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A B S T R A C T

This study provides a review of the emergence of hydrogen within low-carbon pathways from different in-
tegrated energy system models. The objective is to understand the drivers and policy scenarios that lead to the
emergence of hydrogen over other low-carbon technologies. The review is divided into global, multi-regional
and national integrated energy system models with drivers, marginal abatement costs and timing of hydrogen
emergence assessed. Hydrogen's use in energy systems is complex as a result of its relationship with other energy
sources. It was found that bioenergy can act as both a competitor and driver for hydrogen energy, along with
increased electrification and high renewable electricity scenarios. However, electric vehicles are a main com-
petitor in the passenger vehicle sector. In reviewed results, hydrogen mainly emerges after 2030; although, some
technologies emerge as early as 2020 and as late as 2050. The uncertainty and complexity surrounding hydrogen
may be as a result of the difficulty of representing hydrogen technologies and systems in energy system models.
This study can allow policy makers to assess the various options to be considered regarding hydrogen and make
informed decisions for moving towards a decarbonised energy system.

1. Introduction

The global energy system must complete a transition to a dec-
arbonised system to reduce greenhouse gas (GHG) emissions and mi-
tigate climate change [1]. Furthermore, energy security and fuel af-
fordability are important aspects to be considered [2–6]. Global GHG
emissions continue to increase and after the 21st Conference of the
Parties (COP21) the urgency of moving to a secure low-carbon energy
supply is evident [1]. The future low-carbon pathway is uncertain and
therefore so is the role of alternative fuels and technologies, that are
envisioned to aid in the energy transition. This study reviews the role of
hydrogen as one such alternative fuel in low-carbon pathways towards
2050 in various integrated energy system models. The potential of
hydrogen as an energy carrier is well known; however, it has failed to

make a widespread impact on energy systems due to numerous barriers,
including costs and availability of infrastructure. Hydrogen's versatility
and its potential for emissions reductions can allow hydrogen to have
an important role in future low-carbon pathways [7–9]. Hydrogen's role
is reviewed in this paper to highlight hydrogen pathways emerging
within different global, multi-regional and national models and sce-
narios. The purpose of this review is to highlight the complexity of the
hydrogen energy system as a result of its synergies with other energy
resources and analyse its emergence within different integrated energy
system models. This study identifies the potential drivers and barriers of
the hydrogen economy. Therefore, it can be used to allow policy makers
to assess various options for moving towards a decarbonised energy
system.

Hydrogen can be produced from a wide range of methods and
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energy sources with currently 96% generated from fossil fuels (48%
natural gas, 30% oil/naptha, 18% coal) and only 4% generated by
electrolysis [10]. Steam methane reforming (SMR) is the main pro-
duction method used; however, for hydrogen to be a low-carbon energy
carrier the current generation methods must be adapted (integrated
with carbon capture and storage (CCS)) or changed (renewable elec-
trolysis). There are additional benefits arising from using renewable
electrolysis such as storage that can aid increased renewable energy
penetration [11–15]. The development of technologies for hydrogen
generation including methods, such as the conversion of solar energy to
hydrogen via photoelectrochemical (PEC) water-splitting process con-
tinues [16–19].

Currently, 50 million metric tons of hydrogen are produced globally
per year. The main use is as a feedstock for ammonia production with
35% being used for oil refining. Considering its use in oil refining hy-
drogen is already contributing to emissions reduction. If hydrogen's role
as a flexible energy carrier is realised, it may have future applications in
passenger and freight transport (fuel cell vehicles, internal combustion
engines (ICE)), thermal (solid oxide fuel cells, natural gas blending),
storage (liquid and gaseous hydrogen) [20], power to gas generation
and electricity generation [21–26], see Fig. 1 for pathways. The study
considers the role of hydrogen in integrated energy systems across all
sectors within the energy system.

Integrated energy system models are often used to provide different
insights into low-carbon pathway scenarios and provide evidence for
policy decisions [27]. This review aims to highlight the sectors hy-
drogen can emerge within integrated energy system models. This can
indicate additional areas of policy development on hydrogen for policy
makers. Different potential hydrogen pathways are shown in Fig. 1. The
literature provides a review of both the production and delivery tech-
nologies used within integrated energy system models and reviews of
national hydrogen futures [28,29]. However, this review will provide
additional knowledge in relation to a comparison of hydrogen pathways

emerging within different global, multi-regional and national in-
tegrated energy system models. Furthermore, it will assess the drivers
of hydrogen considering the entire energy system.

The paper layout is as follows:

– Section 2 briefly discusses different energy models and scenarios
under which hydrogen is investigated.

– Section 2.1 presents a comparative review of hydrogen's role in
eight global integrated energy system models.

– Section 2.2 discusses multi-regional European models.
– Section 2.3 compares 26 national integrated energy system models.
– Section 3 discusses the different hydrogen pathways emerging from
the different models.

– Section 4 provides overall conclusions.

2. Integrated energy system models

Integrated energy system models consider the entire energy system
with integration of the transport, thermal and electricity sectors. Energy
system modelling allows insights to be provided for the assessment of
suitable policies for the transition to a low-carbon economy [30].

A number of factors were considered when choosing the studies for
the review. The methodology included only using integrated energy
system models that considered the entire energy system (transport,
heat, and electricity). Furthermore, as the time horizon considered in
the review is to 2050 the following keywords were included in the
search for literature “Low-carbon pathways to 2050”. In addition to
this, reports and papers chosen required the inclusion of the final en-
ergy consumption breakdown of energy use. As there is a large quantity
of studies and papers as well as models that include hydrogen as an
option, only models and studies that have reports based on the above
criteria were included. Many of the model scenarios for low-carbon
pathways are for 2 °C scenarios They have at least a 70% reduction in

Fig. 1. Potential hydrogen pathways towards 2050.
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