔′𝑡𝑐ℎ +
∑

𝑠∈𝐺𝑆𝑔𝑠

𝑄𝐼
𝑔𝑠𝑡𝑐ℎ + 𝑇𝐷𝑔𝑡𝑐ℎ

∀𝑔 ∈ 𝐺, 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶, ℎ ∈ 𝐻

(13)

The CO2 mass balance can be expressed by Eq. (14). The left-hand
ide represents the onshore CO2 flowrates to region 𝑔 from other re-
ions 𝑔′ (𝑄𝑔′𝑔𝑡𝑐ℎ) and the captured CO2, which is equal to the hydrogen

production rate (𝑃𝑟𝑝𝑔𝑡𝑐ℎ) multiplied by a coefficient of CO2 capture for
each production technology type (𝑦𝑐𝑝𝑡). The right-hand side represents
the onshore CO2 flowrates from region 𝑔 to other regions 𝑔′ (𝑄𝑔𝑔′𝑡𝑐ℎ)
and the offshore CO2 flowrates (𝑄𝑔𝑟𝑡𝑐ℎ) from region 𝑔 to reservoir 𝑟.
∑

𝑔′∈𝑁𝑔′𝑔

𝑄𝑔′𝑔𝑡𝑐ℎ +
∑

𝑝
𝑦𝑐𝑝𝑡𝑃𝑟𝑝𝑔𝑡𝑐ℎ =

∑

𝑔′∈𝑁𝑔𝑔′

𝑄𝑔𝑔′𝑡𝑐ℎ +
∑

𝑟∈𝐺𝑅𝑔𝑟

𝑄𝑔𝑟𝑡𝑐ℎ

∀𝑔 ∈ 𝐺, 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶, ℎ ∈ 𝐻

(14)

3.3.3. H2 production
The hydrogen production rate is limited by an upper and lower

bound according to Eq. (15).
𝑚𝑖𝑛 𝑚𝑎𝑥
𝑐𝑎𝑝𝑝 ⋅𝑁𝑃𝑝𝑔𝑡 ≤ 𝑃𝑟𝑝𝑔𝑡𝑐ℎ ≤ 𝑐𝑎𝑝𝑝 ⋅𝑁𝑃𝑝𝑔𝑡
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Fig. 4. Visual representation of energy and mass balance for regions g and g’.
∀𝑝 ∈ 𝑃 , 𝑔 ∈ 𝐺, 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶, ℎ ∈ 𝐻 (15)

where 𝑐𝑎𝑝𝑚𝑖𝑛𝑝 and 𝑐𝑎𝑝𝑚𝑎𝑥𝑝 are the minimum and maximum capacity of
a production plant while 𝑁𝑃𝑝𝑔𝑡 is the number of available production
plant of technology 𝑝, region 𝑔 and time period 𝑡.

The production plants availability is defined by Eq. (16).

𝑁𝑃𝑝𝑔𝑡 = 𝑁𝑃𝑝𝑔,𝑡−1 + 𝐼𝑃𝑝𝑔𝑡 − 𝐼𝑃
𝑝𝑔,𝑡−(

𝐿𝑇𝑃𝑝
𝑛 )

∀𝑝 ∈ 𝑃 , 𝑔 ∈ 𝐺, 𝑡 ∈ 𝑇 (16)

where 𝐼𝑃𝑝𝑔𝑡 is the new invested production plants and 𝐿𝑇 𝑃
𝑝 is the

lifetime of production technology p.
The operation of production plants is restricted by their hourly

ramp-up and ramp-down capabilities.

𝑃𝑟𝑝𝑔𝑡𝑐ℎ − 𝑃𝑟𝑝𝑔𝑡𝑐,ℎ−1 ≤ 𝑅𝑈𝑝 ⋅ 𝑐𝑎𝑝
𝑃
𝑝 ⋅𝑁𝑃𝑝𝑔𝑡

∀𝑝 ∈ 𝑃 , 𝑔 ∈ 𝐺, 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶, ℎ > 1 (17)

𝑃𝑟𝑝𝑔𝑡𝑐,ℎ−1 − 𝑃𝑟𝑝𝑔𝑡𝑐ℎ ≤ 𝑅𝐷𝑝 ⋅ 𝑐𝑎𝑝
𝑃
𝑝 ⋅𝑁𝑃𝑝𝑔𝑡

∀𝑝 ∈ 𝑃 , 𝑔 ∈ 𝐺, 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶, ℎ > 1 (18)

where 𝑅𝑈𝑝 and 𝑅𝐷𝑝 are the ramp up and down rates for each produc-
tion technology type 𝑝.

3.3.4. H2 storage
Storage rate is limited by an upper and lower bound as defined in

Eq. (19).

𝑐𝑎𝑝𝑆𝑚𝑖𝑛𝑠 ⋅𝑁𝑆𝑠𝑔𝑡 ≤ 𝑆𝑡𝑠𝑔𝑡𝑐ℎ ≤ 𝑐𝑎𝑝𝑆𝑚𝑎𝑥𝑠 ⋅𝑁𝑆𝑠𝑔𝑡

∀{𝑠, 𝑔} ∈ 𝐺𝑆𝑔𝑠, 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶, ℎ ∈ 𝐻 (19)

where 𝑐𝑎𝑝𝑚𝑖𝑛𝑠 and 𝑐𝑎𝑝𝑚𝑎𝑥𝑝 are the minimum and maximum storage rate
while 𝑁𝑆𝑠𝑔𝑡 is the number of available storage sites of technology 𝑠,
region 𝑔 and time period 𝑡.

The storage site availability is defined by Eq. (20):

𝑁𝑆𝑠𝑔𝑡 = 𝑁𝑆𝑠𝑔,𝑡−1 + 𝐼𝑆𝑠𝑔𝑡 − 𝐼𝑃𝑠𝑔,𝑡−( 𝐿𝑇𝑠𝑠𝑎 ) ∀{𝑠, 𝑔} ∈ 𝐺𝑆𝑔𝑠, 𝑡 ∈ 𝑇 (20)

where 𝐼𝑆𝑠𝑔𝑡 is the new invested storage sites and 𝐿𝑇𝑠𝑠 is the lifetime
of storage technology 𝑠.

The storage rate (𝑆𝑡𝑠𝑔𝑡𝑐ℎ) is equal to the storage rate in the previous
hour and the hydrogen which is injected minus the hydrogen which is
rejected in each storage site 𝑠, region 𝑔, time period 𝑡, cluster 𝑐 and hour
126
ℎ. 𝑆𝑡𝑖𝑛𝑖𝑡 is the initial storage rate in the first hour. Moreover, the storage
rate in last hour is equal to the initial storage rate of the daily horizon
according to Eq. (22). The aforementioned equation is incorporated to
ensure the interconnectedness of the storage level between the days.

𝑆𝑡𝑠𝑔𝑡𝑐ℎ = 𝑆𝑡𝑖𝑛𝑖𝑡|ℎ=1 + 𝑆𝑡𝑠𝑔𝑡𝑐,ℎ−1 +𝑄𝐼
𝑔𝑠𝑡𝑐ℎ −𝑄𝑅

𝑠𝑔𝑡𝑐ℎ

∀{𝑠, 𝑔} ∈ 𝐺𝑆𝑔𝑠, 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶, ℎ ∈ 𝐻
(21)

𝑆𝑡𝑠𝑔𝑡𝑐,24 = 𝑆𝑡𝑖𝑛𝑖𝑡 ∀{𝑠, 𝑔} ∈ 𝐺𝑆𝑔𝑠, 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶 (22)

Moreover, upper bounds are imposed for the injection and removal
rate.

𝑄𝐼
𝑔𝑠𝑡𝑐ℎ ≤ 𝑄𝐼𝑚𝑎𝑥

𝑠 ⋅𝑁𝑆𝑠𝑔𝑡 ∀{𝑠, 𝑔} ∈ 𝐺𝑆𝑔𝑠, 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶, ℎ ∈ 𝐻 (23)

𝑄𝑅
𝑔𝑠𝑡𝑐ℎ ≤ 𝑄𝑅𝑚𝑎𝑥

𝑠 ⋅𝑁𝑆𝑠𝑔𝑡 ∀{𝑠, 𝑔} ∈ 𝐺𝑆𝑔𝑠, 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶, ℎ ∈ 𝐻 (24)

where 𝑄𝐼𝑚𝑎𝑥
𝑠 and 𝑄𝑅𝑚𝑎𝑥

𝑠 are the maximum injection and rejection rate
for each storage type 𝑠.

3.3.5. H2 and CO2 pipeline
The maximum flowrate in the pipelines can be described by

Eqs. (25)–(27) for the hydrogen flowrate (𝑄𝑔𝑔′𝑡𝑐ℎ), onshore CO2 flowrate
(𝑄𝑔𝑔′𝑡𝑐ℎ) and offshore CO2 flowrate (𝑄𝑔𝑟𝑡𝑐ℎ).

𝑄𝑔𝑔′ 𝑡𝑐ℎ ≤

{

∑

𝑑∈𝐷 𝑞𝐻𝑚𝑎𝑥
𝑑 ⋅ 𝐴𝑌𝑑𝑔𝑔′ 𝑡 ∀ 𝑔 < 𝑔′ ∈ 𝑁𝑝𝑖𝑝𝑒

𝑔𝑔′ , 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶, ℎ ∈ 𝐻
∑

𝑑∈𝐷 𝑞𝐻𝑚𝑎𝑥
𝑑 ⋅ 𝐴𝑌𝑑𝑔′𝑔𝑡 ∀ 𝑔′ < 𝑔 ∈ 𝑁𝑝𝑖𝑝𝑒

𝑔𝑔′ , 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶, ℎ ∈ 𝐻

(25)

𝑄𝑔𝑔′ 𝑡𝑐ℎ ≤

{

∑

𝑑∈𝐷 𝑞𝐶𝑚𝑎𝑥
𝑑 ⋅ 𝐴𝑌 𝑑𝑔𝑔′ 𝑡 ∀ 𝑔 < 𝑔′ ∈ 𝑁𝑔𝑔′ , 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶, ℎ ∈ 𝐻

∑

𝑑∈𝐷 𝑞𝐶𝑚𝑎𝑥
𝑑 ⋅ 𝐴𝑌 𝑑𝑔′𝑔𝑡 ∀ 𝑔′ < 𝑔 ∈ 𝑁𝑔𝑔′ , 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶, ℎ ∈ 𝐻

(26)

𝑄𝑔𝑟𝑡𝑐ℎ ≤
∑

𝑑∈𝐷
𝑞𝐶𝑚𝑎𝑥
𝑑 ⋅ 𝐴𝑌 𝑑𝑔𝑟𝑡 ∀{𝑔, 𝑟} ∈ 𝐺𝑅𝑔𝑟, 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶, ℎ ∈ 𝐻 (27)

where 𝑞𝐻𝑚𝑎𝑥
𝑑 and 𝑞𝐶𝑚𝑎𝑥

𝑑 are the maximum flowrate for each diameter
size 𝑑 for hydrogen and CO , respectively.
2
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Pipeline availability for hydrogen transmission between regions and
to the storage caverns and for onshore and offshore CO2 transmission
are defined by Eqs. (28)–(31).

𝐴𝑌𝑑𝑔𝑔′𝑡 = 𝐴𝑌𝑑𝑔𝑔′ ,𝑡−1 + 𝑌𝑑𝑔𝑔′𝑡 − 𝑌
𝑑𝑔𝑔′ ,𝑡−( 𝐿𝑇

𝑝𝑖𝑝𝑒
𝑛 )

∀{𝑔, 𝑔′} ∈ 𝑁𝑝𝑖𝑝𝑒
𝑔𝑔′ , 𝑑 ∈ 𝐷, 𝑡 ∈ 𝑇 , 𝑔 < 𝑔′

(28)

𝐴𝑌 𝑆
𝑑 𝑔 𝑠𝑐 𝑡 = 𝐴𝑌 𝑆

𝑑 𝑔 𝑠𝑐,𝑡−1 + 𝑌 𝑆
𝑑 𝑔 𝑠𝑐 𝑡 − 𝑌 𝑆

𝑑 𝑔 𝑠𝑐,𝑡−( 𝐿𝑇
𝑝𝑖𝑝𝑒
𝑛 )

∀{𝑔, 𝑠𝑐} ∈ 𝐺𝑆𝑔 𝑠𝑐 , 𝑡 ∈ 𝑇 , 𝑑 ∈ 𝐷
(29)

𝐴𝑌 𝑑𝑔𝑔′𝑡 = 𝐴𝑌 𝑑𝑔𝑔′𝑡 + 𝑌 𝑑𝑔𝑔′𝑡 − 𝑌
𝑑𝑔𝑔′ ,𝑡−( 𝐿𝑇

𝑝𝑖𝑝𝑒
𝑛 )

∀{𝑔, 𝑔′} ∈ 𝑁𝑔𝑔′ , 𝑑 ∈ 𝐷, 𝑡 ∈ 𝑇 , 𝑔 < 𝑔′
(30)

𝐴𝑌 𝑑𝑔𝑟𝑡 = 𝐴𝑌 𝑑𝑔𝑟,𝑡−1 + 𝑌 𝑑𝑔𝑟𝑡 − 𝑌
𝑑𝑔𝑟,𝑡−( 𝐿𝑇

𝑝𝑖𝑝𝑒
𝑛 )

∀{𝑔, 𝑟} ∈ 𝐺𝑅𝑔𝑟, 𝑑 ∈ 𝐷, 𝑡 ∈ 𝑇
(31)

Eqs. (32)–(35) are introduced to avoid the installation of more than
ne diameter size 𝑑 for any type of pipelines in each time period.
∑

𝑑∈𝐷
𝐴𝑌𝑑𝑔𝑔′𝑡 ≤ 1 ∀{𝑔, 𝑔′} ∈ 𝑁𝑝𝑖𝑝𝑒

𝑔𝑔′ , 𝑡 ∈ 𝑇 , 𝑔 < 𝑔′ (32)

∑

𝑑∈𝐷
𝐴𝑌 𝑆

𝑑 𝑔 𝑠𝑐 𝑡 ≤ 1 ∀{𝑔, 𝑠𝑐} ∈ 𝐺𝑆𝑔 𝑠𝑐 , 𝑡 ∈ 𝑇 (33)

∑

𝑑∈𝐷
𝐴𝑌 𝑑𝑔𝑔′𝑡 ≤ 1 ∀{𝑔, 𝑔′} ∈ 𝑁𝑔𝑔′ , 𝑡 ∈ 𝑇 , 𝑔 < 𝑔′ (34)

∑

𝑑∈𝐷
𝐴𝑌 𝑑𝑔𝑟𝑡 ≤ 1 ∀{𝑔, 𝑟} ∈ 𝐺𝑅𝑔𝑟, 𝑡 ∈ 𝑇 (35)

3.3.6. CO2 reservoirs
The reservoir CO2 inventory for each time period is equal to the

nventory of the previous time period and the total flowrates to the
eservoir.

𝐼𝑟𝑡 = 𝑅𝐼𝑟,𝑡−1 + 𝑛
∑

𝑔∈𝐺𝑅𝑔𝑟

∑

𝑐∈𝐶

∑

ℎ∈𝐻
𝑊𝐹𝑐 ⋅𝑄𝑔𝑟𝑡𝑐ℎ

∀𝑟 ∈ 𝑅, 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶, ℎ ∈ 𝐻 (36)

here 𝑛 is the duration of time periods 𝑡.
The inventory level (𝑅𝐼𝑟𝑡) is limited by an upper bound as described

n the constraint below.

𝐼𝑟𝑡 ≤
∑

𝑑∈𝐷

∑

𝑔∈𝐺𝑅𝑔𝑟

𝑐𝑎𝑝𝑅𝑟 ⋅ 𝐴𝑌 𝑑𝑔𝑟𝑡 ∀𝑟 ∈ 𝑅, 𝑡 ∈ 𝑇 (37)

where 𝑐𝑎𝑝𝑅𝑟 stands for the reservoir capacity.

3.3.7. H2 imports
The import rate cannot exceed a percentage (𝜄) of the total hydrogen

demand.
∑

𝑔∈𝐺
𝐼𝑚𝑝𝑔𝑡𝑐ℎ ≤ 𝜄

∑

𝑔∈𝐺
𝑇𝐷𝑔𝑡𝑐ℎ ∀𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶, ℎ ∈ 𝐻 (38)

3.3.8. Electricity production from renewables
Hydrogen produced by water electrolysis (𝑃𝑟𝑝𝑔𝑡𝑐ℎ) is equal to the

total electricity generation from renewables (𝑃𝑟𝑒𝑔𝑡𝑐ℎ) minus the elec-
tricity which is curtailed (𝐶𝐿𝑔𝑡𝑐ℎ), multiplied by the efficiency factor
(𝜂𝑡) of water electrolysis.

𝑃𝑟𝑝𝑔𝑡𝑐ℎ = 𝜂𝑡 ⋅ (
∑

𝑒∈𝐸
𝑃𝑟𝑒𝑔𝑡𝑐ℎ − 𝐶𝐿𝑔𝑡𝑐ℎ)

∀𝑝 ∈ {𝑊𝐸}, 𝑔 ∈ 𝐺, 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶, ℎ ∈ 𝐻
(39)

The electricity generation for each renewable type 𝑒 in each region
𝑔, time period 𝑡, cluster 𝑐 and hour ℎ depends on the availability of
the renewable 𝑒 in region 𝑔, cluster 𝑐 and hour ℎ and the renewable
capacity (𝑁𝑅𝑒𝑔𝑡).

𝑃𝑟 = 𝐴𝑉 ⋅𝑁𝑅 ∀𝑒 ∈ 𝐸, 𝑔 ∈ 𝐺, 𝑡 ∈ 𝑇 , 𝑐 ∈ 𝐶, ℎ ∈ 𝐻 (40)
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𝑒𝑔𝑡𝑐ℎ 𝑒𝑔𝑐ℎ 𝑒𝑔𝑡
The renewables capacity in time period 𝑡 is equal to the new
invested capacity in this time period plus the capacity in the previous
time period for each renewable type 𝑒 and region 𝑔.

𝑁𝑅𝑒𝑔𝑡 = 𝑁𝑅𝑒𝑔,𝑡−1 + 𝐼𝑅𝑒𝑔𝑡 ∀𝑒 ∈ 𝐸, 𝑔 ∈ 𝐺, 𝑡 ∈ 𝑇 (41)

The installation of renewables farms is limited by land availability
(𝑙𝑎𝑒𝑔) as described in Eq. (42).

𝑁𝑅𝑒𝑔𝑡 ≤ 𝑙𝑎𝑒𝑔 ∀𝑒 ∈ 𝐸, 𝑔 ∈ 𝐺, 𝑡 ∈ 𝑇 (42)

3.3.9. Fuel consumption
Gas consumption (𝑉 𝑔𝑎𝑠

𝑡 ) depends on the production rate (𝑃𝑟𝑝𝑔𝑡𝑐ℎ) of
reforming technologies which include Steam Methane Reforming and
Auto-thermal Reforming and their efficiency (𝜂𝑝𝑡).

𝑉 𝑔𝑎𝑠
𝑡 =

∑

𝑝∈{𝑆𝑀𝑅𝐶𝐶𝑆,𝐴𝑇𝑅𝐶𝐶𝑆}

∑

𝑔∈𝐺

∑

𝑐∈𝐶

∑

ℎ∈𝐻
𝑊𝐹𝑐 ⋅

𝑃𝑟𝑝𝑔𝑡𝑐ℎ
𝜂𝑝𝑡

∀𝑡 ∈ 𝑇 (43)

Biomass consumption (𝑉 𝑏𝑖𝑜
𝑔𝑡 ) depends on the production rate of

biomass gasification (𝑃𝑟𝑝𝑔𝑡𝑐ℎ) and the efficiency (𝜂𝑝𝑡). Biomass con-
umption is restricted according to biomass availability (𝐵𝐴𝑔𝑡) in each
egion.

𝑏𝑖𝑜
𝑔𝑡 =

∑

𝑝∈{𝐵𝐺𝐶𝐶𝑆}

∑

𝑐∈𝐶

∑

ℎ∈𝐻
𝑊𝐹𝑐 ⋅

𝑃𝑟𝑝𝑔𝑡𝑐ℎ
𝜂𝑝𝑡

∀𝑡 ∈ 𝑇 (44)

𝑉 𝑏𝑖𝑜
𝑔𝑡 ≤ 𝑏𝑎𝑔𝑡 ∀𝑔 ∈ 𝐺, 𝑡 ∈ 𝑇 (45)

3.3.10. CO2 emissions
The total CO2 emissions (𝐸𝑡) for hydrogen production depend on

the production rate (𝑃𝑟𝑝𝑔𝑡𝑐ℎ) according to Eq. (46):

𝐸𝑡 =
∑

𝑝∈𝑃

∑

𝑔∈𝐺

∑

𝑐∈𝐶

∑

ℎ∈𝐻
𝑊𝐹𝑐 ⋅ 𝑦

𝑒
𝑝𝑡 ⋅ 𝑃𝑟𝑝𝑔𝑡𝑐ℎ ∀𝑡 ∈ 𝑇 (46)

here 𝑦𝑒𝑝𝑡 is the emission coefficient for each production technology 𝑝.
he aforementioned coefficient denotes the quantity of CO2 emitted per
Wh of produced H2.

An emission target (𝑒𝑡𝑡) for the hydrogen production is considered
n the model as defined by Eq. (47).

𝑡 ≤ 𝑒𝑡𝑡 ∀𝑡 ∈ 𝑇 (47)

The model described in this Section comprising of Eqs. (1)–(47), is
ormulated as an MILP (Mixed Integer Linear Programming) model and
t is implemented in GAMS.

. Hierarchical solution procedures

Due to the high spatio-temporal resolution, the resulting model is
omputational intensive. Therefore, two solution procedures have been
eveloped to reduce the computational time providing near optimal
trategic solutions. The proposed hierarchical approaches are described
n Fig. 5.

Hierarchical Approach 1 (HA1) consists of two steps. The first step
ncludes the solution of the model dividing the day in 6 time intervals
f 4 h, which decrease the model size significantly. From this step,
he production and storage investment decisions (𝑁𝑃𝑝𝑔𝑡, 𝑁𝑆𝑠𝑔𝑡) are
etermined. In the second step, a reduced model with 1-hour daily
esolution is solved determining all the remaining decision variables.

The first step of Hierarchical Approach 2 (HA2) includes the model
olution without considering the pipeline infrastructure design. Thus,
he decision variables (𝑌𝑑𝑔𝑔′𝑡, 𝑌 𝑆

𝑑𝑔𝑠𝑡, 𝑌 𝑑𝑔𝑔′𝑡, 𝑌 𝑑𝑔𝑟𝑡, 𝐴𝑌𝑑𝑔𝑔′𝑡, 𝐴𝑌 𝑆
𝑑𝑔𝑠𝑡, 𝐴𝑌 𝑑𝑔𝑔′𝑡,

𝐴𝑌 𝑑𝑔𝑟𝑡) as well as Eqs. (6)–(7) and (25)–(35) are not taken into account.
To ensure the feasibility of the pipeline network, an upper bound,
which is equal to the maximum flow, is set for the regional flows.
Consequently, Step 1 facilitates the solution of the model as the number
of discrete variables decreases reducing the combinatorial complexity.
Then, the second step includes the solution of the reduced model in
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Fig. 5. Hierarchical solution procedures.
which production and storage investment decisions (𝑁𝑃𝑝𝑔𝑡, 𝑁𝑆𝑠𝑔𝑡) are
fixed from the first step. In the second step, the pipeline infrastructure
design and all the other decision variables are defined.

5. Case study

The MILP framework investigates the optimal hydrogen infrastruc-
ture for meeting heating hydrogen demand in Great Britain.

5.1. Heat demand

The present work investigates the optimal strategy for hydrogen
investments to meet hydrogen residential demand. Hydrogen hourly
demand is obtained from gas historical heating consumption data over
a number of years in Great Britain (Charitopoulos et al., 2023), which
is adjusted to the hydrogen annual demand according to System Trans-
formation scenario from Future Energy Scenarios (National Grid ESO,
2022). Moreover, the demand has spatial variations to provide a more
realistic infrastructure planning. For each 5-year time period, one
typical year is considered with hourly demand.

5.2. Biomass availability

Biomass gasification is a key technology in hydrogen production
as it contributes in the reduction of the net CO2 emissions of the
system. In this study, biomass gasification feedstock includes non-waste
biomass consisting of agricultural residues, forestry residues and energy
crops. The Climate Change Committee explored the impact of important
factors of land use and land management (Abraham et al., 2018).
Different scenarios for future UK non-waste biomass production are
quantified. For this case-study, high biomass scenario is considered in
which 50,000 ha p/a of combined reforestation and afforestation rates
are assumed (Abraham et al., 2018). In this scenario, it is estimated
that 140 TWh p/a of non-waste biomass will be available by 2050.

The available biomass sources (forestry, agricultural, energy crops)
are discretised in the 13 region of Great Britain according to Local
gas Distribution Zones (LDZ). It is assumed that there is no biomass
transportation between the regions. Thus, the availability of biomass
gasification feedstock in each region is estimated using the geographi-
cally distributed data analysis according to Calderón et al. (2017). The
detailed data can be found in the Supplementary Information.
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6. Results & discussion

In this section, the applicability of the proposed optimisation frame-
work is demonstrated through an implementation of the case study in
Section 5. On the first part the base case is presented. The second part
includes a what-if analysis in different parameters of the model (gas
price, carbon tax, biomass availability, interest rate). The MILP model is
implemented in GAMS Development Corporation (2023) Version 41.5.0
and solved with (Gurobi Optimization, LLC, 2023) Version 9.5.2 using
a machine with 128 GB RAM and CPU 3.00 GHz. Termination criteria
are set to 8 h CPU time limit or 5% optimality gap for monolithic
optimisation runs. Regarding the optimisation runs for hierarchical
approaches, termination criteria are set to 4 h CPU time limit or 2%
optimality gap for each step.

6.1. Base case

The optimal production infrastructure to meet hydrogen domestic
heating demand in Great Britain is illustrated in Fig. 6. A total of 15
GW are installed in 2035 while BEIS (2021c) has suggested a hydrogen
capacity of 7–20 GW by early 2030s. The total capacity is increased to
40.6 GW in 2050. Reforming technologies (SMR CCS and ATR CCS) are
mainly established due to their cost efficiency and their reduced CO2
emissions as they are coupled with carbon capture and storage system.
The technology mix in 2050 consists of 7.5 GW of biomass gasification
with CCS and 0.1 GW of water electrolysis. The electricity required for
water electrolysis is generated from wind onshore farms with capacity
of 174 MW in NT.

Storage investments play an important role in hydrogen infras-
tructure strategy to meet peak demand. In total, hydrogen storage
infrastructure of 172 GWh is required in 2050. Pressured storage vessels
installed in all GB regions are the most cost efficient option for stored
hydrogen.

Hydrogen and CO2 transmission between regions take place through
pipelines. As illustrated in Fig. 6, hydrogen pipeline network is installed
from 2035 connecting most of the regions on the west part of GB, while
there is no transmission between the regions in Wales. On the other
hand, most of the neighbouring CO2 pipeline connections are allowed.
Two reservoirs, one in the northern and one in the southern North Sea,
are established for CO2 storage.

The importance of the hourly resolution can be demonstrated in

Fig. 7 as significant demand fluctuations are observed on a daily basis.
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Fig. 6. Production capacity in 2035 and 2050.
Six representative days for each 5-year time step are selected using
k-medoids clustering. Each representative day has a different weight
factor (𝑊𝐹 ), which indicates its frequency. Production and storage
rates as well as the hourly hydrogen demand are illustrated.

Day 1 constitutes the coldest day of the year, in which 170 GWh
of storage and production rate around 30–40 GW are required to
meet the peak demand that reaches 65 GW. Day 2 is a typical winter
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day representing 98 days of the year. In this case, production rate
fluctuates from 15–25 GW and storage requirements reach 120 GW.
Concerning Day 3, this day represents a cold day of the year with lower
hydrogen heat demand and consequently lower production and storage
requirements than Day 2.

Days 4–5 are spring/summer days with hydrogen demand less than
15 GW. Regarding these days, production rate and storage requirements
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Fig. 7. Total demand, production and storage rate in GB in hourly resolution in 2050.
does not exceed 15 GW and 20 GWh, respectively. Lastly, Day 6 is a
representative of summer days accounting for 68 days of the year.

Consequently, hydrogen system adaptability need to be enhanced to
meet residential demand fluctuations. To this end, flexible production
and storage investments are required to meet the variability of storage
needs during a year.

The total cost of building the infrastructure network reaches £b
33.5. The cost breakdown is summarised in Fig. 8. Production capital
and operating costs have the greatest contribution in the total system
cost. Furthermore, the natural gas and biomass cost, which are used
as feedstock for reforming and gasification technologies respectively,
have significant effect on the total cost. The levelised cost of hydrogen
is estimated 77 £/MWh H2 without taking account of CO2 emissions
tax. On the other hand, if we consider CO2 price, hydrogen levelised
cost reduces to 56 £/MWh H2 because of BG with CCS negative CO2
emissions.

Most of the UK reports do not demonstrate hydrogen levelised
cost of the total infrastructure but they focus on hydrogen produc-
tion levelised cost. UK Department for Business, Energy & Industrial
Strategy (BEIS, 2021b) and Energy Networks Association (Ena, 2020)
reports hydrogen production levelised costs which vary 40–70 £/MWh
H2 for reforming technologies with CCS, 60–140 £/MWh H2 for PEM
electrolysis and −30–40 £/MWh H for BG with CCS.
130

2

Fig. 8. Cost breakdown.
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Table 1
Base case model size and computational performance.

Approach Monolithic HA 1 HA 2

Step 1 Step 2 Step 1 Step 2

Continuous Variables 163,192 43,472 163,192 163,192 163,192
Discrete Variables 776 776 776 328 776
Equations 270,314 67,274 270,314 223,026 270,314
Computational Time (h) 8 4 2.2 0.4 3.7
Optimality Gap (%) 8.1 4.6 1.9 1.5 1.8
Objective Function Value (£b) 34.2 34.1 33.5
Fig. 9. Sensitivity analysis for gas price.
In Table 1, model size and computational performance of the base
case are summarised, while the importance of the Hierarchical Ap-
proaches is illustrated. Regarding model size, fixed variables are in-
cluded in the total number of variables. As Table 1 depicts, HA 1 results
in a slightly better solution than the monolithic run reducing CPU time
by 23%. Concerning HA 2, as it is showed on Table 1, it can reduce the
computational time by 50% while the objective function is decreased
to £b 33.5. Consequently, both of the Hierarchical Approaches can
achieve more cost-efficient design decisions using less computational
time. The reason behind this is the high combinatorial complexity of the
monolithic optimisation run, preventing it from achieving an optimality
gap smaller than 8.1%. Thus, these approaches constitute a first step
for the model’s decomposition which is necessary for the introduction
of new features to increase the fidelity.

6.2. What-if analysis

Hydrogen supply chain optimisation is contingent on a multitude of
techno-economic parameters. To provide a more realistic strategy and
a more holistic view of the problem, a what-if analysis is presented in
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this Section. More specifically, gas price, carbon tax and biomass avail-
ability are studied to investigate their impact on production technology
mix and total net CO2 emissions.

6.2.1. Gas price sensitivity analysis
Hydrogen infrastructure optimisation is strongly dependent on nat-

ural gas price as it is the feedstock for reforming technologies. Four
different gas price profiles are taken into consideration based on his-
torical data, BEIS (2020) and National Grid ESO (2022) as displayed in
Fig. 9(a).

In Fig. 9(b), the technology mix in 2050 is presented. In the low gas
price case, reforming and biomass gasification technologies, which are
coupled with CCS, are installed. For the base case, in which there is a
slight increase in the gas prices, an additional 0.1 GW of WE is installed.
On the other hand, in high and extreme cases, WE investments of 6.1
GW and 12.8 GW are commissioned respectively by 2050. Furthermore,
biomass gasification capacity increases when gas prices rise. Reforming
investments capacity decrease remarkably by 53% comparing extreme
to low and base cases.
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Fig. 10. Sensitivity analysis for carbon tax.
Furthermore, higher gas prices have a beneficial effect on the carbon
footprint of the system due to the lower production capacity in reform-
ing technologies. As illustrated in 9(c), extreme gas price case lead to
lower CO2 net emissions in comparison with the other cases. Although
low and base gas price cases have the same production capacity in
reforming technologies, it is observed that low gas price case has
slightly reduced CO2 net emissions. This difference can be explained as
in low gas price case, there is higher capacity in ATR with CCS which
has lower environmental footprint than SMR with CCS.

With regard to the levelised cost, a small decrease is observed in low
gas price case (74 £/MWh H2) in relation with the base case in which
levelised cost is equal to 77 £/MWh H2 without considering carbon tax
cost. Nevertheless, levelised cost reaches 88 £/MWh H2 and 95 £/MWh
H2 in high and extreme gas price cases, respectively.

6.2.2. Carbon tax sensitivity analysis
Carbon price is an essential driver to reduce GHG emissions and

achieve Net-Zero target by 2050. In this Section, a sensitivity analysis is
conducted to investigate the influence of carbon price in net emissions
of the hydrogen system. Three cases (low, base, high) of carbon prices
profiles are studied which are obtained from National Grid ESO (2022).
CO2 emissions target is calculated from the total emissions budgets
which are established by the UK legislation (CCC, 2020; BEIS, 2021a).

The technology mix for each carbon tax case is illustrated in
Fig. 10(b). Implementing a carbon tax policy can increase production
capacity in biomass gasification and decrease investments in reforming
technologies as the system benefits from negative emissions from
biomass gasification.

Fig. 10(c) showcases the significant effect of carbon tax in CO2 net
emissions. If carbon tax policy is not introduced, the total net emissions
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are positive while they reach zero by 2050 to achieve the net zero
emissions goal. On the contrary, negative net emissions are observed
from 2035 if carbon tax policy is enforced. Implementing a high tax
policy can result in 20% less emissions in 2050 in comparison with the
low tax case.

Furthermore, the enforcement of a carbon tax can decrease notably
the levelised cost of hydrogen from 65 £/MWh H2 to 61 £/MWh H2 for
the case of low tax. In the cases of base and high carbon tax policies,
hydrogen levelised cost is further reduced to 56 £/MWh H2 and 54
£/MWh H2, respectively.

6.2.3. Biomass sensitivity availability analysis
Biomass gasification with CCS is a key technology for achieving Net-

Zero goal as it results in negative CO2 emissions. Consequently, in this
study, 3 cases are examined including two cases of 50% (base case) and
30% availability of total biomass as calculated in Section 5.2 and a case
that no biomass investments are allowed as shown in Fig. 11(a).

In the case of 30% availability of biomass, reforming technologies
are mainly invested (36.5 GW) while only 4 GW of BG with CCS produc-
tion capacity are installed by 2050 as shown in Fig. 11(b). Concerning
the case of 50% availability, there is an increase in the BG capacity
to 7.5 GW and a decrease in reforming capacity to 33 GW. Moreover,
0.1 GW of WE are established by 2050. Alternatively, when no biomass
is available, a large investment of 35.6 GW in WE is observed and an
investment of 21 GW in reforming hydrogen production. In this case,
there is an augmentation of 26 GW of total production capacity in 2050.
This outcome can be interpreted as green hydrogen from WE is required
so that the system can reach Net-Zero emissions target by 2050.

Fig. 11(c) illustrates the net CO2 emissions of hydrogen production

system. When there is more biomass available, there is significant
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Fig. 11. Sensitivity analysis for biomass availability.
decrease in the total net emissions. On the other hand, when there is no
biomass availability, the net emissions are positive for all time period
while they reach zero levels in 2050 to achieve Net-Zero goal.

Biomass availability has a great impact on hydrogen levelised cost.
In the case that 30% of the biomass is available, an augmentation of
hydrogen levelised cost is observed from 56 £/MWh H2 to 63 £/MWh
H2 due to higher CO2 emissions from the system. Moreover, non-
deployment of biomass gasification result in an increase of the levelised
cost to 100 £/MWh H2 due to the significant rise in WE investments.
WE is the least cost effective hydrogen production technology as it not
mature enough for widespread use at this time. However, investments
in WE are required to reach carbon emission targets in the event that
biomass availability is zero.

7. Concluding remarks

In this study, an optimisation-based framework is developed to fa-
cilitate the investigation of design and operating decisions in hydrogen
infrastructure in the UK for the transition to a low-carbon energy econ-
omy. Insights for policy making can be obtained for a hydrogen strategy
over the next decades. This work also focuses on two hierarchical
solution procedures to tackle with the combinatorial complexity of the
resulting model. These approaches can deal efficiently the large-scale
optimisation problem and enable greater model complexity as they can
provide improved solutions and reduce computational time up to 50%.

The MILP model considers hydrogen production, storage and trans-
mission as well as captured CO2 transmission and storage. Reform-
ing technologies with CCS are the most cost-effective low-carbon al-
ternative options for hydrogen production. The deployment of gas
technologies with CCS and biomass gasification with CCS leads to a
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low-emissions infrastructure strategy. However, production investment
decisions are highly dependent on gas prices. Optimal design includes
notably increased capacity in WE when higher gas prices are con-
sidered. Regarding hydrogen transmission, it is based on a pipeline
network which connects most neighbouring regions in GB. Further-
more, a CO2 pipeline network and two CO2 reservoirs are essential to
support the CCS system to achieve lower CO2 emissions. With regard
to storage infrastructure, the system requires 172 GWh of hydrogen
storage to meet demand variability.

Future research focuses on the introduction of uncertainty in hydro-
gen supply chain model for a more risk averse infrastructure strategy.
In addition, the effects of economies-of-scale and learning rate in infras-
tructure design decisions will be studied. Moreover, sector coupling of
heat and power sector will be considered to present a more holistic
approach for heat decarbonisation future decisions. In parallel, the
exploration of new decomposition techniques and solution approaches
will be investigated to tackle with the combinatorial complexity and
high computational times.
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Notation

Acronyms and abbreviations

ATR Auto-Thermal Reforming
BG Biomass Gasification
CCS Carbon Capture and Storage
GHG Greenhouse Gas
HA Hierarchical Approach
MILP Mixed-Integer Linear Programming
PEM Polymer electrolyte membrane
SC Supply Chain
SMR Steam Methane Reforming
WE Water Electrolysis

Indices

𝑐 cluster
𝑑 diameter size
𝑒 renewable technology
ℎ hours
𝑔 region
𝑝 production technology
𝑟 reservoir
𝑠 storage technology
𝑡 time period

Sets

𝐶 set of clusters 𝑐
𝐷 set of diameter sizes 𝑑
𝐸 set of renewable technologies 𝑒
𝐻 set of hours ℎ
𝐺 set of regions 𝑔
𝑁 set of neighbouring regions 𝑔 and 𝑔′

𝑁𝑝𝑖𝑝𝑒 set of pipeline connections between region 𝑔 and 𝑔′

𝑃 set of production technologies 𝑝
𝑅 set of reservoirs 𝑟
𝑆 set of storage technologies 𝑠
𝑇 set of time periods 𝑡
𝑆𝐶 set of storage vessels 𝑠
𝑆𝑉 set of storage caverns 𝑠
𝐺𝐼 set of regions 𝑔 in which international import can

take place
𝐺𝑅 set of collection points 𝑔 and reservoir 𝑟

connections
𝐺𝑆 set of regions 𝑔 in which storage caverns 𝑠𝑐 are

located

Parameters

𝛿 ratio of hydrogen regional pipeline operating
costs to capital costs (%)

𝛿 ratio of CO2 regional pipeline operating costs to
capital costs (%)

𝛿 ratio of CO2 regional pipeline operating costs to
capital costs (%)

𝜂𝑝𝑡 efficiency of production technology p of each
time period 𝑡 (MW H2 / MWe )

𝜄 maximum percentage of international hydrogen
imports over the total demand (%)

𝐴𝑉𝑒𝑔𝑐ℎ availability of renewable technology 𝑒 in region 𝑔,
cluster 𝑐 and hour ℎ (%)

𝑏𝑎𝑔𝑡 biomass availability in time period 𝑡 and region 𝑔
(MWh)
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𝑐𝑎𝑝𝑃𝑝 unit capacity for production type 𝑝 (MW/unit)
𝑐𝑎𝑝𝑃𝑚𝑎𝑥𝑝 maximum capacity of a hydrogen production

plant of type 𝑝 (MW/unit)
𝑐𝑎𝑝𝑃𝑚𝑖𝑛𝑝 minimum capacity of a hydrogen production

plant of type 𝑝 (MW/unit)
𝑐𝑎𝑝𝑅𝑟 total capacity of reservoir 𝑟 (kg CO2)
𝑐𝑎𝑝𝑆𝑠 unit capacity for storage type 𝑠 (MW/unit)
𝑐𝑎𝑝𝑆𝑚𝑎𝑥𝑠 maximum capacity of a storage facility of type 𝑠

(MWh/unit)
𝑐𝑎𝑝𝑆𝑚𝑖𝑛𝑠 minimum capacity of a storage facility of type 𝑠

(MWh/unit)
CO2 pipeline of diameter size 𝑑 (£/km)
𝑐𝑏𝑖𝑜𝑡 cost of biomass in time period t (£/MWh)
𝑐𝑔𝑎𝑠𝑡 cost of gas in time period t (£/MWh)
𝑐𝑟𝑓 capital recovery factor
𝑐𝑡𝑡 carbon tax in time period 𝑡 (£/kg CO2)
𝑑𝑓𝑐𝑡 discount factor for capital costs in time period 𝑡
𝑑𝑓𝑜𝑡 discount factor for operating costs in time period 𝑡
𝐷𝑃 𝑖𝑝𝑒

𝑔𝑔′ delivery distance of a pipeline between regions 𝑔
and 𝑔′ (km)

𝐷𝑅𝑒𝑠
𝑔𝑟 distance from CO2 collection point in region 𝑔 to

reservoir 𝑟 (km)
𝐷𝑅𝑜𝑎𝑑

𝑔𝑔′ delivery road distance of hydrogen between
regions 𝑔 and 𝑔′ (km)

𝐷𝑆𝑡
𝑔 𝑠𝑐 distance between region 𝑔 and storage cavern 𝑠𝑐

𝑑𝑟 discount rate (%)
𝑒𝑡𝑡 CO2 emissions target for time period 𝑡 (MtCO2)
𝑙𝑎𝑒𝑔 land availability for renewables technology e and

region g (MW)
𝐿𝑇 𝑜𝑛 lifetime of onshore CO2 pipeline
𝐿𝑇 𝑜𝑓𝑓 lifetime of offshore CO2 pipeline
𝐿𝑇 𝑝𝑖𝑝𝑒 lifetime of hydrogen pipeline
𝐿𝑇 𝑃

𝑝 lifetime of production technology 𝑝
𝐿𝑇 𝑆

𝑠 lifetime of storage technology 𝑠
𝑛 duration of time periods (y)
𝑛𝑒𝑙 economic life cycle of capital investments (y)
𝑝𝑖𝑚𝑝 price of hydrogen import (£/MWh)
𝑝𝑐𝑑 capital costs of a hydrogen pipeline of diameter

size 𝑑 (£/km)
𝑝𝑐𝑑 capital costs of an onshore CO2 pipeline of

diameter size 𝑑 (£/km)
𝑝𝑐𝑑 capital costs of an offshore CO2 pipeline of

diameter size 𝑑 (£/km)
𝑝𝑐𝑐𝑝𝑡 capital cost of a production plant of type 𝑝

(£/MW)
𝑝𝑜𝑐𝐹𝑝𝑡 fixed operating production cost in a production

plant of type 𝑝 (£/MW/y)
𝑝𝑜𝑐𝑉𝑝𝑡 variable operating production cost in a

production plant of type 𝑝 (£/MW)
𝑞𝐻𝑚𝑎𝑥
𝑑 maximum flowrate in a hydrogen pipeline of

diameter size 𝑑 (MW/h)
𝑞𝐶𝑚𝑎𝑥
𝑑 maximum flowrate in a CO2 pipeline of diameter

size 𝑑 (kg CO2/h)
𝑄𝐼𝑚𝑎𝑥

𝑠 maximum injection rate for each storage type 𝑠
(MW/h)

𝑄𝑅𝑚𝑎𝑥
𝑠 maximum retrieval rate for each storage type 𝑠

(MW/h)
𝑟𝑐𝑒𝑡 capital cost of renewable technology 𝑒 in time

period 𝑡 (£/MW)
𝑅𝐷𝑝 maximum ramp down for production technology

𝑝 (%)
𝑅𝑒𝐶 renewables operating cost (£)
𝑟𝑜𝑒𝑡 operating cost of renewable technology 𝑒 in time

period 𝑡 (£/MW/y)
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𝑅𝑈𝑝 maximum ramp up for production technology 𝑝
(%)

𝑠𝑐𝑐𝑠 capital cost of a storage facility of type 𝑠 (£/MW
H2)

𝑠𝑜𝑐𝐹𝑠 fixed operating storage cost in a production plant
of type 𝑝 (£/MW H2/y)

𝑠𝑜𝑐𝑉𝑠 variable operating storage cost in a production
plant of type 𝑝 (£/MWh)

𝑇𝐷𝑔𝑡𝑐ℎ total hydrogen demand in region 𝑔, time period 𝑡,
cluster 𝑐 and hour ℎ (MW)

𝑊𝐹𝑐 weight of cluster 𝑐 (𝑑)
𝑦𝑐𝑝𝑡 coefficient of CO2 capture for production

technology 𝑝 in time period 𝑡 (kg CO2/MWh H2)
𝑦𝑒𝑝𝑡 coefficient of CO2 emissions for production

technology 𝑝 in time period 𝑡 (kg CO2/MWh H2)

Integer Variables

𝐼𝑃𝑝𝑔𝑡 number of investments of the new production
technologies 𝑝 in region 𝑔 in time period 𝑡 (units)

𝐼𝑆𝑠𝑔𝑡 number of investments of new storage facilities of
type 𝑠 in region 𝑔 in time period 𝑡 (units)

𝑁𝑃𝑝𝑔𝑡 number of available production technologies 𝑝 in
region 𝑔 in time period 𝑡 (units)

𝑁𝑆𝑠𝑔𝑡 number of available storage facilities of type 𝑠 in
region 𝑔 in time period 𝑡 (units)

Binary Variables

𝐴𝑌𝑑𝑔𝑔′𝑡 availability of hydrogen pipeline of diameter size
𝑑 between regions 𝑔 and 𝑔′ in time period 𝑡

𝐴𝑌 𝑆
𝑑𝑔𝑠𝑡 availability of hydrogen pipeline of diameter size

𝑑 between region 𝑔 and storage cavern 𝑠 in time
period 𝑡

𝐴𝑌 𝑑𝑔𝑔′𝑡 availability of onshore CO2 pipeline of diameter
size 𝑑 between regions 𝑔 and 𝑔′ in time period t

𝐴𝑌 𝑑𝑔𝑟𝑡 availability of offshore CO2 pipeline of diameter
size 𝑑 between region 𝑔 and reservoir 𝑟 in time
period 𝑡

𝑌𝑑𝑔𝑔′𝑡 establishment of hydrogen pipeline of diameter
size 𝑑 between regions 𝑔 and 𝑔′ in time period t

𝑌 𝑆
𝑑𝑔𝑠𝑡 establishment of hydrogen pipelines of diameter

size 𝑑 between region 𝑔 and storage cavern 𝑠 in
time period 𝑡

𝑌 𝑑𝑔𝑔′𝑡 establishment of onshore CO2 pipeline of diameter
size 𝑑 between regions 𝑔 and 𝑔′ in time period 𝑡

𝑌 𝑑𝑔𝑟𝑡 establishment of offshore CO2 pipeline of
diameter size 𝑑 between region 𝑔 and reservoir 𝑟
in time period 𝑡

Continuous Variables

𝐵𝐺 biomass cost (£)
𝐶𝐸𝐶 carbon emissions cost (£)
𝐶𝐿𝑔𝑡𝑐ℎ curtailment in region 𝑔, time period 𝑡, cluster 𝑐,

hour ℎ (MW)
𝐸𝑡 total CO2 emissions in time period 𝑡 (MtCO2)
𝐹𝐶 fuel cost for regional transport (£)
𝐺𝐶 general Cost for regional transport (£)
𝐼𝐼𝐶 international import cost (£)
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𝐼𝑚𝑝𝑔𝑡𝑐ℎ flow rate of international import in region 𝑔 in
time period 𝑡 (MW)

𝐼𝑅𝑒𝑔𝑡 new invested capacity of renewable technology 𝑒
in region 𝑔 and time period 𝑡 (MW)

𝐿𝐶 labour cost for regional transport (£)
𝑀𝐶 maintenance cost for regional transport (£)
𝑁𝐺𝐶 natural gas cost (£)
𝑁𝑅𝑒𝑔𝑡 available capacity of renewable 𝑒 in region 𝑔 and

time period 𝑡 (MW)
𝑃𝐶𝐶 production capital cost (£)
𝑃𝐿𝐶𝐶 pipeline capital cost (£)
𝑃𝐿𝑂𝐶 pipeline operating cost (£)
𝑃𝑂𝐶 production operating cost (£)
𝑃𝑟𝑝𝑔𝑡𝑐ℎ production rate of production technology 𝑝 in

region 𝑔 in time period 𝑡 (MW)
𝑃𝑟𝑒𝑔𝑡𝑐ℎ electricity production from renewable technology

𝑒 in region 𝑔, time period 𝑡, cluster 𝑐 and hour ℎ
(MW)

𝑄𝑔𝑔′𝑡𝑐ℎ flowrate of H2 in region 𝑔 in time period 𝑡 (MW)
𝑄𝐼

𝑔𝑠𝑡𝑐ℎ flowrate of H2 via pipeline from region 𝑔 to
storage type 𝑠 in time period 𝑡, cluster 𝑐 and hour
ℎ (MW)

𝑄𝑅
𝑠𝑔𝑡𝑐ℎ flowrate of H2 via pipeline from storage type 𝑠 to

region 𝑔 in time period 𝑡, cluster 𝑐 and hour ℎ
(MW)

𝑄𝑔𝑔′𝑡𝑐ℎ flowrate of CO2 via onshore pipelines between
regions 𝑔 and 𝑔′ in time period 𝑡, cluster 𝑐 and
hour ℎ (kg CO2/h)

𝑄𝑔𝑟𝑡𝑐ℎ flowrate of CO2 via offshore pipelines from a
collection point in region 𝑔 to a reservoir 𝑟 in
time period 𝑡, cluster 𝑐 and hour ℎ (kg CO2/h)

𝑅𝐼𝑟𝑡 inventory of CO2 in reservoir 𝑟 in time period 𝑡
(kg CO2)

𝑆𝐶𝐶 storage capital cost (£)
𝑆𝑂𝐶 storage operating cost (£)
𝑆𝑡𝑠𝑔𝑡𝑐ℎ storage inventory of product type i stored in a

storage facility of type 𝑠 in region 𝑔 in time
period 𝑡, cluster 𝑐 and hour ℎ (MWh)

𝑉 𝑏𝑖𝑜
𝑔𝑡 consumption of biomass in time period t and

region 𝑔 (MWh)
𝑉 𝑔𝑎𝑠
𝑡 consumption of natural gas in time period 𝑡 and

region 𝑔 (MWh)

Appendix A. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.cherd.2024.02.028.
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