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Preface

Sustainable Gas Institute

imperial college London’s Sustainable 
Gas institute (SGi) is a unique academic-
industry partnership, and a ground-
breaking collaboration between the 
United Kingdom and Brazil. The institute 
is multidisciplinary and operates 
a global open innovation model, 
based at imperial college London and 
collaborating with leading universities 
in Brazil. The SGi manages, leads and 
delivers world-class research with global 
partners across the spectrum of science, 
engineering, economics and business. 

The aims of the institute are to:

• examine the environmental, 
economic and technological role 
of natural gas in the global energy 
landscape;

• Define the technologies and develop 
energy systems models that could 
explore the role of gas and other 
energy sources;

• Help to advance technology 
roadmaps to support future industry 
r&D investment decisions; and

• address the global challenge of how 
to mitigate climate change.
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Executive 
summary

There are more natural gas resources 
than we can safely burn without 
impacting our ability to meet climate 
change targets. in a world where these 
resources are abundant, but their 
unabated combustion constrained by 
climate targets, what is the best thing to 
do with natural gas? 

There is a consensus that natural gas 
use must reduce significantly before 
the end of the century. in that transition 
some uses of gas may be possible within 
future climate targets. These include 
some proportion of electricity generation 
with carbon capture and storage (ccS), 
hydrogen production with carbon capture 
and storage and constraining unabated 
natural gas use in electricity generation, 
industrial and domestic end uses within 
the limits set by emissions targets. a 
better understanding of the evidence on 
this issue may help to clarify the extent 
to which the various options may play a 
future role.

However, the role that any of these uses 
can play in the global energy system 
while maintaining emissions within 
the limits set by global climate change 
targets is complex and contested. The 
amount of natural gas, and other fossil 
fuels, that should remain unproduced, (a 
concept known as unburnable carbon), 
has been analysed previously and was 
the subject of our second SGi white 
paper (Can technology help to unlock 
‘unburnable carbon?’). However, the 
latest climate targets have modified 
the calculation of unburnable carbon, 
reducing the quantity of accessible fossil 
fuels relative to previous analyses based 
on older targets.

The remaining role for natural gas 
judged to be within climate targets 

is subject to assumptions regarding 
the future development of the energy 
economy. Many of these assumptions 
are characterised within global energy 
systems models, such as those used 
to map potential pathways to 1.5°c 
global warming targets. The resulting 
analyses from these models provide 
one method for identifying the relative 
roles of different natural gas uses while 
remaining within emissions limits. 
However, there are many ways to meet 
global climate targets depending on 
assumptions, leading to uncertainty as 
to the future energy mix. These scenarios 
vary significantly due to the changing 
assumptions and model characteristics 
used to create them, creating a 
significant range in estimates of the 
future role of gas.

Given the limitations on greenhouse 
gas emissions, and the range of 
outcomes seen in scenarios, what are 
the best uses of natural gas? 

The Sustainable Gas institute (SGi) at 
imperial college London has conducted 
a systematic review of the available 
evidence surrounding the best uses of 
natural gas to bring clarity to the debate. 
This white paper presents the findings 
of that review, exploring the concept of 
best use, the consensus of the evidence 
on where natural gas fits in 1.5°c energy 
scenarios, focussing particularly on the 
modelling projects of the international 
Panel on climate change (iPcc), and 
what key options influence the low 
carbon use of natural gas.

The key issues explored include:

• The nature of ‘best use’ as a 
concept;

• The global story for gas use in IPCC 
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1.5°C energy scenarios;
• The regional variation in natural gas 

use;
• The use of CCS to mitigate natural 

gas emissions;
• The use of hydrogen as a low carbon 

energy vector for natural gas; and
• The disrupting factors that may 

influence future analysis of natural 
gas, best uses.

Key findings

1. Global natural gas use is likely to 
decline in the future if climate targets are 
pursued.

• Half of the iPcc 1.5°c scenarios 
reduce gas use by at least ~35% by 
2050 and by ~70% by 2100 against 
total natural gas use in 2019. 

• This is in comparison to total 
primary energy increasing in 
the majority of 1.5°c scenarios 
assessed by the intergovernmental 
Panel on climate change, increasing 
by at least 30% in the majority of 
scenarios by 2100. This reduces the 
role of natural gas in total primary 

energy from 23% in 2019 to 15% in 
2050 and 5% in 2100. 

• However, the range of outcomes is 
broad, with some extreme scenarios 
seeing slight increases in natural 
gas use by 2050 and a return to 
current natural gas demand by 
2100. 

• at the other extreme, natural gas 
use reduces to zero or near zero 
in 2050 and 2100. in contrast to 
current natural gas demand, a 
significant proportion of future 
natural gas demand includes power 
generation with ccS (70% of natural 
gas electricity generation in 2050) 
and hydrogen production (6.6 
exajoules in 2050 or 7.5% of overall 
natural gas use).

2. The move from a 2°C to a 1.5°C climate 
target reduces the role of natural gas. 

• Natural gas in primary energy is at 
least 40% lower in 1.5°c scenarios 
in 2050 and 45% lower in 2100 in 
half of the iPcc scenarios. 

• Under 2°c targets, scenarios are 
more likely to use more gas in 2050 
than current levels, with half of the 
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scenarios at least ~6% higher than 
natural gas use in 2019. 

• By 2100, natural gas use has 
significantly reduced in 2°c 
scenarios, with most scenarios at 
least ~43% lower than natural gas 
use in 2019. This demonstrates 
the significant impact of more 
stringent targets on natural gas 
use, particularly in the first half of 
this century.

3. Key uncertainties influence the use of 
natural gas in climate scenarios, and the 
speed and scale of reduction in unabated 
gas use. 

• These uncertainties include uptake 
of coal-to-gas switching, use of 
natural gas to produce hydrogen, 
use of natural gas to balance 
variable renewables, ability to 
reduce methane emissions and level 
of uptake and capture rate of carbon 
capture, utilisation, and storage 
(ccUS). 

• Other technology choices can also 
influence gas use such as negative 
emissions technologies and green 
hydrogen production. Methane 
pyrolysis, for example, may be a 
future technology option that could 
decrease emissions from blue 
hydrogen production.

4. There are still 67 exajoules of unabated 
natural gas in over half of the scenarios 
in 2050 and 41 exajoules  in 2100. This is 
7.2% of total energy in 2050.

• Given the reduction in the 
proportion of gas overall, and the 
reducing role of unabated natural 
gas within that, the quantity of 
emissions from natural gas are 
relatively small in comparison to the 
emissions captured by of negative 
emissions technologies. However, 
natural gas emissions are likely to 
be further constrained in response 
to any tightening of emissions goals 
in the future, particularly given the 

climate forcing nature of methane 
emissions and their impact on 
warming in the short term.

5. Use of natural gas differs across 
regions:

• The USa and europe both reduce 
consumption of natural gas 
across all sectors in the majority 
of scenarios. reduction in energy 
consumption, development of 
hydrogen, ccS and renewable 
electricity with electrification of end 
uses are necessary to do this. 

• Latin america maintains or slightly 
decreases natural gas use across 
all sectors. electrification is 
necessary to fill the growing energy 
requirements in all sectors. 

• india and china have many routes 
to meet climate targets, including 
increasing natural gas use, 
particularly in the residential and 
industrial sectors. Natural gas for 
power may also increase, or reduce 
only slightly, but this comes at the 
expense of sharp declines in coal 
use.

6. Carbon capture and storage still plays 
a vital role in global decarbonisation and 
in facilitating future use of natural gas. 

• Meeting 1.5°c targets requires 
a heavy reliance on ccS, and 
bioenergy with carbon capture 
and storage (BeccS) deployment 
is typically more rapid under 1.5°c 
scenarios than 2°c scenarios. The 
requirement for natural gas with 
ccS in 1.5°c scenarios is at least 
~20% more than 2°c scenarios in 
2040 in half the scenarios as more 
rapid decarbonisation is needed 
under stricter targets. 

• However, there are several barriers 
to be overcome to develop ccS. cost 
and security of investment remains 
a critical barrier to investors, 
although carbon prices are on 
the rise and emerging support 
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mechanisms may yet serve to 
stimulate growth. 

• Key enablers for the ccS industry 
include a secure economic 
incentive and a steady regulatory 
environment to facilitate the long-
term investment required. Given 
the need for rapid decarbonisation 
under 1.5°c targets, if ccS 
development is slow, meeting 2050 
targets becomes more difficult. 
This has impacts for other ccS 
applications, such as bioenergy 
power generation with ccS, which 
are very important in meeting 
stringent climate targets. 

• Support for ccS in natural gas 
power generation now may 
therefore provide important support  
for the development of emissions 
capturing technologies in the 
future.

7. Low carbon hydrogen may be useful as 
a way to remove CO2 from natural gas, 
and in replacing the use of natural gas in 
hard to decarbonise sectors. 

• Hydrogen is a versatile energy 
vector but requires technological 
experience and legislative support 
to make hydrogen fuels cost 
effective. 

• However, greenhouse gas 
emissions from hydrogen are 
currently unmitigated and already 
contribute 120 megatonnes (mt) of 
cO2 annually. 

• Sectors that could benefit from low 
carbon hydrogen include transport, 
domestic heating, producing 
commercial heat, power and 
steelmaking. 

• While half of the scenarios include 
at least 6.6 exajoules of hydrogen 
from natural gas in 2050, total 
hydrogen use in 2050 may be 
significantly greater.

• at the extreme, some estimates 
more optimistic than iPcc scenarios 
suggest that hydrogen could 
contribute 24% of global energy 

demands, or 99 exajoules of energy 
by 2050.

• While natural gas-based hydrogen 
production emits some cO2 
and methane emissions, it 
allows for lower cost hydrogen 
production relative to other current 
technologies. it may therefore help 
develop the hydrogen economy 
and infrastructure until the costs of 
green hydrogen can be reduced.

• However, once green hydrogen 
is economically competitive, 
geographic factors, energy security 
and seasonal effects may still mean 
that blue hydrogen has a role to 
play, as shown in the wide range 
of outcomes for blue hydrogen in 
iPcc scenarios by 2100. Given the 
high residual emissions associated 
with other fossil fuels, it is likely 
that these routes to hydrogen are 
incompatible with climate goals at 
scale.

8. Our evolving understanding of 
methane emissions and several other 
factors may disrupt the role of natural gas 
presented in current analysis of the future 
energy system.

• improvements in supply chain 
methane emissions, improvements 
in ccS capture rates and the 
development of advanced methane  
technologies might all allow for an 
increase in natural gas use in some 
scenarios. 

• However, other factors such 
as increasing global warming 
potentials (GWP) of methane 
in response to emerging 
understanding of methane 
climate impacts, a new climate 
understanding of tipping points 
and the discovery of greater levels 
of current methane emissions 
through improved monitoring may 
all decrease the role of natural gas 
in some scenarios. 

• These factors may emerge over 
time, and it is therefore important 
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to revisit energy systems modelling 
scenarios regularly to incorporate 
these new and disrupting factors 
as they arise and help inform the 
ongoing decisions on climate 
change mitigation. 

9. Considerations for policy. 

• The changes in natural gas use 
around the production of hydrogen 
and particularly the capturing and 
storage of cO2 imply significant 
development or repurposing of 
infrastructure. This is further 
challenged by barriers limiting the 
development of these markets. 
it is important that policymakers 
acknowledge the appropriate scale 
of the infrastructure implied by 
current climate scenarios and take 
measures to alleviate barriers or 
conversely that infrastructure lock-
in is avoided where natural gas use 
is not compatible with targets. 

• Support, where necessary, may 
include development of support 
schemes and incentives, the 
restructuring of regulations or 
market mechanisms. 

• The nature of emerging issues in 
natural gas use and wider changes 
in assumptions in energy modelling 
highlight a need to remain agile in 
terms of policy development and 
regulation. 

• The development of hydrogen and 
cO2 markets raises the question 
of international gas trade. This 
has been highlighted as needing 
support from policymakers in 
order to foster trade mechanisms. 
international trade in these gases 
has the potential to facilitate 
flexibility in these markets and 
induce cost reductions. 

• Key variables in the future role of 
natural gas, such as ccS capture 
rates or upstream methane 
emissions could also benefit from 
policy support. By supporting 
research for the improvement 

of these issues, and suitable 
regulation and incentives to 
encourage the uptake of beneficial 
technologies or practices could 
help support improvements in these 
variables, and reduce the emissions 
from natural gas use.

10. More research is needed to 
investigate:

• The extent of natural gas 
and hydrogen production, 
transportation, and surrounding 
infrastructure across regions and 
over time under current energy 
system modelling assumptions. 
This research should also remain 
responsive to the potential changes 
in the role of natural gas in the 
future as new technologies and 
new understanding of climate 
mechanisms change modelling 
assumptions. There is therefore 
a need to regularly update the 
assumptions in energy models 
associated with the climate impacts 
of methane and other gases and the 
technological variables of potentially 
improving technologies such as 
hydrogen electrolysis, carbon 
capture and negative emissions 
technologies.

• Methods for reducing emissions from 
natural gas systems. issues such as 
upstream methane emissions and 
ccS capture rates may both play a 
role in reducing the emissions from 
natural gas use. 

• The concept of unburnable carbon 
under 1.5°c to examine in more 
detail how previous analyses and 
findings should be revised under 
the most recent climate targets. The 
implications of recent climate targets 
on future natural gas volumes and 
gas infrastructure are significant.
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The White 
Paper Series 

The aim of the Sustainable Gas institute 
(SGi) White Paper Series is to conduct 
systematic reviews of literature on 
topical and controversial issues of 
relevance to the role of natural gas in 
future sustainable energy systems. 
These white papers provide a detailed 
analysis on the issue in question, 
along with identifying areas for further 
research to resolve any shortcomings 
in our understanding. The reviews 

also examine key future technologies 
and provide a critique of assessment 
processes.

if you want to read more about the 
White Paper Series, please visit the 
Sustainable Gas institute website: 

www.sustainablegasinstitute.org/
white_paper_series
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1. Introduction

it is increasingly apparent that there are 
significant natural gas resources relative 
to our atmosphere’s capacity to cope 
with the emissions from their combustion 
and associated supply chain. However, 
the current economics of natural gas 
mean that exploration and production of 
this resource continues. in a world where 
these resources are abundant, but their 
unabated combustion is constrained by 
climate targets, what is the best thing to 
do with natural gas? 

a number of uses of gas may be 
compliant with future climate change 
targets, including electricity generation 
with carbon capture and storage (ccS), 
hydrogen production with ccS and 
constraining unabated natural gas use 
in electricity generation, industrial and 
domestic end uses within the limits set 
by emissions targets. Understanding the 
optimal suite of uses is complex, subject 
to assumptions and often contested. a 
better understanding of the evidence on 
this issue may help to clarify the extent 
to which the options for natural gas play 
a role in the future energy mix.

The Sustainable Gas institute (SGi) at 
imperial college London has conducted 
a systematic review of the available 
evidence surrounding the best uses of 
natural gas to bring clarity to the debate. 
This white paper presents the findings 
of that review, exploring the concept of 
best use, the consensus of the evidence 
on where natural gas fits in 1.5°c energy 
scenarios and what key options influence 
the low carbon use of natural gas.

1.1.  THE CONTEXT
 There are several different options for 
natural gas. These include:

• electricity generation, with the 
potential for carbon capture;

• industrial processes, with carbon 
capture;

• Domestic and commercial use in 
heating/cooling and cooking;

• Hydrogen production with carbon 
capture; 

• feedstock for chemical production;
• Transport fuel, particularly for heavy 

goods vehicles and shipping; or
• Leaving gas resources in their 

reservoirs.

However, the role that any of these uses 
can play in the global energy system 
while maintaining emissions within 
the limits set by global climate change 
targets is complex and contested 
[1-3]. The amount of natural gas, and 
other fossil fuels, that should remain 
unproduced, a concept known as 
unburnable carbon, has been subject 
to previous analyses  and was the 
subject of a previous SGi white paper 
[4, 5]. However, changing climate 
targets have modified the calculation 
of unburnable carbon, reducing the 
quantity of accessible fossil fuels relative 
to previous analyses based on older 
targets.

The role for the remaining natural gas, 
judged to be within burnable limits, is 
subject to a number of assumptions 
regarding the future development of 
the energy economy. Many of these 
assumptions are characterised within 
global energy models, such as those 
used to map potential pathways to 
1.5°c global warming targets [6]. The 
resulting analyses of these models 
provides one method for identifying the 
relative roles of different natural gas 
uses while remaining within emissions 
limits. However, there are many 
ways to meet global climate targets 
depending on assumptions, leading 
to uncertainty as to the future energy 
mix. This is demonstrated in figure 
1, where scenarios meeting a 1.5°c 
target are compared. These scenarios 
vary significantly due to the changing 
assumptions and the characteristics of 
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the model used to create them. 

Given the constraints greenhouse gas 
(GHG) emissions, and the range of 
outcomes seen in scenarios, what are the 
best uses of natural gas? The evidence 
surrounding this difficult question and 
its complexities are investigated in this 
report.

1.2.  AIM AND SCOPE
The guiding research question proposed 
for White Paper 6 is:

What does the available evidence 
suggest are the best uses for natural gas 
while remaining within globally agreed 
climate targets?
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FIGURE 1
The range of natural gas 
primary energy in the 
Integrated Assessment 
Modeling Consortium (IAMC) 
1.5°C Scenario Explorer
Source: [7]
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The scope of this question is defined 
in several points presented below. The 
white paper focuses on:

• Use of natural gas including 
the conversion of natural gas to 
hydrogen.

• Key issues in the future uses of 
gas are expected to revolve around 
the use of ccS to facilitate power 
generation or hydrogen production 
without significant GHG emissions. 
This analysis examines the 
evidence surrounding how these 
systems might develop to facilitate 
appropriate uses of natural gas.

• The evidence around the best 
uses of natural gas under a 1.5°c 
warming goal and examines the 
change between 2°c and 1.5°c 
targets and the impact on the use of 
natural gas in the future.

• Gas use to the year 2050, and the 
year 2100.

• The global assessment of natural 
gas use, noting that these 
assessments will have some level 
of regional disaggregation that may 
highlight interesting aspects of 
variation on appropriate use of gas 

in different spatial/geographical 
contexts.

• Weight was placed on evidence 
that appropriately accounts for full 
lifecycle/supply chain emissions.

1.3.  METHODOLOGY
This white paper uses an adapted 
methodology created by the Technology 
and Policy assessment (TPa) group, 
part of the UK energy research centre 
(UKerc) and refined by the SGi for its 
White Paper Series. The methodology 
uses systematic and well-defined search 
procedures to document the evidence 
review, providing clarity, transparency, 
replicability and robustness to the 
analysis. an external expert advisory 
panel was appointed with a broad 
range of perspectives to consult on the 
initial framing and specification of the 
review procedure, as well as providing 
additional comments throughout the 
course of the project as the analysis 
emerged. The research outputs have 
been reviewed by the expert panel prior 
to publication. The assessment process 
carried out is presented in figure 2.

FIGURE 2

Diagram of the systematic 
review methodology
Source: Adapted from [8]
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1.4.  STRUCTURE
The rest of the white paper is structured 
as follows:

• Section 2 presents the definitions 
and concepts relevant to the 
discussion of best uses of natural 
gas under climate constraints; 

• Section 3 presents the iPcc 
evidence on gas use in global 
energy scenarios; 

• Section 4 presents the evidence on 
regional variation in future natural 

gas use; 
• Section 5 examines the role of CCS 

in future natural gas use; 
• Section 6 examines the role of 

hydrogen production from natural 
gas in future natural gas use;

• Section 7 discusses the key 
complexities that influence 
judgement on ‘best use’; and

• Section 8 presents the findings, 
conclusions, policy implications and 
future research priorities. 

Box 1: Violin and area plots in this report

The data presented in this report shows significant variation across scenarios. 
This variation is a function of the differing modelling approaches, assumptions 
and scenarios. This variation is represented in two ways in this report. 

in figure 3a, where data is represented for a specific moment in time (e.g. 
2050) a ‘violin plot’ is used. This plot is very similar to a ‘box and whisker’ plot. 
each specific scenario is represented by a circle and the density of scenarios 
in an area is represented by the width of the violin. This allows for information 
about the distribution of scenarios to be presented clearly. in this plot the 
mean is represented by a straight line, the median is defined by a coloured 
circle, the interquartile range is represented by a grey box and the lower and 
upper adjacent values are the grey line. Outliers are all points outside of this 
range.

in figure 3b, where a time series is represented, we use an area plot, with 
the central line representing the median of values, while the shaded area 
represents the range between the 25th and 75th percentiles. in the report, 
we refer to the ‘illustrative case’ (median) in order to avoid implication of any 
specific statistical relationship between the scenarios.

Note: The maximum (upper adjacent value) is the largest observation that is 
less than or equal to the third quartile plus 1.5 times the interquartile range.
The minimum (lower adjacent value) is the smallest observation that is greater 
than or equal to the first quartile minus 1.5 times the interquartile range.
Outliers are all values that fall outside minimum and maximum range.

Scenario

Outliers

Maximum

Illustrative case 
Interquartile range

Minimum

a b

75th Percentile 

Illustrative case 

25th Percentile

FIGURE 3
Structure of box plot and time 
series figures in this report
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2. Concepts and 
context

in this chapter we explore some key 
concepts, placing the use of natural gas, 
and the 1.5°c target in context. The ‘best 
use’, or uses of natural gas have not 
been explored formally under the new 
1.5°c targets in the academic literature, 
though a great deal of work is ongoing 
on optimised scenarios to meet current 
targets. Studies examining the best use 
of other energy sources such as biomass 
have been previously conducted, 
illuminating the way forward for optimal 
use of the resource [9-12]. We examine 
the concept of ‘best use’, current uses of 
natural gas, why gas is so widely used, 
and the creation and justification of the 
1.5°c targets.

2.1.  BEST USE 
To meet current climate targets there is 
a calculatable amount of carbon that can 
be emitted. from this we can establish 
the optimal or ‘best use’ of natural 
gas using modelling. The allowable 
quantity of natural gas is uncertain, and 
subject to a number of factors including 
environmental tipping points, climate 
sensitivity and the feasible quantity of 

negative emissions technologies (NeTs). 
This section will discuss the term ‘best 
use’, starting with why we want to find 
what best use is, before exploring the 
consequences of different interpretations 
of the term, and how we define it.

2.1.1.  WHAT IS  BEST USE?
answering ‘what is best use?’ depends 
significantly on the criteria used in 
the assessment of future gas use. One 
popular approach in the academic 
literature is that best use refers to cost 
optimisation, or similar integrated 
modelling approaches within climate 
limits. in this report we focus on the 
outputs of energy system models and 
their assessment of best use of natural 
gas use, (i.e. what is the least cost way to 
use the allowable natural gas). However, 
there are a multitude of interpretations of 
the term best use. in this section, we will 
explore what is meant by the term best 
use. 

Best use can be defined as optimising a 
certain criterion or criteria. This criterion 
can be any chosen metric. This could 
include multiple targets such as the 
sustainable development goals, of which 
climate is only one criterion. adding 
each layer of criteria further complicates 
the question and limits the outcomes. 
figure 4 shows an illustration of potential 

FIGURE 4

Illustrative figure showing 
different definitions of best 
use 

Energy Security

Cost
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best use criteria, within a carbon use 
consistent with 1.5°c alongside their 
potential outcomes. This is not an 
exhaustive list. However, it is meant to be 
a representation of how the selection of 
best use criteria can change the outcome. 
current iPcc scenarios use modelling 
approaches to combine economic 
energy system models and climate 
targets to address two of these criteria 
simultaneously.

Different regions may have different 
definitions of best use driven by 
their history, culture and regional 
commitments under environmental 
regulations or targets, such as climate 
change targets. for example, a 
region with historical energy security 
challenges might focus on this as an 
optimising criterion. in addition, these 
favoured criteria may change over 
time, as technologies, prices, political 

priorities etc. all change over time. Thus, 
there is no correct best use criteria to 
use, it is a subjective question that 
changes depending on where and when 
the question is posed.

2.2.  WHERE IS  NATURAL GAS 
USED?
Natural gas is the third most used fuel 
in the world, responsible for 22% of 
total primary energy use worldwide [13]. 
However, this use is unevenly distributed 
across both sectors and regions. 
Globally, the largest users of natural 
gas dominate total consumption (figure 
5) with the US, russia, china and iran 
accounting for almost 50% of worldwide 
use. Within countries, natural gas is used 
across many different sectors, the largest 
uses being residential and industry 
(figure 6). 

2.2.1.  POWER 
Natural gas is widely and increasingly 
used in the power sector, particularly in 
the developed world as a replacement for 
coal [15]. Gas is used in either open cycle 
gas turbines (OcGT) or more commonly 
in a combined cycle gas turbines (ccGT) 
to generate power efficiently and flexibly 
[16]. as figure 7 shows, the use of natural 
gas in the power sector has continued to 
grow globally. combining power plants 
with ccS is seen as a potential way to 
lower the carbon content of natural gas 
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in the top 10 consuming 
countries 
Source: [13]

FIGURE 6

Global gas use per sector in 
2016
Source: [14]



cONcePTS aND cONTexT  •  7

WHITE PAPER SERIES VOL.6

generated power. This is an area of gas 
use that is expected to grow substantially 
in the coming decades as regulations 
enforcing climate targets become more 
stringent [17]. 

2.2.2.  HEATING
Natural gas is widely used for residential 
heating, largely due to cost, accessibility, 
and flexibility to meet variable demand 
over daily and seasonal timescales [19]. 
This variability can be significant (figure 
8) and natural gas has historically been 
able to meet this variability. This is a 
particularly difficult task in regions with 
high heating loads. Other forms of heat, 
such as electric heat pumps or resistive 

heating rely on the electricity system, 
which may struggle to meet variable 
demand, particularly over seasonal 
time scales. Hydrogen is currently seen 
as a potential energy source that could 
replace the flexibility of natural gas for 
heating with lower emission [20, 21], 
however it requires significant scaling up 
to meet the demand [22]. 

2.2.3.  TRANSPORT
Natural gas has been growing as a fuel 
for transport, specifically in trucks and 
ships [24]. a major reason for this is 
that gas provides a reduction in local 
air pollution of sulphur oxides (SOx), 
nitrogen oxides (NOx) and particulates 

FIGURE 7
Electricity generation per 
energy source 
Source: [13, 18]

FIGURE 8
Gas demand in local 
distribution networks versus 
electricity demand in the UK
Source: [23]
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and provides a small carbon benefit over 
conventional fuels [24-26]. currently 
china has the largest share of natural gas 
powered trucks by a considerable margin 
[24]. for shipping, liquified natural gas 
(LNG) tankers are the primary users of 
gas as a fuel source [27]. This is often 
due to the efficiency of using boil off gas 
as a fuel source. With the increase of 
LNG shipping, combined with increasing 
constraints on local air pollution the 
use of gas as a fuel is likely to increase. 
However, natural gas currently only 
provides a small fraction (less than 1% in 
the US) of total energy use for transport 
[28]. 

2.2.4.  HYDROGEN 
PRODUCTION
Hydrogen is widely seen as the fuel of the 
future with potential to displace natural 
gas in the coming years [29]. This is due 
to the similarities between the gasses, 
and the potential low carbon nature 
of hydrogen. Natural gas can produce 
hydrogen via steam methane reforming 
(SMr) or autothermal reforming (aTr). 
Natural gas is currently used to produce 
48% of all hydrogen worldwide [30]. 
figure 9 shows how it is one of the 
cheapest production pathways costing 
0.9 - 3.2 $/kg, compared to 3.0 – 7.5 $/
kg for renewables [31]. However this 

comes at the expense of a higher carbon 
intensity than renewables, especially 
when unconstrained by ccS [32]. The role 
gas will play in the future of hydrogen is 
uncertain. However ccS attached to the 
process offers an opportunity to reduce 
carbon emissions and keep natural gas 
carbon competitive with other production 
pathways [33]. This may help develop 
hydrogen infrastructure while green 
hydrogen costs reduce. costs might 
reach as low as below $1 per kg of green 
hydrogen in 2050 [34].

2.2.5.  NON-ENERGY USES OF 
NATURAL GAS
Natural gas is also used for several non-
energy purposes. The most important 
of these are fertiliser production and 
gas-to chemicals production, which 
includes production of methanol, 
ammonia, ammonium nitrate, urea and 
other high-value chemicals. These uses 
equal almost five exajoules (eJ) of natural 
gas use. These uses of natural gas are 
expected to grow between now and 2025, 
driven largely by fertiliser production, 
with total non-energy uses growing by 
3.4% annually till 2025. Non-energy uses 
of natural gas will then total almost six 
exajoules (eJ) if that growth materialises 
[35].

FIGURE 9
Production costs and carbon 
emissions of hydrogen from 
different production methods

Source: [31] and [32]
Note: Upper region of 
unabated natural gas costs 
higher than upper range 
of natural gas with carbon 
capture, utilisation and 
storage (ccUS), indicating 
an outlier with extreme 
assumptions.
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2.3.  WHY IS  NATURAL GAS 
USED?
Natural gas is used for a plethora of 
reasons. it is cheap and abundant, 
with the boom of shale gas in the US 
aiding price decreases over the past 
decades making it an attractive fuel 
[36]. it has a high energy density and 
can be transported easily. it is flexible 
[37], which, some proponents argue, 
compliments intermittent renewable 
energy generation, through standby gas 
power plants [38]. it is also lower in local 
air quality pollutants, and can be used 
to displace coal generation where air 
quality is an issue [39]. finally, natural 
gas has a lower carbon intensity than 
coal, and can be used to replace coal in 
many applications [40, 41].

another reason natural gas is used so 
widely is that although the infrastructure 
to transport, distribute and utilise gas is 
expensive to build, it has a long lifetime. 
Once the infrastructure is in place 
countries are likely to use it [42]. The 
assumption that natural gas will be used 
for a long period of time is built into the 
cost of building the infrastructure so that 
the levelised cost of gas remains low in 
the long run. Halting the use of gas may 
prematurely strand the value of some 

infrastructure assets [43].

2.4.  THE 1.5°C CLIMATE 
GOAL
The 1.5°c goal was first mentioned in 
an official United Nations framework 
convention on climate change (UNfccc) 
document at the 2010 16th conference 
of Parties (cOP16) meeting in cancun 
where the need to limit warming to 2°c 
was established. it was recognised that 
this goal may need to be strengthened 
to 1.5°c pending scientific evidence 
[44]. in its decision on the adoption 
of the Paris agreement, the cOP21 
Session in Paris, france (30 November 
to 11 December 2015), invited the iPcc 
to provide a special report in 2018 on 
the impacts of global warming of 1.5°c 
above pre-industrial levels and related 
global GHG emission pathways [45, 46]. 
The report was written in the context of 
strengthening the response to climate 
change, sustainable development, and 
poverty [47]. The Special report (Sr1.5)
is an assessment of the relevant state 
of knowledge, based on the scientific 
and technical literature available and 
accepted for publication up to 15 May 
2018. The report draws on the findings of 
more than 6,000 published articles. 

Box 2: IPCC Assessment Report 6 (AR6)

ar6, the next full assessment report from the iPcc, is nearing completion, and 
will be the first assessment report since the Paris agreement [49, 50]. The full 
ar6 is likely to be completed in 2022 though Working Group i (physical science 
of climate change) published their findings in august 2021 [51, 52]. Much of 
the scenario modelling work to inform the GHG mitigation assessment has 
already been conducted, though the final Working Group iii report has yet to be 
released [52].

Working Group i has already presented findings, including a warning that 
temperature rises are moving faster than previously estimated. Working Group 
iii are also likely to inform new insights into mitigation pathways in their 
upcoming report. The implications of these new publications for any current 
analysis into future climate change mitigation scenarios should be considered 
as many aspects emerging in the new iPcc work may change modelling 
assumptions.
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The report concluded that achieving a 
1.5°c warming would be vastly more 
beneficial than the 2°c target. However, 
current commitments and policies are not 
in line with meeting the 1.5°c goal and in 
order for it to be reached huge changes in 
behaviour and consumption are required 
globally [48]. One of these changes is in 
the use of gas. The report also provides 
timely evidence on 1.5°c pathways in the 
period between the adoption of the Paris 
agreement and the launch of the next full 
report from the iPcc; assessment report 
6 (ar6) (see Box 2).

2.4.1.  TIGHTENING CLIMATE 
TARGETS AND UNBURNABLE 
GAS 
There is a huge quantity of gas in 
reservoirs under the earth’s surface, 
classified as either resources or reserves. 
‘resources’ refers to the total quantity of 
known gas that is remaining, ‘reserves’ 
refers to the amount of gas that under 
typical economic conditions would be 
extracted from the ground. New gas 
discoveries, new extractive technologies 
and changing economic conditions may 
all influence reserve estimates [53]. 
However, within climate targets there is 
a total quantity of GHG emissions that 
is estimated to be permissible. Studies 
have estimated this quantity with respect 
to remaining resources for the 2°c target 
[54, 55], however, the literature is lacking 

this analysis for the 1.5°c target. for 
a broad overview figure 10 shows the 
cumulative primary gas use under the 
1.5°c and 2°c scenarios up to 2050 and 
2100 from the iPcc Sr1.5 report. This 
can be compared to estimates of total 
reserves and resources of gas remaining 
[56, 57]. it is likely that gas use under 
1.5°c scenarios needs to be constrained 
below what is estimated to exist, even 
when compared to 2°c scenarios. Under 
many scenarios this means leaving easy to 
access, economically attractive fuel in the 
ground. This simplistic analysis, however, 
belies the complexity of the issue. 
Previous work that examined these issues 
under 2°c scenarios should be updated 
with similar rigour for scenarios that meet 
1.5°c targets [4, 58, 59]. New analysis by 
Welsby et al [60] examines ‘unextractable 
resources’ in the context of 1.5°c targets. 
This study found that nearly 60% of fossil 
natural gas should remain unextracted 
under a 1.5°c climate target. However, 
more work is needed to fully understand 
this issue and reinforce the evidence base.

2.5.  MODELS AND 
SCENARIOS
integrated assessment models (iaMs) 
are models that link different sections of 
society together with physical processes. 
There are various types of iaMs, all with 
varying assumptions and functions but 
in general, they examine pathways to 

FIGURE 10
Range of cumulative gas 
use under 1.5°C and 2°C in 
SR1.5, compared to total gas 
reserves and resources
Source: [7, 56, 57, 61]

Note: See Box 1 (p4) for 
description of violin plots. 
Reserves and Resources data 
from United States Geological 
Survey (USGS) and Energy 
Information Administration 
(EIA), although reserve and 
resource estimates may vary 
and are often contested. 

Reserves are estimated 
volumes of natural 
gas anticipated to be 
commercially recoverable 
from known accumulations 
from a given date forward, 
under existing economic 
conditions, by established 
operating practices, and 
under current government 
regulations. Resources are 
generally accepted to be all 
those estimated quantities of 
natural gas contained in the 
subsurface, as well as those 
quantities already produced. 
Sometimes called “Petroleum-
in-place” or “Resource Base”. 
Definition from Society of 
Petroleum Engineers (SPE).
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mitigate climate change [62]. They often 
use optimisation criteria to configure 
a given energy system [63]. However, 
these are often very aggregated with 
poor spatial detail. Work to improve 
these issues is ongoing [64]. Due to 
the different assumptions made across 
models, the same system inputs can 
result in different outcomes. Thus, it is 
best to examine a large range of models 
with varying assumptions and functions 
to form a better understanding of the 
system. figure 11 shows a basic outline 
of potential inputs and outputs of an iaM.

in 2014 the iPcc collated several of these 
models in the assessment report 5 (ar5) 
database to examine scenarios that 
were compatible with 2°c warming. The 
next iteration of this database, ar6, is 
scheduled to launch in early 2022. The 
1.5°c Special report, and accompanying 
database of scenario outputs, was 
published to support climate target 
development in advance of the release 
of ar6. This generated scenarios for 
meeting the 1.5°c target as well as the 
2°c target. The hundreds of scenarios 
created represent different potential 
future energy systems with varying 
levels of gas use. The 10 model studies 

generating the most scenarios, alongside 
references, are listed in Table 1.

iaMs are useful as they are able 
to numerically represent different 
possibilities. They can place added 
weight to desirable outcomes and can 
examine the effects certain policies or 
technologies may have. as modelling 
has progressed the detail and quality 
of models has improved [77], with these 
improvements we are able to better 
understand the implications of actions 
and better plan for the future. However, 
modelling is not without its limitations. 
Table 2 lists some of the limitations of 
modelling, with references to where the 
limitations are explained in more detail. 
However, even with these shortcomings 
we have included the outputs from 
these models in our analysis as they 
are commonly recognised as a key 
tool in identifying climate appropriate 
uses of energy carriers. This view is 
supported by the iPcc and UNfccc who 
use modelling to determine targets and 
pathways [7, 61].

FIGURE 11

Simplified Integrated 
Assessment Model inputs and 
outputs
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Study/model name Key focus References
Scenarios 
assessedMulti-model studies

SSPx-1.9

Development of new community scenarios 
based on the full SSP framework limiting 
end-of-century radiative forcing to 1.9 W 
m-2.

[65]

[66]
126

aDvaNce

aggregate effect of the intended Nationally 
Determined contributions (iNDc), 
comparison to optimal 2°c/1.5°c scenarios 
ratcheting up after 2020.

[67]

55
Decarbonisation bottlenecks and the 
effects of following the iNDcs until 2030 
as opposed to ratcheting up to optimal 
ambition levels after 2020 in terms of 
additional emissions locked in. constraint 
of 400 GtcO2 emissions from energy and 
industry over 2011-2100.

[68]

cD-LiNKS

exploring interactions between climate 
and sustainable development policies with 
the aim to identify robust integral policy 
packages to achieve all objectives.

[69] 36evaluating implications of short-term 
policies on the mid-century transition in 
1.5°c pathways linking the national to 
the global scale. constraint of 400 GtcO2 
emissions over 2011-2100.

eMf-33

Study of the bioenergy contribution in deep 
mitigation scenarios. constraint of 400 
GtcO2 emissions from energy and industry 
over 2011-2100.

[70] 86

Single-model studies

iMaGe 1.5
Understanding the dependency of 1.5°c 
pathways on negative emissions.

[71] 8

PiK ceMicS (reMiND)
Study of carbon dioxide removal (cDr) 
requirements and portfolios in 1.5°c 
pathways.

[72] 7

PiK PeP (reMiND-
MagPie)

exploring short-term policies as entry 
points to global 1.5°c pathways.

[73] 13

PiK SD (reMiND-
MagPie)

Targeted policies to compensate risk to 
sustainable development in 1.5°c scenarios.

[74] 12

aiM SfcM

Socio-economic factors and future 
challenges of the goal of limiting the 
increase in global average temperature to 
1.5°c.

[75] 33

PiK eMc
exploring how delay closes the door to 
achieve various temperature targets, 
including limiting warming to 1.5°c.

[76] 8

TABLE 1
Ten most used model studies 
in Special Report on Global 
Warming of 1.5 °C (SR15) 
Source: [6]



GLOBaL USeS Of NaTUraL GaS cONSiSTeNT WiTH 1.5°c TarGeTS   •  13

WHITE PAPER SERIES VOL.6

TABLE 2
List of limitations of models

Limitation References

Models may lose technical and temporal detail at the expense of computing time [78]

Lack of real-world feasibility of outcomes [79] [80]

inadequate representation of developing regions [81]

Limited data availability [82]

Based on assumptions that may not be correct [83]

interpreting the outcomes can be subjective [84] [85]

Lack of equity among time, meaning discount rates have a dominant effect on the 
outcomes 

[86]

Lack of equity among space where poor regions are weighted less than rich 
regions (Negishi welfare weights) making human welfare appear more valuable in 
richer regions

[86]

The climate metric used can affect the results. Many gasses have very uncertain 
climate metrics, or are poorly defined within climate metrics

[87]

The complexities and motivations of human behaviour are not fully captured [88] [80]

Lack of knowledge leading to poorly defined damage functions [89]
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3. Global uses 
of natural gas 
consistent with 
1.5°C targets 

Perhaps the most used method for 
assessing the best use of gas within 
evolving climate constraints is the 
integrated assessment model (iaM) 
approach typically used in the iPcc 
process. This chapter presents some 
of the scenarios included in the iPcc 
Global warming of 1.5°c Special report 
[7, 47, 90]. a total of 90 scenarios were 
included for this analysis, based on their 

compliance with a 1.5°c warming target. 
Scenarios from the iPcc ar5 consistent 
with a 2°c warming target were also 
examined to provide a comparison 
[50]. Details of the scenarios included 
are presented in Box 3. More detail on 
modelling methodologies can be found in 
Section 2.

a significant variation in outcomes is 
apparent in the scenarios meeting the 
1.5°c warming target. This variation is 
driven by a number of factors, including:

• Different models used to generate 
them; and

• Different scenario-based 
assumptions designed to constrain 
specific aspects of the model.

Box 3: Scenarios included in this chapter

The iPcc ar5 report [50] and 1.5°c Special report [47] include a large number 
of scenario model runs, produced by a number of different global energy 
system modelling projects. The modelling projects and scenarios included in 
this chapter are discussed in this chapter.

The iaMc 1.5°c Scenario explorer was used to gather scenario data for 
all scenarios that meet a 1.5°c warming target [7]. Ninety scenarios in the 
database meet a 1.5°c warming target and were included in the analysis. These 
include scenarios across 21 different modelling projects focussing on different 
scenario structures, including the impacts of bioenergy, short term policy

FIGURE 12

Annual CO2 emissions in 
scenarios that meet a 1.5 °C 
climate target in IPCC 
scenarios

https://data.ene.iiasa.ac.at/iamc-1.5c-explorer/#/workspaces



GLOBaL USeS Of NaTUraL GaS cONSiSTeNT WiTH 1.5°c TarGeTS   •  15

WHITE PAPER SERIES VOL.6

3.1.  GLOBAL GAS USE
To put future energy scenarios in context, 
the share of natural gas in total primary 
energy in 2019, along with other primary 
energy sources, is presented in figure 
13. This shows natural gas representing 
140 eJ/y or 23% of global primary energy 
in 2019. However, by 2050 the role of 
unabated natural gas, along with the 
other fossil fuels, is expected to reduce 
significantly. ccS is expected to abate 
the cO2 emission from an increasing 
proportion of remaining natural gas use, 
while renewables, biomass and nuclear 
all play an increasing role in total primary 
energy [47].

3.2.  T IGHTENING TARGETS 
AND THE IMPACT ON 
NATURAL GAS USE
in the Paris agreement the ambition for 
global warming targets was tightened to 

require GHG emissions reductions that 
would ensure temperature increases of 
well below 2°c, and pursuing efforts to 
limit temperature increases to 1.5°c [45]. 
Here we explore the impact on gas use 
given this change in the global targets. 

figure 14 presents gas use in 2019 
against gas use projections in 2050 
and 2100 from scenarios in the iPcc 
assessment report 5 (designed to meet a 
2°c global warming target and scenarios 
in the iPcc Special report (designed to 
meet a 1.5°cglobal warming target). The 
figure presents the range of data in 2050 
and 2100 for both sets of scenarios, with 
a violin plot format to represent the range 
of data (Box 1). first, the majority of 
scenarios that meet a 2°c target appear 
to use more gas in 2050 than in 2019. 
in contrast, scenarios that meet a 1.5°c 
global warming target appear to reduce 
gas use by 2050, with the majority of 
scenarios showing at least ~35% less gas 
use than in 2019. for both 2050 data sets 
the variation is significant, and gas use 
ranges from close to zero, to significantly 
above 2019 gas use in both 1.5°c and 2°c 
targets.

in 2100, scenarios meeting both 1.5°c 
and 2°c targets show significant 
reductions in gas use, with the 
illustrative gas use projection in 1.5°c 
scenarios 45% less than the illustrative 
case of the 2°c target scenarios. again, 

FIGURE 13
Global primary energy by 
source in 2019 in exajoules 
per year (EJ/y)
Source: [35]

decisions, the interaction of climate change and sustainable development 
goals and socioeconomic factors (see Table 1).

The ar5 database [61] was used to gather scenarios that comply with a 2°c 
climate target. in ar5 a 450 parts per million (ppm) cO2 concentration in 2100 
is considered ‘likely to maintain warming below 2°c over the 21st century 
compared to pre-industrial levels’ [50]. a range of scenarios included in the 
ar5 evidence base meet this target using a number of different constraints. 
These include limiting bioenergy, limiting solar and wind electricity generation 
and no availability of ccS. 384 scenarios in the ar5 scenario database meet 
the 450 ppm cO2 atmospheric concentration constraint and are included here 
to provide contextual comparison with 1.5°c compliant scenarios.
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the range of both sets of scenarios allow 
for gas use in 2100 to remain above gas 
use in 2019, though this is marginal in 
the 1.5°c scenarios. The broad trend 
from this comparison is that moving from 
a 2°c climate target to a 1.5°c target 
constrains the future role of gas in most 
scenarios. However, the significant range 
of outcomes does allow for a future 
where gas continues to play a significant 

role in the energy system, particularly to 
2050.

figure 15 shows a large range of possible 
future gas uses within a 1.5°c world. 
a few routes appear more frequently, 
denoted by the darker blue colours, but 
these also branch off into alternative 
futures. The key takeaway from this is 
that in virtually every scenario gas use 

FIGURE 14
Natural gas in primary energy 
in global whole energy 
system scenarios that meet a 
1.5°C warming target. 
Source: [7, 35, 61]

Notes: See Box 1 (p4)
for description of violin 
diagrams

FIGURE 15

Total worldwide gas use in 
scenarios that meet 1.5°C 
from SR1.5 
Source:  [7]

Note: each scenario is 
plotted on a 2D histogram 
and smoothed to display 
a ‘heat map’ of scenarios. 
Dark blue areas have more 
scenarios overlapping 
at that point. This allows 
the aggregation of many 
scenarios for future gas use.
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decreases from its total quantity today. 
in many scenarios there is zero, or close 
to zero total gas use by 2100. However, 
the route to get there drastically varies, 
and includes scenarios with significant 
gas quantities even in 2100.

3.3.  REGIONAL 
DISTRIBUTION OF NATURAL 
GAS USE
The regional distribution of natural gas 
use in 1.5°c scenarios is presented in 
figure 16. The regional disaggregation 
in the 1.5°c scenario explorer is limited, 
with scenarios separated into five 
regions:

• asia;
• Latin america;
• Middle east and africa;
• eastern europe and former Soviet 

Union; and 
• Organisation for economic co-

operation and Development (OecD) 
and europe [7].

a number of emerging points are 
highlighted by the comparison in figure 
16. first, all regions other than asia 
show a general trend of reducing natural 
gas use until 2100. in asia, scenarios 
show flat or slightly increasing natural 
gas use between 2020 and 2050, before 
reducing natural gas use significantly 

to 2100. The most significant reduction 
in natural gas use is found in the OecD 
and eU countries, where gas use in at 
least half of the scenarios reduces from 
over 50 eJ/y in 2020 to approximately 30 
eJ/y in 2050 and approximately 15 eJ/y in 
2100. However, the range of scenarios in 
all regions includes scenarios that see 
an increase in gas use between 2020 and 
2050.

regional variation in natural gas use 
seen in low carbon energy scenarios is 
dealt with in more detail in Section 4.

3.4.  ELECTRICITY 
GENERATION AND CCS
electricity generation is a significant 
proportion of natural gas use currently. 
However, the nature of that electricity 
production is likely to change in the 
coming years in response to climate 
targets. The role of ccS in electricity 
generation and the total use of natural 
gas for electricity generation are two 
likely aspects of that change.

figure 17 presents a time series of 
scenarios compliant with a 1.5°c climate 
target. This figure separates electricity 
generation with and without ccS. Several 
trends can be seen. first, the role of gas 
for electricity generation without ccS, 
while dominant currently, decreases 

FIGURE 16

Regional distribution of 
primary gas use in 2050 and 
2100 in the five regions used 
in the scenarios modelled for 
the 1.5°C special report 
Source: [7]
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significantly in the next 30 years in the 
represented scenarios. agreement across 
scenarios can be seen in the relatively 
narrow spread of scenarios. from 
2060 onwards this mode of electricity 
generation plays a relatively small role. 

conversely, the role of gas electricity 
generation with ccS increases steadily 
until 2050, with most scenarios reaching 
at least ~8eJ/y, or 70% of gas electricity 
generation in 2050. Scenarios tend to 
agree that gas power generation with 
ccS decreases from 2050 to 2100. 
However, the range of scenarios is far 
broader than the scenarios without ccS, 
suggesting more uncertainty or variation 
across scenarios.

The quantity of natural gas primary 
energy that remains unabated in 2050 
and 2100 is a significant proportion of 
total primary gas, at 47% in 2050 and 
65% in 2100. However, as a proportion of 
total energy, unabated gas is relatively 

small, at 7.2% in 2050 and 4.8% in 
2100. The use of negative emissions 
technologies (NeTs) is significant in most 
scenarios in 2100 compared to emissions 
from natural gas use. figure 18 presents 
the emissions captured through NeTs 
against the emissions from natural gas 
use for all of the available scenarios that 
meet the 1.5°c target and report those 
outcomes. The figure is ordered by lowest 
to highest gas emissions scenario, 
showing that the quantity of emissions 
captured by NeTs in this comparison 
appears to be independent of emissions 
from gas.

3.5.  HYDROGEN 
PRODUCTION UNDER A 
CHALLENGING CLIMATE 
TARGET
Hydrogen plays an increasing role 
in some scenarios to assist with 
decarbonisation. Hydrogen can be 
produced by the reformation of fossil 

FIGURE 17
Natural gas power generation 
with and without CCS in 
scenarios that meet a 1.5°C 
warming target. 
Source: [7]
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Box 4: Details on regional separation in SR1.5 

The Sr1.5 model database splits the world into six regions: asia, Latin 
america, Middle east and africa, OecD 90 + eU, eastern europe and the former 
Soviet Union, and the rest of world. The breakdown of the countries in each 
region is available online [91]. While this data is aggregated to a great degree 
there is still a treasure trove of information on the optimal use of gas in each 
region. We use this data to breakdown where, how and when gas is used in 
each region.
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fuels or through electrolysis. figure 19 
shows the hydrogen produced using 
fossil fuels in scenarios that meet a 
1.5°c climate target.1 This is split by 
hydrogen production from fossil fuels 
with and without ccS, demonstrating 
that there is practically no role for this 
route to hydrogen production unless ccS 
is included. another point suggested in 
this scenario data is that the longer-term 
role for hydrogen from fossil fuels (post 
2050) may contract, though the range 
of scenario outcomes in 2100 includes 
a very wide range of scenarios, with 
hydrogen production over 40 eJ/y in some 

1. Scenarios reported in the iaMc 1.5°c Scenario 
explorer aggregate all fossil fuel to hydrogen 
production. However, these scenarios likely use 
methane for the overwhelming majority of the fossil 
hydrogen production.

instances. for context this is 28% of gas 
use in 2019 and 5% of the total energy in 
the illustrative case in 1.5°c scenarios in 
2100.

To understand this diminishing role of 
hydrogen from fossil fuels in the second 
half of the century, figure 20 presents the 
data on hydrogen production from both 
fossil fuels and electrolysis. This shows 
a trend among scenarios of increasing 
electrolysis, though with a very wide 
range of outcomes ranging from 0 to 
over 40 eJ/y in 2100 for illustrative range 
presented. from this comparison there 
is an indication of electrolysis displacing 
fossil fuels as a source of hydrogen 
production in the majority of scenarios 
(median), likely driven by the decreasing 

FIGURE 18
Emissions from natural 
gas use against emissions 
captured by negative 
emissions technologies (NET) 
in scenarios that meet the 
1.5°C target 
Source: [7]

Note: Scenarios ordered 
along x axis by emissions 
from natural gas use. includes 
1% methane leak rate with 
a Global Warming Potential 
(GWP)  of 37, and 400g cO2/
kWh from the combustion of 
gas. an 80% capture rate is 
assumed for the gas with ccS
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FIGURE 19
Hydrogen production from 
fossil fuels with and without 
carbon capture and storage 
(CCS)
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cost of electrolysis and the increasing 
decarbonisation imperative. However, 
the range of outcomes in 2100 is wide, 
and includes scenarios with significant 
fossil fuel hydrogen in 2100.

3.6.  SUMMARY AND 
SIGNPOSTS
in this section an analysis of the iPcc 
scenarios meeting both 2°c and 1.5°c 
revealed a number of key trends in future 
gas use projections.

• Tightening climate change targets 
have a constraining impact on gas 
use across most of the scenarios 
examined when comparing 2°c and 
1.5°c compliant scenarios.

• Gas use reduces most significantly 
in OecD countries, though gas 
use decreases in all regions of the 
iPcc database in the majority of 
scenarios.

• The role for unabated gas-powered 
electricity generation decreases 
significantly between now and 

2050, with very strong agreement 
between scenarios.

• Natural gas electricity generation 
with ccS displaces unabated gas 
electricity generation in the middle 
of the century, and while this also 
decreases towards the end of the 
century, the spread of data includes 
scenarios that still have a significant 
role for natural gas-powered 
electricity generation with ccS in 
2100.

• Hydrogen production from fossil 
fuels with ccS has an increasing 
role towards the middle of the 
century, then diminishes towards 
2100, though the range of scenarios 
also includes the potential for 
significant hydrogen from fossil 
fuels with ccS in 2100.

in the rest of this report, we examine 
aspects of each of these issues in more 
detail. Section 4 examines the regional 
variation in gas use projection for the 
future.

FIGURE 20
Hydrogen production from 
fossil fuels (blue) and 
electrolysis (green)

Source: [7]

0

5

10

15

20

25

30

35

40

45

50

2020 2030 2040 2050 2060

Year

2070 2080 2090 2100

Se
co

nd
ar

y 
en

er
gy

: f
os

si
l a

nd
 e

le
ct

ro
ly

tic
 h

yd
ro

ge
n 

(E
xa

jo
ul

es
/y

ea
r) Fossil hydrogen

Electrolytic hydrogen



THe reGiONaL variaTiON iN NaTUraL GaS USeS cONSiSTeNT WiTH 1.5°c cLiMaTe TarGeTS  •  21

WHITE PAPER SERIES VOL.6

4. The regional 
variation in 
natural gas 
uses consistent 
with 1.5°C 
climate targets

The previous chapters have focused on 
the global use of gas. However, there 
are significant differences between 
the regional uses of gas, both now and 
in future scenarios. To determine the 
optimal use of gas it is important to 

highlight and contrast these differences 
to ascertain each region’s motives and 
mechanisms. The regions we examine in 
this chapter are: 

• The United States (US)
• europe
• Latin america
• india 
• china

The regions chosen for this study were 
picked because of the interesting 
relationships each have with gas, 
combined with the differences they offer. 
The western nations are high consumers 
who need to reduce consumption to meet 
climate targets, while india must expand 

Box 5: Middle East and North Africa (MENA) - another key region

Though not covered in more detail here, MeNa has a clearly important role in 
the future of gas use, given its role in natural gas production. figure 16 shows 
the trend in scenarios of reducing gas use to 2050 and 2100. There are several 
aspects of gas use in the region that are worth noting.

energy access in North africa, and particularly clean cooking, has been 
significantly improved, facilitated by infrastructure expansion, including 
expansion of natural gas networks and liquified petroleum gas (LPG) [92]. This 
sets gas use in the domestic sector for the medium term in the region, though 
in the longer-term other gases could be distributed via these developing 
infrastructures.

emissions reduction in North africa is an important aspect of a clean transition 
in the region, given oil and natural gas production. reduction of methane 
emissions could form an important mechanism to achieve this. The iea 
estimate that 40% to 55% of methane emissions in North africa could be 
eliminated at no net cost. This is important globally as 12% of global emissions 
of methane come from algeria, egypt and Libya [92].  

Low gas price in the Middle east gives rise to low hydrogen price. for example, 
the iea estimates that the region could produce more than 200 years of current 
hydrogen demand at $1.3/kg H2 from known reserves that could be combined 
with ccUS. africa could also produce around 500 million tonnes of hydrogen 
per year at less than $2/kg H2. This could provide exportable hydrogen for 
shipping routes in the future, a future supply chain development highlighted 
as an opportunity by the iea [93]. The hydrogen could be shipped in a number 
of ways, including ammonia, with additional costs incurred in the hydrogen 
price [92, 93]. a number of development projects in the MeNa region are 
discussed in the annex.
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energy access to millions potentially 
without the aid of fossil fuels. Latin 
america has large gas reserves, but 
high renewable power potential, thus 
gas may be optimal to use in the short-
term before more renewable electricity 
generation is installed. china is a nation 
with a rapidly expanding middle class 
and a corresponding increasing demand 
for low-cost energy. Balancing this with 
emissions targets is difficult.

This chapter begins with a brief history 
of gas use in each region, outlining the 
current state of play. The scenarios in 
the Sr1.5 model database that provide 
information on natural gas in each 
region are then investigated. This allows 
for comparison between studies and 
reports from within the regions to test 
key differences between each region. The 
regions in the Sr1.5 report are presented 
in the annex.

4.1.  HISTORY OF GAS IN 
EACH REGION
How gas is used differs dramatically 
across each region of the world. There 
are many reasons for differences such 
as climate, gas price, security, societal 
acceptance, politics and more. Therefore, 
understanding a brief history of gas 
in each region is important as this will 
frame discussions on the optimal use 
of gas in the future and illuminate how 
and why some of the key differences 
developed.

4.1.1.  UNITED STATES
Natural gas has historically been a widely 
used fuel in the US. its consumption, 
while high, decreased from 1970 to 
the mid-1980s [13], mimicking a drop 
in domestic production over the same 
period. The shale gas boom of the 2000s 

allowed production to increase (figure 
21) resulting in a surplus of gas since 
2016, which has permitted increased 

consumption. The natural gas industry  
has become a large job producer in 
certain states, totalling over 270,000 
and increasing in 2018 [92], meaning 
reducing or eliminating its use has 
become politically unattractive in many 
areas. Natural gas has also substituted 
for coal-fired generation in the US.

4.1.2.  EUROPE
Gas has been a primary fuel source 
in europe for decades. Domestic gas 
fields have been discovered since the 
1960s with russia additionally providing 
plentiful low-cost gas [93]. Gas has 
typically been seasonal in europe [37], 
with the cold winter months demanding 
far higher imports. This is where LNG has 
primarily been used, with large import 
increases over the winter. The high 
prices that are paid during these months 
[37] means suppliers are happy to make 
the longer journey. Production across 
europe is declining at a faster rate than 
consumption, meaning the import gap is 
growing.

4.1.3.  LATIN AMERICA
Gas use across Latin america has been 
developing since the 1970s, with the 
construction of pipelines facilitating 
trade between the producing nations 
and consumers. This facilitated the 
steady increase in gas use in the 
region, increasing more than ninefold 
since 1970 [13]. However, pipelines in 
the region often run into issues with 
deliveries being delayed or ceased [94]. 
This has led Latin america to invest in 
LNG infrastructure to ensure security of 
supply.

Within the region, venezuela holds the 
vast majority of the gas reserves [13]. 
However, its production compared to 
its potential is low. renewable energy 
is widely used in the region, mostly in 
the form of hydropower to generate 
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electricity. However, with increasingly 
erratic weather, dry seasons are more 
frequent and could critically affect power 
generation capabilities. Natural gas 
offers a cheap and abundant source of 
flexibility for the power system in the 
region for this reason. This has resulted 
in its consumption steadily increasing 
across the decades, before a very slight 
dip in recent years (figure 21). 

4.1.4.  INDIA
Total energy use in india is rapidly 
increasing as their population and 
GDP rise. However, gas use for power 
generation has decreased from a peak 
of 12.5% in 2009 to 4.5% in 2018 [95]. 
Domestically there is little need for gas, 
with cooking regularly using traditional 
biomass, combined with a small heating 

demand. However, since 2000 the total 
quantity of gas consumed has grown, 
with production failing to keep pace with 
demand (figure 21). This has led india to 
increasingly rely on LNG imports, due to a 
lack of local exporters and infrastructure 
in the region. However, ongoing 
development of the Turkmenistan-
afghanistan-Pakistan-india (TaPi) 
pipeline could increase india’s import 
options and could decrease india’s 
dependence on LNG [96]. 

4.1.5.  CHINA
energy demand in china has grown at 
an average rate of 5.9% per year over 
the last 22 years [97]. This increase 
has led china to expand its use of all 
energy sources, including natural gas. 
Before the year 2000 manufactured gas 

FIGURE 21

Gas consumption and 
production across regions 
Source: [13]
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was the main source of gas in china, 
being widely used for cooking. However, 
natural gas use exploded in the 2000s 
becoming the main source today. in 2013 
china’s gas use increased by 13.9% and 
was responsible for half the world’s 
increase in gas use [98]. Over this period 
gas production increased, however 
these increases were insufficient to fuel 
demand growth, which has led china to 
rely on pipeline and especially on LNG 
imports (figure 24).

4.2.  CURRENT STATE OF 
GAS MARKETS ACROSS THE 
REGIONS

4.2.1.  GAS INFRASTRUCTURE
The historical uses of gas in each region 
have resulted in different levels of gas 
infrastructure (Table 3) meaning each 
region has a different reliance on, and 
potential use of, gas in their energy 
system. europe and the US have a long 
history of gas use, leading to well-
developed systems that are reliant on its 
use. This means decoupling gas from the 
grid may be tricky as the change has to 
take place more rapidly, and over several 
sectors. Latin america and china have 
seen gas use increase and over time have 
built up a sizeable gas infrastructure, 
but not to the same extent as europe 
and the US. india has historically had 
less dependence on gas, though in the 
future the challenge may be in finding 
the balance between gas use to support 
development and constraining GHG 
emissions.

4.2.2.  GAS RESERVES
examining gas reserves provides insight 
into the potential future of gas in each 
region (figure 22). While the US has the 
largest reserves, its high consumption 
results in a low reserve to production 
ratio. contrastingly, india and Latin 
america have a far higher reserve to 
production ratio. The quantity of reserves 
is very likely to change as technology 
improves, however, the differences 
between the nations are stark.

4.2.3.  CURRENT USES OF 
GAS IN EACH REGION
examining gas as a percentage of total 
primary energy, the US, europe and 
Latin america use a larger proportion 
of gas (figure 23). This mimics the total 
quantity of gas infrastructure seen in 
Table 3, again suggesting reducing gas 
use requires large changes to the energy 
system. 

examining the uses of gas in each 
region, as well as the import and export 
balances provides insight into each 
region’s relationship with gas. as can 
be seen in figure 24 there is a variation 
in domestic production capabilities in 
how much each country exports and 
what the key sectoral uses of natural gas 
currently are. europe is reliant on both 
pipeline imports and increasingly LNG, 
whereas india has no available pipeline 
imports so is completely dependent 
on LNG. Both the US and Latin america 
are less reliant on imports, with all the 

FIGURE 22
Gas reserves across regions 
in 2019 
Source: [13]
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FIGURE 23
Natural gas use as a 
percentage of total primary 
energy in 2019 
Source: [13]

pipeline imports into Latin america 
coming from the US into Mexico. all 
regions consume most of their gas 
supply, with the largest exporters being 
Latin america and the US. The biggest 
differences are in the sectoral breakdown 
of uses. in europe, a large portion of gas 
is consumed domestically for heating 
and cooking. This is less prominent in all 
other regions, particularly india where 
gas is seldom used domestically. Gas for 
transport is far more common in Latin 
america, china and india. Gas is also 
used for non-energy purposes such as 
fertiliser production, which is a major 
source of use in india.

4.3.  TOTAL GAS USE IN 1.5°C 
SCENARIOS IN EACH REGION
for the total consumption of gas in each 
region we examine the Sr1.5 database. a 
regional comparison from this database 
is made in figure 16. Some of the 
granularity for each country and region 
is lost in the more aggregated data set. 
However, due to the vast quantity of data, 

Sr1.5 offers valuable insight. for the next 
section of the report we examine the 
OecD + eU (USa and eU), Latin america, 
and asia (india and china) more broadly. 
figure 25 displays the potential future 
consumption of gas in 1.5°c scenarios for 
these regions.

These scenarios show three main trends. 

1. Gas use in the OecD + eU 
countries does not increase by any 
significant amount in any scenario 
which is likely due to the very high 
starting values. 

2. Both asia and Latin america have 
some scope to increase their total 
gas consumption while remaining 
within 1.5°c. However even here 
many scenarios predict a decrease 
in total gas use. 

3. There is not much consensus on 
what the optimal quantity of gas 
use is across the scenarios. 
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US 1,984,300 7 12 483

europe 260,000 3 21 205

Latin america 80,400 2 13 61

india 13,600 0 6 25

china 76,000 0 22 97

TABLE 3

Gas infrastructure statistics 
for each region 
Source: [99-105]
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4.3.1.  DO GOVERNMENT 
GHG TARGETS AND 
NATIONAL DETERMINED 
CONTRIBUTIONS (NDC) 
ALTER GAS USE?
Due to the range of possible gas uses 
in the future (figure 25) the climate 
targets (Table 4) set for each region are 
examined to see what will happen to gas 
use if these climate goals are met. This 
is achieved by calculating the carbon 
reductions that will be achieved if the 
targets are met and comparing them to 
the scenarios that meet their criteria. 
Within those scenarios, the role gas 
plays is examined. first, many current 
targets do not meet the 1.5°c threshold 
for the region. Of those that do, the total 

gas use in each region shows very little 
change from the total set of scenarios. 
Moreover, the targets set can change. 
Thus, the full set of scenarios are 
examined for every region, even when 
they are not possible within the current 
climate targets.

4.3.2.  GAS USE VS CARBON 
EMISSION
The quantity of carbon emissions in each 
region is very strongly correlated to the 
likelihood of reaching a certain level 
of warming. Within the Sr1.5 database 
the total quantity of carbon emissions 
is stated for each scenario. Therefore, 

FIGURE 24
Natural gas demand, supply 
and sectoral uses 
Source: [106]
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we can plot the gas consumption for 
each year and scenario alongside the 
equivalent carbon emissions to ascertain 
the relationship between the two. The 
stronger the correlation the more vital 
changes in gas use are to meeting 1.5°c. 

as seen in figure 26 the OecD + eU 
region has the strongest relationship 
between gas use and carbon emissions, 
meaning there will be a higher 
importance placed on reducing gas use 
in these regions to meet climate targets. 
This is intuitive as they have the highest 
per capita consumption of gas. The two 
other regions have a weak correlation 
between gas use and carbon emissions.

The linear correlation coefficients (r) are 
shown in figure 26d for both the gas 
and hydrogen version of these plots. 
in this graph hydrogen has a stronger 

correlation to carbon emissions in asia 
and Latin america. This indicates that 
as carbon emissions decrease it is likely 
that there will be an increase in the use 
of hydrogen in these regions. However, 
these increases do not necessarily come 
at the expense of reduced gas use.

4.3.3.  WHAT REPLACES GAS?

HYDROGEN AS A REPLACEMENT 
FOR GAS 

in figure 27 we examine the change 
in gas against hydrogen consumption 
in different regions. This shows that 
while hydrogen use increases across all 
regions, the increase seen is not large 
enough to replace the reduction in gas 
use in any region except in a select few 
scenarios. Therefore, in scenarios where 
gas use is reduced, there may be some 
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FIGURE 25

The future gas consumption 
in all scenarios that meet 
1.5°C warming across each 
SR1.5 region 
Source: [7]

Note: each scenario is 
plotted on a 2D histogram, 
and smoothed to display the 
information more clearly. 
This allows us to aggregate 
the many scenarios for future 
gas use.

TABLE 4
Current greenhouse gas 
(GHG) targets in select 
nations of different regions

Region GHG target

USa Greenhouse gas (GHG) reduction 50 - 52% below 2005 levels by 2030

eU 55% reduction of 1990 levels by 2030

india reduce the emissions intensity of GDP by 33%–35% by 2030 below 2005 levels

china reduce emissions intensity of GDP by more than 65% compared with 2005 by 2030 

Latin america

argentina Limit GHG emissions to 313 MtcO2e by 2030

Brazil reduce emissions 43% by 2030 from 2005 levels

chile
GHG emissions peaking by 2025 at the latest, then emissions limit of no more than 95 
million tonnes of GHG by 2030 and GHG neutrality by 2050

columbia reduce its GHG emissions by 51% by 2030 compared to the projected baseline

Mexico
30% reduction versus a business-as-usual baseline by 2020, 50% by 2050 from 2000 
levels

Peru 30% GHG emissions cut by 2030 below business as usual. carbon neutrality by 2050

venezuela 20% reduction in GHG emissions by 2030 compared to the baseline scenario
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replacement by hydrogen, with the 
strongest correlation seen in the OecD 
+ eU regions, though this will not be a 
1:1 ratio. However, it is also clear that 
hydrogen use increases even when gas 
use in total increases, which is most 
prominently seen in Latin america and 
asia. This indicates there is a role for 
hydrogen via increased energy demand 
in many 1.5°c futures. Thus, investment 
in hydrogen is critical regardless of its 
role in replacing gas.

RENEWABLES AS A REPLACEMENT 
FOR GAS 

Simply averaging across every scenario 
in Sr1.5 to understand the future trends 
in gas use would be a simplification 
which neglects the variations seen 
in each scenario. Therefore, we have 
examined the relationships across all 
scenarios by plotting scatter graphs 
of key energy vectors change in 
consumption rates against the change 
in consumption rates for natural gas in 

Box 6: Level of correlation 

The r-squared and r value both give information on the level of correlation 
between two variables. There is no set value for each that indicates a strong or 
a weak correlation. rather the values depend on what the variables are. Thus, 
for the purpose of this report and ease of understanding we have set value 
bounds to indicate the level of correlation corresponding to r-squared and r 
values. These are simply meant to give an indication of what r values signify to 
anyone not familiar with the terms.
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metrics
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each region (in a similar manner to figure 
26). The correlation (r-squared) values, 
which explain how likely the change 
in one variable is linked to a change in 
another, are shown in figure 28. a high r- 
squared indicates that an increase in the 
energy vector in question is more likely 
linked to a decrease in gas use. This may 
suggest that the growth of a technology 

may be correlated to the final use of 
gas. across all regions renewable power 
increases, but not necessarily to replace 
gas in the energy system. The correlation 
between renewables growth and gas use 
reduction appears most profound in the 
OecD + eU regions where gas is reduced 
at a much greater rate.

FIGURE 27

Scatter plots of change in gas 
and hydrogen use from 2020 
to 2100 in each SR1.5 region  
Source: [7]
Note: Dark blue line is a 1:1 
reference line. Light blue line 
is linear trendline

FIGURE 28

R-squared value for different 
energy vectors change in 
consumption vs change in 
gas consumption from 2020 
- 2100  
Source: [7]
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4.4.  FUTURE SECTORAL 
USES OF GAS IN DIFFERENT 
REGIONS
This section examines the changes 
in the consumption of gas, hydrogen 
and electricity in each sector against 
the changes in total energy use in that 
sector from the Sr1.5 database. The 
linear correlation coefficients (r) for this 
analysis are shown in figure 29. a strong 
correlation demonstrates that scenarios 
agree on the relationship between the 
two variables, which indicates agreement 
on the best use of gas given changes in 
energy use in a 1.5°c world. However, 
should there be little or no correlation it 
indicates there is no agreement across 
the scenarios on the choice of a gas 
use in that given sector. Thus, there is 
scope for many uses of gas in the sector 
while meeting the model’s climate and 
cost goals. However, it must be noted 
that natural gas is not separated out 
from biogas and coal-gas in the sectoral 
breakdowns, so this analysis includes 
them, though their effect will likely be 
minimal.

Literature on the sectoral uses of gas in 

each region are sparse due to the recent 
change in climate targets. With new 
scenarios released in the upcoming ar6 
there will be further, more up-to-date 
information available. However, for the 
purposes of this paper the available 
literature and the Sr1.5 database are 
used.

4.4.1.  RESIDENTIAL
as shown in figure 30, gas use slightly 
increases or remains steady in the 
residential sector in Latin america and 
asia, and significantly decreases in 
the OecD + eU region. The relationship 
between total energy consumption and 
gas use shows no strong correlation in 
any region (figure 29), meaning that gas 
use in this sector is not driven by total 
energy requirements. The main source of 
energy increases in the residential sector 
in all regions is electricity, meaning 
heat pumps, electric stoves and heaters 
play a role in future energy systems. 
Hydrogen shows some correlation in 
Latin america and asia as a fuel source 
for the residential sector, helping to 

FIGURE 29
Linear correlation coefficient 
value between the total 
change in energy use and 
change in different energy 
sources in each SR1.5 region 
and sector from 1.5°C SR1.5 
scenarios from 2020 - 2100 
Source: [7]
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drive increased energy demand. This 
correlation is not seen in the OecD + 
eU regions where hydrogen use does 
increase, but total energy use can either 
decrease or increase with no correlation 
to the total hydrogen quantity used.

all of the OecD + eU subregions 
examined appear to be in agreement 
on the need to remove gas from the 
residential sector. in the eU the decline 
of gas alongside increasing hydrogen 
consumption is seen in the sector [107, 
108]. Similarly in the US, electrification 
of heating and cooling is seen as a 
potential way to decarbonise domestic 
energy use [109]. across Latin america, 
gas use is far less prevalent for domestic 
consumption. in Mexico the major 
residential energy vectors are liquified 
petroleum gas (LPG) and biomass and 
the electrification of these is seen as 
crucial [110]. This problem, of meeting 
increasing energy demand without 
increasing gas consumption, is repeated 
across the region. electrification is 
consistently viewed as the solution to 
this problem. in india, residential gas 
consumption is very low, and heating is 
of lesser concern than in the west. The 
main challenge is the desired growth 

of gas for cooking, which could replace 
traditional biomass as a cleaner and 
easier fuel [96]. Thus, there is likely to be 
increases in gas for this reason, which 
is reflected in the mean increases up to 
2050 (figure 30) then decreases to 2100 
when electrification will become more 
available. in an analysis by Jiang et al. 
[111] it is estimated that gas use in china 
will increase in the urban residential area 
up until 2030, where it will see sharp 
declines when replaced by electricity and 
reduction in consumption.

4.4.2.  INDUSTRY
figure 31 shows that the total gas 
consumption in the industrial sector 
decreases steadily in the OecD +eU, 
with modest decreases also seen in 
Latin america. However, in asia there 
is considerable disagreement over the 
role gas will play in the future. This is 
reflected by the very low correlation 
values seen in figure 29. Gas shows 
some negative correlation to energy use 
in the industrial sector for the OecD + 
eU, meaning gas becomes decoupled 
from the industrial sector and is replaced 
by hydrogen and electricity, shown 
by their high correlation. The energy 

FIGURE 30
Gas use in the residential 
sector for each SR1.5 region 
in 2020, 2050, 2100 
Source: [7]
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consumption increases in asia and Latin 
america are fuelled by both hydrogen and 
electricity, with electricity responsible 
for the most significant gains.

The literature on gas use in industry in 
specific regions under 1.5°c futures is 
sparse. Much of the literature examines 
carbon pricing scenarios and net zero 
targets to decarbonise industry, with 
little focus on gas use specifically. Bødal 
et al [112] found that in Texas hydrogen 
produced via SMr can be cost optimal 
for industry under a high demand 
scenario, but under a high carbon price 
scenario renewable energy electrolysis is 
favoured, which would be more likely in 
a 1.5°c world. in the eU, capros et al [113] 
find that industry can become carbon 
neutral by 2050 through electrification 
and hydrogen use. This is in agreement 
with the scenarios that energy reduction 
combined with switching to hydrogen 
and electricity in the pre-2050 period is 
key. in china, fuel switching away from 
fossil fuels to cleaner sources combined 
with significant reductions in energy use 
will help to meet the 1.5°c target within 
the industrial sector [114]. However, 
india has a large energy requirement 
for industry that  will likely continue to 

grow [115]. in the steel industry, of which 
china is the world’s largest producer, 
india the 2nd and Brazil the 9th, a 
combination of blue hydrogen, carbon 
neutral biomass and ccS offer the most 
effective solutions for carbon reductions 
[116]. electrification and hydrogen are 
both strongly correlated to increased 
energy use and so investment in those 
technologies is key should demand 
increase, more so than increasing gas 
use, which can be optimally used at both 
high and low consumption levels.

4.4.3.  TRANSPORT
Gas use is low in transport in each 
region in 2020, and in most scenarios, it 
remains this way (figure 32). However, 
in the scenarios where gas for transport 
increases it is correlated to increased 
energy use in Latin america and asia 
(figure 29). This is not seen in the OecD 
+ eU, which shows little correlation. it 
is also clear that when gas for transport 
increases beyond a small amount it is 
responsible for the majority of energy 
in the sector, meaning it plays almost 
an all or nothing role. There is very little 
correlation seen between hydrogen 
use and total energy use (figure 29). 

FIGURE 31
Gas use in the industrial 
sector for each SR1.5 region 
in 2020, 2050, 2100 
Source: [7]
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However, this can be partly explained 
by the inconsistent outcomes on total 
energy use in the transport sector. Thus, 
hydrogen increases even when total 
energy use decreases, highlighting its 
importance in the sector. electricity use 
in the sector also increases regardless of 
the total energy use.

Worldwide, Zhang et al. [117] find that in 
1.5°c scenarios, transport specific policy 
is far more important and effective than 
in higher warming scenarios, highlighting 
the need for energy use reduction and 
alternative fuels such as natural gas 

worldwide. Globally, natural gas is often 
seen in trucks and shipping as a fuel 
in goods transportation [24]. in india a 
1.5°c scenario is shown to decrease the 
overall transport energy requirements, 
leading to a significant reduction in oil 
use. However, with this it also reduces 
the total quantity of gas used for 
transport compared to business as usual 
[118]. Hydrogen use is significant in the 
1.5°c scenario examined. arioli et al. [119] 
estimate the use of natural gas for freight 
and passenger transport in india and 
Brazil to be low, but non-zero moving into 
2050, something reflected in the majority 
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FIGURE 32

Gas use in the transport 
sector for each SR1.5 region 
in 2020, 2050, 2100 
Source: [7]

FIGURE 33
Gas use with and without CCS 
in the power sector for each 
SR1.5 region in 2020, 2050, 
2100 
Source: [7]
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of scenarios. The use of hydrogen in 
both regions is also expected to be 
very low with electrification and hybrid 
diesel engines being widespread 
instead. in china, Pan et al. [120] find 
transport emissions under 1.5°c are 
expected to peak in 2035 before rapidly 
decreasing by 2060. Natural gas has a 
role in heavy freight transport but it is 
a small percentage of the total energy 
use. electrification and biogas have the 
largest impact on removing oil, and the 
role of hydrogen increases from 2040 to 
be the third largest fuel. 

an analysis of the austin Texas 
community climate Plan (Texas, US), 
which aims to reach net zero emissions 
by 2050, showed that natural gas plays 
a very limited role in transport at the 
urban scale, with biodiesel and electric 
vehicles playing a far more prominent 
role [121]. Within europe there is more 
appetite for hydrogen vehicles as a 
decarbonisation option for transport 
[113, 122]. Overall, the evidence for the 
use of gas in transport across the regions 
is patchy and often contradictory. in 
many scenarios natural gas use does 
not take off. However, there is scope for 
large increases in natural gas use, which 
are well correlated to large increases 
in energy requirements for the sector. 
Therefore, the optimal use of natural gas 
in transport may be to track how energy 

use is evolving and use natural gas where 
hydrogen and electricity are not viable 
options.  

4.4.4.  POWER
The future of unabated natural gas for 
power decreases in every region, with 
the largest drop seen in the OecD + eU 
(figure 33 and figure 34). However, even 
within this general decreasing trend 
there is great uncertainty in the total 
quantity of gas used. asia uses the most 
unabated gas for power by 2050 after 
significant decreases across the OecD + 
eU. However, these decreases are partly 
replaced with gas with ccS (see Section 
5). There is a large range of abated gas 
use, particularly in the OecD + eU and 
asia. in some scenarios the ccS gas use 
equals unabated gas use. Little to no 
correlation is seen between ccS use and 
total change in gas use for power in any 
region, meaning the changes in power 
consumption are decoupled from the 
growth of ccS. Moreover, there is some 
negative correlation between changing 
power consumption and the quantity 
of unabated gas used in the sector. 
This could be indicative of larger power 
requirements in high electrification 
scenarios which rely on high levels of 
renewable energy.

in the literature the consensus is that 
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gas will continue to play a role in power 
systems in the next couple of decades. 
However, this role will diminish as 
renewable power increases. for the OecD 
+ eU regions a study estimating US ccS 
use suggests it could play a large role 
replacing unabated natural gas from 
2035 before being reduced to almost zero 
in 2055 [17]. in europe ccS is regarded as 
vital to ensure 1.5°c targets are met [123]. 
However, there is still disagreement 
with some studies having natural gas 
for power in europe discontinuing from 
2030 onwards [124]. This results in 
these regions requiring investment in 
the short-term in ccS technologies to 
fill the gap left by unabated gas use. in 
india, gas is seen as being able to play 
a large role up to 2050, replacing coal 
and facilitating the use of renewables. 
However, there is little emphasis on the 
role that ccS has at this stage. in china, 
gas use increases for power up to 2050, 
seeing mild but consistent gains [125]. 
ccS also increases in this period up to 
300 GW in 2050. in Latin america natural 

gas consumption in 2050 is estimated 
to be zero for many regions, while large 
current users such as Mexico reduce 
their use to 5% of total energy [126]. in 
Brazil, ccS is not expected to come into 
fruition until 2025 at least, but natural 
gas is seen as a potential replacement 
fuel for thermoelectric plants powered 
by diesel [127]. Overall, the findings 
from the literature appear to support the 
conclusions from the Sr1.5 database, 
where gas use declines and ccS 
increases. cSS is revisited in Section 5.

4.4.5.  GAS FOR HYDROGEN 
PRODUCTION IN DIFFERENT 
REGIONS
across all regions there is an increase 
in hydrogen production with the largest 
increases in the OecD + eU and asia 
(figure 35d). Hydrogen production from 
fossil fuels without ccS only occurs to 
any significant degree in the OecD + 
eU region (figure 35a). even here most 
scenarios see no increase with the 

FIGURE 35

Hydrogen production in each 
region
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Box 7: The United Kingdom - a case study

The UK is not a country large enough to be considered a region for analysis in 
this chapter. However, it does offer an interesting case study. Natural gas is a 
staple fuel in the UK, with 85% of domestic users connected to a national grid 
and gas use totalling 36% of total primary energy [13, 20]. There is significant 
infrastructure in place for gas use in the UK meaning discontinuing gas use 
would be financially undesirable.  

Gas use in the UK increased in the 1990s due to the expansion in power 
generation, largely replacing coal, with gas use peaking for power generation 
in 2008 [128]. However, as coal continued to be replaced in the 2010s, 
renewables rather than gas filled this gap [129]. The decrease in gas use was 
further fuelled by a reduction in power demand with more energy efficient 
appliances being commonplace [130]. even with these decreases, gas remains 
a major source of energy in the UK. 

Overall, the UK appears to follow a similar track to the eU, as while their 
gas use exceeds the eU, the pressure to meet climate goals and desire for 
clean fuels leads to similar outcomes. Studies examining decarbonising UK 
residential energy use, of which gas is a major contributor, highlight key 
trends, such as the replacement of gas boilers with heat pumps and district 
heating [131] and large decreases in total gas consumption [1]. Within the 
UK a 50% plus reduction in energy demand in industry, plus an expansion of 
hydrogen and electrification is seen as a potential way to decarbonise the 
industrial sector [132]. another study [133] estimates gas use for power in 
the UK to almost disappear by 2030, and then sees a revival via ccS in 2040, 
eventually becoming a major energy source again in 2080 fuelled by the 
increase in ccS.

more optimistic scenarios levelling off 
by 2070. However, hydrogen produced 
by fossil fuels with ccS occurs in every 
region. The effect is smallest in Latin 
america, where most scenarios estimate 
no production. in asia production 
increases until 2070 in most scenarios, 
however, there are many scenarios where 
production increases significantly up to 
2100. Similar to asia, in the OecD + eU 
in the majority of scenarios hydrogen 
production with ccS increases until 
2060 and, in some scenarios, production 
rises until 2100. combining these we 
can see hydrogen will play a key role in 
future energy systems in each region 
in a 1.5°c world. However, the role that 
blue hydrogen plays is uncertain, with its 
prominence peaking mid-century before 
likely declining by the end of the century 

when renewables will potentially provide 
the required hydrogen.

This results in the USa and eU requiring 
significant investments in both green 
and blue hydrogen pre-2030, should the 
gains required be achieved at reasonable 
costs. However, due to the smaller and 
delayed increases seen in Latin america, 
the region can hold off on investments, 
until prices have fallen in the post 
2030 period. SMr and aTr are also not 
required in Latin america. asia also 
needs to increase investment, however 
it only starts producing hydrogen at a 
higher rate than the OecD + eU post 
2060, so it can also rely on investments 
made in these regions to aid in lowering 
costs.
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5. The role of 
Carbon Capture 
and Storage 
(CCS) in future 
natural gas use 
and enabling 
conditions 

carbon capture and storage (ccS) is a 
group of techniques that include the 
separation, processing, transport and 
storage of cO2 to avoid its release to 
the atmosphere. With the use of ccS 
in natural gas facilities, direct GHG 
emissions may be reduced by 90% or 
more. However the uptake of these 
technologies has been slow due to a 
series of technological and economic 
barriers [58]. Given the limited time 
left to meet global emissions targets, 
will ccS enable greater exploitation of 
natural gas resources or is it too late to fit 
these technologies into the transition? 

The aim of this section is to explore 
the evidence around the role of ccS in 
influencing the contribution of natural 
gas in global energy systems, including:

• What is the current status of ccS for 
natural gas?

• Within energy system model 
pathways to net-zero, what is the 
role of ccS for natural gas use?

• What are the technology and policy 
barriers to greater uptake and how 
would they be eliminated?

5.1.  BRIEF  HISTORY OF CCS
carbon capture (without storage) 
has its origins within the natural gas 
industry and has long been an integral 
part of natural gas processing. The 
absorption of cO2 from raw natural 

gas streams using amine solvents was 
initially proposed in the 1930s [134]. 
Some natural gas reserves contain large 
quantities of impurities including cO2 
and these must be removed to meet 
regional specifications (e.g. for pipeline 
transport). Different types of amine 
compounds such as monoethanolamine 
(Mea) have been used to ‘sweeten’ gas 
by removing cO2 and hydrogen sulfides, 
and this chemical absorption remains the 
most popular method of carbon capture 
today. 

Typically, the separated cO2 from 
purifying natural gas is vented to the 
atmosphere, as there has not been a 
regulation or product market for cO2 
besides some small-scale uses [135]. 
The first instances of large-scale cO2 
storage occurred during the 1970s with 
enhanced oil recovery (eOr) processes 
in the USa. for eOr, cO2 that has been 
separated (for example during natural 
gas processing) is transported and 
injected into a mature oil field where 
oil production has slowed. injecting 
cO2 adds to the pressure in the well, 
which increases oil production. eOr has 
become the industry standard for cO2 
storage due to the additional revenue 
from increased oil flow: 1 tonne of 
cO2 injected results in the additional 
production of 2-3 barrels of oil [136]. 
However, it has been noted that 1 tcO2 
can result in up to 9 barrels of oil if the 
system is optimised for oil production 
(rather than maximising cO2 storage) 
[136]

The val verde project in Texas was the 
first operating ccS project, starting in 
1972, taking cO2 from several natural 
gas processing facilities, transporting 
cO2 via pipeline and injecting into an oil 
field in Texas. in the USa in the 1980s, 
two more projects utilised existing 
cO2 separation facilities (one natural 
gas processing (Shute creek) and one 
fertiliser production (enid fertiliser)) to 
pipe cO2 to Oklahoma for eOr. 
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The Norwegian Government introduced 
a cO2 tax in 1991, which incentivised the 
first dedicated geological (non-eOr) cO2 
storage facility, Sleipner,. The facility 
began operation in 1996. raw natural gas 
from the North Sea contains moderate 
concentrations of cO2 (~9%) which was 
separated and injected into a saline 
aquifer, the Utsira sandstone formation 
[135, 138-140].

Between the 1990s and 2010, despite 
research and development into improved 
carbon capture processes, progress 
on commercial ccS development was 
slow. Only a handful of projects had 
progressed through to construction, 
most of which were natural gas 

processing facilities in conjunction with 
eOr. 

in the past two decades, policy support 
for ccS has varied widely. Support 
rose in the years leading up to the 
copenhagen climate conference cOP15 
in 2009. The iea estimate that public 
funding commitments were up to $USD 
30bn in 2010 [135]. However, as shown 
in figure 36, over the subsequent 
seven years from 2011 many of the 
planned ccS facilities were scrapped as 
funding was scaled back. Of particular 
note was the cancellation of £1bn UK 
Government funding for the White rose 
and Peterhead ccS projects in 2016: 
Peterhead would have been the first 

FIGURE 36
Commercial CCS facilities 
in operation, construction, 
advanced development or 
early development. Source: 
Global CCS Institute 
Source: [144]

The capacity of facilities where operation is currently suspended is not included in the 2020 data.
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commercial demonstration of ccS for 
natural gas power generation. Note 
that the Peterhead project has recently 
received Government funding (in May 
2021) to revive a business case to be part 
of Scotland’s Net Zero programme [141].

The first ccS facility to capture cO2 from 
a power plant is the canadian coal power 
plant Boundary Dam in Seskatchewan, 
which began operations in 2014. it uses 
a post-combustion separation where cO2 
is sold and transported to an eOr facility 
50 km away. When cO2 is not needed for 
eOr, the cO2 is sent to a saline aquifer 
for permanent sequestration [145]. The 
project was supported with capital from 
the canadian government, which enabled 
the facility to meet 2015 regulations that 
limit coal power plants to emit less than 
450 gcO2/kWh. 

currently, this is the only operating ccS 
plant connected to a power station. Petra 
Nova in Texas was another coal-fired 
power plant which successfully employed 
ccS with eOr in 2016, but in 2020 the 
plant was shut down due to it being 
uneconomical. 

5.2.  THE CURRENT STATUS 
OF CCS
By 2020, there were 26 commercial (as 
opposed to pilot or demonstration) ccS 
plants in operation with a capacity of ~37 
MtcO2/yr [144]. 80% of the ccS facilities 
currently in operation utilise enhanced 
oil recovery (eOr), with the remaining 
20% being stored in geological storage, 
as shown in figure 37. Only 1 of these 
facilities captures cO2 from a thermal 
power generation plant, with the others 
associated with natural gas processing 
(11), petrochemical/agricultural 
production (11) and hydrogen production 
(3). 

Whilst only 26 facilities are currently in 
operation, there are many more projects 
at various stages of development (see 
figure 36). The development of new ccS 
projects has increased substantially 
since there was a contraction following 
the financial crisis in 2008 [144]. 
There are currently 34 ccS projects in 
development and 13 are classed as in 
‘advanced development’ by the Global 
ccS institute. These are mostly based 
in the US (9 out of 13), with half of 

Box 8: What are CCS technologies?

ccS is categorised by capture process as typically post-combustion, pre-
combustion and oxy-combustion

- Post-combustion is when cO2 is separated from a flue stream after the fuel 
has been combusted. Because the fuel has been mixed with large quantities of 
air to burn, cO2 concentrations are typically low (~5%) which makes efficiently 
capturing it more difficult [137].

- Pre-combustion is when cO2 is separated from fuel gas prior to being 
combusted. This typically involves a gasification step to convert the 
hydrocarbon (e.g. coal, oil or gas) into a ‘syngas’ mix of hydrogen, cO2, carbon 
monoxide and other impurities. cO2 is more highly concentrated (~30%) in this 
stream and so can be efficiently separated more easily [137, 138]. 

- Oxy-combustion - ccS requires the fuel to be combusted with pure oxygen 
(instead of air with 21% oxygen) so that the combusted flue stream consists of 
only cO2 and water, making separation by water condensation very simple and 
effective [137].



40  • THE BEST USES OF NATURAL GAS WITHIN PARIS CLIMATE TARGETS

WHITE PAPER SERIES VOL.6

the projects (7) being on power plant 
facilities. Twenty one developments are 
classed as in early-stage development 
and are mainly located in the USa and UK 
and are a broad mix of power generation 
(both gas and coal), industry and 
hydrogen production. 

if these projects complete, there will 
be a doubling of current ccS capacity 
and a change in focus on natural 
gas processing to power plants and 
other industrial sectors. However, as 
demonstrated by historical cancellations, 
these future projects are far from certain. 
ccS projects encounter barriers at 
various stages of design, construction 
and operation which can result in many 
failures, (Section 5.4).

5.3.  THE ROLE OF CCS IN A 
1.5  °C  DECARBONISATION 
PATHWAY
Net-zero GHG emissions are required 

by 2050 to meet a 1.5°c temperature 
limit, 20 years earlier than under a 2°c 
scenario [47]. To halt the growth of global 
GHG emissions, then reverse the growth, 
and finally to reach net-zero within 
30 years requires urgent action now 
using the current suite of technologies 
available. This also places more urgency 
on the need to eliminate unabated fossil 
fuel combustion, the cause of the vast 
majority of GHG emissions. 

as stated by Gambhir et al., “The 
lower temperature goal implies faster 
decarbonisation, higher carbon 
prices and electricity costs, as well 
as an earlier and greater role for net 
negative emissions technologies such 
as bioenergy with carbon capture and 
storage (BeccS).” [148]

The use of energy system models helps 
our understanding of how regional 
decarbonisation may be achieved under 
a variety of different technological and 

Box 9: Mineralisation and utilisation

another strand of research and development involves exploring different 
storage or usage mechanisms for the cO2. instead of storing cO2 indefinitely, 
it can be converted into a useful or more stable product and avoid the eventual 
escape of cO2.

Mineralisation is the process of converting cO2 into a carbonate or similar 
by reacting with a metal ion. The most typical mineralisation process is the 
production of calcium carbonate. This is a stable solid that can either be stored 
or used in a product such as in building materials [142].

cO2 can be converted into several products such as building materials, 
synthetic fuels or as a chemical feedstock in industrial processes. an 
important differentiation is whether the converted cO2 is eventually released 
as an emission (e.g. by combusting synthetic fuels) or whether it can be 
considered to be locked in indefinitely (e.g. used as a building material).

current markets for cO2 are in fertiliser/bulk chemical industry and the 
cultivation of crops and algae [143]. However, utilisation of cO2 that is 
captured from industrial processes is generally at an earlier stage of 
development and is often considered more expensive, although this depends 
on the value of the cO2-containing product. conversion processes are often 
energy intensive which renders the economic balance unviable [142].



THe rOLe Of carBON caPTUre aND STOraGe (ccS) iN fUTUre NaTUraL GaS USe aND eNaBLiNG cONDiTiONS   •  41

WHITE PAPER SERIES VOL.6

political scenarios. ccS is often relied 
upon in energy system models to meet 
climate targets with reduced restriction 
on demand and reducing costs compared 
to other technologies [123]. The key roles 
for ccS in decarbonisation scenarios 
include:

• The production of ‘negative 
emissions’ by sequestering 
biogenic carbon via bioenergy 
with CCS (BECCS). These negative 
emissions enable the energy system 
to continue cO2 emissions in areas/
industries where it is most difficult 
or costly to decarbonise but still 
reach net-zero.

• Flexible power generation via 
natural gas thermal generators with 
CCS. Natural gas power plants offer 
low-cost flexibility to electricity 
grids, which become even more 
important as the proportion of 
intermittent renewable generators 
grows. Whilst battery storage may 
be a long-term solution combined 
with network balancing, the retrofit 
of gas power plants with ccS is 
likely to be a much cheaper option in 
the short-term. 

• Hydrogen production via natural gas 
reforming with CCS. Hydrogen offers 
an alternative and complementary 
option to decarbonised electricity 
and can provide low carbon energy 
storage at scale as well as fuel for 
long-distance freight and passenger 
transport, among other benefits. 

Hydrogen from natural gas with ccS 
exhibits 75% lower GHG emissions 
than the current standard natural 
gas reforming [32] and is lower cost 
than electrolysis combined with 
renewables (see Section 6) [149]. 

The role of ccS for negative emissions 
may be a longer-term requirement, but 
this will not involve fossil fuels. 

Whilst there are several potential roles 
that ccS can play, the mass deployment 
of ccS with natural gas is not certain. 
current deployment is very low, and 
1.5°c climate goals may increase optimal 
deployment trajectories.

5.3.1.  COMPARISON OF 
CCS IN 1.5°C AND 2°C 
SCENARIOS 
To explore the different roles of ccS 
under 1.5°c scenarios versus 2°c 
scenarios, data was collected from 
the international institute for applied 
Systems analysis (iiaSa) iaMc 1.5°c 
scenario explorer [7]. Scenarios across 
all available models were divided into 
two categories: those that meet a 1.5°c 
target (including ‘high overshoot’, ‘low 
overshoot’ and ‘below’, in 90 scenarios); 
and those that meet a 2°c target 
(including ‘higher 2°c’ and ‘lower 2°c’, in 
total of 132 scenarios). 

figure 38 shows the illustrative 
projections of annual cO2 sequestered 
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across the 1.5°c and 2°c scenarios, 
in terms of: total cO2; cO2 from 
biomass and cO2 from fossil fuels. The 
differentiation between biomass and 
fossil cO2 is an important one, as ccS 
from bioenergy represents a key negative 
emissions technology that may be used 
to reach net-zero emissions. Note that 
these aggregated scenarios are not 
representative samples or predictions 
for the future, but are intended to shed 
light on some key differences between 
scenario categories relating to ccS.

from figure 38 we can see that the 
1.5°c pathways exhibit a faster ramp 
up of ccS to 2030 and require greater 
deployment up to 2060 compared to 
the 2°c pathways, with the exception 
of fossil fuel ccS. By 2050, 20% more 
cO2 is being sequestered annually 
under the 1.5°c pathways. However, 
this increase does not appear to arise 
from fossil fuel ccS. The strongest 
differentiator between 1.5°c and 2°c 
scenarios seen here is the substantially 
quicker and larger ramp up of biomass 

ccS sequestration to produce negative 
emissions. in 2050 under the 1.5°c 
scenarios, the cO2 sequestered from 
biomass is nearly double that from the 
2°c scenarios, 6,000 MtcO2/yr compared 
to 3,300 MtcO2/yr, respectively.

By contrast, there is little difference in 
fossil fuel cO2 sequestered between 
the two scenario groups for the first 
30 years up to 2050. Post 2050, the 
1.5°c scenarios exhibit lower fossil 
ccS storage than for 2°c: in 2070 1.5°c 
scenarios have 20% less annual fossil 
ccS storage than 2°c.

The iPcc 1.5°c special report notes that 
the vast majority of pathways that limit 
warming to 1.5°c do so with a reliance on 
BeccS and other carbon dioxide removal 
methods including direct air capture 
[47]. Therefore, a greater requirement for 
biomass ccS fits this explanation.

The 1.5°c scenarios also have a 
substantially reduced total carbon 
budget, 420 – 580 GtcO2 between 
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Box 9: Advances in CO2 capture

There is ongoing research into developing more effective and lower cost 
methods for cO2 separation or capture. Below is a summary of some of the key 
technologies currently being developed.

Metal organic frameworks (MOFs)  
The use of metal organic frameworks (MOfs) has become a popular research 
avenue for ccS. MOfs are crystalline structures consisting of metal ions and 
organic linkers. They are highly porous and have an extremely large surface 
area available for adsorption. They can be manufactured to be highly selective 
to adsorb specific gases. MOfs are currently not produced on a large-scale. 
There are already thousands of material combinations for MOfs that are 
yet to be characterised and it is impractical to experimentally assess their 
qualities for adsorption. However, this is key for developing a low cost and 
applied design. Bui et al. [135, 143] note that some adsorbents may already be 
competitive with liquid absorption for mid-sized capture plants, but difficulties 
in handling large quantities of solids may limit large power-plant scale use. 

Advanced solvents 
Traditional absorption involves solvents such as monoethanolamine (Mea), 
diethanolamine (Dea) and triethanolamine (Tea). The key parameters that 
affect the performance, cost and environmental credentials of the absorption 
are the cO2-amine reactivity and the energy required for solvent regeneration. 
The selection of solvent governs the trade-off between these two factors, 
where primary and secondary amines (e.g. Mea, Dea) absorb via a carbamate 
formation, whereas tertiary amines (e.g. Tea) hydrolyse: carbamate formation 
is a stronger bond that produces greater absorption but requires more reboiler 
duty [146]. a lower affinity for cO2 will reduce reboiler energy requirement 
but increase the required size of absorption vessels and consequently there 
is a capex-efficiency-opex trade-off. amines have high vapour pressures, are 
corrosive and require high energy demand for regeneration, and they can 
degrade with impurities within flue gas streams (SO2, NO2 and O2) [147]. ionic 
liquids have been proposed as an alternative to reduce regeneration duty, 
lower corrosion and increase thermal stability. The high stability and low 
volatility is an advantage, but absorption is not as high as with conventional 
solvents [143]. ionic liquids typically have a higher viscosity which makes 
the absorption rate much slower. However they are more costly, 10-20 times 
higher than conventional solvents [147] and the effective design of absorption 
systems is still at early stages of development.

Chemical looping  
chemical looping involves the use of a reverse reaction of metal oxide with 
the fuel to form a cO2 and water stream with a reduced metal. The cO2 stream 
is then easily separated from water by condensing and the metal can then be 
oxidised and recirculated. Metals used for this purpose include nickel, copper 
and iron [137]. The energy burden can be reduced substantially compared to 
standard absorption processes, but the cost of replacing degraded metal may 
be high depending on the material and impurities/conditions [143].



44  • THE BEST USES OF NATURAL GAS WITHIN PARIS CLIMATE TARGETS

WHITE PAPER SERIES VOL.6

2018 to 2050. This compares to carbon 
budgets of ~900 GtcO2 estimated by the 
carbon Tracker initiative between 2013 
and 2049 to meet a 2°c limit [58]. Whilst 
it is to be expected that there is a lower 
contribution from unabated fossil fuel 
usage, the 1.5°c scenarios also rely less 
on fossil fuel ccS. 

One potential reason for a lower reliance 
on fossil ccS is that the 1.5°c scenarios 
exhibit a lower primary energy demand 
than 2°c scenarios. figure 39 shows, 
illustrative annual natural gas supply 
with and without ccS across the 1.5°c 
and 2°c scenarios. By 2030, primary 
energy for the 1.5°c scenarios is ~10% 
less than for the 2°c scenarios and this 
broadly continues up to 2050 largely due 
to energy efficiency. Unabated natural 
gas supply is 30% lower by 2050, but 
perhaps surprisingly natural gas with 
ccS is also 20% lower. 

Natural gas with ccS is projected to be 
deployed more rapidly under a 1.5°c 
scenario than a 2°c scenario up until 
2040, with ~16% more energy supply 
by 2040. But from 2050 this quickly 
reduces as the requirement for net-zero 
takes precedence. instead, the focus of 
carbon sequestration appears to be fixed 
on biogenic cO2 to produce negative 

emissions. This, combined with lower 
energy demand helps to meet the more 
stringent warming limit.

5.3.2.  INCREASES IN CCS 
CAPACITY
Whilst projections for fossil ccS are 
slightly lower for the 1.5°c scenarios 
from 2050, they still represent a crucial 
component of the energy system. also, 
the ramp up in ccS capacity required 
is still rapid and large in magnitude. in 
the illustrative case, ccS capacity is 
due to increase from 38 MtcO2/yr today 
to 1,200 MtcO2/yr in a decade (median 
estimate): a 30-fold increase in ten years. 
for comparison, the historical level of 
growth seen for solar Pv (starting in 
2000) and wind (starting in 1996) are 
presented alongside projected ccS 
growth in figure 40.

With the currently available 
technologies for global energy system 
decarbonisation, ccS could link the 
transition away from fossil fuels with 
the development of negative emissions 
technology to reach net-zero [153]. The 
rapid increase in capacity of solar Pv and 
wind is an exemplar for energy system 
decarbonisation and is as a result of both 
a strong push from government incentive 

FIGURE 39
Annual primary energy supply 
including from natural gas 
with CCS and without CCS.
Source: [150]

Note: 1.5C (solid lines) and 2C 
(dotted) scenarios, with the 
shaded area representing half 
the scenarios located in the 
centre of range for the 1.5C 
scenarios for illustration.
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schemes as well as a strong pull from 
consumers [154]. consumers in this 
sense are both large-scale producers and 
residential users, where there has been 
relatively few infrastructural hurdles to 
rapid deployment thus far.

One difference between historic 
renewables ramp up and potential 
ccS deployment is that infrastructural 
requirements are large and represent a 
risk to developers. The barriers to ccS 
deployment may be technical, economic 
and infrastructural and have evidently 
caused the failure of most ccS projects to 
date. The following section analyses the 
evidence on barriers to ccS deployment 
to date and how they can be mitigated.

5.4.  BARRIERS TO CCS 
UPTAKE
Despite the need for a strong uptake of 
ccS, growth has been slow. The industry 
has evidently suffered from changing 
national policy, as well as the 2008 
financial crash [144] over the past 15 
years. abdulla et al. [155] suggest that 
“ccS systems sit firmly in the so-called 
valley of death. They are stuck between 
a small number of early demonstrations 
that have received government support 
and later mass deployments that would 
stand on their own financial merit.” 

There are several barriers that prevent 
ccS from reaching market maturity, 
discussed below. 

5.4.1.  THE COST OF CCS 
The cost of ccS varies according to 
the industrial segment, the capture 
technology, the transport distance, and 
the storage medium, amongst other 
factors. The cost of ccS is typically 
presented either as a cost per unit of cO2 
sequestered, or per unit of product, for 
example a MWh of electricity production 
from natural gas. figure 41 shows a 
summary of the ranges of ccS costs 
found in the literature [156] split into the 
three stages of ccS: capture, transport 
and storage.

The capture stage typically dominates 
cost estimates. in terms of capture, the 
lowest costs are for those plants where 
cO2 separation is already integrated 
(e.g. for natural gas processing, fertiliser 
production and bioethanol production) 
[158]. Larger costs are associated with 
the less mature technologies or those 
where more substantial retrofit is 
required, including cement production 
and natural gas power plants. a recent 
study from The University california San 
Diego estimates that whilst over 70% of 
natural gas processing ccS projects are 

FIGURE 40
The increase in installed 
capacity for global solar 
PV and wind installations 
starting from 2000 for solar 
and 1996 for wind, compared 
to the projected capacity 
increase in CCS from 2020. 
Source: [151,152]

Note: capacity is expressed 
as a ratio, capacity at a 
given year per capacity 
installed at year 0 for each 
technology type.
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developed, ~90% of proposed power 
sector ccS capacity has never been 
built [155]. Natural gas processing ccS 
represents lower risk and lower cost as 
cO2 separation is already included, and 
consequently less reliant on incentives 
[155].

The ccS industry is not mature as a 
whole even though some of the individual 
constituent processes (e.g. cO2 capture) 
have been in commercial operation 
for many years, so we can expect the 
costs to decrease with increasing 

deployment. Technologies that may see 
cost reductions as a result of greater 
deployment are those further back on 
the deployment curve and those that 
currently exhibit high capture costs 
as shown in figure 42. for natural gas 
combined cycle power plants, estimates 
of ccS costs are typically 75-95 USD/
tcO2 [156] and cost reductions of ~30% 
may be achievable through greater 
deployment [159]. 

The impact of eOr storage improves the 
cost effectiveness of ccS substantially 
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FIGURE 42
Estimates of total CCS cost for 
different industrial segments, 
including the first-of-a-kind 
(FOAK) and nth-of-a-kind 
(NOAK).  
Source: [158]
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due to the additional co-production of oil, 
which is why the majority of commercial 
projects employ eOr. The benefit of eOr 
is governed by the price of oil and the 
marginal impact of eOr on oil production 
[160].

5.4.2.  STORAGE 
CONSTRAINTS
The quantities of global cO2 storage 
required to meet 1.5°c targets up to 2100 
are 1,330 GtcO2 on average and with a 
maximum of 3,400 GtcO2. estimates of 
available global cO2 storage capacity 
vary widely and are typically divided 
into depleted oil and gas reservoirs 
and saline aquifers/salt caverns. Oil 
and gas reservoirs have capacity for 
400 – 1,000 GtcO2 [59]. estimates of 
deep geological capacity are higher 
but substantially more uncertain [47]. 
Generally, global scale storage is 
considered more than sufficient to meet 
carbon capture demands for this century 
[161]. for example, Kearns et al. [162] 
estimate global storage capacity as 
between 8,000 and 55,000 GtcO2. Other 
estimates of total cO2 capacity total 
10,000 – 33,000 GtcO2 [163-165].

The lower bounds of these estimates are 
a factor of 2 or 3 more than the maximum 
storage required up to 2100 which 
suggests that storage is sufficient, but 
this does not account for the variable 
distribution of this storage across 
different regions. 

The Kearns et al. [162] study estimates 
regional level capacities and compares 
to ccS deployment under a 2°c scenario. 
The lower bound capacity estimate was 
found to meet required ccS capacity in 
most regions but not all, for example 
india as shown in figure 43.

Whilst multiple studies suggest that 
there is sufficient cO2 storage capacity 
within depleted oil and gas reservoirs 
and deep geological storage on a 
national and continental scale, individual 
ccS projects do not operate on this scale. 
at a sub-regional scale where industrial 
activities are high, at some point, there 
may be competition for storage space. 
further work should explore the capacity 
of storage with high spatial resolution 
in regions where ccS is likely to be 
deployed to determine whether the 
distance from an available storage site 
will prohibit large-scale deployment. 
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Under a 1.5°c pathway the dominant 
role for ccS is to facilitate negative 
emissions technologies, so if regional 
storage is limited, should it be prioritised 
for negative emissions technologies 
so that we have a greater chance of 
reaching climate targets? as Budinis 
et al. suggest, whilst there may be 
regions where capacity is limited, this 
will certainly not be a short-term barrier 
[59], where primary hurdles relate to 
incentivising uptake to develop technical 
maturity.

5.4.3.  RESIDUAL 
ENVIRONMENTAL IMPACT
One of the reasons that fossil fuel ccS 
has a limited role within decarbonising 
energy system pathways is due to the 
residual GHG emissions being materially 
higher than from renewable generators 
[47]. The role that ccS will play for 
natural gas in electricity generation will 
be governed by the remaining emissions 
associated with its life cycle. ccS does 
not reduce these emissions to nil and 
natural gas will never be a zero-carbon 
fuel, but the degree to which ccS will 
unlock unburnable carbon is governed by 
the residual emissions. 

in energy system model pathways, 
more allowance for GHG emissions is 
typically given to the sectors that are 
more difficult or costly to decarbonise, 
such as transport and heavy industry 
[153]. Under a severely constrained 
climate target, there will be little room 
for electricity generators with material 
emission profiles. The key constituents of 
the GHG emissions profile for natural gas 
with ccS are:

• Upstream supply chain emissions of 
methane and cO2

• The non-captured cO2 component 
of ccS 

• The fate of the stored cO2

if emissions associated with the above 
three factors can be reduced there may 

be a greater role for natural gas with ccS 
than currently projected. These aspects 
are described below.

CAPTURE RATES
The vast majority of studies assume 
a capture rate of 90% from different 
facilities and have done so since the first 
study in 1977 [134], with the remaining 
10% counted as an emission ‘loss’. 
and the emissions associated with 
the upstream supply chain are often 
higher for facilities that retrofit ccS. 
The upstream supply chain emissions 
combined with the 10% of cO2 that is not 
captured mean that emission reductions 
from ccS are ~ 75% compared to without 
ccS [32]. These 25% residual emissions 
become more important as we approach 
net-zero, which may limit the degree to 
which ccS is acceptable in the energy 
mix.

However, Brandl et al. [134] suggest that 
this 90% capture rate was originally 
arbitrarily selected (along with another 
50% capture scenario), rather than 
reflecting a limit or specific basis. Higher 
capture rates are certainly possible for 
ccS. Budinis et al. showed that higher 
capture rates of up to 96% for natural gas 
with ccS could unlock substantially more 
‘unburnable carbon’ due to the reduced 
burden per unit of energy output [58]. 
However, this did not account for the 
additional cost burden associated with 
higher capture rates. 

inevitably there is an additional energy 
burden associated with separating 
a larger proportion of cO2 streams, 
resulting in additional fuel duty and 
capital expenditure, should additional 
separators or larger reboilers be 
required [134]. But Brandl et al. [134] 
estimated that cost-optimal capture 
rates can be substantially higher than 
90%, depending on the initial flue gas 
concentration. for cO2 concentrations 
of 30% (e.g. for pre-combustion 
capture) capture rates of 99% are 
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achievable at low marginal costs. for 
cO2 concentration of 4% (e.g. natural 
gas power plant flue gas) capture rates 
of 94-96% exhibit low additional costs 
compared to 90%, as shown in figure 44.

THE INCREASING CONTRIBUTION 
OF SUPPLY CHAIN EMISSIONS

Methane and cO2 from the natural gas 
supply chain vary widely across regions 
and supply chain stages [166]. currently 
for natural gas power plants the 
upstream component contributes ~30% 
of total GHG emissions. 

With the addition of ccS, the contribution 
from upstream emissions becomes much 
larger for two reasons: first, because the 
emissions from combustion are reduced 
by 90% so upstream emissions are a 
larger proportion of a smaller quantity 
of total emissions; and second, because 
natural gas may be used as a fuel to drive 
the carbon capture process, resulting in a 
lower amount of product being produced 

and higher levelised emissions per unit 
of electricity generated.

The iea estimate that 75% of methane 
emissions from oil and gas supply 
chains are technically mitigable and 40% 
reduction is achievable at zero net-cost 
[167]. Tangible reductions in methane and 
cO2 supply chain emissions are feasible 
and, when combined with an increased 
capture rate, could produce life cycle 
emissions that are comparable with some 
renewables.

EOR AND THE ENVIRONMENT
Until now, the majority of commercial 
ccS facilities use eOr for cO2 storage 
because it brings additional revenue 
compared to dedicated geological 
storage. for every tonne of cO2 
sequestered via eOr, ~0.4 tonnes of 
additional oil is produced [143] although 
estimates vary considerably [136]. if this 
oil is eventually combusted, it would 
result in ~1.1 tcO2 (assuming 3.2 kgcO2 

FIGURE 44

Total annualised cost (TAC) of 
carbon capture versus capture 
rate for different flue gas CO2 
concentrations. 
Source: Brandl et al.[134]
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produced/kg oil). if the oil that is co-
produced from ccS results in greater 
emissions than those sequestered, 
there may be a concern about the 
contribution of ccS with eOr towards 
decarbonisation. 

emissions from ccS with eOr has 
approximately double the carbon 
footprint compared to standard 
dedicated cO2 storage [168]. cuellar-
franca and azapagic find that ccS 
for ccGT power plants with dedicated 
geological storage reduce emissions 
by 63-74% compared with no ccS, 
depending on the capture technology 
(120 - 173 gcO2eq./MWh versus 471 
gcO2eq./MWh for unabated natural gas 
ccGT). The reduction associated with 
ccS with eOr was only 56% compared to 
unabated power plant operation.

in studies of life cycle assessment where 
more than one product is produced it 
is typical to allocate a proportion of 
total emissions to each product. The 
proportion of allocation is governed by 
how much of each co-product is being 
produced and for fuel applications this 
is often calculated on either an energy or 
economic basis [169]. 

another method for accounting for 
multiple products in environmental 
assessments is to use ‘system 
expansion’, where the total GHG impacts 
of both electricity (from a natural gas 
power plant) and oil (from eOr) products 
are estimated and then discount the 
avoided emissions that would have 
resulted from the production of the same 
amount of oil from traditional production 
methods. The production of oil via eOr 
may exhibit 20% lower GHG emissions 
than from conventional methods [170]. 
This means that if this oil would have 
been produced anyway, then you are 
further reducing environmental impact 
than just with ccS. 

either allocating some of these climate 

emissions to the co-produced oil, or 
adopting a system expansion approach, 
and therefore reducing the burden from 
the natural gas implicitly assumes 
that this oil would have been produced 
anyway via another means. But this is not 
necessarily the case. 

The reason that eOr has been the 
most popular form of ccS is that it is 
more economically feasible, because it 
results in the low-cost production of oil. 
if financial incentives for ccS increase 
the availability of eOr, these indirectly 
reduce the cost of oil production and 
encourage greater production. a 
consequential analysis of the impact of 
ccS eOr on energy system emissions 
would be beneficial to explore the 
implications of incentives encouraging 
oil production.

if eOr projects continue to dominate 
ccS deployment, it may be important to 
understand the net impact of eOr on the 
oil sector and to ensure that this form 
of ccS represents a tangible emission 
reduction rather than a perverse 
incentive to increase oil production.

5.4.4.  POLICY SUPPORT FOR 
CCS
There have been a number of attempts 
to provide financial support for the 
development of ccS projects from 
several governments, including capital 
financing, capital subsidies, tax relief 
and incentives [171, 172]. However, 
with the exception of a handful of 
installations, the economics of ccS 
have not prompted sufficient investment 
[143]: the value of the product has not 
been high enough and secure enough to 
warrant investment. cO2 is the product, 
and without a high value placed on cO2 
there is no incentive to retrofit existing 
facilities, or to add additional cost to 
new-builds [156]. 

The majority of ccS projects that have 
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come to fruition are those that sell cO2 to 
eOr facilities, and those that have limited 
costs by utilising existing cO2 separation 
facilities [155]. a carbon price or similar 
credit should serve to provide additional 
value to cO2 and as of 2020 there were 
61 different regional carbon taxes or 
emissions trading schemes in operation, 
representing 22% of global GHG 
emissions, [173] as shown in figure 45. 
each have differing support mechanisms, 
coverage and volatility/security, but the 
rapid development of carbon markets is 
exemplified by the fact that over 95% of 
GHG coverage has been added in the past 
15 years. Of particular note are the eU 
emissions Trading Scheme (eTS) which 
began in 2005, the Japanese carbon tax 
in 2012, the Korean eTS in 2015 and most 
recently the china national eTS in 2021.

carbon pricing gives an economic value 
to cO2, but the specific prices for cO2 

have been extremely variable, volatile 
and often low.

for natural gas power plants, estimates 
of current costs of adding ccS are 75-95 
USD/tcO2, so a carbon price above 
this level would be needed to achieve 
financial feasibility. To date, carbon 
prices have generally been substantially 
lower than this, although the eU 
emissions trading scheme (eTS) carbon 
price has increased significantly over the 
last year. There has been increases in the 
carbon price since 2017, reaching a high 
of 57 eUr/tcO2 in July 2021 as shown in 
figure 46.

another carbon price-style mechanism 
for which ccS is eligible is the californian 
low carbon fuel standard (LcfS) [144]. 
This is a scheme where fuel producers 
in california are set emission reduction 
standards to meet, where they can sell 
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fuel that meets a standard or purchase a 
credit from a supplier that has met such 
a standard. There are stringent eligibility 
requirements in place but certain ccS 
facilities are eligible and several of the 
ccS projects at planning phase are based 
on participation in the scheme (alongside 
the 45Q described later in this section) 
[144]. The LcfS price is high compared 
to other mechanisms as shown in figure 
47. a high of 200 USD/tcO2 in 2020 is far 
above the cost of ccS.

However, carbon markets have a natural 
level of volatility as shown by the 
previous charts, and this volatility results 

in investment risk which is a key barrier 
for ccS [155]. ccS projects are large 
multi-year capital developments where 
incentives or revenues must be credible 
and secure to warrant investment.

One policy that may now give credible 
support is the 45Q incentive for ccS in 
the US. Originally the 45Q tax credit was 
implemented in 2008 [177] but has been 
improved upon since then. Originally, 
a credit of 20 USD/tcO2 for dedicated 
storage was available or 10 USD/tcO2 for 
eOr, with a 75 MtcO2 cumulative cap on 
the incentive. Given the long lead times 
for ccS projects this cap represents a 
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risk to investment. 

The Bipartisan Budget act of 2018 made 
a substantial amendment to the 45Q tax 
credit [178]. The 75 MtcO2 total cap was 
removed, and a lower project threshold 
of 100,000 tcO2/yr (from 500,000) was 
introduced to enable participation from 
smaller industrial plants such as ethanol 
and fertiliser production. This credit is 
guaranteed for 12 years and now due to 
increase from 22 USD/tcO2 in 2017 up 
to 50 USD/tcO2 in 2026 for dedicated 
geological storage, and 13 USD – 35 USD/
tcO2 for eOr storage [179]. 

in March 2021, the 45Q credit was further 
bolstered. The eligible construction start 
time was extended by 5 years to 2030 
and support was substantially increased 
for direct air capture (Dac) (from 50 to 
120 USD/tcO2 for dedicated storage or 
from 35 to 75 USD/tcO2 for eOr) [180]. 

This policy appears to represent the 
most substantial incentive specific to 
ccS in the world and may prove to be a 
catalyst for industrial development. in 
addition to the above policies, there are 
several capital support agreements and 
opportunities across europe, australia 
and the Middle east. There is potential 
project financing support via the eU 
innovation fund, a €20 billion fund for 
low carbon technology innovations, of 
which ccS is applicable [181]. in the UK 
an £800m fund was allocated in 2020 
to the development of two large ccS 
clusters [182], whilst there are policies in 
development in australia including a aUD 
50m ccS development fund [144].

To reduce risk and improve economic 
credentials, projects that have multiple 
support mechanisms are more likely to 
be successful [183]. freidmann et al. note 
that the availability of low cost finance 
for high capital cost projects is a key 
requirement for development [180]

The Global ccS institute suggest that one 

particular risk is the ‘cross chain’ risk 
where if any one of the capture, transport 
or storage infrastructures closes, 
then all of them must close as they 
are interdependent [144]. One method 
to reduce this risk is the clustering of 
facilities or the creation of a hub. capital 
support for transport and storage 
facilities that can be shared in a hub or 
cluster would mitigate this risk.

However, it is only in the past 2 years that 
transnational cO2 transport and storage 
has been permitted that may enable 
larger hubs. The London Protocol was 
amended in 2006 to allow storage of cO2 
in sub-seabed geological formations, 
and another amendment was proposed in 
2009 to enable trans-regional transport 
(e.g. via shipping), which may be an 
important factor in decreasing the cost 
of storage. However, this was not ratified 
until 2019 by the contracting Parties 
to the Protocol [184]. This removes a 
potential barrier once infrastructure 
becomes available and regions can 
connect to hubs across borders.

in summary, the policy landscape is 
changing at increasing pace to meet 
climate targets, and these may have a 
tangible impact on ccS deployment, 
including increased carbon prices, 
ccS-specific incentives, and regulation 
to enable storage and transboundary 
transfer. But incentives, carbon taxes 
and finance support are piecemeal across 
different regions and the question is 
whether this is enough to stimulate the 
deployment needed to meet carbon 
budgets. according to the Global ccS 
institute, key enablers to stimulate ccS 
include a secure incentive, a steady 
regulatory environment and a supportive 
government [144].
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6. The role of 
hydrogen in 
the context of 
natural gas use

The analysis in this report highlights 
the case for the increasing role that 
hydrogen plays in climate change 
scenarios. Hydrogen is a versatile carrier 
of energy, as it may be combusted 
to release power in the same way as 
fossil fuels currently are, or it can be 
utilised electrochemically in a fuel cell 
to produce an electric current. Hydrogen 
has the additional advantage of being a 
carbon-free fuel at the point-of-use. for 
both combustion and electrochemical 
end-use, the only waste product is water. 
Hydrogen might influence natural gas use 
in the future in two ways: by providing 
a way to transform natural gas into a 
lower carbon fuel, and by replacing fossil 
fuels including natural gas in several 
end-uses. However, it must be produced 
at low cost and with low GHG emissions. 
This section provides some background 
to hydrogen and discusses the role 
that hydrogen might have in reducing 
emissions through hydrogen production 
from natural gas, displacing natural gas 
through green hydrogen, and the barriers 
to hydrogen market development.

6.1.  BRIEF  HISTORY 
AND CURRENT STATE OF 
HYDROGEN
Hydrogen has been a part of the 
energy system for many years. early 
demonstrations of electrolysis and 
fuel cells date back to the 1800s [185]. 
early internal combustion engines 
were powered by hydrogen in the same 
era. Hydrogen used to make ammonia 
fertiliser has helped feed a growing 
global population. and hydrogen has 
been an integral part of the energy 
industry since the mid-20th century 
when its use became commonplace in oil 
refining. 

The current uses of hydrogen have been 
important since the 1970s and their 
demand has been increasing (figure 
48). in addition to these uses, hydrogen 
is currently being explored as a fuel for 
transportation as well as for heating 
purposes. Hydrogen is currently used 
in the production of ammonia, for 
petroleum refining and as a feedstock 
for other chemicals. in 2019, around 120 
million tonnes of hydrogen are produced 
annually, 14.4 eJ of energy or roughly 
4% of global energy demand [186]. 
Presently, 95% of production comes from 
the reforming of fossil fuels, with the 
remainder coming from electrolysis [186]. 
around a third of produced hydrogen 
is mixed with other gases, with the 
remainder used as pure hydrogen. Pure 
hydrogen use currently breaks down 
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to around 50% for refinery use and a 
further 40% for ammonia synthesis 
[187]. for mixed hydrogen the uses are 
more varied, with the largest single 
applications in methanol production and 
in steelmaking [187]. 

6.1.1.  THE HYDROGEN 
ECONOMY
The logistics of a hydrogen economy 
may be roughly described in four 
parts; these are hydrogen production; 
transportation; storage and end-use. The 
implementation of a hydrogen economy 
is a complex, multi-level and multi-scale 
problem [188].

While all parts of the hydrogen 
supply chain carry a certain carbon 
intensity, currently the majority of 
GHG emissions occur at the hydrogen 
synthesis step. To reflect this, different 
production technologies are commonly 
distinguished by their level of carbon 
dioxide emissions. The most-to-least 
polluting modes of production are 
described in literature using colours. 
These are:

• Brown (coal to hydrogen)
• Grey (natural gas to hydrogen)
• Blue (natural gas to hydrogen with 

ccS); and
• Green (electrolytic hydrogen with 

renewable electricity) [189].

for transportation, hydrogen may 
be compressed or liquidified and 
subsequently transported through 
pipelines or in tanks by road, rail or 
shipping [190]. Some regions possess 
infrastructure to transport hydrogen, 
although investment will be required to 
meet forecast increases in demand.

Hydrogen also requires storage 
infrastructure. compressed and liquefied 
forms of hydrogen storage have different 
characteristics in terms of the quantity 
that can be stored per unit volume and 
the materials and conditions necessary 

[191]. advanced forms of storage include 
solid-state storage technologies, which 
are promising, but not commercially 
viable currently [192].

6.1.2.  HYDROGEN 
PRODUCTION
There are many hydrogen synthesis 
routes, but gas reforming is the most 
common technique used for producing 
hydrogen on an industrial scale. it 
involves using steam to react with 
and break down methane or longer 
hydrocarbon chains into a hydrogen, 
carbon dioxide and carbon monoxide 
mixture commonly known as syngas. 
There are three main reforming methods 
– steam methane reforming (SMr), auto 
thermal reforming (aTr) and partial 
oxidation (PO or Pox). 

electrolysis uses an electrical current 
to provide energy to dissociate water 
molecules into its constituent elements 
– oxygen and hydrogen. The process is 
highly advantageous for GHG emissions,  
given that carbon-based molecules are 
not used or released to atmosphere. 
However, the process is highly 
endothermic and therefore requires a 
lot of electricity. This makes producing 
hydrogen on an industrial scale 
expensive. as with hydrogen production 
from reforming, there are different 
electrolysis technologies available; 
alkaline, polymer electrolyte membrane 
and solid oxide. 

The main routes to hydrogen are 
presented in Table 5.

6.2.  THE ROLE OF 
HYDROGEN IN A 1.5°C 
WORLD
There are several studies on the future 
role of energy vectors under current 
targets and a number of these have been 
presented in Section 3 and Section 4. 
Several other studies have proposed a 
more significant role for hydrogen, which 
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are also discussed in this chapter. This 
demonstrates the significant variation 
in potential outcomes for hydrogen, 
and by extension natural gas, which are 
present in the iPcc scenarios and in other 
analyses.

a 2020 report by the fuel cells and 
Hydrogen Joint Undertaking (fcH 
JU) identified hydrogen as either the 
best, or only choice for large-scale 
decarbonisation of specific segments in 
transportation, industrial and household 
sectors [193]. for the domestic sector, 
the report noted that hydrogen was 
the best placed alternative to replace 
natural gas. This is a contested view with 
other studies finding greater priorities 
for hydrogen in energy uses without 
many alternatives, such as heavy goods 
transportation [200]. Hydrogen can 
also be utilised as a near term solution 
by blending it into natural gas in the 

current gas grid. The role of gas blends 
and hydrogen in the domestic sector 
was addressed in the third SGi White 
Paper, “a Greener Gas Grid”, which 
found that hydrogen has the potential to 
play a significant role in decarbonising 
energy uses currently connected to 
natural gas infrastructure [20]. The 
appropriate balance between hydrogen 
and electrification options, particularly 
in domestic heating and cooling, is still 
contested [200, 201].

in the transportation sector, hydrogen 
fuel cells are seen by some as being 
competitive with batteries for the 
decarbonisation of heavy vehicles, such 
as ships, buses, trucks and large cars 
[202]. This is due to the fuel cell’s higher 
energy density (and therefore greater 
range), lightness and lower materials 
cost [203]. fuel cells also possess an 
advantage in fuelling or recharging times 

TABLE 5
Low carbon hydrogen 
production forms 
Source: [20,197,198]

System Description

Steam methane 
reforming (SMr)

a mature technology ready for large scale deployment. Used since the 1930s [193, 194]. Produces 
hydrogen at between 10,000 to 200,000 Nm3/h [195]

autothermal reforming 
(aTr)

combination of SMr and PO techniques to produce syngas. can produce 2.5 to 4.0 Nm3 of syngas per Nm3 
of natural gas fed and each train has a dry capacity of up to a million Nm3/h [196].

Partial Oxidation (PO)
a limited amount of purified oxygen air is fed into the reformer to react with natural gas. in comparison to 
an SMr, this chemical reaction is exothermic and saves on energy costs. although the reaction produces 
lesser hydrogen yields compared to the SMr, especially for lighter hydrocarbons.

coal gasification with 
carbon capture and 
storage

The process that produced ‘town gas’ in the UK. a mature technology but has variable capital investment 
costs and high energy intensity/low energy efficiency.

Methane Pyrolysis
Process to decompose methane to produce solid carbon and hydrogen gas. The process involves heating 
the hydrocarbon to a high temperature in the absence of oxygen. The solid carbon could, once isolated 
and collected, be sequestered. The technology to do this is at a very early research stage. [197]

alkaline electrolysers 
(aLK)

responsible for 70% of current hydrogen production from electrolysis [34]. cheap relative cost and most 
mature. Dependent on continuous operation since intermittent use can damage equipment.

Polymer electrolyte 
membrane (PeM)

responsible for 30% of hydrogen electrolysis [34]. More expensive and produces less hydrogen per kWh 
than aLK. Produces higher quality hydrogen and can operate intermittently with renewable energy.

Solid oxide 
electrolysers (SOe)

form of high-temperature electrolysis often highlighted for potential cost reduction and high efficiency 
[20].

Biomass gasification 
with carbon capture 
and storage

Uses sources such as waste, straw or wood as a feedstock [198]. This is gasified and can be combined 
with ccS to produce negative emissions. While it can contribute significantly to hydrogen production from 
small-scale plants, scaling up is a problem given biomass availability[199].

Biological methods
also uses a biomass feedstock with enzymes or bacteria, which produce hydrogen as a by-product of their 
biomass consumption [198]. This route is currently in the earliest stages of its TrLs.

Solar to fuels
also low carbon using the suns rays through photovoltaic arrays to decompose water into hydrogen and 
oxygen [198]. currently at the lab stage.
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compared to batteries. The fcH JU report 
also states that from an infrastructure 
point of view, hydrogen refuelling would 
require one tenth of the footprint in cities 
and highways that battery fast charging 
would require, while it would not require 
significant electricity grid upgrades 
[193]. Hydrogen is already used for 
buses, trucks and ships [193].

The case for hydrogen in industry 
revolves around it being burned in the 
place of hydrocarbons to produce high 
grade heat [204]. There is ongoing 
research in using hydrogen to replace 
coke in the production of steel, or for 
other processes as a reducing agent 
[205]. 

Hydrogen can also be used as a method 
of energy storage from intermittent 
renewable electricity sources [206]. it 
may be used for balancing electricity 
generation with demand temporally, 
across daily and seasonal time frames as 
well as geographically across regions. 
This supply chain has the potential to be 
transnational and transcontinental in the 
same way as fossil fuels are currently 
[207].

according to scenarios by BP, hydrogen 
may play a crucial role in contributing to 
net zero GHG emissions by 2050 (figure 
49) [208]. in their report, BP noted that 
hydrogen’s versatility means it will be 

used in many different sectors of the 
world economy in 2050. They estimate 
that it will provide up to 15% of final 
energy consumption in 2050, around 60 
eJ, with breakthrough penetration in the 
transport and power sectors as well as 
use in buildings and by industry.

The Wood Mackenzie group forecasts 
around 25.3 eJ of hydrogen would be used 
by 2050, once again with hydrogen being 
adopted by transportation and for heat, 
though with less used for power [209].

Bloomberg’s hydrogen economy outlook 
estimates hydrogen has the ability 
to satisfy 24% of the world’s energy 
demands or 99eJ by 2050, if supported 
by robust and comprehensive policies 
(figure 50) [210]. However, this would 
require huge amounts of investment. 
for this scenario to be realised, more 
renewable electricity would need to be 
produced to satisfy hydrogen production 
demands than the world’s current 
electricity production from all sources. 
Here hydrogen would be used mostly 
as a transport fuel and to satisfy peak 
power demand. if a more piecemeal 
policy structure is implemented instead, 
the authors estimate that 27eJ or 7% of 
the world’s energy needs would be met. 
This scenario would have most hydrogen 
utilised to satisfy transport demands. 
The report also provides data for a 
theoretical maximum of energy demand 

FIGURE 49
Hydrogen plays an increasing 
role in the low carbon 
economy

Source: [208]
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that could be met by hydrogen in 2050, 
which they set at 195 eJ, or 50% of the 
world’s energy demands.

Both Bloomberg and Wood Mackenzie’s 
estimates are close to the iea’s 
sustainable development scenario 
findings regarding hydrogen's potential 
in 2050 [211]. Here the iea estimates 
around 28 eJ (232 Mt annually) of 
hydrogen can be produced by 2050, with 
the transport and industry sectors being 
the largest consumers, followed closely 
by electricity generation [212].

6.2.1.  CARBON INTENSITY 
OF HYDROGEN PRODUCTION
as previously stated, the emissions 
intensity of hydrogen is commonly 
described by ascribing a colour to it 
(figure 51). 

Brown hydrogen is produced from the 
gasification of coal, without ccS. it is 
the most polluting form of hydrogen 
production, generating up to near 20 
kilograms of carbon dioxide for every one 
kilogram of hydrogen produced [213].

FIGURE 51
Carbon emissions for different 
methods of hydrogen 
production per unit kilogram 
of hydrogen synthesised 
Source: [213]
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Grey hydrogen is produced by reforming 
natural gas, also without ccS. Due to the 
relatively low carbon intensity of natural 
gas compared to other fossil fuels, grey 
hydrogen has around half the emissions 
of brown hydrogen. However, methane 
itself is a highly potent GHG, and 
methane emissions add to the carbon 
intensity of methane-based hydrogen. 
Grey is the most common form of 
hydrogen production, making up around 
three quarters of global production [214].

Blue hydrogen is hydrogen produced 
from fossil fuels in plants equipped 
with ccS. The additional cost of 
carbon capture makes blue hydrogen 
more expensive than grey, or brown. 
although much less GHG emissions are 
discharged, blue hydrogen contains 
residual emissions associated with 
supply chain methane emissions and 
less than 100% cO2 capture rate. as 
mentioned previously, the capture rate 
varies depending on which gas reforming 
technique is chosen but can vary 
between a 50% to 90% rate of capture. 
The cost of carbon capture also varies.

concerns over the ultimate carbon 
intensity of blue hydrogen and its 
comparison to other energy vectors have 
been investigated in the literature, with 
findings varying significantly [20, 215, 
216]. However, the balance of evidence 
suggests that blue hydrogen emissions 

are likely to be of the order described 
here, given reasonable assumptions 
about key elements of hydrogen 
production, including supply chain 
methane emissions, plant efficiency and 
cO2 capture rate [20].

Since blue hydrogen is linked to 
carbon capture, it is constrained by the 
difficulties inherent with ccS, including 
technical challenges, transportation, and 
final storage concerns. The additional 
cost of this carbon capture infrastructure 
is hard to quantify since it varies for each 
plant (see Section 5). 

from an environmental perspective grey 
and brown hydrogen production resulted 
in 830 million tons of carbon dioxide 
emissions in 2017 [187]. This makes 
up more than 2% of global fossil fuel 
emissions and is more than the emissions 
of the UK and indonesia combined [217]. 
converting current hydrogen production 
to blue hydrogen is useful in mitigating 
global warming, though it will include 
additional costs.

Green hydrogen refers to methods of 
production with zero or minimal GHG 
emissions. This typically involves 
electrolysis, in which an electrical 
current is used to split water into 
hydrogen and oxygen. No carbon dioxide 
is released directly from this process. 
The electricity used may have a carbon 
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intensity depending on its method of 
production. Green hydrogen is only 
classified as such when the electricity 
used is from renewable sources. as 
figure 52 illustrates the largest barrier 
to green hydrogen is the availability 
of cheap renewable electricity. This 
is something that is improving with 
renewable energy capacity increasing, 
and costs decreasing.

The cost of electricity also makes this 
form of production the most expensive 
option currently per unit mass of 
hydrogen produced. However, there is 
scope for electrolysis to become amongst 
the cheapest source of hydrogen if 
paired with a large capacity of renewable 
sources or if an excess of electricity is 
produced relative to demand [34]. 

figure 51 and figure 52 also demonstrate 
the uncertainty in estimates of GHG 
emissions. The cO2 capture rates may 
vary, influencing the carbon intensity 
of methane reformed hydrogen. The 
carbon intensity of electricity can also 
vary, influencing the carbon intensity 
of electrolytic hydrogen. This issue was 
explored in SGi White Paper 3, though 
the understanding of this uncertainty is 
likely to improve along with deployment 

of these hydrogen production 
technologies and the surrounding 
research [20]. 

6.2.2.  THE FUTURE OF 
HYDROGEN PRODUCTION
currently, brown and grey hydrogen are 
the cheapest modes of manufacture due 
to the low cost of fossil fuels compared to 
the cost of renewable electricity required 
for electrolysis [218]. Green hydrogen can 
be produced when excess electricity is 
available from renewables at very low or 
negative cost, however this is unlikely to 
be a sustainable mode of production for 
a hydrogen economy of any scale due to 
the unpredictable nature of intermittent 
renewable electricity generation [20].  
The strategy to implement cheap green 
hydrogen must therefore come from 
scale. if enough renewable electricity 
sources were installed to result in a 
decrease in cost, or if enough experience 
was gained through green energy 
sources, then it is possible for green 
hydrogen to gain a cost advantage over 
brown and grey hydrogen. 

an issue for the cost competitiveness 
of blue hydrogen is the additional cost 
of ccS. This makes cost reduction in 

FIGURE 53
The changing costs of 
hydrogen production over 
time 

Source: [34]
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blue hydrogen challenging. The policy 
levers to help reduce cost such as carbon 
taxation and carbon pricing mechanisms 
discussed in Section 5 apply equally 
here.

The price of green hydrogen manufacture 
is expected to fall by 2050 and therefore 
be cost competitive. This can be seen 
in figure 53. The iea estimates that 
the cost of hydrogen production from 
renewable sources will fall by 30% 
by 2030, which is likely to make it 
competitive with blue hydrogen [34]. 
This is due to an increase in experience 
with industrial electrolysers, a decrease 
in costs for solar Pv panels and wind 
power electricity generation as well as 
electrolysers scaling up to industrial 
capacities. in the past decade the 
average size of electrolysers has 
increased from 0.1 MWe to 1.0 MWe. 

Green hydrogen may have to bear 
an additional cost of distribution, as 
electrolysers would ideally be placed in 
countries or regions where widespread 
renewable power is possible. However, 
with declining electricity costs, 
experience gains in both electrolysis and 
hydrogen infrastructure, green hydrogen 
is still estimated to be cheaper than 
fossil fuel produced alternatives by 2050.

6.2.3.  BLUE OR GREEN 
HYDROGEN?
The debate surrounding the appropriate 
balance between blue hydrogen and 
green hydrogen, and whether blue 
hydrogen should be adopted at all, is a 
matter of policy and long-term energy 
strategy. although green hydrogen has a 
smaller emissions intensity, proponents 
of blue hydrogen argue for its use in the 
short-term to allow a hydrogen economy 
to develop while green hydrogen is 
developed. Green hydrogen proponents 
remain cautious of blue hydrogen, since 
blue hydrogen costs are dominated by 
fuel cost and therefore require cheap 
fossil fuel prices, as well the as the 

continued extraction of fossil fuels over 
the project lifetime [219]. Similarly, 
the key technology involved in blue 
hydrogen – carbon capture – relates 
more to containing the environmental 
consequences of this mode of production 
rather than fundamentally changing the 
problem of generating carbon dioxide. 
Blue hydrogen is inherently linked to the 
fossil fuel extraction industry. Those 
against its use argue that funds should 
instead be given to green hydrogen 
research, or for the installation of more 
renewable sources of electricity or simply 
made available as subsidies for green 
hydrogen manufacture [220]. 

another issue is the cost of electrolysers, 
which are not currently used at large 
scale, though costs are likely to decrease 
through research and adoption [221]. a 
european Union study reports that the 
current production of hydrogen within 
the eU is 9.75 mega tonnes annually 
[193]. if that were to be produced as 
green hydrogen through electrolysers 
it would require about 290 terawatt 
hours of electricity, which is 10% of 
the current electricity production of 
the eU [222]. The cost of satisfying this 
demand through green hydrogen might 
be $100 billion per annum compared 
to $15-30 billion per annum for blue 
hydrogen [222]. Proponents of blue 
hydrogen implementation also argue 
that the quick mitigation of carbon 
emissions are incredibly important to 
reaching a 1.5°c rise scenario by the 
end of the century [223]. additionally, 
time is required to develop knowledge 
of a functional hydrogen economy and 
there remains a practical element in 
reducing technology readiness levels 
(TrLs) of the many potential uses of 
hydrogen. Blue hydrogen can enable 
experience to be gained on many issues 
and for many technologies so that when 
green hydrogen comes online in large 
capacities there will be a developed 
hydrogen economy  [224]. in this framing 
blue hydrogen is more an enabler of 
future hydrogen use and is competing 
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more with fossil fuels rather than green 
hydrogen.

There are also regional issues of 
supply and demand to consider. Both 
blue and green hydrogen are driven by 
fuel and renewable electricity prices 
respectively and these vary across the 
globe. in areas with copious and easy 
to access fossil fuels resources, blue 
hydrogen production becomes cheap. 
Table 6 demonstrates the differences in 
natural gas prices from around the world 
and their correlation to final hydrogen 
production costs. Though this report has 
tabulated data for natural gas, the same 
case will apply for regional variations in 
the cost of hydrogen from coal or oil.

Similarly, in areas with favourable wind 
conditions, hydroelectric potential or 
significant solar Pv potential, renewable 
electricity will be cheaper than those 
with relatively little access. This would 
then have a knock-on effect on the price 
of green hydrogen. These variations in 
renewable electricity prices across the 
globe can be seen in Table 7.

figure 54 illustrates regions of the world 
likely to produce blue hydrogen and 
those likely to produce green hydrogen 
in a 2030 time-frame, according to 
the Hydrogen council [226]. Here blue 
hydrogen optimality is linked to regions 
with access to cheap fossil fuels and 
carbon storage sinks. Green hydrogen 
optimality is linked to areas with high 
levels of diverse renewable electricity 
resources. for example chile, australia 
and Saudi arabia have high wind and 
solar potential, enabling a low levelised 
cost of electricty for both as well as 
mitigation against intermittency – both 
of these combine to enable high load 
factors for electrolysers. it also makes 
the case that the global balance of 
green hydrogen or blue hydrogen will be 
affected by a region's energy security, co-
operation and the scale of international 
energy trade [227].

6.2.4.  PLANNED PROJECTS
There are a number of emerging hydrogen 
projects that give an idea of the current 
state of development. These projects 

Region Natural gas price in 2018 
USD/kg H2

Hydrogen production cost from natural 
gas in 2018 USD/kg

USa 0.49 1.00

europe 1.22 1.73

russia 0.60 1.11

china 1.24 1.78

Middle east 0.43 0.94

Median levelised cost of electricity (USD/MWh)

Country Onshore wind [USD/MWh] Offshore wind [USD/MWh] Solar PV [USD/MWh]

USa 39 66 44

europe 55 90 70

india 36 - 35

china 58 82 51

Japan 140 200 172

TABLE 6

The 2018 cost of natural 
gas prices and hydrogen 
production cost prices in 
different regions
Source: [187]

TABLE 7
The median levelised cost 
of electricity for selected 
countries and sources across 
the world
Source: [223]
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are being carried out across a host of 
regions, including those linking australia 
and Japan in the Pacific region, in the 
Netherlands, the UK, europe and in North 
america, South america and North africa. 
Many of these are pilot or demonstration 
phase in nature but could form the basis 
for commercial scale development in 
the future. a summary of some of these 
projects is in the annex. 

6.3.  BARRIERS TO A 
HYDROGEN ECONOMY
as a fuel, there are a number of 
challenges to the development of a 
hydrogen economy. first, while hydrogen 
has a high energy density in mass 
terms, the volumetric energy density 
of hydrogen is less than that of other 
fuels it may displace. consequently, the 
transport and storage of hydrogen is a 
complex challenge. To make the most of 
its high energy density in mass terms, it 
needs to be utilised at low temperatures 
and high pressures as these are 

conditions at which hydrogen molecules 
would be most energy dense. The ramp 
up of infrastructure is another challenge, 
with some scenarios requiring significant 
hydrogen production and transportation 
infrastructure in the coming decades. 
and this must be achieved at reasonable 
cost, which may require cost reduction in 
some areas of hydrogen technology such 
as electrolysis and fuel cells. Some of the 
challenges to implementing a hydrogen 
supply chain are elaborated in more 
detail in the next sub-section.

6.3.1.  DISTRIBUTION
The hydrogen supply chain is not 
particularly well-developed. in most 
cases, hydrogen consumers are co-
located with hydrogen production 
locations or very close to them, though 
there are some exceptions [228]. The 
US Department of energy highlights  
three methods of hydrogen distribution 
currently used:

Optimal renewable resources

Optimal low-carbon resources

Average renewable resources

Average low carbon resources

Optimal renewable and low carbon resources

Best source of low-carbon hydrogen in different regions 

Middle East
High PV/wind 
hybrid potential 
due to good local 
resources

China
Large investments 
in hydrogen economy
Potential to be self -
sufficient

Chile
Favourable PV/wind 
hybrid conditions

US
Favorable PV 
and wind 
conditions

EU
Likely to be a high demand 
location 
Renewables constrained 
due to varying load curves 
and limited space 
availability

Japan/Korea
Strategy to scale up 
hydrogen consumption
Space and resource 
constraints; may import 
hydrogen

Australia
Potential for large
scale PV farms with 
favourable load 
profiles

FIGURE 54
Optimal strategies for low-
carbon hydrogen production 
in 2030 (Hydrogen Council, 
2020)
Source: [224]
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• Delivering hydrogen through 
pipelines;

• Through high-pressure tube trailers 
in trucks, trains, barges, and ships; 
and

• as liquified hydrogen in trucks, 
trains, barges, and ships [214].

at its higher heating value, hydrogen has 
a third of the energy density of methane. 
The consequence is that to transport 
the same amount of energy as natural 
gas, hydrogen gas pipes may need 
significantly greater flow rates. There are 
therefore considerations regarding pipe 
diameters or higher network pressures. 
additionally, compression or reduction 
equipment, seals and gaskets and 
measuring instruments may need to be 
replaced. in the case of compressors, this 
would be to accommodate the higher gas 
flow, while seals may not be sufficient 
to contain hydrogen molecules [229]. 
However, smaller demand for energy in 
some regions such as the UK might offset 
some of these challenges.

New studies in europe set out ambitious 
hydrogen pipeline projects that 
might ultimately connect hydrogen 
infrastructure across the whole of europe 
[230, 231]. in the UK, National Grid 
have initiated a programme of work to 
investigate and test the potential for the 
existing national transmission system 
(NTS) to carry hydrogen [232]. in europe, 
a project across 23 gas transmission 
and distribution companies in 21 
countries lays out a vision for a european 
hydrogen infrastructure [231]. The 
proposed network results in 39,700 km 
of hydrogen pipelines by 2040, covering 
a significant proportion of europe at an 
estimated cost of between €43 and €81 
billion [231]. efforts such as this will be 
vital in understanding the potential for 
hydrogen distribution, ultimately helping 
to increase hydrogen security and drive 
down price [37].

One option for transporting hydrogen 
through older pipelines is to blend it with 

methane and separate it once it reaches 
its destination. However, this requires 
additional infrastructure and may 
result in greater operating costs while 
leaving a larger overall carbon footprint, 
depending on how the separation is 
powered. 

in tube trailers and other container-
based distribution, gaseous hydrogen is 
compressed to around 2,600 psi (180 bar) 
and placed into containers transported 
by truck, rail, ship or barge. Due to the 
cost of compression, this is an expensive 
method of transportation. according 
to the US Department of energy, tube 
trailers linked to trucks are mostly used 
to move hydrogen distances of up to 200 
miles [214].

Hydrogen can also be liquefied and 
transported through cryogenic cooling 
[233]. Though this process is expensive, 
liquid hydrogen has around 4.5-5 times 
the volumetric energy density of high-
pressure tube trailers. This makes 
the transport of hydrogen much more 
efficient over long distances. Shipping 
liquid hydrogen is seen as the most 
feasible option for transporting large 
quantities of hydrogen around the 
globe in an analogous manner to oil 
tankers [234]. in 2019, Japan launched 
a pilot liquid hydrogen transport ship 
with a storage capacity of around 1,250 
cubic metres [235]. However, due to its 
low temperature, liquefied hydrogen 
evaporates from its containers [236]. 
This introduces an additional logistic 
constraint where hydrogen delivery and 
the rate of consumption at site must be 
closely matched.

The challenges and costs of distribution 
can be mitigated through a more 
distributed supply chain. Hydrogen 
produced centrally cuts the production 
costs of hydrogen but increases the cost 
of distribution. While hydrogen produced 
at the point-of-use cuts distribution costs 
but currently increases overall costs. 
The optimal hydrogen supply chain for 
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different scenarios is still a matter of 
ongoing research [237].

6.3.2.  STORAGE
Hydrogen storage presents one of 
the biggest technical challenges to 
the supply chain currently. Since the 
traditional users of hydrogen exist 
nearby or on-site with production, there 
is little issue with hydrogen storage. 
Therefore, when it is stored it is usually 
for use in small-scale applications. 
Presently hydrogen can be stored, 
compressed or liquefied in tanks, as 
other molecules such as ammonia, on a 
substrate or en masse underground.

for green hydrogen initiatives the 
question of storage is paramount, 
especially for strategies in which excess 
electricity from renewables are used in 
electrolysers. Similarly, storage is also 
required for blue hydrogen plants, for 
whom a baseload and storage may be 
used to fill in any demand gaps caused 
by intermittency from green hydrogen 
sources. although the plants do have 
some flexibility, usually being able to 
adjust 1% of capacity per minute for large 
or sudden changes in demand storage is 
still necessary [229]. 

a useful way of categorising storage 
options for hydrogen is through defining 
them by the length of time the gas is to 
be stored [210]. Hence storage options 
can be defined by being for seasonal 
storage, in which hydrogen can be stored 
and may not be accessed for months, 
or being for daily storage, in which 
hydrogen is to be stored for much shorter 
time periods but is used almost daily.

for large-scale or long-term storage 
purposes, the preferred hydrogen 
storage option is to place the gas 
underground in large quantities in 
salt caverns, depleted gas fields or 
aquifers. Where these geological 
features do not naturally exist, specially 
engineered caverns can be created. Salt 

is a non-porous material for gases and 
salt caverns have already been used 
extensively for natural gas storage; 
hydrogen has been stored in Texan salt 
caverns since the 1970s [229]. There 
are storage losses associated with salt 
cavern storage of between 7% and 10% 
due to compression. The largest storage 
capacities are found with depleted gas 
fields. They are seen as important for 
long-term seasonal storage for large 
quantities of hydrogen for uses with high 
seasonal changes such as storage for 
winter heating demand in buildings [238]. 
The main issues for this form of storage 
are creating large geological surveys to 
characterise the material and integrity 
of the field. although they vary, fields 
have small amounts of hydrogen leakage 
of around 0.035% annually [229]. The 
integrity of the field may also lead to 
surface disturbances if pressure changes 
cause rock layers to buckle or shift. for 
this reason, projects involving hydrogen 
storage in depleted gas fields chose 
offshore locations. additionally, there 
is the possibility of residual natural gas 
and hydrocarbons mixing and reacting 
with the hydrogen. This could include 
interaction with micro-organisms or the 
highly toxic and flammable compound 
hydrogen sulphide.

according to the US department of 
energy, cryogenic liquid storage tanks 
known as dewars are the most common 
way hydrogen is stored for daily use. 
These dewars store liquid hydrogen at 
-253 centigrade and around 5 bar [214]. 
although these vessels are super-
insulated, surrounding heat nonetheless 
reaches the liquefied hydrogen, which in 
time evaporates and must be vented to 
avoid a pressure build-up.

Liquid hydrogen forms of storage are 
seen as the most feasible for large 
consumers of hydrogen [239]. The 
biggest advantage for the consumer 
being that the volumetric energy density 
of liquid hydrogen is higher than that 
of hydrogen gas (around four times 
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compared to 200 bar hydrogen gas). 
Hence more hydrogen can be stored in 
the same space. These dewars currently 
range in size between 5 to 100 metres 
cubed and scaling-up these storage 
volumes is theoretically feasible, though 
yet to be definitively proven.

Liquid hydrogen storage is challenging 
due to the energy intensity of the 
process, which has implications for 
energy efficiency, emissions and cost. 
However, technological development may 
help to mitigate some of these issues 
[240]. 

There is ongoing research into 
the storage of hydrogen in porous 
nanomaterials as an alternative to 
dewars for portable storage [241]. The 
idea is that hydrogen may be stored 
at low temperatures in a non-reactive 
substrate, to which it can be quickly 
adsorbed or desorbed to. 

additionally salt caverns, already 
mentioned for seasonal storage may be 
utilised for daily storage. Natural gas is 
stored in such features for daily use in 
large quantities for power generation, 
hydrogen power plants could work in 
exactly the same way [229]. compared 
to other forms of seasonal storage, salt 
caverns are feasible for daily storage 
because of the stability of salt, which 
in turn allows for higher injection and 
extraction speeds – and therefore much 
more cycling than aquifers or depleted 
gas fields.

compressed hydrogen gas in tanks 
is suitable for on-site storage as well 
as transportation [199]. compressed 
gaseous hydrogen forms of storage 
however are constrained by the smaller 
hydrogen capacity of the tanks. Such 
storage would be for daily use though 
the lack of boil-off means that smaller 
quantities of hydrogen could be stored 
for longer time periods this way. 
Therefore, they are best suited to small 
scale uses such as fuel cells or industrial 

process with little hydrogen demand. 

another form of daily storage is known 
as line packing [242]. in this strategy, the 
pressure of the gas network is changed 
to contain more or less hydrogen within 
the pipes. This solution is already used 
for natural gas. However, the capacity of 
line packing is dependent on the size of 
pipeline infrastructure, material concerns 
and the design pressure or volumetric 
limits of its equipment. The volumetric 
speed of the gas as well as its delivery 
pressure are also concerns. Line packing 
is therefore used only to compensate 
small variations in storage. for retrofitted 
pipelines it also must be noted that the 
lower energy density of the gas means 
that the network only has a third of its 
line storage capacity compared to natural 
gas [229].

Hydrogen stored in the form of 
ammonia is a stable compound at room 
temperature and pressure. However 
extracting hydrogen for use then requires 
thermal energy to decompose the 
ammonia molecule [243]. in addition, 
it may be challenging to decompose 
all ammonia molecules, which affects 
the purity of the end-use hydrogen. 
Depending on what it is used for, this 
can have different consequences; 
if the hydrogen is combusted with 
ammonia, then harmful nitrogen oxide 
(NOx) gasses may be produced. NOx 
compounds are themselves incredibly 
potent GHGs, for example one kilogram 
of nitrous oxide is equivalent to releasing 
near 300kg of carbon dioxide [244]. 
They also contribute to the deterioration 
of the Ozone layer and can cause acid 
rain [245]. as a result, there is currently 
a considerable amount of regulation 
globally surrounding the possible 
formation of NOx gasses. There are 
similar issues in using ammonia-based 
fuels for fuel cells. for PeM fuel cells 
specifically, hydrogen gas is required, 
however any residual ammonia let 
into the cell would poison internal 
components [246].
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The storage of pure hydrogen represents 
a large technological barrier to a future 
hydrogen economy, especially to 
those which require smaller amounts 
of hydrogen to be stored for quick but 
sustained local use, such as for fuel cells 
(Table 8).

6.3.3.  HYDROGEN TRADE
a significant value that natural gas has 
been able to provide in recent years 
is its relatively low-cost flexibility, 
particularly over seasonal timescales. 
This flexibility has become cheaper 
in recent years, in part driven by the 
increased international trade in natural 
gas through pipelines and LNG shipping 
markets [37]. Hydrogen is likely to take 
some share of current gas demand in 
the future to provide the some of the 
same end uses. However, as discussed 
in this chapter, a key issue for hydrogen 
is cost. if costs are to be reduced, 

hydrogen may need to pursue the routes 
that have led to cost reductions in 
natural gas markets. This includes the 
increasingly fluid trade through pipelines 
and shipping. Hydrogen markets will 
take some effort to develop, with effort 
needed in infrastructure development 
and policy/regulatory support. for 
example, the international energy 
agency (iea) identifies a range of policy 
priorities to support the development of 
the first international shipping routes for 
hydrogen. These include:

• establishing targets and/or long-
term policy signals;

• Supporting demand creation;
• Mitigating investment risks;
• Promoting r&D, strategic 

demonstration projects and 
knowledge sharing; and

• Harmonising standards, removing 
barriers [247].

Hydrogen Storage Type Capacity/unit (m3) Benchmark cost ($/kg) Forecasted future cost ($/kg)

Line Packing Daily - - -

Gaseous Tanks Daily 0.05 0.19 0.17

Liquified hydrogen Daily 5-100 4.57 0.95

Salt caverns Daily/Seasonal 300,000-500,000 0.23 0.11

Gas fields and aquifers Seasonal 2-7 billion 1.90 1.07

TABLE 8
Comparison of hydrogen 
storage types
Source: [210]
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7. Complexities 
in the role of 
gas in a low 
carbon world

The preceding analysis has focused 
on whole system energy scenarios to 
examine uses of gas compatible with 
future climate targets. This report has 
also focused on two key issues for the 
future of natural gas use, namely ccS 
and hydrogen production. However, 
there are several other interesting issues 
that are worth examining. This section 
explores a number of these issues that 
may impact the use of natural gas in a 
future low carbon world.

7.1.  TRADE-OFFS IN THE 
BEST USES OF NATURAL GAS
as discussed in Section 2, there is no 
one metric for what is the best use of 
natural gas. While much of the decision-
making surrounding climate targets 
uses integrated assessment models to 
optimise energy system investments, 
there are other factors that are not 
accounted for in these methods but 
may well influence the decision makers 
who ultimately shape the future energy 
system. a key illustration of this can be 
found in the potential trade-offs between 
the Sustainable Development Goals 
(SDGs) and mitigation measures to meet 
the 1.5°c global warming target. The 
Sr 1.5 report highlights some of these 
issues:

“Adaptation strategies can result in 
trade-offs with and among the SDGs 
[…]. Strategies that advance one SDG 
may create negative consequences for 
other SDGs” [47].

an example of this can be seen by 
examining the potential trade-offs 
between air quality and climate change. 

von Schneidemesser & Monks [248] 
examine this trade-off and show that 
energy system choices may be made to 
optimise for air quality or climate change 
alone, and that solving for both might 
involve a separate, third set of choices 
(figure 55). in the context of natural gas, 
this kind of trade-off might influence 
the relative balance of natural gas 
used for power generation or hydrogen 
production, the relative contribution of 
ccS and the total quantity of natural gas 
used. for example, in figure 55 ccS is 
indicated as a component of the scenario 
which solves for both climate change 
and air quality. The regional variation 
in this trade-off is significant, however. 
in countries where a switch from coal 
to natural gas for power generation is 
compelling for GHG emissions reasons, 
there is likely to be a significant co-
benefit for air quality. This is highlighted 
in the iea special issue on india [249], 
which highlights that forecasts of coal 
demand in india have been revised down 
significantly (40%) since iea projections 
in 2015 [250]. This is thought to be driven 
by several factors, including:

• cOviD-19 impact on energy demand;
• efforts to improve air quality;
• efforts to enhance energy efficiency;
• efforts to diversify the energy mix; 

and
• The increased competitiveness of 

solar [249].

a similar comparison can be made 
looking at the trade-offs between carbon 
emissions and poverty reduction, 
another of the SDGs. Malerba [251] 
presents such a comparison, highlighting 
the challenge of achieving both poverty 
reduction and emissions reduction. The 
concept of green growth is highlighted as 
particularly challenging in high-income 
countries where carbon intensities 
per capita are very high and economic 
structures are carbon intensive. for 
natural gas this may mean that, where 
gas power generation is cheaper than 
low carbon alternatives, more gas may 
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be used in scenarios that favour 
poverty reduction over climate 
change. However, this varies 
significantly geographically, and 
over time while renewable energy 
technologies continue to reduce 
costs.

in a third example, energy 
security and climate change 
goals present trade-offs, as 
examined by Das et al [252]. in 
their study, the balance of coal 
and gas power generation is 
varied across four scenarios to 
examine the impacts on GHG 
emissions and energy security. 
The study did not examine the 
impacts of varying renewables 
uptake, though it does include 
increasing penetrations of non-
fossil fuel energy in line with the 
current Nationally Determined 
contributions (NDc) and current 
government energy strategy.2 The 
study found that emissions could 
be improved against the current 
NDc by switching from coal to 
gas and by upgrading to improve 
efficiency where possible. 
However, the import dependence 
of natural gas presents a security 
of supply issue, and related 
exposure to international gas 
prices. import dependence in coal 
has been increasing in recent 
years, with coal imports in india 
increasing from 39 million tons in 
2005-2006 to 212 million tons in 
2014-2015. in the future this trend 
might mean natural gas imports 
are considered a diversification 
in fuel import dependence. This 
highlights the geographical and 
temporal variability in trade-offs, 
which should be accounted for in 
any analysis of natural gas’ best 

2. 12 GW capacity added to large hydro 
every five years up to 2050. The total 
installed capacity of solar is estimated to be 
approximately 480 GW by 2050.

uses. 

7.2.  DISRUPTORS IN 
FUTURE NATURAL GAS 
USE
a number of developments in the 
future of natural gas supply and 
demand may influence natural 
gas use, particularly in the 
long-term future. Given the long 
time-horizons in energy system 
models, and the constraints in 
what can be represented within 
these models, these influences 
may not be captured in the 
scenarios used by the iPcc and 
other scenarios of future energy 
systems. These disruptions 
in future energy markets may 
increase or decrease the role for 
gas in certain circumstances. This 
section highlights some examples 
of these potential disruptors and 
examines their potential influence 
on energy use.

7.2.1.  ADVANCED 
METHANE POWER 
GENERATION
advances in the use of natural 
gas for power generation may 
influence choices surrounding 
natural gas use in the future. in 
power generation, for example, 
the residual emissions associated 
with ccS are a limiting factor 
to wider use. as discussed 
in Section 5, capture rates of 
90% are commonly assumed in 
energy modelling studies. The 
remaining 10% of cO2 emitted 
to atmosphere represents one of 
the factors limiting wider use of 
ccS in long-term energy models. 
Technologies with the potential 
to reduce this 10% emission 
could therefore increase the 
role of natural gas with ccS in 
energy scenarios. This is a topic 
discussed in the second SGi 
White Paper, which shows the 



70  • THE BEST USES OF NATURAL GAS WITHIN PARIS CLIMATE TARGETS

WHITE PAPER SERIES VOL.6

potential to influence the role of ccS by 
increasing capture rates, particularly in 
the second half of the century [58, 59]. 

Significant research effort is currently 
underway to advance cO2 capture 
technologies, including work to reduce 
costs and improve performance of 
absorption, adsorption and membrane 
separation techniques [253]. an example 
of a technology that may provide 
this improvement in cO2 capture 
is allam-fetvedt cycle natural gas 
power generation [254]. Though still in 
demonstration phase, this technology 
may deliver close to 100% capture rates 
and high energy efficiency. Should this 
be the case in full commercial scale 
power plants, then this may shift the 
role that natural gas plays in power 
generation in scenario modelling efforts.

The impact of this improvement in 
capture rate on natural gas use for 
power generation is not currently well 
understood for 1.5°c climate targets. 
However, when examined for 2°c 
targets, natural gas use in the second 
half of the century was particularly 
sensitive to improvements in capture 

rates. in the TiaM-Grantham model, 
improving capture rates from 85% to 96% 
doubled the use of natural gas in power 
generation from 100eJ to 200eJ [59].

7.2.2.  ADVANCED HYDROGEN 
PRODUCTION AND 
TRANSPORTATION
Similar to the challenges in power 
generation, natural gas to hydrogen 
conversion processes are subject 
to residual emissions depending on 
their cO2 capture rates and supply 
chain emissions. However, hydrogen 
production from natural gas is also 
subject to developments in technology. 
There are a number of routes to hydrogen 
from natural gas which remain at low 
technology readiness levels (TrL). These 
include methane pyrolysis and nuclear 
thermochemical cycles [149]. in the 
example of methane pyrolysis, methane 
is decomposed at high temperatures 
to produce hydrogen and solid 
carbon. This removes the need for cO2 
sequestration, and potentially provides 
a secondary revenue through the sale 
of solid carbon [149]. if this hydrogen 
production method reaches commercial 
scale the implications for blue hydrogen 
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production and therefore the use of 
natural gas in the future relative to the 
current iPcc scenarios.

7.2.3.  GREEN HYDROGEN 
SUPPLY
a significant increase in green hydrogen 
supply could impact the role of natural 
gas in end uses and in blue hydrogen 
production earlier in scenario time 
periods. This would likely need 
accelerated cost reductions in green 
hydrogen production. ireNa identifies 
an opportunity for 80% cost reduction 
in hydrogen production coming from 
a range of sources, including reduced 
cost and improved efficiency and 
load factors of electrolysers, reduced 
cost of renewable electricity, with 
further smaller cost reductions from 
the cost of financing [255]. Should 
this cost reduction be matched by 
high deployment rates (5 terawatts of 
installed capacity by 2050), then green 
hydrogen might be driven below $1/kg by 
2040 [255]. 

7.2.4.  FUTURE BIOMETHANE 
AVAILABILITY
The availability of biomethane may be 
another variable that influences future 
natural gas use. as covered in the SGi’s 
third white paper [20], biomethane might 
displace natural gas in a number of end 
uses, being similar to fossil methane. 
However, the availability of biomethane 
is highly uncertain and may be a 
constraining factor. The iea estimate that 
current biomethane production today 
is a small fraction of the sustainable 
production potential: less than 5 % of 
current sustainable production potential 
[256]. if this potential is realised in 
the future it may increase the role of 
biomethane in energy scenarios, with the 
potential to displace 20% of current gas 
demand [256]. This might accelerate the 
reduction in natural gas use discussed 
in this report, though the impact of 
additional biomethane will depend 

on the assumed rate of biomethane 
production in existing scenarios and the 
rate at which biomethane production can 
be increased. The majority of existing 
biomethane potential is more expensive 
than natural gas currently, and the rate 
at which this cost can be reduced will 
influence the rate at which biomethane 
production can be increased [256]. 

The regional distribution of biomethane 
resources is varied, with the most 
significant resource potential identified 
in the asia Pacific region [256]. This 
region has an estimated ~8.5TJ of biogas 
or biomethane resource potential 
across wood wastes, municipal wastes 
and agricultural sources [256]. The iea 
estimate that, under the sustainable 
development scenario, two thirds of 
natural gas demand in india in the 
Sustainable Development Scenario could 
be met by biomethane for industrial and 
transport applications [249].

7.2.5.  CHANGING 
UNDERSTANDING OF 
METHANE EMISSIONS 
emissions from natural gas occur through 
two pathways:

1. combustion of the gas for heat 
and power which causes direct 
cO2 emissions 

2. Leakage, venting and flaring of 
methane along the supply chain 

 
While there is a good understanding 
of the quantity of cO2 produced from 
burning natural gas there is a wide 
range of estimates of the leakage rate of 
methane across its supply chain ranging 
from 0.5 – 3% [257]. This causes a 
problem unique to natural gas as a fossil 
fuel – its total cO2 equivalent emissions 
are not well defined. This means should 
the true leak rate of methane be higher 
than modelled in the scenarios, its use 
will have to be further constrained to 
stay within the 1.5°c target. conversely, 
should there be a successful effort to 
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reduce these losses, the quantity of 
natural gas permitted could increase. 

Throughout the preceding decades 
the measurement and quantification 
of methane has evolved. There are two 
basic forms of measurement

• Bottom-up measurements – where 
a subset of components are 
measured, often using handheld 
devices and the results are 
extrapolated up to the whole group. 

• Top-down measurements – where 
large areas are scanned, often using 
aircrafts and increasingly satellites, 
and points within the scanned area 
are allocated emission rates. 

There is much debate surrounding 
which measurement type gives the most 
accurate emission estimates, with top-
down measurement campaigns often 
returning higher estimates than their 
bottom-up counterparts. Moreover, 
many scientific studies have shown 
both bottom and top-down estimates 
to be higher than national inventories 
[258-260]. Some work has been done to 
reconcile the two estimates [261] with 
time of measurement being given as a 
potential reason for higher top-down 
estimates. Nevertheless, should the 
newer, top-down estimates be correct 
the emission intensity of natural gas may 
be higher than originally thought. This 
would seem to suggest that less natural 
gas may be possible in the future than 
currently thought. However, this is only 
one part of the story. 

in recent years, some of the largest 
natural gas companies, as part of the Oil 
and Gas climate initiative (OGci) have 
pledged to reach a methane intensity of 
0.2% by 2025 [262]. This will be achieved 
by using the newest technology to both 
locate emissions and then reduce them. 
initiatives such as the Methane Guiding 
Principles aim to teach companies how 
to reduce emissions [263]. Should these 
efforts be successful the emission 

intensity of natural gas would drop, 
which when combined with ccS has 
the potential to make it far lower in 
carbon intensity  than it is today. These 
two opposing narratives, of a better 
understanding of emissions leading 
natural gas to appear more carbon 
intensive, against an industry pledging 
to reduce emissions, may lead to natural 
gas appearing worse in the short-term, 
but better in the longer term.

a final point of contention with methane 
emissions surrounds the global warming 
potential (GWP) that should be used to 
categorise its emissions. firstly, the GWP 
can change, as this was recently seen 
in Working Group 1 of ar6, where the 
GWP100 of methane fell from 34 to 29.8 
±11, but its uncertainty bounds increased 
[264]. Secondly, there is contention 
surrounding whether GWP20 or GWP100 
should be used to categorise emissions. 
choosing one or the other can affect the 
carbon equivalent emissions several-
fold [265]. in addition, the early forcing 
and shorter lifetime of methane means 
that where immediate action is critical, 
methane emissions are an important 
GHG source to reduce. for example, 
if the understanding of tipping points 
leads to a need for earlier action on GHG 
emissions then methane emissions, 
and potentially gas use overall, may be 
further constrained (see Section 7.2.7). 

7.2.6.  PARIS AGREEMENT 
EXEMPTIONS
The Paris agreement includes wording 
specifically created to provide developing 
countries with special consideration 
where their economies are particularly 
exposed to climate change mitigation 
measures. article 4 paragraph 15 reads:

Parties shall take into consideration in 
the implementation of this Agreement 
the concerns of Parties with economies 
most affected by the impacts of 
response measures, particularly 
developing country Parties. [49]
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This exemption is not commonly 
incorporated in energy scenario 
modelling, though different levels of 
mitigation are sometimes modelled. it 
is unclear within current negotiations, 
whether this provision will be used, 
which countries might use it and how 
that might influence natural gas demand. 
However, if implemented the impact is 
likely to include increased natural gas 
use within the regions that it might apply.

7.2.7.  CHANGING 
UNDERSTANDING OF 
T IPPING POINTS
The understanding of tipping points 
within climate stabilisation mechanisms 
is an evolving aspect of climate science. 
a number of these climate mechanisms 
have been recently highlighted as being 
at risk.

in early 2021 the UNfccc Subsidiary 
Body for Scientific and Technological 
advice released a report highlighting the 
evolving issues for oceans. The report 
highlights the very strong role that 
oceans are already playing in mitigating 
climate change, including absorbing 
30% of global carbon emissions and 
absorbing 90% of the heat generated by 
rising GHG emissions [266]. However, 
the report highlights that tipping 
points are being reached and risk to 
ocean stability are increasing. if this 
tipping point is crossed, then climate 
change may accelerate significantly. 
Ocean tipping points have been studied 
extensively, though the probability or 
timing of any ocean tipping point are 
difficult to estimate with any certainty 
[267, 268]. Other tipping points have 
also been highlighted as of increasing 
concern, including droughts in the 
amazon rainforest, coral reef die-off 
and thawing of the permafrost [269]. if 
tipping points raised significant concern 
that current targets were inadequate to 
avoid the abrupt, irreversible changes 
to the climate system highlighted by 
tipping point analyses then it may 

become necessary to alter aspects 
of climate agreements to limit GHG 
emissions further. as evidence on tipping 
points is emerging, and current energy 
system models cannot capture these 
types of events in advance of a better 
understanding of their likelihood and 
timing, this could impact natural gas 
use in a way that is not captured in the 
scenarios reviewed in this report. 

7.2.8.  THE RELIANCE OF 
GAS ON CCS AND CARBON 
DIOXIDE REMOVAL (CDR)
The relationship between abated gas 
use and total gas use in future energy 
systems is important. first, is to 
understand whether the total quantity 
of gas changes with increasing ccS 
use. Second, is to understand of the 
implications of ccS struggling to develop 
sufficiently quickly to meet the scale of 
the challenge. To gather evidence for 
these two questions, the iPcc scenarios 
were examined. Total primary energy 
gas use against total abated gas use 
from 2020 to 2100 is presented in 
figure 56. This shows a clear trend of 
increasing total gas use with increasing 
abated gas use. Therefore, as the 
outcome of ccS deployment today is 
uncertain, investments may be made 
in gas infrastructure that locks in gas 
use without the ccS system to abate it 
or strands these assets where their use 
is restricted. Should such a scenario 
occur alternative energy vectors may 
be required to meet any supply deficit. 
additionally, biomethane and hydrogen 
may be able to utilise the existing gas 
infrastructure and recoup some of the 
losses.

a similar issue applies to carbon 
dioxide removal (cDr) approaches. 
Techniques to achieve cDr include 
biological cDr, including afforestation 
or land management, technical cDr, 
which includes negative emissions 
technologies (NeTs) such as direct air 
capture or bioenergy with ccS (BeccS), 
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and geological cDr, such as enhanced 
weathering [270]. Given the fact that cDr 
measures are typically at a relatively 
low stage of commercial development, 
the difficulty of meeting low emissions 
targets without this technology has been 
highlighted in the literature [270]. in 

particular, the sensitivity of scenarios 
to the availability of BeccS highlights 
the need to be aware of the uncertain 
future potential of cDr options. Should 
cDr technologies underperform, natural 
gas use with residual emissions may be 
further constrained.
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FIGURE 56
Total cumulative gas use 
against cumulative gas use 
with CCS from 2020 - 2100.
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8. Discussion 
– Conclusion

8.1.  SUMMARY OF THE MAIN 
F INDINGS

8.1.1.  BEST USES OF 
NATURAL GAS 
Global natural gas use is likely to decline 
from its current role in primary energy 
(approximately 23% in 2019), reducing 
by ~35% by 2050 and by ~70% by 2100 
against total natural gas use in 2019. 
This is the case in half of 1.5°c scenarios. 
This is in comparison to total primary 
energy increasing in the majority of 
scenarios that meet 1.5°c, increasing by 
30% or more in half of scenarios by 2100. 
This reduces the role of natural gas in 
total primary energy from 15% in 2050 to 
5% in 2100. The move from 2°c to 1.5°c 
targets has contributed significantly 
to this trend, with natural gas primary 
energy reducing 40% between 2°c and 
1.5°c scenarios in 2050 and by 45% in 
2100.

However, the range of outcomes is broad, 
with some extreme scenarios seeing 
slight increases in natural gas use by 
2050, with a return to current natural gas 
demand by 2100. in the lowest scenarios, 
natural gas use reduces to zero or near 
zero in 2050 and 2100 in both 1.5°c and 
2°c scenarios.

in contrast to current natural gas 
demand, a significant proportion of 
future gas demand is in new gas uses, 
namely power generation with ccS (70% 
of natural gas electricity generation in 
2050) and hydrogen production (6.6eJ in 
2050 or 7.5% of natural gas). There are 
still 67eJ of unabated natural gas in the 
illustrative case in 2050 and 41eJ in 2100. 
However, given the reducing proportion 
of gas overall, and the reducing role 
of unabated natural gas within that, 

the quantity of unabated natural gas 
does not appear particularly sensitive 
to climate targets, and does not shift 
significantly between 1.5°c and 2°c 
targets. it is also relatively independent 
of the quantity of negative emissions 
technologies, a technology group that 
is more dependent on the need to offset 
emission from other sources.

8.1.2.  REGIONAL 
DIFFERENCES IN NATURAL 
GAS USE
each region has its own unique 
relationship with gas, meaning how to go 
about reducing or increasing use, or how 
acceptable it will be, will vary. Overall, 
there is a general reduction in natural 
gas use in every region across the next 
80 years, however the routes vary both 
in the total quantity of natural gas used, 
when it is used, and in which sectors it is 
used. changes in consumption habits are 
most critical in the OecD + eU regions, 
which currently rely heavily on natural 
gas.

across all regions there are high levels 
of uncertainty, indicating the optimal 
use of natural gas is dependent on a 
range of variables and the development 
of other aspects of the energy system, 
including the extent of electrification, 
the penetration of renewables, and 
developments in the transport sector. 
The sectors across regions also show 
contrasts. residential natural gas use 
decreases in the OecD + eU, remains 
stable in Latin america and rises then 
falls in asia. industry use in india 
increases while decreasing in the OecD 
+ eU. The transport sector leaves the 
biggest question mark across all regions, 
with natural gas being used to varying 
degrees depending on total energy 
consumption rates across each region. 
Natural gas for power generation has 
great potential should ccS be developed, 
staving off some of the losses in use 
from the move away from unabated use. 
Hydrogen production is set to increase in 
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all regions, and natural gas can be used 
to produce this hydrogen, should ccS 
successfully develop at scale, but this 
role will diminish post 2080.

Key points include:

• Natural gas use falls in all regions 
by 2100 but the route to get there 
varies;

• The routes taken will be dependent 
on factors such as the development 
of technologies and energy 
requirements;

• changing natural gas consumption 
has differing importance for meeting 
the 1.5°c target across regions, 
being the highest in the OecD + eU 
regions;

• Within sectors there is scope for 
many uses of natural gas, but 
general trends lead to decreases 
in most regions, most prominently 
OecD + eU. The greatest uncertainty 
is within asia;

• Natural gas is replaced with, and 
increased energy requirements 
fulfilled by, hydrogen and 
electricity, with electricity seeing 
the larger increases. 

This means that the USa and europe 
must reduce consumption of natural 
gas across all sectors in virtually 
every scenario. reduction in energy 
consumption, development of hydrogen, 
ccS and widespread electrification is 
necessary to do this. Latin america must 
maintain or slightly decrease natural 
gas use across all sectors. electrification 
is necessary to fill the growing energy 
requirements in all sectors. india and 
china have many routes including 
increasing gas use, particularly in 
the residential and industrial sectors. 
Natural gas for power may also increase, 
or reduce only slightly, but this must 
come at the expense of sharp declines in 
coal use.

8.1.3.  CCS
There is a mixed picture with respect 
to the role of natural gas with ccS 
in energy system decarbonisation. 
current deployment is low, and the 
industry continues to struggle with a 
lack of incentives and finance support to 
develop infrastructure. 

However, assuming that ccS can be 
effectively scaled up, energy system 
pathways continue to indicate the 
vital role that ccS has in global 
decarbonisation, both with fossil fuels 
as well as with bioenergy for negative 
emissions. Scenarios that meet 1.5°c 
targets maintain this heavy reliance on 
ccS. BeccS deployment is typically more 
rapid under 1.5°c scenarios. There is up 
to ~20% more ccS in 1.5°c scenarios 
than in 2°c scenarios in 2040 as more 
rapid decarbonisation is needed and 
early mitigation measures are therefore 
favoured. 

Given the importance of ccS in reaching 
decarbonisation goals and the potential 
role that natural gas with ccS can play 
in developing the ccS industry, there 
are several barriers to be overcome. 
cost and security of investment remains 
a critical barrier to investors, although 
carbon prices are on the rise and the US 
incentive 45Q may yet serve to stimulate 
growth. Key enablers for the ccS industry 
include a secure economic incentive 
and a steady regulatory environment 
to facilitate the long-term investment 
required.

if ccS does not materialise as a 
decarbonisation option, it is clear 
that some additional technological 
development will be needed in several 
industrial sectors. Given the need for 
such rapid decarbonisation to achieve 
net-zero by 2050, without ccS the 
prospects for meeting 2050 targets 
become more difficult. However, natural 
gas with ccS could be a near term 
enabler for ccS use more widely in 
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technologies such as bioenergy power 
generation with ccS.

8.1.4.  HYDROGEN
Hydrogen is a versatile energy vector, 
capable of acting as an energy store and 
a low carbon fuel in a number of sectors. 
However, realising a hydrogen economy 
is a complex challenge which ultimately 
requires technological experience and 
legislative support in order to make 
hydrogen fuels cost effective.

GHG emissions from hydrogen are 
currently unmitigated and already 
contribute 120 megatonnes of carbon 
dioxide emissions annually. Hydrogen is 
mainly used by refineries, for ammonia 
production and for methanol synthesis. 
attaching carbon capture units to 
hydrogen production plants increases 
the cost of hydrogen production, while 
electrolytic hydrogen production is 
currently a more expensive hydrogen 
option. However, between now and 2050 
this cost differential may switch as cost 
reductions are pursued in electrolysis 
and renewable energy production.

each of the sectors where hydrogen 
may be used faces distinct challenges. 
Transport requires technical 
development in fuel cells and the 
manufacture of synthetic fuel. Using 
hydrogen to raise heat in buildings 
requires retrofitting units and the 
redesign of boilers. Turbines which 
function with hydrogen-rich fuel gas 
are currently in development. each of 
these issues are relatively new and 
experience needs to be gained to 
improve efficiency and reduce costs. Half 
of the iPcc scenarios produce at least 6.6 
eJ of hydrogen in 2050. However, more 
optimistic estimates suggest 20 to 99 eJ 
of hydrogen energy could be produced 
annually by 2050.

The pace at which a low carbon hydrogen 
economy may be developed is dependent 
on the contribution of blue hydrogen 

(produced from fossil fuels with carbon 
capture) and green hydrogen (produced 
from carbon-neutral sources). While 
blue hydrogen is still polluting and locks 
in fossil fuel use for the near future, 
it allows for cheap production of low 
carbon hydrogen presently. Therefore, 
it may be used for production and to 
gain experience across the hydrogen 
economy until green hydrogen becomes 
cheaper, estimated at sometime around 
the 2030 timescale. However, once green 
hydrogen is economically competitive, 
geographic factors, energy security and 
seasonal effects may still make blue 
hydrogen necessary. 

8.1.5.  DISRUPTING FACTORS
Several factors may arise that disrupt the 
narrative emerging from the examination 
of current 1.5°c scenarios. for example, 
a number of scenarios with significant 
natural gas use rely on the availability of 
ccS at scale. Should the ccS market fail 
to deliver sufficient scale of capture and 
storage, this could make these higher 
natural gas scenarios challenging. a 
similar logic applies to the availability of 
carbon dioxide removal (cDr). if carbon 
removal cannot be achieved at sufficient 
scale in the future then natural gas use 
throughout the scenario period may 
need to be constrained. a world without 
sufficient cDr capacity may need to take 
swifter GHG reduction action sooner. This 
may place pressure on natural gas where 
the climate impact of methane skews 
earlier in the time horizon.

another issue may be the emerging 
understanding of climate mechanisms. 
Tipping points raise the potential for 
changes in the immediacy of climate 
change action. Should the understanding 
of tipping points change and should 
they be reached in a measurable way, 
this would place additional pressure 
on all residual emissions in the energy 
system, including natural gas use. The 
understanding of methane impacts 
in the atmosphere may also change, 
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potentially in either direction. The 
estimate of climate forcing of methane 
has been reduced in the most recent 
iPcc Working Group 1 report. However, 
it has been included with a significant 
range around the central value, allowing 
for climate forcing estimates greater 
than any previous estimate. The role of 
gas in modelled scenarios may follow 
the climate forcing estimate used, with 
gas use decreasing with higher forcing 
estimates and increasing with lower 
estimates. 

These disrupting factors are not 
currently understood and are therefore 
hard to capture in the energy models 
used to inform the iPcc process. These 
factors may emerge over time, and it is 
therefore important to revisit energy 
system modelling scenarios regularly to 
incorporate these new and disrupting 
factors as they arise and help inform the 
ongoing decisions on climate change 
mitigation.

8.2.  IMPLICATIONS FOR 
POLICY
The changes in natural gas use 
around the production of hydrogen 
and particularly the capturing and 
storage of cO2 imply significant 
development or repurposing of 
infrastructure. This is further challenged 
by barriers limiting the development 
of these markets. it is important that 
policymakers acknowledge the scale 
of the infrastructure needed to meet 
the scenarios and ensure that barriers 
in the way of these infrastructures are 
removed. This may include development 
of support schemes and incentives, the 
restructuring of regulations or market 
mechanisms. it is also important to 
make sure that this infrastructure build 
out is appropriate, and that fossil fuel 
infrastructure does not lock in fossil fuel 
use where it is unnecessary, or counter to 
climate targets.

The nature of emerging issues in 
natural gas use and wider changes in 
assumptions in the energy modelling 
space highlight a need to remain agile 
in terms of policy development and 
regulation. The emergence of new gas 
using technologies, and the developing 
understanding of climate processes may 
change both modelling assumptions 
about the future, and potentially have a 
positive or negative influence on future 
natural gas supply and demand in 
different uses, regions and sectors.

The development of hydrogen and 
cO2 markets raises the question of 
international gas trade. This has been 
highlighted as needing support from 
policymakers in order to foster trade 
mechanisms. international trade in these 
gases has the potential to facilitate 
flexibility in these markets and induce 
cost reductions.

8.3.  FUTURE RESEARCH
The implications of recent climate 
targets on future gas volumes and gas 
infrastructure are significant. More 
research is needed to investigate the 
demand for natural gas and hydrogen 
production, transportation, and 
surrounding infrastructure across 
regions and over time under current 
energy system modelling assumptions. 
This research should also remain agile 
to the potential changes in the role of 
natural gas and hydrogen in the future as 
new technologies and new understanding 
of climate mechanisms change modelling 
assumptions. Key areas of investigation 
might include:

• The relationship between gas and 
hydrogen infrastructure, to what 
extent they are interchangeable 
or require bespoke infrastructure 
development;

• The need for development of ccS 
infrastructure and the relationship 
to existing gas infrastructure;
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• The role of hydrogen in power 
generation, existing gas plants and 
what infrastructure is needed.

Methods for reducing natural gas 
emissions are also important for future 
natural gas use. Methane emissions are 
likely to constrain natural gas use and 
will be a target if climate response is 
tightened in the future. issues such as 
upstream methane emissions and ccS 
capture rates may both play a role in 
reducing the emissions from natural gas 
use. There is already research in this area 
but these efforts should be continued 
while these residual emissions can be 
further reduced.

The concept of unburnable carbon was 
originally examined under 2°c climate 
targets. However, demand for fossil 
fuels is lower in 1.5°c scenarios than 
under 2°c climate targets. The concept 
of unburnable carbon should be revisited 
under 1.5°c to examine in more detail 
how previous analyses and findings 
should be revised under the most recent 
climate targets. 

8.4.  CONCLUSIONS
Natural gas is likely to play a decreasing 
role in the energy system under 1.5°c 
climate targets. in addition, use of 
unabated natural gas will play a more 
rapidly decreasing role in the future 
energy system. Driving this reduction in 
unabated natural gas use is the uptake 
in natural gas power generation with ccS 
and natural gas hydrogen production 
with ccS, along with the decarbonisation 
of other areas of the energy system. 
Given the need for development of these 
new infrastructures to meet climate 
targets, efforts to remove barriers and 
facilitate a sufficient rate of technology 
and infrastructure deployment are 
needed. There are several areas where 
this can be achieved, particularly through 
support for ccS development and low 
carbon hydrogen production. There is no 
one best use of natural gas, but given 

the incentives of climate targets, energy 
system models settle on three significant 
pillars of future gas use: reducing 
unabated natural gas use, increasing ccS 
in natural gas power generation and low 
carbon, natural gas hydrogen production 
with ccS. However, there may be changes 
in the future that influence natural gas 
use but that are currently not captured in 
existing models. it is important to remain 
agile to these changes and to introduce 
them to the assessment of natural gas 
best use on a regular and ongoing basis.
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Annex

Summary of hydrogen projects in development

THE PACIF IC REGION
Hydrogen Energy Supply Chain  
a $500m programme between the australian and Japanese governments to set up 
a complete hydrogen supply chain. The goal is to produce hydrogen through steam 
reforming of coal with ccS in australia and shipping it to Japan. The pilot phase has 
created 400 jobs and if increased to commercial scale, would employ an estimated 
8000 jobs while contributing $11 aUD to the australian economy. 

Hydrogen Park South Australia  
(Hy PSa)Hydrogen through electrolysis from renewable sources. The hydrogen 
is mixed with natural gas in a 5% by volume ratio in the surrounding natural 
gas network. This may be increased to 10%vol in future. additionally there is an 
agreement with BOc to distribute pure Hydrogen to industrial partners using trucks 
with tube trailers.

NORTHERN EUROPE
Groningen, Netherlands 
Nuon, equinor and Gasunie in consortium to convert a 440 MW power plant unit to 
hydrogen. a ccS-equipped aTr will be used to produce hydrogen from natural gas, 
stored locally for system flexibility in salt caverns currently used for natural gas 
storage. The carbon dioxide will then be sent back to Norway, which will store the gas 
undersea.

H2ermes in Amsterdam, Netherlands 
a consortium of Tata Steel, Nouryon and the Port of amsterdam will construct a 
100 MW electrolysis unit, to be powered by offshore wind turbines. it will produce 
15 mt of hydrogen a year. it will be constructed on Tata Steel’s plant site in velsen. 
The hydrogen will be used in steel manufacture with possible expansion around the 
capital area. The Port of amsterdam has also constructed two hydrogen refuelling 
stations with a third underway.

Rotterdam Port project, Netherlands 
Project to create hydrogen hub at rotterdam port. in total fourteen parties are 
involved in the scheme, including industry and government. Plan to produce both 
green and blue hydrogen and to import hydrogen from australia in tankers. The 
project includes 30 km pipeline across the port area. The goal is to complete the 
project by 2030. The project is to start with a significant Blue hydrogen presence with 
four steam reforming plants planned, which together can produce up to 20 tonnes of 
hydrogen per hour, with the first plant opening as early as 2025. already the Dutch 
produce nine million cubic metres of hydrogen annually and have installed a thousand 
kilometres of dedicated hydrogen pipelines. according to the current plan, the Dutch 
estimate they can retrofit their entire one hundred and thirty six thousand kilometre 
gas pipeline network to carry hydrogen by 2030 as well as produce 65 petajoules of 
Blue and Green Hydrogen by the same year.
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Acorn project, UK 
acorn’s chosen site for a Scottish hydrogen hub is St fergus, a key location in the 
country’s gas grid. St fergus is the location of an active gas terminal where around 
35% of the UK’s natural gas resources comes onshore. it is also close to a number of 
viable offshore carbon dioxide storage sites. The developers of the site hope that the 
future of the project will be for ships to export hydrogen and import carbon dioxide to 
St. fergus for sequestration using the nearby port of Peterhead, a deepwater harbour 
which allows for large scale international shipping. another boon for the project is 
that gas pipelines in that region of Scotland have been recently upgraded to plastic 
making them suitable for hydrogen transport without blending. 

H21 
The H21 North of england (H21 Noe) scheme is similar to that of acorn but in an area 
with significantly more domestic users and industry. The project will start in the 
Humber estuary with a new Blue hydrogen production facility first producing hydrogen 
to blend with natural gas and pumped into the major city of Leeds. By 2035, the 
project’s completion date, it is hoped that a 12.5 GW facility will be complete, with 8 
TWh of hydrogen storage capacity and linked to Hull, Leeds, Liverpool and Teeside 
through an improved and refurbished gas infrastructure. The completed project would 
supply 17% of the UK’s gas connections. However, once again its realisation relies on 
legislative decisions.

Based on the success of H21 Noe other projects are also planned for the rest of 
england. Similar projects are planned to be rolled out across the UK on a regional 
basis between 2030 and 2050. By 2050 there are plans for hydrogen networks in 
South yorkshire and the West Midlands, Scotland, South Wales and the South West 
of england, east anglia and the Home counties and lastly, London. The 2050 plan 
has three different impact scenarios based on Hydrogen’s penetration into the 
domestic heating, power and transport sectors. The lowest impact case deals only 
with Hydrogen supplying domestic heat. Under this scenario hydrogen provides 
62% of energy for domestic heating requirements and a reduction of carbon dioxide 
emissions of 50 megatonnes per annum. This emissions reduction constitutes 17% of 
the UK’s requirements to meet the 1.5°c target set by the climate change act of 2008.

The second scenario has hydrogen being adopted by for both domestic heating and 
power generation. in this case, the carbon dioxide reduction is 88mt per annum.

The last scenario has hydrogen decarbonising domestic heat, power generation and 
transport sectors with fuel cell technology. in this case, total emissions are reduced 
by 258 mt per annum.

HyNet 
HyNet North West is a hydrogen energy project based in the North West of england 
and North Wales [278]. The proposal includes hydrogen production from natural gas 
with cO2 captured and stored off the coast of the North West. The hydrogen will be 
used by industry, transport and domestic consumers through blending with the gas 
grid.

H100 
a project in fife, Scotland to produce renewable hydrogen and distribute it through a 
hydrogen network to homes for heating [279]. The project will connect 300 homes to 
the hydrogen network and relies on electricity from a nearby wind turbine to produce 
renewable hydrogen. from a dedicated electrolyser.
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NORTH AMERICA
Alberta Industrial heartland 
2250 tonnes of hydrogen are produced daily from natural gas for use as an industrial 
feedstock for: fertiliser production; bitumen upgrading; and oil refining in local 
industries. Blue hydrogen from the region can currently be produced at one third 
to one half of the cost as green hydrogen. alberta accounts for 12% of canada’s 
population but produces around 46% of canada’s total emissions. Blue hydrogen is 
seen as a key part of alberta’s transition and the alberta industrial Heartland project 
aims to supply hydrogen for all aforementioned sectors. already home to three blue 
hydrogen facilities, with three different companies - Shell, Northwest and Nutrien 
operating these plants. Together they bring the current blue hydrogen production 
capacity to 937 tonnes per day. also already 48 km of pipes for hydrogen transport, 
carrying up to 2300 tonnes per day and around 300 km of carbon dioxide pipelines 
able to carry up to 16.8 Mt cO2 per year. carbon dioxide is transported in these pipes 
to local saline aquifers or to nearby oil fields for the purpose of enhanced recovery. 
Three future aims are:

• to convert the remaining grey hydrogen production (around 1300 tonnes per day) 
to Blue hydrogen. 

• to achieve penetration into existing diesel and gasoline markets, of 80% and 
30% respectively. 

• to entirely convert the natural gas infrastructure used for domestic heat to 
entirely hydrogen use. 

With these conditions, there is estimated to be a blue hydrogen potential market of 
more than 3400 tonnes of hydrogen produced a day. in addition to this, the heartland 
will also aim to export hydrogen, meaning that even more hydrogen production is 
necessary in the region.

MIDDLE EAST AND NORTH AFRICA (MENA)
There are a great number of studies and proposed projects in this region. a few are 
highlighted here to illustrate the level of activity.

The potential for hydrogen to be produced in North africa and transported to europe 
has been described in the literature as an energy bridge between the regions, and a 
solution to the very deep decarbonisation necessary in europe [281].

a significant project announced in Morocco proposes green hydrogen and green 
ammonia production at scale [282]. The HevO ammonia Project is a joint venture 
between fusion fuel and consolidated contractors company to develop an ammonia 
plant, supplied by green hydrogen from the HevO Solar Generator and produce 
186,000 tonnes of hydrogen by 2026 [282].

Mauritania has recently announced a 10 GW Green hydrogen project titled Project 
Nour. This feasibility project will considerate possibility of using the significant solar 
and wind resources in the area to power electrolytic hydrogen production. The goal 
is to produce the cheapest green hydrogen in africa and to explore the possibility of 
exporting this hydrogen to european markets.

abu Dhabi’s national oil company has explored a number of joint ventures in the 
production and exporting of blue hydrogen and ammonia. This includes a joint study 
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agreement with a consortium of Japanese industrial and government entities [283] 
and a world scale blue ammonia project with partners fertiglobe [284].

LATIN AMERICA
Hydrogen projects in Latin america were recently reviewed by the iea in their 
report “Hydrogen in Latin america: from near-term opportunities to large-scale 
deployment”. Three green hydrogen pilot projects are highlighted in argentina, chile 
and costa rica. However, the report also mentions a pipeline of 25 future projects 
across the region.

REGIONS IN THE SR1.5 REPORT

SR1.5 region Countries in region

asia

afghanistan, Bangladesh, Bhutan, Brunei Darussalam, cambodia, china (incl. 
Hong Kong and Macao, excl. Taiwan) Democratic People's republic of Korea, 
fiji, french Polynesia, india, indonesia, Lao People's Democratic republic, 
Malaysia, Maldives, Micronesia (fed. States of), Mongolia, Myanmar, Nepal, 
New caledonia, Pakistan, Papua New Guinea, Philippines, republic of Korea, 
Samoa, Singapore, Solomon islands, Sri Lanka, Taiwan, Thailand, Timor-Leste, 
vanuatu, vietnam

Latin america

argentina, aruba, Bahamas, Barbados, Belize, Bolivia (Plurinational State 
of), Brazil, chile, colombia, costa rica, cuba, Dominican republic, ecuador, 
el Salvador, french Guiana, Grenada, Guadeloupe, Guatemala, Guyana, 
Haiti, Honduras, Jamaica, Martinique, Mexico, Nicaragua, Panama, Paraguay, 
Peru, Suriname, Trinidad and Tobago, United States virgin islands, Uruguay, 
venezuela (Bolivarian republic of) 

OecD + eU

albania, australia, austria, Belgium, Bosnia and Herzegovina, Bulgaria, 
canada, croatia, cyprus, czech republic, Denmark, estonia, finland, france, 
Germany, Greece, Guam, Hungary, iceland, ireland, italy, Japan, Latvia, 
Lithuania, Luxembourg, Malta, Montenegro, Netherlands, New Zealand, 
Norway, Poland, Portugal, Puerto rico, romania, Serbia, Slovakia, Slovenia, 
Spain, Sweden, Switzerland, The former yugoslav republic of Macedonia, 
Turkey, United Kingdom, United States of america
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