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Series Editor’s Preface
David Elliott

Concerns about the potential environmental, social and economic 
impacts of climate change have led to a major international debate over 
what could and should be done to reduce emissions of greenhouse gases. 
There is still a scientific debate over the likely scale of the severity of 
climate change, and the complex interactions between human activi-
ties and climate systems, but, global average temperatures have risen 
and the cause is almost certainly the observed build up of atmospheric 
greenhouse gases.

Whatever we now do, there will have to be a lot of social and eco-
nomic adaptation to climate change – preparing for increased flooding 
and other climate related problems. However, the more fundamental 
response is to try to reduce or avoid the human activities that are caus-
ing climate change. That means, primarily, trying to reduce or elimi-
nate emission of greenhouse gases from the combustion of fossil fuels.  
Given that around 80% of the energy used in the world at present 
comes from these sources, this will be a major technological, economic 
and political undertaking. It will involve reducing demand for energy 
(via lifestyle choice changes – and policies enabling such choices to be 
made), producing and using whatever energy we still need more effi-
ciently (getting more from less), and supplying the reduced amount of 
energy from non-fossil sources (basically switching over to renewables 
and/or nuclear power).

Each of these options opens up a range of social, economic and envi-
ronmental issues. Industrial society and modern consumer cultures have 
been based on the ever-expanding use of fossil fuels, so the changes 
required will inevitably be challenging. Perhaps equally inevitable are 
disagreements and conflicts over the merits and demerits of the vari-
ous options and in relation to strategies and policies for pursuing them. 
These conflicts and associated debates sometimes concern technical 
issues, but there are usually also underlying political and ideological 
commitments and agendas which shape, or at least colour, the ostensi-
bly technical debates. In particular, at times, technical assertions can be 
used to buttress specific policy frameworks in ways which subsequently 
prove to be flawed.
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The aim of this series is to provide texts which lay out the technical, 
environmental and political issues relating to the various proposed poli-
cies for responding to climate change. The focus is not primarily on the 
science of climate change, or on the technological detail, although there 
will be accounts of the state of the art, to aid assessment of the viability 
of the various options. However, the main focus is the policy conflicts 
over which strategy to pursue. The series adopts a critical approach and 
attempts to identify flaws in emerging policies, propositions and asser-
tions. In particular, it seeks to illuminate counter-intuitive assessments, 
conclusions and new perspectives.

The present text is no exception in exploring new approaches to 
the use of gas as a major energy source. Fossil gas use has boomed in 
recent years, in part since it is less carbon intense than coal, but of 
course burning it still produces carbon dioxide, and reserves, even with 
shale gas included, are not infinite. That is a worry, since gas has attrac-
tions. Unlike electricity, it is easily stored and can be transmitted over 
long distances with low energy losses. Gas-fired power plants can be 
quite flexible, so some see them as an important complement to vari-
able renewables. Peak fossil gas may be some way off, and it may be 
possible for carbon dioxide emissions from gas-fired generation to be 
captured and stored. However, in terms of low carbon options, there is 
also another approach: using biomass stocks of various kinds to make 
“renewable gases”. If done right, with the right feedstock and sustaina-
bly managed sources, producing and then burning biogas can be almost 
carbon neutral over time. And with carbon capture and storage, perhaps 
even carbon negative.

Switching to renewable gas does not just involve a simple low- carbon 
fuel change, it also opens up some interesting new possibilities, includ-
ing an alternative to decarbonisation by electrification. One currently 
quite dominant view in the UK is that domestic heating should no 
longer be done using fossil gas, but by heat pumps using electricity from 
renewable sources and/or nuclear. Renewable gas offers an alternative, 
which might make more sense, given that the UK gas grid currently 
carries 3–4 times more energy than the electricity grid. Switching from 
gas to electric heating would put a huge strain on the power transmis-
sion and distribution system and entail constructing high levels of new 
electricity generation capacity that would only be used for a few months 
of the year.

There are land-use and biodiversity limits to how much biogas can be 
produced from biomass, but, in addition to using farm and food wastes, 
there may be a novel solution – the production of synthetic green gases, 
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using renewable electricity and carbon dioxide captured from the air 
or from power plant exhausts. The simplest approach is just to make 
hydrogen gas by electrolysis of water, but this can also be converted into 
methane using captured carbon dioxide. The conversion processes will 
of course add to the costs, but that can be offset if use is made of surplus 
electricity from wind or photovoltaic (PV) solar power, which would 
otherwise just be dumped. This so-called “power to gas” system, with 
energy being stored as gas for use when wind or PV were less available, 
would provide a way to balance variable renewables. Like biogas, it can 
also replace or augment fossil gas in the gas mains and be used as a green 
vehicle fuel.

In addition to the fully renewable biogas and power to gas options, 
there are also many other intriguing “green gas” options, including the 
use of a range of industrial gases and fossil gas sources, which can be 
decarbonised, with, in some cases, the carbon being recycled and used, 
with hydrogen, to make syngases. Although not strictly renewable, 
these options offer substantial amounts of low-carbon energy for as long 
as fossil reserves last. They could be an important interim or transitional 
gas option, for use while fully renewable sources are developed.

The wide-scale adoption and use of these various “green gas” options 
would have significant implications for how energy systems were devel-
oped and for energy policy generally. Although some of these options 
may still be relatively new, the policy issues that are raised need to be 
considered urgently. The technical and strategic analysis in this text pro-
vides a good starting point.
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1

1.1 What is Renewable Gas?

Comfort-loving citizens in the Northern Hemisphere have good reason 
to take an interest in the future of gas, particularly since the demand 
for energy from Natural Gas in winter can be several times higher than 
the consumption of electrical energy (DECC, 2014a), and the rates of 
insulation renovations for old, draughty buildings can be slow. Unlike 
electricity, it is possible to store gas from season to season, making it 
a practical energy vector; extended storage means that gas production 
can be averaged out throughout the year. However, the use of Natural 
Gas in the long term is in some doubt as it is a fossil fuel and its com-
bustion disturbs the deep geological carbon cycle, thus contributing to 
global warming. It is therefore appropriate to consider whether there 
might be viable low carbon alternatives to Natural Gas. Biogas, natu-
rally occurring from the microbiological decomposition of biomass, has 
much to offer, but its advancement may well be hampered by changing 
patterns of land use, including constraints imposed by climate change. 
Enhanced and advanced biogas processing techniques could compen-
sate, giving higher yields of gas from biomass (e.g. Luo and Angelidaki, 
2012), although gas produced with any biological processing steps could 
remain slow. Consequently, industrially manufactured low carbon gas 
holds the most promise in terms of production volumes, although its 
development depends on adaptations and integration across several sec-
tors of the economy. The manufacture of some types of low carbon gas 
does not even require biomass as an input feedstock, or may only need 
a recyclable cache of carbon from biomass as an enabler, or catalyst, to 
produce hydrogen from water.

1
An Introduction to Renewable Gas
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For a gaseous phase energy fuel to be truly renewable, it should be 
produced directly from biomass (such as biogas), or indirectly from 
other renewable resources (such as hydrogen produced using renew-
able electricity). However, in what follows, a broader definition of what 
 constitutes sustainable gas technology is adopted, covering a range of 
low carbon gas options (Abbess, 2014, Table 10). Some of these low car-
bon gases are transitional, wholly or partly manufactured from fossil 
fuels, in the interim. The technology platform put in place will permit 
the transition to fully Renewable Gas energy systems in the future, by 
altering the input feedstocks or feed materials. The options for manufac-
turing low carbon gas are, for the most part, not new technologies but 
a repurposing of those already in use, with the aim of making strategic, 
long-lasting investments, and thence a decades-long transition to a fully 
sustainable gas energy supply. What follows is not the promotion of an 
individual technology but a recommendation for an evolution in energy 
systems, with gas fuels taking centre stage.

The three factors that most concern policymakers in the energy sec-
tor are: sustaining energy supplies, decarbonising energy systems – thus 
 preventing mainly carbon dioxide and methane emissions – and ensur-
ing that energy bills don’t spiral upwards. In the last fifty years, the 
world’s engineers have been working to perfect devices that can capture 
wind, sunshine and moving water energy for zero carbon renewable 
electricity production, and its mass deployment has contributed to a 
major reduction in the cost whilst contributing to energy security. Now, 
it seems like the right time to look at Renewable Gas – a range of low net 
carbon emissions gas energy fuels. Ironically, around fifty years ago, at 
about the same time they took up renewable electricity pursuits, North 
America and Europe – although not China (Yang et al., 2014) or Hong 
Kong – gave up manufacturing gas and switched to Natural Gas; but 
now, some of that chemical processing knowledge must be resurrected, 
in order to prevent greenhouse gas emissions from gas energy.

For the next few decades, fossil gas (Abbess, 2014, Table 10) is going 
to remain vital in industrial economies which are anchored to Natural 
Gas; even with a firm commitment to Renewable Gas, it will take some 
time to displace a significant quantity of Natural Gas with low carbon 
gas delivered via advanced energy networks. Furthermore, replacing the 
use of coal with Natural Gas for power generation gives an immediate 
 reduction in carbon emissions (Venkatesh et al., 2011); thus, Natural 
Gas can have enormous value in the work to mitigate near-term climate 
change. However, for this to be meaningful progress, gas grid and fugi-
tive emissions, particularly from hydraulic fracturing, will need to be 
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eliminated (Biello, 2014; Dlugokencky et al., 2011; Marston, 2013; Miller 
et al., 2013; Nisbet et al., 2014), gas flaring and venting to the atmos-
phere must be prevented (EPA, 2014; GGFR, 2013; UNFCCC, n.d.), and 
gas well integrity improved (Cherry et al., 2014; IEA, 2012b), particu-
larly subsurface trespass. This need to improve methane containment 
will become more urgent not only because of the increased demand for 
gas, which will increase distribution flows, but also because of ageing 
gas pipeline networks, and perhaps also because of the nature and acces-
sibility of the gas resources themselves.

An added spur to making progress on Renewable Gas could be  
that the resources of Natural Gas brought to production in twenty 
years’ time are likely to be of a lesser quality and more complicated to 
drill than those we are using today (Patterson, 2012). This will be partly 
because something like a fifth of “conventional” Natural Gas reserves 
are associated with crude oil fields (GEA, 2012, Section 7.3.3), some 
of which are depleting (Aleklett et al., 2010; Hook, 2014; McGlade, 
2014; Sorrell et al., 2010). Good-quality conventional Natural Gas fields 
(GEA, 2012, Section 7.3.2), whether or not associated with crude oil, 
will begin to deplete due to continuing high production, a phenom-
enon seen in both North America in the past and the North Sea today. 
They will show a peak in supply volumes in a pattern that will in all 
likelihood be similar to the decline in crude petroleum oil production 
(Laherrere, 2013a, 2013b; Rutledge, 2011, 2013). We will turn to alter-
native fossil gas resources, even though they might not be exploited 
rapidly enough to prevent a peak in total Natural Gas production. 
The alternatives will include deeper gas, and more acid gas, gas with 
more vaporised oil in it, non-free-flowing gas and gas from more com-
plex deposits (IEA, 2011, Page 50, Box 2.1; IIASA, 2012, Tables 7.10–
7.14; McGlade et al., 2012a, 2013a, 2013b; Mohr and Evans, 2011; 
Skorobogatov et al., 2000; Soderbergh et al., 2010). These “unconven-
tional” Natural Gases, and the manner in which they are mined, could 
present a range of problems, such as higher greenhouse gas emissions 
(Cathles et al., 2012; Glancy, 2013; Howarth et al., 2011; O’Sullivan 
and Paltsev, 2012; Wigley, 2011), unless they are deliberately curtailed 
(MacKay and Stone, 2013).

Ultimately, however, even with methane management measures, 
owing to ever-tightening carbon budgets set by climate protection 
policies, the carbon dioxide emissions from the burning of Natural 
Gas will begin to be the main concern. We will not be able to continue 
to burn Natural Gas “unabated” (UCS, 2013) – the fossil gas that we 
will use, within twenty to thirty years from now, will need to have the 



4 Renewable Gas

carbon taken out, and either permanently sequestered (IEA, 2011, Page 
121; IPCC, 2014a, Sections 7.5.1, 7.6.3) or recycled, for instance, into 
fresh gas fuels. Permanent sequestration of carbon dioxide resulting 
from  fossil fuel combustion is likely to remain costly, and so it can be 
expected that there will be a gradual shift towards low carbon gas supply 
technologies to prevent emissions at source. The first progress could pos-
sibly be seen in a variety of methods to reduce the carbon impact of gas 
carried by the grid networks: some carbon-rich waste, flue and exhaust 
gas will begin to be recycled into manufactured gas through chemical 
engineering. However, this will only be a proof-of-concept beginning, 
as there is much that can be done additionally. Key developments are 
likely to arise in crude petroleum oil refineries and Natural Gas process-
ing plants – initially to answer processing problems with the worsening 
quality of fossil fuels, and to reduce the environmental impact of refined 
fuels – but these will eventually lead to manufacturing low carbon gas. 
Petroleum refineries could transition to being low carbon gas suppliers, 
and the refiners of biofuels.

The engineering and research communities are already occupied with 
the technologies of Renewable Gas, but as with every major transition, 
governments, and engineering and energy companies have yet to make 
strategic decisions about forks in the road ahead. What follows will ven-
ture to lay out the map for the journey to low carbon gas, to cover the 
technological and process engineering ground, and create a snapshot 
of the choices that will present themselves, and the options for scaling 
the obstacles in this dynamic field. The remainder of this chapter looks 
at trends, opportunities and risks in the use of gas energy, and why low 
carbon gas is important. Chapter 2 explores the need for energy sector 
investment and discusses the limitations of various technology choices 
and policies. Chapter 3 addresses the potential for gas energy and a tran-
sition to Renewable Gas, and how Renewable Methane, in particular, 
can be of significant value. Chapter 4 reviews the history of manufac-
tured gas and Natural Gas to illustrate previous transitions in gas energy. 
Chapter 5 describes the evolution of energy systems, to show the natural 
transition possible from fossil fuels to the hydrogen economy. It ends 
with an analysis of choices for the next few decades. It also introduces 
a generic design for a Renewable Gas system, and where each compo-
nent’s technology is already used. Chapter 6 analyses the technology of 
Renewable Gas, weaknesses, pinch points and opportunities for system 
integration. Chapter 7 covers the policy framework for the introduction 
of Renewable Gas in the context of other changes. Chapter 8 is a collec-
tion of reflections and conclusions.
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1.2 A rationale for Renewable Gas

In order to comprehend why a transition to Renewable Gas warrants 
consideration, it is necessary to unpack trends in gas energy, and make 
some reasonable conjectures about future changes.

1.2.1 Growth in the energy sector

Energy is widely regarded as a pivotal sector of the global economy, and 
likely to grow, as markets, under governance, answer energy security 
concerns with new resources, refreshed and expanded infrastructure, 
energy efficiency services and improved access (BP, 2013a, 2014a; IEA, 
2003a, 2006, 2008, 2010a, 2012a, 2014a; IRENA, 2014; SE4ALL, 2014; 
Shell, 2008, 2011, 2013; Statoil, 2013; WBCSD, 2012; WEC, 2007a, 
2007b; World Bank, 2013). Industrialised regions have accelerated the 
deployment of renewable energy, mostly in the form of wind power 
and solar power. The lead times for adding renewable electricity capac-
ity are short, and renewable electricity can be rapidly integrated into 
gridded power networks. Accordingly, there are some projections that 
renewables can eventually supply very significant proportions of power 
demand (AEMO, 2013; CAT, 2013; CCCC, 2009, 2010; CSC, 2013; 
Denmark, 2011, 2012; Greenpeace, 2010; Jacobson and Delucchi, 2009; 
Moser et al., 2014; Peter and Lehmann, 2008; PwC, 2010; WWF, 2011). 
Home-grown, sustainable, low operational cost (Czisch, 2011a, 2011b), 
climate friendly and pollution free, renewable power is clearly to be 
viewed as a genuine asset, providing sound returns on investment; but 
experience is showing that there are two residual and connected issues 
with its adoption. The provision of renewable electricity is variable, at 
all timescales; and in addition, it is unlikely to become possible to use 
batteries, capacitors or other solid state technology to store power at 
low cost and at large scale for long periods. As the uptake of renew-
able electricity continues, the geographical spread of the power gen-
eration equipment can help to balance supply (Archer and Jacobson, 
2013). For example, in the European Union, it is calculated that vari-
ations in weather-dependent and season-dependent wind power in 
the north of the region can be largely balanced by diurnal solar power 
from the south (Brouwer et al., 2014; Creutzig et al., 2014; Czisch and 
Schmid, 2006; EWEA, 2005; Heide et al., 2011; Rodriguez et al., 2014; 
Santos-Alamillos et al., 2014; Trieb and Muller-Steinhagen, 2009). In 
Germany, winter wind is complemented by summer sun (Fraunhofer, 
2013, 2014). Yet, no matter how extended the grid, there will always be 
times when this instant’s power demand cannot be met by the current 
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moment’s renewable electricity supply. Conversely, there will always be 
times when not all renewable electricity can be used by the power grids. 
Therefore, looking beyond electricity into the wider energy economy is 
essential in addressing these concerns.

1.2.2 The partnership and synergy between gas and power

Renewable electricity generation from zero-cost wind, sun and marine 
energy and other sustainable resources will become much more highly 
sought after – but it will take some time to make its contribution truly 
significant. Since renewable electricity is variable in output, flexible, 
“dispatchable” gas-fired power generation will be suitable to back up, or 
“load balance” renewable electricity generation. With increasing levels 
of variable renewable power generation, the concept of “baseload”, or 
“always on” generation plant becomes outdated. Those power sources 
that cannot flex will wither – for example, nuclear power only has a 
certain amount of flexibility in output, and this comes at a cost (NEA, 
2011). Plans to capture carbon dioxide from coal-fired power stations 
and permanently store it in caverns under the sea (Carbon Capture and 
Storage, or CCS) are not advancing rapidly, and it may remain costly, 
even with a strong carbon price, market or tax. Therefore, emissions-
“abated” coal-fired power with CCS is unlikely to provide sufficient 
 flexible generation capacity in the near future. Without other low car-
bon energy coming into play in the near future, this means that we need 
to continue building new gas-fired power stations, and strengthening 
gas supply lines, which amounts to a commitment to gas fuels.

Many developed countries are in a decades-long process of transition-
ing to a combined gas and power system to supply the energy needs 
of their built environment, and some of their transportation needs too 
(e.g. the European “Energy Union”). Natural Gas and electricity are 
highly complementary energy vectors. Gas is straightforward to store 
and is used for distributed space heating as well as centralised power 
generation. Besides the growth in battery electric vehicles (BEVs), in 
future, a range of gas-fuelled vehicles will become more prevalent. The 
demand profile for electricity can be very similar year-round, and that 
would remain the case even with more electric drive vehicles. However,  
the total amount of energy that must be supplied in colder months 
as heat, mostly provided by gas, is usually several times greater than 
the combined energy consumption of power and gas in the warmer 
months. It would not make any sense to supply the colder months’ 
extra seasonal energy demand in the form of electricity, primarily as this 
would require major investment. Secondly, if these major additions in  
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generation capacity were from nuclear fission or renewable electricity, 
this would all need emergency cover to back it up, and so could require 
the building of more gas-fired or coal-fired power plants. Thirdly, the 
timetable for the construction of all the new power generation plant 
required to convert all space heating and cooling to electricity could be 
unfeasible to meet; moreover, this super fleet of power generators would 
then lie idle for most of the year. The increasing use of Natural Gas in 
heating applications is therefore helping to moderate the complexity 
and extent of the energy supply systems, and minimising the total scale 
of committed capital. Additionally, it would make sense to retain the 
invested value of the gas infrastructure into the future, rather than aban-
doning it completely to go all-electric.

1.2.3 Energy sector development rates and risks

Energy security questions are being answered at the present time by a 
narrative that proposes the exploitation of unconventional and pre-
viously inaccessible fossil fuels, alongside a renaissance in the use of 
nuclear fission energy. Large centralised nuclear power plants are slow to 
construct, and given the projections for increased global power demand, 
atomic electricity might never be able to get beyond supplying only a 
few per cent of total energy demand, even with a significant new build 
programme – much of it only replacement for existing capacity, as older 
units are decommissioned. Proposals have surfaced for a network of 
small modular reactors (SMRs), which are almost entirely unproven, 
and would in any case face possibly insurmountable problems with the 
safe transport of fuels and waste. Problems with the supply market for 
Natural Gas may well develop during the construction phase of new 
nuclear power plants, and so it is unclear if new atomic generation could 
be ready in time to help prevent disruption to the linked gas and power 
networks. Although the development of unconventional and remote 
fossil fuels raises the prospect of greater threats to the environment, and 
even poses risks for meeting climate change policy targets, the principal 
concern is whether these resources can be exploited at sufficient rates 
to compensate for the depletion of conventional reserves, whilst at the 
same time meeting increased demand from expanding markets.

1.2.4 The Limits to Growth: Peak Oil and Peak Natural Gas

In considering the future of energy in general, Peak Oil, or a peak in 
capacity to supply oil and oil-based products, remains a spectre at 
the feast. North America may have experienced “peak demand” for 
petroleum-derived hydrocarbon vehicle fuel – unless this was simply a 
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recession-driven dip (Lewis, 2014a) – but other parts of the world are 
still building their motor fleets. This strategy could be damaged by 
 uncertainties in the supply of refined oil products: although some oil 
refineries have closed (OPEC, 2012, Chapter 10; 2013, Chapter 6; 2014, 
Chapter 6), refining capacity has increased (OPEC, 2012, Figure 6.4; 
2013, Figure 6.10; 2014, Figure 6.14), and yet the projections of addi-
tional refined product output are contracting when compared year on 
year (OPEC, 2012, Figure 6.9; 2013, Figure 6.12; 2014, Table 6.3), even 
as demand increases. Investments will need to be made not only in 
petrorefinery but also in the supply of fossil fuel commodities. Reporting 
of crude oil production, besides conventional crude oil, now includes 
Natural Gas Liquids and other condensate, plus shale oil (light tight oil), 
heavy oil and bituminous oil (oil sands, tar sands); yet not all of this 
addition to “total liquids” can be processed into vehicle fuel. If the eco-
nomics of light tight oil (shale oil), heavy oils and other resources such 
as oil shale (kerogen oil) extraction are demonstrated as questionable, 
especially where they are prone to rapid depletion, or are at a low den-
sity in supporting sediments, it might not be possible to incentivise oil 
 supply to keep up with demand.

If a peak in raw conventional crude oil production is acknowledged, 
and unconventional oil demonstrates it cannot grow fast enough to 
compensate for the decline, and the supply of oil-based refined products 
is admitted to be in permanent decline, about fifteen to twenty years 
later there could also be a peak in the global capacity to supply Natural 
Gas. The timing of this would be mostly a geological phenomenon, a 
natural consequence of an overall peak in oil production; since much 
Natural Gas is associated either with petroleum oil deposits or in rock 
formations that could have matured crude oil had they been subject 
to different temperatures and pressures. That a peak in conventional 
Natural Gas could arrive before the widespread development of alterna-
tive gas resources would pose a significant risk to global energy security. 
For example, shale gas has been found to suffer higher field depletion 
rates than the usual Natural Gas resources (EIA, 2012), so without con-
tinued drilling, and much wider uptake, which depend on economic 
recoverability (Sovacool, 2014), it cannot prevent Peak Natural Gas, 
merely delay it, although maybe not significantly (de Castro et al., 2009; 
Weijermars, 2014). Other unconventional fossil gas resources may not 
be subject to the same depletion scenarios, but they do not yet have 
high production volumes. In some cases, the energy return (the energy 
value returned on the energy expended to produce the energy) may 
keep some unconventional gas cost-inefficient to produce, leading to 
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questions of sustainability of supply. With rapidly exhausting shale gas, 
and slow growth in other unconventionals, Peak Natural Gas may be 
inevitable within a few decades.

1.2.5  Contrasting answers to a growing energy  
demand–supply gap

Despite the lack of evidence that fossil fuels can be produced in high 
volumes sustainably into the future, there is still strong demand globally 
for Natural Gas, or substitutes for Natural Gas, not only due to expand-
ing energy demand, but also due to a “dash for gas” – the transition out 
of other fossil fuels to Natural Gas. This is happening due to a combina-
tion of environmental, economic and practical reasons. The multifac-
eted nature of gas – in both how it is sourced and how it is used, as well 
as its store-ability – makes it an obvious choice for building into energy 
futures scenarios: gas can easily be applied to any energy use, and so it 
is versatile.

The publicly expressed narrative from the oil and gas industry is that 
we should not concern ourselves about the risks of Peak Natural Gas, as 
unconventionals such as shale gas, tight gas, Arctic gas, gas from Alaska, 
coal seam gas (coalbed methane), deepwater gas, deep water-dissolved 
gas, gas from condensate, gas from heavy or shale oil, gas from oil sands 
refinery, and, possibly, methane hydrates can fill any widening supply–
demand gap. This storyline is arguably sensitive to many factors out of 
the control of the energy industry. On the other hand, the alternative of 
Renewable Gas production could be within management scope, whilst 
ticking all the policy boxes on future sustainability of the current energy 
companies, carbon dioxide emissions reduction, methane emissions 
prevention, and energy supply security. The development of Renewable 
Gas is therefore perhaps inevitable.

1.2.6 The decarbonisation of gas

Not only can Natural Gas help to decarbonise an economy, Natural 
Gas can itself be decarbonised, an example of which is the injection 
of biomethane, upgraded from biogas, into the UK gas supply grid net-
work. It appears unlikely that gas derived solely from the microbiologi-
cal decomposition of biomass will be able to replace all gas supplied; 
however, projects of this kind demonstrate that it is possible to displace 
Natural Gas with low carbon alternatives. Questions about the overall 
shape of the energy system, and the pathways for transition, may not 
yet have been answered, but bringing new low carbon gas to market in 
the short term is important for bringing about the long-term vision of a 
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fully decarbonised economy, proving concepts, capabilities and capaci-
ties. Bringing on low carbon gas can also offer practical solutions for 
very pressing problems in the short term.

Renewable Gas could be considered merely “additional” in its infancy, 
making up for shortfalls in Natural Gas production resulting from high 
global demand or regional production difficulties. However, it could 
also help to address worsening chemistry from conventional Natural 
Gas fields. It is estimated that 40% of remaining conventional Natural 
Gas is sour – with high levels of hydrogen sulphide, and acid, with high 
levels of carbon dioxide (ARI, 2013; Burgers et al., 2011; Foster Wheeler, 
2008, Slide 5; Lallemand et al., 2012; Lokhorst et al., 1997, Section 4.5). 
The sulphur needs to be removed for a variety of reasons, and there is a 
financial benefit in the by-products. However, there is currently no sig-
nificant market for carbon dioxide, yet it need not go to waste if produc-
tion facilities for Renewable Gas are constructed in the short to medium 
term, and are used to make a gas that is partway decarbonised. The 
carbon dioxide from acid/sour Natural Gas can be made into methane, 
the primary constituent of Natural Gas. This can be done by reaction 
with Renewable Hydrogen, and Renewable Hydrogen can be made from 
water by the use of renewable electricity, for example. Choosing Carbon 
Capture and (Re)Utilisation (CCU) over Carbon Capture and Storage 
(CCS) (where carbon is permanently sequestered underground) means 
that valuable carbon is maintained in the energy system. Building up 
processing capacity for Renewable Gas will permit the major oil and 
gas companies to avoid the costs of permanent carbon burial by CCS, 
necessitated by the use of acid/sour gas, and encourage the continued 
use of secure gas resources (even if acid/sour), whilst the energy sector 
transitions out of fossil fuels.

1.3 The Natural Gas story

Natural Gas is perhaps a perfect fuel, despite its humble origins. It is non-
corrosive, there are no solid or liquid wastes to deal with, and few nox-
ious, toxic or polluting by-products, apart from carbon dioxide. It is not 
surprising that economies are increasingly relying on it; however, this 
dependency poses considerable risks, which need to be mitigated.

1.3.1 The “wonderfuel” development of Natural Gas

The development of Natural Gas as a fuel for energy has been an important 
evolution in energy systems for the industrialised nations, having use-
ful and appropriate applications in space heating, electricity generation 
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and, recently, transport, whilst being low in carbon dioxide and par-
ticulate emissions upon combustion, and increasingly being made safe 
to store, distribute and utilise by end consumers. It has progressed in 
favour from being a virtually unwanted vented or flared by-product of 
petroleum oil production to being the energy fuel of choice of most 
developed economies, and it is set to remain a key component in gov-
ernment and commercial plans for energy futures. Mostly composed of 
the simplest hydrocarbon, methane, adulterated with a few more com-
plex constituents, Natural Gas is usually “thermogenic” (Abbess, 2014, 
Table 10) – the final stage of the decomposition of  millions-of-years-old 
animal and plant remains, through high subterranean temperature and 
pressure. Natural Gas, or rather, Natural Methane, is also produced in 
quite young organic sediments, close to the surface of the Earth, via 
biological activity, for instance, in swamps and marshes, or river del-
tas, and this is known as “biogenic”. However, some Natural Gas does 
not derive from the decomposition of once-living organisms: as with 
Natural Hydrogen seeps (Abbess, 2014, Table 10), some Natural Methane 
results purely from subterranean inorganic chemistry – perhaps to be 
termed “chemogenic”. In addition, as during the aeons of the origins 
of life, some surviving ancient organisms (archaea) may feed on inor-
ganic crustal gas seeps, for example, at deep-sea hydrothermal vents, 
and both consume and produce hydrogen and methane – perhaps to be 
termed “archaeogenic”. Using Natural Gas is the ultimate in recycling, 
returning life waste into a valuable commodity, and in many aspects, 
it is an ideal fuel. The only potentially superior choice for energy stor-
age and conversion is hydrogen gas, and future energy systems can be 
anticipated to make use of both hydrogen and methane in a variety of 
configurations. Deep-time research suggests that these two simple gases 
were companions in the development of early life on Earth, and micro-
biological communities of the present era indicate these energy carriers 
have remained preferential, as exhibited by the co-production of hydro-
gen and methane in the mechanised decomposition of biomass under 
a range of different conditions. The ubiquity of methane, not only in 
fossil Natural Gas, but also in surface-produced, biologically produced or 
manufactured gas, and the lack of complexity in the chemistry of com-
bustion of methane, means that gas can provide a clean and efficient 
energy delivery system.

1.3.2 A trend towards dependency on Natural Gas

Technological improvements have underpinned distribution of Natural 
Gas through vast piped networks, and its wide use by power plants and 
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industrial chemical infrastructure. This has led to an increase in the 
volumes of Natural Gas employed, embedding it in advanced nation 
economies and regions by making it ever more accessible. Along with 
the development of gas grids has been an expansion of supply routes, 
including Liquefied Natural Gas (LNG) shipments, large interconnectors  
and international pipelines, which have promoted economic develop-
ment through export and import. Regional diplomatic and commer-
cial arrangements could be said to have secured a safer, more equitable 
world on the basis of trade in Natural Gas. Many energy-intensive 
countries are now committed to an increased proportion of Natural 
Gas in their energy portfolio. For example, in 2012 in the United 
Kingdom, roughly 68% of all residential energy, and roughly 80% of 
residential space heating (the heating of the insides of private homes), 
was provided by Natural Gas (ECUK, 2014, Table 1.08). By contrast, in 
the services sector (offices, commercial properties, etc.), gas supplied 
roughly 46% of the energy used, and 66% of the space heating (ECUK, 
2014, Table 1.08). In 2013 in the UK, Natural Gas formed around 35% 
of final energy consumption (ECUK, 2014, Table 1.02), and was used 
for roughly 24% of electricity generation (DUKES, 2014, Table 1.1). In 
2012, this was roughly 25% (DUKES, 2014, Table 1.2), and in 2011, 
roughly 34% (DUKES, 2014, Table 1.3). With the expected closure of 
unabated coal-fired plants in the European Union (UKGOV, 2013b), 
and similar global action on coal, for example, in China, Natural Gas 
could become the main primary energy fuel for power generation in 
most developed and rapidly developing countries. Yet the very popular-
ity of Natural Gas is leading to a greater dependency on this fossil fuel 
and its supply chain, and this trend holds the potential for significant 
risks (see Table 1.1).

1.3.3 Risks of dependency on Natural Gas

1.3.3.1 Economic Turmoil: economic risks from Natural Gas dependency

The economic risks (see Table 1.1) from the increasing exploitation of 
Natural Gas resources derive mostly from questions about investment, 
at both ends of the pipeline. To produce new Natural Gas flows, even 
from already-worked fields, requires capital injection, especially to har-
ness Natural Gas that would otherwise be vented or flared; and from the 
consumer end of trade, new gas-fired power plants must be financed, to 
supplant coal combustion, as essential air quality and global warming 
legislation is enacted. Economic volatility could threaten these invest-
ments, and conversely, inefficient energy systems investment could con-
tribute to a loss in economic vibrancy.
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1.3.3.2  Geopolitical Instability: geopolitical risks arising  
from Natural Gas dependency

Geopolitical risks (see Table 1.1) to the global supply of Natural Gas are 
not meagre, and high dependency on Natural Gas could impact global 
security. The United Nations has had economic sanctions in place against 
several oil- and gas-producing countries in the last twenty years, and 
violent conflict is ongoing in some places. In addition, quasi- unilateral 
decisions made by members of the United Nations Security Council 
have led to military intervention in the “energy corridor” of the Middle 
East and North Africa (MENA). Together, these have resulted in some 
volatility in the supplies of so-called conventional fossil fuels. Besides 
the effects of trade embargo and socio-economic instability, destruction 
of valuable energy infrastructure and production capability has become 
a routine aspect of insurrections, civil wars and inter-nation conflicts, 
causing another perturbation to fossil fuel supplies. New gas pipelines 
feeding towards the European Union, from both MENA and the Russian 

Table 1.1 Estimate of risks posed by increased and continuing dependency on 
Natural Gas in industrialised nation energy systems

Risk factor Details Time frame Risk level Probability

Economic 
Turmoil

Continued lack of 
economic confidence 
leading to lack of  
energy investment

0 years from 
now

High Medium

Geopolitical 
Instability

Chaos in diplomacy,  
social unrest, military 
conflict disrupting  
supply chains

0 years from 
now

Medium Medium

Market 
Competition

Strong competition 
between countries for  
the same fuel supplies  
and supply chains

5–10 years 
from now

High High

Resource 
Depletion

Conventional fossil  
fuels experience  
depletion of large fields, 
whilst growth in 
unconven tional fossil  
fuel production is slow

15–25 years 
from now

High Medium

Carbon 
Emissions

Embedded and “locked  
in” carbon emissions, 
contributing to  
dangerous climate  
change

20–30 years 
from now

Medium High
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federal region, could be seen as easy targets for malevolent parties, just as 
the security of oil and LNG tanker passage through the Strait of Hormuz 
has been seen as sensitive to disruption (EIA, 2014b). Gas pipeline flows 
could also be restricted by diplomatic stalemates over a range of issues.

1.3.3.3 Market Competition: compounding risks

As a result of increasing dependence upon and increased consump-
tion of Natural Gas, there could be mounting competition experienced 
between countries for the same resource (see Table 1.1). If geopolitical 
factors were to present a restriction in some sections of the Natural Gas 
supply chain, this could potentially have the effect of creating scarcity 
in such a market. Geological resource depletion, whether in indigenous 
production or in source nations, could exacerbate the stress on the sup-
ply of the fuel from within-market competition, particularly for coun-
tries at the geographical fringes of Eurasia, such as the UK, and amplify 
any geopolitical tourniquet.

1.3.3.4  Resource Depletion: the potential dead end of  
unconventional fossil fuel exploitation

The development of unconventional fossil fuels has recently become a 
hot policy topic, particularly following high levels of drilling for shale 
gas in the US and concomitant high production volumes – although it 
might not be possible to replicate this success in other regions of the 
world – which would mean it does not become the “game changer” as 
publicised. The drive for shale gas, and other gas locked in sediments, 
could be interpreted as tacit acceptance that the days of conventional 
Natural Gas supply growth are numbered. Although mining for indig-
enous unconventional fossil fuel resources at home may increase energy 
supply security to some extent, and answer the risks from geopolitical 
upheaval abroad, environmental and climate change considerations 
may restrict the development of shale gas and other complex fossil fuel 
resources, such as coalbed methane (coal seam gas), coal gasified under-
ground, methane hydrates, Arctic oil and gas, heavy oils and tar sands. 
It is also not clear to what extent unconventional fossil fuels can replace 
the conventional ones, where production begins to decline because of 
geological depletion (see Table 1.1), as dispersed and “tight” resources 
can be difficult to access and energy-costly to produce.

1.3.3.5 Carbon Emissions: climate change risks

Fuel switching from coal to gas in the power generation sector is one of 
the key recommendations of the Intergovernmental Panel on Climate 
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Change (IPCC) (IPCC, 2013, Section 7.5.1) to address climate change 
(see Table 1.1). However, in economies with very high levels of renew-
able electricity penetration, where combined cycle gas turbine (CCGT) 
generation could be seen as the least carbon-intensive “last resort” 
backup for variable wind and solar power, the return on investment 
from gas-fired power plants could plummet, owing to infrequent and 
intermittent hours of fire. Even though renewable electricity generation 
has not reached the high levels of this scenario, several countries have 
experienced this very setback in the last few years, partly due to low coal 
prices and partly due to the rise in renewable generation, both of which 
have had the effect of crowding out gas-fired generation. Special incen-
tives have therefore become necessary, centred on a rationale of energy 
security. Various parties have developed “capacity” instruments to subsi-
dise generation plant kept on standby (Caldecott and McDaniels, 2014). 
These could perhaps be justified on the basis that the marginalisation 
of fossil fuel combustion by zero carbon renewable power helps to meet 
carbon targets, so capacity payments to underused gas-fired power plants 
would be in recognition of the value they bring in reducing carbon diox-
ide emissions. If they can no longer be operated commercially, gas-fired 
power plants may eventually become seen as infrastructure assets for 
load following and supply balancing power grids, and thus could be 
state-financed and publicly owned.

Over and above market conditions and physical resource realities, it 
is the increasing embedded dependence on Natural Gas, resulting in 
“locked in” carbon emissions from power plants built to last several 
decades, that could be the highest risk to enacting British, European 
and other climate change policy in the thirty-year time frame. As cli-
mate change begins to bite, carbon control can be expected to rise in 
urgency. For example, without strong energy efficiency legislation lead-
ing to enforced, statutory change, such as mandated building insula-
tion for existing housing stock as well as new build, the UK may exceed 
its Carbon Budgets and pay a range of financial and other costs. For 
example, it could be that coastal and low-lying inland communities that 
begin to be ravaged by too-frequent inundation from storm, flood and 
sea level rise are permitted to pursue legal challenges to the energy  sector 
for greenhouse gas emissions, in order to compensate them for damages 
and loss of insurance and equity. It is to be regretted that policies for 
building insulation have in some cases been so lamentably unsuccessful 
in their aims.

With increasing acceptance of the genuine risks and damages arising 
from global warming-induced climate change, shareholders, investment 
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funds and institutional investors may divest themselves of coal, oil and 
gas portfolios, and it may even become politically and economically 
untenable to continue to mine and combust fossil fuels. Many scenarios 
map out that the use of fossil fuels must decrease; whether this comes 
about as a result of strong climate change sanctions, or from depletion 
in high-quality fossil fuels, or from excessive fossil fuel production costs 
in an unstable economic regime, it makes no difference to the outcome. 
This cessation in the mining of fossil fuels would mean that Natural Gas 
is not a destination in the journey to a low carbon future, but because 
we can make Renewable Gas to take its place, we can continue to use 
our gas infrastructure assets nonetheless. Natural Gas then forms part of 
the bridge to genuinely sustainable energy systems. We can continue to 
make good use of all of the gas fuel grid infrastructure and plant whilst 
working towards replacing Natural Gas with sustainable and maintain-
able zero or low carbon gas.

1.3.4 Low carbon gas fuels to de-risk the scenario

All the risks from a dependency on Natural Gas (see Table 1.1), apart 
from the energy sector threats from continued economic instability 
and possible long-term economic contraction, can be circumvented by 
increasing the quantities of low carbon “green” gas fuels to displace the 
use of fossil fuel gases, both in power generation stations and in gas 
grids. It will take time to reach the stage where meaningful volumes of 
renewable, sustainable clean-burning gas fuels can be produced from 
biological and chemical resources. For less-developed countries, where 
energy consumption is low, biogas produced from the anaerobic diges-
tion of food and animal waste could offset expensive imported fossil 
fuels within a short time frame and support economic development. 
However, regions of the world with much higher energy consumption 
intensities may struggle to curb their fossil gas dependency, as Renewable 
Gas may initially seem expensive, as much of it will need to be chemi-
cally manufactured. An industrial approach to gas manufacture will be 
necessary, since the supply of biologically derived gas by itself will not 
be comparable to Natural Gas consumption in much of the world.

1.3.5  A collection of low carbon gas fuels – from a range  
of technologies

Renewable Gas is a range of processes and techniques – it will not 
simply come from biomass origins, and it will not come solely from 
microbiological processing, and some routes look likely to be an order 
of magnitude more successful than biogas. Researchers, engineers 
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and policymakers are turning their attention to the next logical step 
in the renewable energy story – the displacement of fossil fuel gas in 
piped grids, power plants and vehicles with renewably sourced gaseous 
phase fuels. In this, northern European countries are leading the way – 
 particularly Germany which has a comprehensive strategy for Energy 
Transition (Energiewende, Energy Change, Energy Delta) – and various 
government agencies are crafting policy with three mutually stabilising 
elements: energy efficiency, renewable electricity and Renewable Gas. 
The simplicity of the suite of Renewable Gas products comes with a 
multifunctionality – it can address not only Carbon Emissions risks but 
also Resource Depletion and even Economic Turmoil (see Table 1.1), by 
providing a growth area in economies through the development of the 
energy sector, and also, very importantly, by reusing gas infrastructure 
and maintaining advanced engineering prowess.

1.3.6 A win-win-win situation

Renewable Gas offers a way for the major oil, gas, coal and perhaps even 
nuclear power enterprises to build a future and retain their position 
as pillars of the economy, maintaining the confidence of their invest-
ment community and individual shareholders; and this is significant 
because energy is a major investment portfolio. The development of 
Renewable Gas is essentially an adaptation strategy demanded by the 
changing landscape in fossil fuels. Natural Gas is not monolithic – every 
reservoir has different characteristics. Although there is plenty of gas 
out there (see Table 1.2), there are many challenges with the chemistry 
of recent prospects. More chemistry means less energy return on pro-
cessing Natural Gas to make it suitable for pipeline and gas turbine. It 
may be normal in future to accept raw Natural Gas with high levels of 
nitrogen, or carbon dioxide and hydrogen sulphide. Making the best 
use of the increasing carbon dioxide in raw Natural Gas will increase the 
energy return by adding Renewable Gas to gas supplies – “gas processing 
gain”. Low carbon manufactured gas fuels developed in different regions 
of the world would be to everyone’s advantage – not only the oil and 
gas corporations, but also the Organization of the Petroleum Exporting 
Countries (OPEC) and the Gas Exporting Countries Forum (GECF),  
the environmental organisations, climate change negotiators, economi-
cally depressed states, energy consumers, energy suppliers and policy 
leaders. Efforts to increase renewable resources of gas fuels point the 
way to a smooth transition away from fossil fuels to sustainable, main-
tainable (and cleaner) supplies of energy for the future. However, we all 
need time to adapt if we want to join the great gas transition – building 



18 Renewable Gas

a new mindset will be difficult, even though many of the Renewable Gas 
technologies were devised a century or more ago. The realisation that 
with the stretch into unconventional resources, Natural Gas production 
is in danger of becoming fragmented, dispersed and insecure could be 
the tipping point towards Renewable Gas – a durable solution to gas 
demand.

1.3.7 Challenging rates of progress

An economist with standard training would ask the question – if 
Renewable Gas is so good, why is it not being done already? If they 
saw the fabled $100 bill abandoned on the sidewalk, they would think 
they were dreaming – somebody else should have already picked it up 
by now. Progress in energy can be slow and awkward. This is partly due 
to the incumbency of the oil, gas, coal and nuclear “dynasties”. It is 
also partly to do with the fact that new or immature energy technolo-
gies and systems require upfront investment, and a certain amount of 

Table 1.2 Brief analysis of the BP Statistical Review of Energy 2014 
Workbook, Revised version (BP, 2014c)

Gas reserves – trillion cubic metres (tcm)

8 tcm or greater 4–8 tcm 2–4 tcm

Iran UAE Australia
Russian Federation Venezuela Iraq
Qatar (recent write-down) Nigeria China
Turkmenistan (recent write-down) Algeria Indonesia
US Norway
Saudi Arabia Canada

Gas production – billion cubic metres (bcm), annual

50 bcm or greater 15–50 bcm 10–15 bcm 5–10 bcm

US Iran China Algeria
Russian Federation Qatar Norway Indonesia

Canada Saudi Arabia Malaysia
Netherlands
Turkmenistan
Mexico
Egypt
UAE
Uzbekistan
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speculation. Anything that is “First Of A Kind” needs investment and  
planning concord – it needs facilitated decision-making amongst a large 
group of very disparate actors. In fact, much of the basic technology 
of manufactured gas is not new and there is ongoing work in the area 
of Renewable Gas. As an example, since the 1980s, there have been a 
variety of high temperature manufactured gas (“gasification”) projects 
launched – some very successfully – but recycling of research into com-
mercial enterprise can be difficult. This is not generally due to relative 
costs per unit of energy delivered to market, but a “faith threshold” that 
needs to be stepped over, as in the case of wind power. The centres of 
activity in the promotion of Renewable Gas are widespread, and for the 
wider picture to emerge, one has to connect the dots. India and China 
are pursuing the pragmatic benefits of biogas, and in the US, there is 
strong Department of Energy support for the “Hydrogen Economy”. In 
the European Union, policymakers are still struggling with issues over 
biofuels and biomass, and the debates can sometimes reach a deadlock. 
Germany has a structured plan to introduce both Renewable Hydrogen 
and Renewable Methane into its energy provision. In many ways, a 
transition to Renewable Gas is already being implemented, and there is  
ongoing research and development, and deployment. However, there  
is much that could be done to increase take-up of the technologies,  
and promote the visibility of the transition.

1.3.8  The natural end point for British and  
European energy policy

It is almost universally recognised that Natural Gas is the perfect part-
ner to electricity in grid networks, and this is central to energy policy 
in many industrialised countries. The aim for engineers and researchers 
is to show that just as electricity generation can be stripped of emis-
sions, it is also possible to decarbonise gas – to develop gas fuel resources 
that have lower net carbon dioxide emissions to air than Natural Gas. 
This will be especially important for the medium-term future, because 
as conventional Natural Gas sources deplete, and more unconventional 
and sour gas supplement the supply, with their changing chemistry, 
the use of fossil gas could cause higher carbon dioxide and methane 
emissions. A parallel problem is likely to occur in the refinery of crude 
petroleum oils – as resources degrade in quality, the danger of rising 
carbon dioxide emissions from refinery can only be answered by decar-
bonising the processing – and here, too, low carbon gas will be essential 
(Abbess, 2014).
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There is a distinct prospect that mining for fossil gas might taper 
away, as renewable, sustainable gas fuels can be made above ground 
from plants, microbes and other sources, that have a climate-neutral 
impact, and can even be recycled. Yet this is not just wishful thinking 
or a hypothetical conjecture. Energy engineers have been working with 
the agricultural sector and industrial chemical enterprise for decades 
to put otherwise waste “surface” gas by-products to use, sometimes by 
recycling the gas; and vanguard developments are now underway across 
a range of forefronts to increase the production volumes of all kinds 
of Renewable Gas up to grid- and economy-wide scale. Mining carbon 
from the Earth and burning it into the sky is a failed narrative, and 
although we may not be able to stop digging for energy yet, that day 
can surely come.
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2.1  Navigating the nexus of the economic, climate  
and energy crises

Climate change is an energy problem – we cannot solve climate change 
without solving energy. Energy change is not just a matter of convinc-
ing the world’s energy producers to alter the resources they use; or 
manufacturers to focus on energy efficiency; or consumers to alter their 
energy use behaviours. To meet greenhouse gas and particulate emis-
sions targets, and manage water consumption, can never be merely a 
political, regulatory question, and arguably this would anyway require 
more organised, committed global governance than currently in evi-
dence. The privately owned energy sector cannot be assumed to be 
in sufficient good health to respond to regulatory or market change, 
despite excellent stock market performance. It could be said that the 
strong value of shares in energy companies and a recently terminated 
decade of mounting energy commodity prices have created a distrac-
tion, a diversion from fundamental fault lines. Studies into energy 
increasingly alight upon concerns about the projections for future 
global energy production and consumption, and questions about the 
life cycle renewal of energy supply and infrastructure in an atmosphere 
of low economic growth.

2.1.1 Peak fossil fuel production

Regardless of any statutory demands on greenhouse gas emissions, there 
are strong indications that fossil fuel resources of all kinds are tending 
towards lower quality, smaller fields and seams, and greater inaccessibil-
ity. Net energy return on energy invested (EROI or EROEI) may sink: 
exploiting a resource makes decreasing sense when it takes the energy 

2
Energy Change and Investment 
Challenges
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equivalent of a barrel of oil just to raise a barrel of oil out of the ground 
(e.g. Hall et al., 2014). The costs of production of complex, remote and 
deep fossil fuels may rise – owing to third-party equipment supply chain 
factors. Furthermore, even though global demand for energy will rise, 
the rates of production of fossil fuels may reduce, owing to segmen-
tation of production from smaller and more dispersed reserves, strong 
market competition and technological complexities. All of these factors 
could tend to produce a peak in fossil fuel production. This would then 
point to a logical outcome – an ambition to shift away from coal, oil 
and Natural Gas – not only the depleting high-quality resources, but 
also the difficult, complex, so-called unconventional fossil fuels. These, 
in addition to being poorer quality, pose risks of higher levels of result-
ing pollutants, both in their production and from their consumption. 
However, solving the ultimatum of a change in energy is not just about 
substituting one set of energy resources for another, for most renewable 
energy is diffuse, low density and often variable, and despite the tech-
nological achievements in some renewable sources, such as hydropower, 
and rapid progress in wind and solar power, renewable energy has yet 
to be made to harness a relatively significant amount of investment and 
government support compared to fossil fuels.

2.1.2 Global economic change

The global economy is at a crossroads on energy. The International 
Energy Agency (IEA) and others are warning that significant new invest-
ment in energy infrastructure needs to be made. With economic tur-
bulence, it is entirely possible that expensive options, such as nuclear 
power, Carbon Capture and Storage (CCS) and the exploitation of low-
quality or hard-to-reach gas and oil, will not be pursued at very large 
scale worldwide. Private energy corporations are likely to resist large 
new investment yielding only a slow rate of return, without the promise 
of public finance support – yet many developed countries talk of auster-
ity measures to cap or lighten national deficits. The most realistic and 
pragmatic way forward is to make the most of what we have already 
got – power and gas – and the grids, pipes and plant we have already 
invested in. We also need to think of energy solutions that require the 
shortest possible time from design to production. For example, renew-
able electricity from solar farms and wind farms is very rapidly adding 
electrical generation capacity to the power grids. Gas-fired power plants 
can be built in several years. Although we need to abandon coal burning 
to meet climate stabilisation demands, we can continue to burn fossil 
Natural Gas for a couple of decades.
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2.1.3  Managing the inevitable energy change –  
cross-cutting issues

An added complexity for investment decisions is that to make the 
energy change, we need to solve a number of related things at once: 
how to harness bioenergy resources without compromising food secu-
rity, for example, where bioethanol derived from staple crops is liable to 
compete with the human food supply chain, and genetically modified 
energy crops may compete for land with food farming, or even threaten 
it by affecting agricultural biosecurity. We also need to address problems 
related to technological failure – to review progress in “advanced bio-
fuels” indicates that optimism is not always justified, in areas such as 
algae farming for biodiesel, and so-called second generation cellulosic 
bioethanol. And beyond the technological barriers, we need to work out 
how to deliver industrial scale volumes of alternative energy resources in  
a sustainable manner. For example, it is not clear if liquid biofuels can 
replace significant quantities of refined fossil fuels for transport. Another 
example is that soil fertility and water supply in energy crop production 
is a major concern, and will almost certainly place a natural upper limit 
on production volumes of biomass that can be made available.

2.2 Energy Change: the energy paradigm shift

Beyond technological, production and economic questions, there are 
the strategic issues – how to bridge between the investments we cur-
rently have and the assets we need to develop for the future. Much of the 
world’s capital is locked into oil, gas and coal (and nuclear power), and 
the electricity generated from them, and is chasing more of the same, 
because it may be seen as too risky to jump to the renewables track. 
The inevitability of a renewable energy world, arising from dwindling 
pools of fossil fuel resources, the limits of uranium mining, the risks of 
fragmentation in the global economy and the likelihood of stringent 
climate change targets, has not yet fully percolated the consciousness of 
large investment funds, major corporations and many parts of national 
and international governance. Economists do not believe geologists – 
however, parts of the global economy, and some lawmakers, recognise 
the mandate for change.

It could be that big oil and gas companies, such as BP and Royal Dutch 
Shell, and big utility companies (Vasagar, 2014a, 2014b, 2014c) need to 
be reformed, from the inside out, in order to survive. The good  fortunes 
of companies in the energy sector could be assured if they were to build 
their business projections on the adoption of bridging energies, such 
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as low carbon gas, that can be used in the interim on the road to a 
fully zero carbon energy future. Bridging positions that are not depend-
ent on public money (which is probably the case for CCS) and are not 
just public relations “greenwash” – whitewashing coal and unconven-
tional fossil fuels – could procure global accord, and allow for multi-
scale, multi-sectoral and, importantly, multiple ownership solutions 
to be developed. For example, Renewable Gas can create employment 
in the energy production supply chain, and also at the consumer end. 
Renewable Gas technologies can be small or large scale, and distributed 
to the most appropriate locations. And Renewable Gas can have different 
forms of ownership, and therefore more shared responsibility for its pro-
duction, spreading the workload in maintaining supplies. Decentralised 
Renewable Gas can have a multiplicity of sources, and a multiplicity of 
uses, and depending on its purpose, a flexibility in its exact content; it is 
also potentially a bringer of efficiency to energy systems.

Large Renewable Gas production facilities and biochemical refineries 
or “biorefineries” may well replace petrochemical facilities, and because 
of the similar chemistry, this leaves plenty of space for traditional oil 
and gas companies to operate as large players in the new chemistry. 
However, besides new resources, a renewable energy future must have 
a significant tranche of energy conservation embedded into it, because 
efficiency is essential with low density, dispersed renewable resources, 
and that can only be achieved with co-operation from all sectors, includ-
ing those whose business model until now has been based on the sole 
prime directive of selling increasing amounts of energy. This will be an 
entirely new paradigm, and the energy sector will need to operate as the 
sellers of energy services rather than simply energy itself.

2.3  Challenge to invest: the engineering and  
resource life cycle

The engineered components of energy systems, such as power plants, 
petroleum refinery processing units and grid networks, are not only 
replaced when something better comes along, such as new technol-
ogy, or more efficient models. Each part of an engineered system has 
a designed lifetime, after which it must be significantly renewed or 
decommissioned. It may be possible to keep some energy system units 
in operation past their allotted hour, but there are usually costs and 
risks attached to this decision, and could make final decommissioning 
or replacement more expensive. Maintenance and replacement costs are 
not restricted to engineered components of energy systems – the raw 
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resources that are the inputs, coal, Natural Gas and crude petroleum oil 
(and uranium), also need to be refreshed. As old seams, wells and fields 
deplete or depressurise, new reserves must be targeted for exploitation, 
or new mining and drilling techniques applied, and both options come 
at a cost. Energy systems come with a reinvestment commitment, not 
just an original price tag. The IEA (2014a) in its 2014 World Energy 
Investment Outlook projected that globally, investment in energy effi-
ciency, energy system components and energy resources must rise from 
$1.65 trillion in 2013 to $2.5 trillion per year in the period 2031–2035 
(IEA, 2014a, Table 1.2). Of the $48 trillion cumulatively that the IEA 
project needs to be invested in the period to 2035, $8 trillion will be 
for energy efficiency. Of the $40 trillion remainder, less than half will 
be needed to meet increased energy demand. The rest will be required 
simply to keep the current energy systems operational, in both engi-
neering and resources – running to stand still. Making the decision to 
accentuate investment in renewable energy to keep global warming 
below two degrees Celsius (2°C) would take the total global expendi-
ture on energy up to $53 trillion (IEA, 2014a) up until 2035, but this 
would create savings. The IEA publication Energy Technology Perspectives 
2014 (IEA, 2014b) estimated that $44 trillion would need to be invested 
by 2050 to decarbonise the entire energy system and meet climate 
change targets, but that this would produce input energy cost savings of  
$115 trillion. Reducing fuel costs to the global energy system by increas-
ing the use of renewable resources would automatically affect the viabil-
ity of oil, gas and coal supply companies unless they were to change 
their business strategies.

Regardless of whether the world decides to head for zero carbon or 
not, reinvestment in energy is recognised as essential, however there 
are developments taking place that may significantly constrict energy 
system spending.

Perhaps the most important and primary consideration is the finance-
ability of engineered energy system components. This is felt most 
keenly in the market economies, where the hunt for profit, the rate of 
return on investment, will not appear as healthy for some energy sys-
tem investments compared to others, or other sectors of the economy. 
For  example, reinvestment in electricity grid networks in industrialised 
countries, where some cables, wires and breakers can be far older than 
power plants (e.g. Barrett et al., 2013), does not offer the promise of high 
rates of return, although it will maintain the integrity of the energy sys-
tem as a whole. The utility of a supply of power is extremely high, but 
few want to sink capital into its provision.
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Secondly, although the fundamental issues are different, the question 
of financeability also applies to developing primary energy resources. For 
example, the depletion of high-quality, high-volume fossil fuel resources 
and continued high demand are causing higher levels of spending on 
exploration and discovery by privately owned oil and gas companies, 
but with some evidence of a lower success rate (Ahmed, 2014; Carbon 
Tracker, 2014a; Evans-Pritchard, 2014; OPEC, 2014, Figure 1.4). By con-
trast, although lower-quality fossil fuels are likely to have expanding 
markets and so appear to be bankable, this all depends on the EROEI 
in their production, and the shifting landscape in commodity market 
prices. In light of trends, it may be that private enterprise oil and gas 
companies need to reassess their core strategies in order to maintain their 
profit base. One factor will be which resources they choose to invest in.

Thirdly, it is important to recognise the genuine geophysical limits of 
oil and gas (and coal and uranium).

Fourthly, it is likely that global capital will rein in its enthusiasm for 
novel and expensive technologies, particularly in the arena of carbon 
abatement. Whilst the Intergovernmental Panel on Climate Change 
(IPCC), IEA and other bodies are keen on a nuclear power renaissance 
and the deployment of CCS, the world’s banks and other potential 
investors may well take a different view.

Fifthly, it is important to consider the potential effectiveness of setting 
a monetary value on carbon dioxide emissions, which is assumed to be a 
key method of stimulating investment in low carbon energy, but might 
not create the right incentives for major change.

2.3.1 Losing investment from energy engineering

The scope for investment in engineered energy system components is 
somewhat different under the paradigm of a market economy compared 
to a state-led economy. Regardless of the prevailing economic model, 
however, investment is never assured. In the privatised energy economy, 
investment seeks a return for the investors, and faces problems if loan 
recovery rates are not sufficient. For example, privatised electricity gen-
eration companies in the European Union may not be sufficiently capi-
talised to achieve a transition to low carbon power plants, and are likely 
to baulk at taking on the high levels of debt in order to finance it, an 
aversion to investment that is historical (Kuzemko, 2013). By contrast, 
in a planned economy, there could be a natural resistance to energy 
investment, even if there are gross inefficiencies in the current instal-
lations, or the installations are ageing and need replacement, simply 
because central policies have other priorities.
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The global market economy is searching for growth, for profits to 
return from investment, in order to stimulate greater productivity, and 
yet it is showing signs of debt, equity and capital lockdown – which 
could restrict the flow of finance to all but the most promising sectors. 
To create genuine growth, it is necessary to draw new resources into 
the economy, something that can be done with renewable energy, for 
example, which is essentially cost-free solar power in various forms, but 
somebody needs to pay to harness it. 

Unless it can show evidence of genuine returns, investment may fail 
to be directed towards the energy sector, and in addition, potential for 
an investment gap could become progressively worse as engineered 
energy system components age. For some system components, renewal 
with the promise of returns on investment is technically impossible,  
such as fission reactors at nuclear power plants. Even if state support 
enables a replacement programme for nuclear reactors, it may be ham-
pered by the burden of decommissioning the older installations and 
 disposing of the spent radioactive fuel and radioactive waste, depending 
on the apportionment of liabilities.

This may partly explain why – as of the end of 2013 – the International 
Atomic Energy Agency (IAEA) counted thirty-five operational nuclear 
reactors younger than ten years, but 312 nuclear reactors aged between 
twenty and forty years in operation (IAEA, 2014) – and there are only 
somewhere between sixty-three and seventy-two new reactors currently 
under construction (IEA, 2015; Kee, 2015). The pace of the much-lauded 
nuclear fission power renaissance is still lethargic, and there is a danger 
of competition for remaining good-quality uranium resources if many 
countries head in this direction simultaneously (Garcier, 2009).

Renewal in electricity grid networks has obvious merits for function-
ality, and although there would appear to be no return on investment 
in like-for-like replacement, the case for investment could be made on 
the basis of additional functionality – for example, widening power 
grids to allow more transmission access to new renewable electricity, 
and adding in smart demand and supply controllers in power networks. 
Governments can however decide to simply finance renewed and new 
power grid investments themselves, or coerce all electricity generators to 
co-fund upgrades, considering the grids as quintessential infrastructure 
that ensures energy security.

Investment in new electricity generation plant, outside of renewables, 
is under tension in the Organisation for Economic Co-operation and 
Development (OECD) (IEA, 2014a, Executive Summary). By contrast, in 
planned economies, for example, China, funding decisions are made 
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differently, and a very large fleet of new coal-fired power plants has been 
installed (Finkenrath et al., 2012). Resistance to reinvestment is likely 
to be experienced in this case – for example, in retrofitting CCS to coal-
fired power plants.

As with the electricity generation sector, ageing infrastructure and 
plant in the gas sector demand new investment. A critical indica-
tor is seen in the monitoring of fugitive methane emissions from gas 
grid infrastructure, frequently spiking in urban consumption areas and 
rural/marine production locations. In places with underdeveloped gas 
grids, new uses for Natural Gas could compound gas supply stressors. 
Investment programmes for maintenance and replacement in distri-
bution infrastructure, and the improvement of trade mechanisms and 
 markets, are therefore essential. Again, as with power grids, responsibil-
ity for this could be delegated to governments by default.

In addition, owing to continuing uncertainties in the global econ-
omy, the investment appetite of major financial institutions for “green” 
energy projects that increase efficiency may well be lacking; because of 
low confidence levels in entirely new technologies, or doubts about the 
financial benefits of replacing inefficient old with efficient new; and in 
particular, renewables being cast as unreliable, instead of being recog-
nised as genuine assets.

State intervention may well become essential if new asset investment 
is hesitant, as it is politically imperative to keep the lights on and the 
hot water flowing. Whether this is entirely privately or publicly led, the 
payback for participation in this energy revival will be that companies 
in the sector, and their supply chain, used in resourcing new energy 
infrastructure and plant, will experience growth and create employ-
ment. New energy sector projects may even reinvigorate banking itself, 
regardless of financing method.

2.3.2  Why oil and gas supply investment might  
not be forthcoming

“If there is demand, there is supply” is a fairly common sense assump-
tion in market economics. However, the energy sector, and in particular 
the power, oil and gas part of it, is not a free market. Government inter-
vention in the form of end product price control (e.g. fossil fuel subsi-
dies) and revenue support is commonplace, and something like 80% 
of proven-plus-probable (2P) crude oil reserves and 60% of Natural Gas 
reserves are held by National Oil Companies (NOCs) and their host gov-
ernments (IEA, 2014a, Chapter 2), whose policies may not be conducive 
to high levels of production. Since around the year 2000, global capital 
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expenditure (capex) has roughly doubled in securing production of oil, 
gas and coal (IEA, 2014a, Chapter 2); partly because of third-party service 
company costs (IEA, 2014a, Chapter 2; Mitchell, 2012), partly because of 
the disappointing size of new discoveries (Mitchell et al., 2012, Chapter 5)  
and partly because of producing less economic resources, such as in 
onshore North America. Regardless of whether they are “conventional” 
or “unconventional”, fresh hydrocarbon resources may well be more 
complex and more expensive to produce; so although proven reserves of 
oil and Natural Gas may be equivalent to 53.3 and 55.1 years of today’s 
consumption (BP, 2014c), affordable production may become too slow 
to meet this rate of demand, despite megaprojects (Ernst & Young, 2014).

Aside from oil and gas commodities production capacity, the most 
important metric is return on investment, vital for private sector 
International Oil Companies (IOCs). There appears to be a residual 
assumption that energy demand will continue to increase, and that 
therefore energy sales revenues will continue to increase, and so always 
be high enough to enable internal or external production project finance 
on favourable terms. Refinery capacity utilisation is running at high 
 levels, so demand for refined products is healthy – whether they are sold 
as fuel or go to storage as stocks. However, with a weak global economy, 
there is no reason to expect stronger volumes of refined hydrocarbon 
sales, and therefore no reason to expect high prices for refined products, 
and no need for high oil and gas commodity prices. Future oil and gas 
demand is uncertain (Mitchell et al., 2012), especially in the context of 
strong carbon dioxide emissions policies (IEA, 2014a, “Trends in the 450 
Scenario”), and so recovery on capex through sales could become slower, 
which could cause oil and gas companies to pull in their investment 
horns. Some oil and gas companies could fail in these circumstances.

Crude petroleum oil commodity price volatility may cause oil and gas 
production companies to refocus on a narrower range of resources, where 
there are “easy wins” (Marcel, 2012), or switch away from complex oil 
to gas (Gismatullin, 2014; Reed, 2013, 2014; Shell, 2014; Vidal, 2014), 
which could bring about a decline in the supply of gasoline, diesel, kero-
sene and jet fuel products. This could damage the prospects for global 
expansion in transport and transportation vehicle fleets unless these are  
hydrogen-, Natural Gas- or electricity-fuelled. On the other hand, apply-
ing new fuel efficiency (e.g. the US CAFE Standards) and emissions 
standards (e.g. the European Euro 5 and 6 standards) through renewing/
replacing existing vehicle fleets, would become easier to promote with 
less oil flowing. To avoid the risk of crude oil “stranded assets” (Carbon 
Tracker, 2014b), there might be contraction in oil and gas companies, or 
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a fragmentation of their businesses, building pressure for a restructuring 
of the oil and gas sector. This could be problematic, as the private oil 
and gas companies (IOCs) might then lack the capacity to take on part-
nerships with NOCs in developing as yet untapped resources (Marcel, 
2012). These arrangements will be crucial as the centres of future oil 
and gas production gravitate towards geographical locations where the 
market economy is less prevalent, and technical expertise or political 
management of energy is as yet less well developed. Regardless of the 
general health of the global economy, or the trends in oil and gas pro-
duction volumes and revenues, hydrocarbons will continue to support 
economic development, and so new formulations of partnership will be 
needed between organisations with oil and gas expertise and resource-
rich nations. More profit-sharing between the resource owners and the 
resource producers may be necessary, which may limit future invest-
ment capability.

In order to invest, oil and gas commodity producing companies with 
lower revenue prospects who were previously self-reliant for capex 
(funds for capital expenditure) might need to reach out progressively 
for external finance and government assistance – both of which could 
continue to be suffering the tourniquet of the “credit crunch”. Banks, 
even development banks, are for a combination of reasons becoming 
more risk-averse, and could pull away from investment in oil and gas 
(and coal) in regions seen as having poor loan recovery rate conditions 
(IEA, 2014a, Chapter 2, “Implications for financing”). The “upstream” 
fossil fuel supply sector will have to bring in new sources of investment 
capital, for example, from individual and institutional investors, per-
haps developing new financial products such as energy bonds or energy 
supply credit notes – promissory notes denominated in energy supplied 
rather than the usual currency. Financial instruments such as energy 
bonds – and energy efficiency bonds – could help acknowledgement 
of emerging bilateral and multilateral international arrangements. New 
treaties between energy supply-export countries and energy demand-
import countries could be articulated in the flow of energy in one direc-
tion, and the flow of health, education and technological development 
in the other. Energy note markets, once established, could also be the 
basis of building in the “technology transfer” recognised in the Kyoto 
Protocol Article 10 as vital to achieving climate change targets through 
clean energy development (UNFCCC, 1997).

Although it is perhaps hard to imagine a significant charge for carbon 
dioxide emissions – whether through carbon taxes on trade frontiers, a 
widescale emissions market, imposed emissions quotas on either energy 
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supply or demand, or some other artificial market perturbation intended 
to implement climate change policy – it is easier to see the possibility of 
increased regulatory control on energy use and the types of energy pro-
duction encouraged. For example, without significantly impacting the 
price of power, the European Union has greatly promoted the deploy-
ment of renewable electricity, largely through subsidy arrangements, 
although this has had a side effect impact on the rates of recovery on 
investment in flexible and efficient gas-fired power plants, and has war-
ranted deep consideration of a market in generation capacity (DECC, 
2013c; DG ENER, 2013; Honore, 2014; IEA, 2014a, Chapter 3, “Market 
Reforms”; Keay-Bright, 2013; Vassilopoulos, 2013), a top-down regula-
tory mechanism. Despite the fact that bank lending interest rates are 
currently extremely low, lending volumes can also be low, and there 
may be a case for a range of interventions to lower the cost of capital for 
new low carbon power plants if investment cannot be justified solely on 
the basis of future power pricing and sales volume trends – just to keep 
the lights on. Were it to become accepted that climate change policy will 
be implemented by regulatory framework, regardless of energy market 
developments, there could potentially be a large “carbon bubble” that 
emerges, whereby oil, gas and coal energy suppliers could be seen as 
owning “unburnable carbon” resource assets, therefore devaluing their 
companies, which could affect their investment capability. Consumer 
energy prices could be massaged downwards in many regions of the 
world in order to protect economic stability, so it may not be possible to 
entirely eliminate subsidies on fossil fuels, which still amount to around 
80% of all energy consumed globally. It may never become politically 
acceptable to add carbon emissions charges to energy sales. By contrast, 
there could be many forces striving to keep the price of fossil fuels low. 
However, artificially low prices for fossil fuel energy need not affect the 
decarbonisation of the energy supply, which could be stimulated by new 
forms of direct investment, particularly those outside the conventional 
banking sector. Regardless of price controls on energy, the cheapest form 
of energy overall (even where it has slow initial recovery on investment) 
is energy efficiency, and this may well become an international policy 
focus, which would also detract from investment in new energy supply, 
particularly oil and gas and coal.

2.3.3  Peak Fossil Fuels: fossil fuel supply depletion severity 
needs to become acknowledged

In both oil and gas (and coal in the slightly longer term), there are 
risks of “peak” supply, not because the Earth has run out of fossil fuel 
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hydrocarbons, but because the rates of production become slower, and 
the economic advantage of production becomes smaller. The poten-
tial severity of Peak Oil is perhaps still not fully recognised; as yet it is 
not clear if exploiting unconventional resources could compensate for 
decline in conventional wells and fields into the medium term.

2.3.3.1 Conventional oil and gas depletion

In the petroleum oil and Natural Gas supply sector, irreversible regional 
depletion of the best-quality fossil fuels, such as in the North Sea 
province, is gathering recognition, but deserves more transparency, 
especially its impact on production rates. It is important to improve 
projections of crude oil and Natural Gas depletion and production in 
order to have a better picture of the future of energy. The IEA, the US’s 
Energy Information Administration (EIA) and the oil and gas companies 
BP, Royal Dutch Shell and ExxonMobil, amongst others, regularly pub-
lish scenarios and reports on energy futures, usually projecting three to 
five decades of continued oil and gas dominance (see Table 2.1). These 
publications perhaps have an underlying intent of conveying that fos-
sil fuel resource depletion is not a serious concern, and that even if 
it were, alternative resources can straightforwardly be brought to pro-
duction with similar magnitudes and volumes as today. For example, 
BP added considerable amounts to the heavy oil fields of Venezuela 
and the oil sands (tar sands) of Canada in the “proved reserves” list-
ings for oil in their annual Statistical Review of Energy in June 2012 
(BP, 2011b, 2012b), after official announcements, which has influenced 
the trendlines for global oil “reserves growth”. Calculated from BP’s 
figures, oil reserves growth was 767 million barrels per year in 2013 
(BP, 2013c), or 653 million barrels per year in 2014 (BP, 2014c), com-
pared to only 187 million barrels per year in 2011 (BP, 2011c). Global 
reserves growth in gas from BP’s figures appears to be largely down to 
recent North American unconventional additions (BP, 2011c, 2013c, 
2014c). These increases in oil and gas reserves may appear healthy, but 
the reserves growth measure does not give consideration to the added  
refinery processing capacity that might be required, nor the energy pen-
alty or infrastructure needs in production of the more complicated or 
remote resources, nor the rates of production, which might be signifi-
cantly lower, especially with heavy oil.

There are other factors of concern. For example, the troubled short-
term situation in several oil- and gas-rich countries in the Middle East has 
arguably been dampening crude oil production, and long-term govern-
ance policies in part of the region prevent the higher levels of production 
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thought to be sought by transnational energy companies. In the case of 
Russian gas, a lot of gas resources are in remote parts of the country and 
could be described as “stranded”, with no access to production, let alone 
markets. A further issue could be where an oil and gas company works to 
maintain a Reserves to Production Ratio (R/P) in the region of a  decade. 
Although this “reserves replacement” might offer investors at least  

Table 2.1 A selection of organisations modelling energy in the economy

BP “Statistical Review of World Energy”
“Energy Outlook”

Deloitte “Vision 2040: Global Scenarios for the oil and gas industry”
EIA “International Energy Outlook”
Eni “World Oil and Gas Report” (2014)

“World Oil and Gas Report” (2013)
EC “Energy 2020”

“Energy Roadmap 2050”
EREC “Renewable Energy Scenario to 2040”
ExxonMobil “The Outlook for Energy: A View to 2040”
Greenpeace “Energy Revolution 2012”
IEA “World Energy Outlook” (Executive Summary)

“Energy Technology Perspectives” (2014)
“Tracking Clean Energy Progress” (2014)

IIASA “Global Energy Assessment”
IPCC “Climate Change 2014” (Working Group 3, Chapters 6 and 7)
IRENA “REmap 2030: A Renewable Energy Roadmap”
JODI “JODI Gas”

“JODI Oil”
MIT “Energy and Climate Outlook”
OPEC “Monthly Oil Market Report” (MOMR)
Practical Action “Poor People’s Energy Outlook”
PwC “Energy Transformation: The Impact on the Power Sector 

Business Model”
Shell “Shell Energy Scenarios to 2050”

“New Lens Scenarios”
Statoil “Energy Perspectives”
WBCSD “The Energy Mix: Low-Carbon Pathways to 2050”
WEC “Deciding the Future: Energy Policy Scenarios to 2050”

“World Energy Scenarios: Composing Energy Futures to 
2050”

“World Energy Scenarios 2007: Energy Policy Scenarios to 
2050”

WEF “Energy Vision 2013: Energy Transitions: Past and Future”
World Bank “Toward a Sustainable Energy Future for All”
UKERC “Review and Analysis of UK and International Low-Carbon 

Energy Scenarios”
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ten years of confidence, it does not guarantee that the situation from 
Year 11 onwards will be so comfortable, particularly if production vol-
umes slip, or reserves are discovered to have been overinflated or simply 
in error (Leggett, 2013; McGlade, 2013; Meng and Bentley, 2008; Rogers, 
2013). Individual companies may have inflated reserves figures, but so 
might countries. For example, BP’s June 2013 Statistical Review of Energy 
significantly wrote down the 2011 end-of-year proven gas reserves for 
the Russian Federation (32.9 trillion cubic metres (BP, 2013b)), compared 
to the Review of 2012 (44.6 trillion cubic metres (BP, 2012b)).

Unless entirely new resources are included, reserves growth is only 
within the limits already set by 2P resources (McGlade, 2013, Section 
3.4; Meng and Bentley, 2008, Section 2.4), and do not imply that pro-
duction rates can be maintained or increased. Rates of production of fos-
sil fuels are perhaps a more relevant metric than reserves or resources, 
as, historically, supply has usually been encouraged to meet demand, 
unless there has been some major crisis. There is evidence of diminish-
ing returns on exploration investment (Fantazzini et al., 2011; Hall et al., 
2014), and a falling EROEI indicates the risk of a gap opening up between 
demand and supply because of economic tension – that there might 
be no monetary or energy gain in exploiting some of these resources. 
This possibility makes measures of “economically” recoverable resources 
(ERR) contested, and could put some “technically” recoverable resources 
(TRR) out of reach, so projections for ultimate cumulative production 
continue to be made on the more reliable basis of proven reserves, 
which is a much slimmer figure. Depletion of resources by production 
may have been matched – at much cost – by new additions to proven 
reserves (Mitchell et al., 2012, Chapter 5); however, a much-repeated san-
ity check is that to keep up the current levels of fossil fuel production, 
the world would need to find the production equivalent of a Saudi Arabia 
every few years (e.g. Ahmed 2013). Recent large oil and gas discover-
ies are sub-Saudi volume (e.g. Miller and Sorrell, 2014, Figures 7 and 8), 
and sometimes sub-Saudi quality, and in some cases may only contribute 
a few per cent to annual production requirements – as finding signifi-
cant reservoirs of heavy oil and complex gas does not mean that they 
can be produced as easily as light sweet crude, or high-pressure Natural 
Gas wells. Undeveloped “supergiant” fields of conventional resources are 
concentrated, for example, gas in Iran, and it is unlikely that previously 
unknown or unscoped sizeable conventional fossil fuel resources are  
to be found elsewhere. If there is anything significant to find in the untrod-
den Arctic, much of it will be under Russia, which could have a struggle 
in bringing this remote oil to market (USGS, 2008). “Peak oil supply” is a 
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realistic emergence, well before “peak geological oil” is reached. It would 
be helpful if this were reflected in all energy sector reports; especially 
since when “peak oil supply” is experienced, a decade or so later “peak 
Natural Gas supply” is not out of the realms of possibility.

2.3.3.2 Projections of unconventional fossil gas reserves production

In order to be sure of future energy production levels, given indica-
tors of depletion in conventional reserves, oil and gas companies have 
chosen to exploit previously discounted unconventional fossil fuels, a 
strategy which poses several risks. The current debating point about the 
hydraulic fracturing of sedimentary rocks to liberate shale gas, shale oil 
and other “tight” gas or condensate (Abbess, 2014), tends to focus on 
the potential to cause earthquakes, but there are other serious environ-
mental issues at stake. Although shale gas may be chemically similar to 
Natural Gas, its distribution in sedimentary rock can be very different. 
Crucially, geology dictates that some areas of shale strata can be scant 
in gas, meaning that there could be high levels of empty well abandon-
ment. Conversely, richer resources could be clustered in “sweet spots”, 
meaning that high numbers of wells could need drilling close together, 
which would present its own problems. Also, as shale layers can be 
already naturally fractured, this poses drilling risks, and could lead to 
high levels of contamination in the produced gas, and damage to the 
Earth’s surface, such as subsurface methane dispersal, disruption and 
pollution of water tables, heightened requirements for gas and drilling 
water filtration, local atmospheric pollution, and landslip and unstable 
land depressions. If a borehole passes through an interleaved coal seam 
or coal lens, there could be a localised zone of higher gas pressure, which 
could lead to methane gas seepage or leakage, or even blowout.

Shale gas is just one end of a spectrum of unconventional fossil 
fuels. In the US, the focus on indigenous oil and gas production has 
caused a glut of lighter hydrocarbons to be available, whereas many of 
the petrorefineries are designed for heavier oils (Fitzgibbon and Rogers, 
2014). If the legal situation permits, much exported American conden-
sate (Gardner and Leff, 2014) will undoubtedly be used to dilute heavy 
oil processed from tar sands (oil sands, bituminous sands) in Canada to 
import back into the US in diluted or synthetic forms known as syn-
crude (Gray, n.d.), dilbit or syndilbit. A relatively small level of invest-
ment would be needed to make new tar sands available; however, to 
continue to pursue this course could have devastating impacts on local 
environments, not only on Canadian lands, but also anywhere in the 
US where this oil is refined, spilled or refining waste is disposed of.  
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The wide range of environmental and technical issues should not 
obscure the principal concern – that low grade fossil fuels cannot resolve 
problems of pollution, only potentially exacerbate them.

Environmental risks could be considered matched by economic 
risks. It is not clear how depletion scenarios of what are known as 
conventional fossil fuels could be compensated for by growth in alter-
native, or unconventional, fossil fuels, despite improvements in tech-
nology, so investments in these alternatives may lead to a dead end. 
Unconventional fossil fuel growth projections could be considered 
contentious, and difficult to validate, as these resources can be quite 
dispersed, or randomly concentrated, more complex to produce, more 
inaccessible, more rapid to deplete and more expensive to refine; all of 
which could harm the profit baseline. Refreshed geological surveys of 
unconventional fossil fuels in place (Andrews, 2013; BGS, 2010; EIA, 
2013; USGS, 2013) have led to confidence that there are large resources, 
particularly of shale seam gas, in various regions of the world, but it is 
not always certain where and when these can be added to tables of ERR, 
as uncertainties about rates of return on investment could risk their 
development.

In the US, there has been policy and regulatory focus on “energy inde-
pendence” which has fostered growth in the exploitation of indigenous 
resources of shale gas and light tight oil (shale oil) reserves, and permit-
ted mining companies to commandeer large tracts of public land (Bureau 
of Land Management (BLM)) for shale/tight gas and light tight oil (shale 
oil) exploitation; in addition, waiving various forms of environmen-
tal legislation to encourage gas and oil production from the commer-
cial leasing of private mineral rights. As a result, there has been strong 
growth in onshore oil and gas drilling, and strong growth in production 
in some areas (Neff and Coleman, 2014). In contrast, it is not yet known 
if this type of federally supported development in the US can be repli-
cated elsewhere. For example, European shale gas resources (gas in the 
ground) are considered an order of magnitude smaller than North and 
South America combined (ARI, 2013; McGlade et al., 2012a, Table 2-3), 
and downgrades in production volumes assessment have been made in 
Poland and China, both considered promising new regions (Koper, 2014; 
SXCoal, 2014). China has a relatively undeveloped interior where there 
are good shale gas prospects (Kang, 2014), although local water resources 
may not be suitable for production (Stevens, 2012). Technically recov-
erable (TRR) shale gas in Europe might be comparable to that for the 
remaining resources in the US (McGlade et al., 2012b, Table 4), or more 
than two times smaller (McGlade et al., 2012a, Table 2-4); however, the 
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higher population density in Europe compared to the US, combined 
with a lack of historical low grade energy engineering (Howell, 2014), 
is likely to impair progress in shale gas growth (Deloitte, 2013, Figure 5; 
Ofgem, 2012, Section 2.25, Figure 2.6), despite overt attempts to create 
economic incentives (UKGOV, 2013a, Sections 1.176–1.182). Added to 
these factors, it is not certain if the decades of technical learning in shale 
gas production in the US could be easily translated and adopted into 
other geological and socio-economic contexts.

Gas condensates, where gas is “wet” with high levels of condensable 
vapour, are also being developed, but this probably warrants some revi-
sion of reserves analysis, as technical recovery rates from these strata 
and reservoirs might be quite different from conventional fields. This 
analysis would need to be based on very modern data in most cases, and 
the results may show that new metrics need to be devised. It could be 
necessary to have several sets of recovery estimates for gas condensate 
wells, for example, as more or less gases and liquids may be produced 
under different operating conditions (e.g. Khodapanah and Tabatabaei-
Nejad, 2014).

Meanwhile, the American “shale gale” itself could be facing a slow-
down. It is not certain if the current production pattern can be sustained, 
as without enduring tariff, subsidy or policy support, shale gas and oil 
production could in future become an unpalatable enterprise because 
of the poor rates of return – depletion in shale fields can be rapid, and 
so production from a particular field might not be sustained if new well 
drilling becomes unaffordable. The IEA suggests that unconventional oil 
production in the US could plateau in the 2020s (IEA, 2014a, Chapter 2), 
but recent oil price volatility, were it to continue, could bring an earlier 
peak. It could be argued that recent success has largely been due to the 
drilling contract structure, and that contracts could falter at the point 
of renegotiation.

The US Department of Energy projects an annual increase of at most 
a few per cent in gas production of all kinds – apart from fresh develop-
ment spurts from coalbed methane and gas from Alaska – but this is 
dependent on their projection of an annual increase in the number of 
wells drilled (EIA, 2014a, Table A14), growth which is perhaps unfea-
sible. Combating productivity declines necessitates high replacement 
rates (Hughes, 2013, Table 2), and shale gas production may have more 
or less plateaued (Hughes, 2013, Figure 59). Despite technical advances, 
the economics of unconventional gas may not have become more 
favourable since the inception of shale exploration (Hammond, 2013; 
Wang and Krupnick, 2013, Page 3), and the contribution of shale gas 
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to the American energy economy may be short-lived. If the shale gas 
bubble bursts, it may not be the scale of remaining resources that deter-
mines the date, or even their technical recoverability, but production 
contract length (Hughes, 2013, “Shale Gas”, “Key Takeaways”, Page 50).

It seems it will be essential to have more accurate projections of the 
levels and rates of economic production of various unconventional fos-
sil fuel reserves – to have a better grasp of whether the production of gas 
from unconventional fossil fuel reserves and gas condensate can effec-
tively offset depletion rates of conventional Natural Gas in the medium 
to long term, and so shift the date of global production decline sig-
nificantly farther into the future. If it cannot, then this will add to the 
pressure to reduce demand for Natural Gas, and add to the rationale for 
increasing the production of Renewable Gas.

2.3.3.3  The risk of Peak Natural Gas and the greenhouse gas  
implications of alternatives

At the same time as demand for Natural Gas is projected to rise, maxi-
mum annual volumes of Natural Gas production may be experienced in 
some regions, as multiple fields in some provinces could begin to show 
signs of depletion. The economically recoverable amount of Natural 
Gas from a field, as with petroleum oil, has limits, as depletion in large 
reservoirs and the consequential failing pressure is not certain to be 
adequately compensated for in a reliable fashion by improvements in 
technology. Depletion of an individual well is inevitable, and when no 
new well drilling is done, and the balance of wells in a field are showing 
signs of depletion, a consequent decline in production from the entire 
field is probably irreversible, despite some success with re-pressurising 
gas wells (“Enhanced Gas Recovery”, Hussen et al., 2012; Vandeweijer  
et al., 2011), which could theoretically reduce the risks of seismicity from 
heavily depleted fields, such as Groningen in The Netherlands (Van Eijs 
et al., 2006). An overall depletion effect is already being encountered 
in the North Sea area (Sorrell et al., 2012); the United Kingdom is expe-
riencing a decline in offshore Natural Gas production (POST, 2004); 
and within around twenty years, despite their more prudent policy to  
exploit small onshore fields first, The Netherlands too will become a 
net importer of Natural Gas (NL, 2011). Whilst the impacts of these 
changes can be offset to a certain extent by international trade in 
Natural Gas, anticipation of a plateau in total global production within 
a few decades – Peak Natural Gas – has already caused a shift in ambi-
tion towards exploiting previously neglected unconventional resources 
of gas. Perhaps controversially, this potentially conflicts with climate  
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change demands placed on the energy sector. The more deep and inac-
cessible or chemically complex a gas, especially if it has a composition 
high in Natural Carbon Dioxide (Abbess, 2014, Table 10), the higher the 
potential greenhouse gas emissions from its exploitation. These would 
be fugitive emissions of both methane and carbon dioxide from the 
complex mining, and carbon dioxide emissions from chemically treat-
ing the low value gas for market. What could also be witnessed within 
a few decades is “peak high value Natural Gas”, which would have eco-
nomic side effects, as less energy could be gained from pumping the 
same volume of gas, because of the degradation in its energy value due 
to non-methane compounds. It is important that the EROEI of Natural 
Gas also becomes an indicator in energy reporting.

2.3.4  Technological blind alleys and the economics  
of new technologies

There is the risk that energy policy frameworks could be designed to 
support technologies with the least potential to sustain energy supply, 
and the least capability to drive forward low carbon ambitions in an 
economy with low investment appetite. If these technologies are pur-
sued, public funds, and the private funds it leverages, could be overcom-
mitted to suboptimal choices.

The attraction of technology and the shine of the new has been a fac-
tor in the uptake of renewable electricity; wind turbines and solar pan-
els have been installed in a decentralised, piecemeal fashion in many 
places. This rapid but dispersed deployment is sustainable, even in a 
low investment economy, as individual wind and solar power genera-
tors are not as difficult to finance as a large new thermal power plant, 
burning coal or Natural Gas, or splitting atoms. Hopes are still pinned 
on new forms of nuclear fission, but it seems possible that only sig-
nificant state financing will carry them forward, and they could end 
up like the nuclear fusion project, a government-supported scientific 
endeavour with a goal that still appears as remote as it ever was. Nuclear 
power only supplies a few per cent of total global energy needs, and yet 
requires considerable investment, both upfront and in decommission-
ing and radioactive waste and radioactive spent fuel disposal at end of 
life. It may turn out not to be a pragmatic choice for potential investors.

CCS is called for in many technical and policy reports from govern-
ments and the energy sector, and would permit the continued burn-
ing of coal and Natural Gas way into the future if it were universally 
applied in power generation plant. Troublingly, however, there does not 
appear to be a way to make it attractive for investment, not least because 
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retrofitting ordinary thermal power plants with CCS would cause an 
increase in fuel consumption for capturing and sequestering the carbon 
dioxide. Even if state coffers were dredged for the purpose of supporting 
CCS, there will almost certainly remain other more cost-efficient ways 
to reduce carbon dioxide emissions to air. Global projects for the per-
manent sequestration of carbon dioxide underground miss out on the 
opportunities that carbon recycling hold out. Most projections for low 
carbon futures do not include a major role for CCS in the next twenty 
or so years, and most assume that CCS can only be made affordable 
through the relativising effect of a high carbon dioxide emissions price 
or charge. The main problem with this is that there is no evidence that 
the global economy can sustain a high carbon emissions cost, which is, 
after all, a tax on unwanted vapour; and in fact, one would expect emis-
sions pricing to remain as low as possible in order to protect trade and 
industry. Measures to set charges for carbon emissions would expect to 
encounter political challenge, and markets in carbon would be designed 
to deliver a business-optimal charge on emissions, probably enough to 
create upwards pressure on energy prices, and drive energy efficiency 
measures, but not necessarily high enough to influence major invest-
ment decisions.

Strategies to use biomass to displace coal in thermal power plants may 
prove misguided, as the combustion of biomass is perhaps the most 
inefficient way to convert it into useful energy; plus, some biomass 
supply chains might cause more carbon dioxide emissions than coal. 
These drawbacks may deter investment. Biomass could almost certainly 
be better and more efficiently exploited in gasification or some form  
of Chemical Looping Combustion (CLC), or via Direct Carbon Fuel Cells 
(DCFCs), to produce gas fuels for flexible use, as these can be stored, lead-
ing to system efficiencies. It would make no sense to promote biomass-
fired power generation without also adopting a strategy to maximise 
heat recovery – Combined Heat and Power (CHP) coupled with District 
Heating (DH) – as the chemical energy value of biomass is inferior to 
most fossil fuels. In addition, substituting biomass for coal in large cen-
tralised power plants in the Global North will in some regions entail 
significant international trade, and owing to the long distances for 
transportation of biomass from the Global South, and the agricultural 
and forestry impacts it has where it is grown, may degrade its carbon 
neutrality. This would be parallel to the situation where the theoretical 
emissions benefits from the life cycle of liquid biofuels, in particular, 
biodiesel, have been cast into doubt and shown to have serious disad-
vantages in practice.
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Other energy conversion routes for biomass also demonstrate prob-
lems. Gas of biological origin, such as biogas and biohydrogen, pro-
duced through biological means from biomass, is likely to remain slow 
to produce, despite progress in the treatment of algae, hydrogen-focused 
fermentation and similar research advances. Biogas production from 
anaerobic digestion (AD, or advanced AD (AAD)) might have natu-
ral limits for deployment, because microbial and algal productivity is 
just not very rapid. By contrast, thermochemical and catalytic chemi-
cal processes can be scaled up to produce industrial volumes of gas at 
speed. Additionally, some digestible or compostable biomass resource 
streams, such as food waste, especially those extracted from municipal 
waste (municipal solid waste (MSW)), are likely to be restricted in future, 
owing to a greater efficiency in materials flows. A similar contraction 
is likely in the stream of non-biodegradable biomass and non-biomass 
waste that could be used for thermochemical or electrochemical gas pro-
duction, owing to restrictions placed on product packaging at source. 
So even if petrochemically sourced plastics were replaced by bioplastics, 
there would still be less waste overall that could be used as a source of 
gas energy. Biomass might be withheld from gas production as it could 
be argued that the best use of all for organic waste is in the treatment of 
agricultural soils; although this could be answered by creating a supply 
chain of digestate and biochar fertiliser, arising from biomass digestion 
and biomass gasification facilities, respectively.

Advances in the production of and strategy for hydrogen gas are typi-
cally in the area of transportation, such as in work on fuel cell vehicles, 
which is anticipated to take a good decade to roll out; yet Renewable 
Hydrogen could be so much more useful in the immediate time frame, 
for decarbonising electricity generation through load balancing vari-
able windfarm output, by its combustion in gas turbines. Additionally, 
Renewable Hydrogen could make carbon capture profitable by reacting 
the hydrogen with carbon-rich waste gases to produce methane: a route 
for carbon recycling.

2.3.5  Can carbon pricing or taxation be effective in 
stimulating investment in the low carbon economy?

There are many socio-economic forces likely to be in opposition to 
carbon pricing, a traded carbon market or carbon tax, and evidence to 
date on the effectiveness of charging for carbon emissions is mixed. In 
economic models, an environmental pollutant can be taxed or priced 
out of the marketplace, as long as the offending chemicals are a niche 
product in the market, and are easily substitutable – yet carbon dioxide 
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emissions meet neither requirement. Carbon dioxide emissions are pro-
duced largely in step with the consumption of energy because the vast 
majority of energy provision remains based around fossil fuels – in effect, 
the price of energy is the price of carbon – so why propose an additional 
charge? Although the growth in solar power and wind power could be 
considered exponential, it is not yet possible for every actor in the econ-
omy to drop the use of fossil fuel energy in exchange for  renewables –  
they are simply not widespread enough. Only a small proportion of 
energy consumers have the option to elect to “buy green”, and so car-
bon emissions are not easy to displace by changes in end use choices. 
Since everyone who consumes energy is responsible for carbon dioxide 
emissions (since fossil fuels still make up the overwhelming majority of 
energy supplied), a carbon price or carbon tax amounts to an added cost 
for everyone. It is hard to see how carbon price charges or tax revenue 
can be effectively recycled into cleaner energy; and energy markets can 
probably only support minor “cost-efficient”, or marginal, emissions 
pricing. Polluters will continue to pollute, and pay, but pass the costs 
and responsibility for emissions on to their customers, thus leaving the 
original problem chemistry in place. An appropriate question could be: 
would charging for carbon dioxide prevent emissions in the same way 
that fining oil and gas companies for oil spills has prevented oil spills, or 
fining for illegal debt and loan practices has prevented bank misbehav-
iour? Surely, a more regulatory approach could effectively curb carbon, 
in much the same way it could have prevented the credit crunch?

Furthermore, carbon costs are simply an added burden within the 
overall profile of energy prices, which could climb or sink owing to 
other factors. It is entirely reasonable to suggest that rising or falling 
energy prices will obscure any signal for behaviour change and low car-
bon energy investments intended by the application of emissions pric-
ing, markets or taxation. In other words, charging for carbon could only 
have an impact with relatively stable energy prices. With low economic 
growth, there would be several reasons why energy prices could fall, mak-
ing an emissions charge a higher percentage in the cost of energy – in 
which case, carbon pricing could be rejected in order to maximise the 
opportunities for economic growth. If energy prices are massaged down-
wards by social policy or negative growth – economic contraction – a 
carbon price could only be justified if it is an insignificant charge on 
the use of polluting energy. In an alternative scenario of steep energy 
price rises, a possible outcome of a range of factors, governments would 
be under significant pressure to remove carbon pricing and carbon 
taxation, and adopt energy price controls. Neither of these pathways  
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would lead to lower carbon dioxide emissions. Even if energy prices adopt 
a fulcrum position, there would be no political capital in implementing 
significant emissions charges, because everybody would be paying them. 
It does seem as if direct subsidies for, and directed investment into, non-
emitting renewable energy deployment is more certain of achieving the 
aim of reducing greenhouse gas emissions from energy systems, rather 
than charging for carbon.

Carbon budget setters should have no reason to be wary of low com-
modity market prices for sweet, light crude oils, which should be passed 
through as cheaper vehicle fuel prices. Although cheaper vehicle fuels 
carry the risk of some greater vehicle fuel use, low fossil fuel commodity 
prices of themselves could keep carbon dioxide emissions under control 
to some extent. They will be beneficial in preventing the use of heavier 
crude oils in petrorefinery, as these have a higher processing cost (in the 
expenditure of energy) – and a higher sourcing cost (energy expenditure) 
if they need treatment at the point of production before their distribu-
tion to refinery. If there are supply constraints on lighter crude oils, and 
there is less profitability from the exploitation of heavier crudes, this 
could stall energy sector growth, which would also help with emissions 
control. However, regardless of commodity market fluctuations, growth 
in petrorefinery throughput continues to be low, and linear (BP, 2014c), 
despite fluctuations in crude oil prices, and this is the real determinant 
of flows of hydrocarbon fuels into the economy. Demand affects supply 
without the pressure of price, it would seem.

Carbon pricing is anyway meaningless in a political environment 
where the oil and gas sector, and other carbon-intensive industries, can 
safely make a case for special fiscal treatment. More importantly, in the 
time frame of two decades that the world has to make inroads into car-
bon dioxide emissions, it is unlikely to be possible to assert or imple-
ment an effective price on carbon to control carbon dioxide emissions.
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3.1  What can work is what is already working  
for energy change

To minimise the risk of low investment levels in energy systems, it could 
be optimal to chart a course based on what is currently working, rather 
than overreaching. In a low growth global economy, big shifts in invest-
ment targets and large hikes in capital expenditure are painful, and so 
it is most pragmatic to work with what we have already got and expect 
only low threshold changes.

3.1.1  What is already working? Strong continued investment 
in renewable electricity

There is the potential for low velocity in the trajectories for investment 
in new thermal and nuclear power plants, the expensive adoption of 
Carbon Capture and Storage (CCS), and scaling up of unconventional 
fossil fuel production outside North America. By contrast, it can be antic-
ipated that investment in renewable electricity could remain strong, as 
wind and solar power in particular are relatively fast to deploy. The rates 
of installations of electricity generation equipment using the power of 
the wind and the sun have accelerated in several regions of the world. 
Despite the financial crisis of the late 2000s, partly caused by the collapse 
of inverted pyramids of unsustainable debt secured on property (which 
has arguably led to a permanent step-wise contraction of the global econ-
omy), investment in new renewable power and the energy efficiency of 
buildings and manufactured goods have continued relatively unabated.

This is not only because of the speed at which windfarms and solar 
parks can be constructed, and insulation installed; it is also due to 
region-dependent government subsidies and other kinds of regulatory 

3
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control and promotion, which mean that returns on outlay in this asset 
class are reasonable in size, and only take a couple of years to mature. 
As the amount of investment in renewable energy increases, equipment 
manufacture costs are falling, and subsidies can be safely degressed, or 
stepped down, as they will not be necessary to ensure a return on invest-
ment within a reasonable time frame. In particular, payback lead times 
for wind power, whether measured in energy, carbon or financial return, 
are short (Guezuraga et al., 2012; NREL, 2013). Even though solar pho-
tovoltaic power payback periods have been longer, this is shortening, as 
solar panels are becoming much cheaper, and are expected to remain 
fully functional for decades with little maintenance required to systems. 
Energy return on energy invested (EROEI or EROI) metrics and Levelised 
Cost of Electricity/Energy (LCOE) figures for solar power are contested, 
but appear already comparable with fossil fuels (Arvizu et al., 2011; 
Fthenakis, 2012; Fthenakis et al., 2011; Hsu et al., 2012; Inman, 2013; 
NREL, 2004; Palmer, 2013; Peng et al., 2013; Raugei et al., 2012). In 
addition, there are other forms of payback, including increased energy 
supply security, in an era when much privatised energy plant and infra-
structure needs costly renewal; and countries need protection from 
energy import costs by utilising native renewable resources.

In some regions, government subsidies and tax breaks have stimulated 
uptake of the new technologies, but in others, utility companies have 
been the key drivers of investment, with their focus on long-term asset 
value. A shale gas field might be depleted within twenty years, but a wind 
turbine could produce power for forty, even though some parts of the 
equipment might need “repowering” in that time. Future strong carbon 
emissions policy could be imagined to have a highly enabling impact on 
the financeability and deployment of renewables. Renewable energy has 
the potential to be a growth area in all economies, even if no other sec-
tor thrives, and even in regions with absent or poorly functioning power 
networks. The reasons for investing in and deploying renewable electric-
ity are accumulating, such as preventing the stranding of carbon dioxide 
emissions-based assets, rapid returns on investment, short lead times to 
generation, and the diversification of energy portfolios by national and 
regional power networks. Because of the exponential growth of renew-
able electricity, in some regions and some technologies another energy 
world is now not only possible, it is practical.

3.1.2  What is already working? Natural Gas-fired  
power generation

One of the outcomes of increasing levels of renewable electricity capac-
ity is that at times there will be excess generation – in excess of demand. 
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At others, there may well be less generation than required. Owing to the 
increasing penetration of renewable electricity, grid operators will have 
more responsibilities in load balancing, as renewable electricity will 
introduce variability into supply. So, despite the success of renewable 
power, there remains the problem of the balancing of supplies, “load 
balancing”, given the variable nature of the resources. Until and unless 
the world is powered, heated, moved and cooled by one hundred per 
cent renewable electricity, there will still be a need to fill in the gaps in 
the variable and intermittent production of resources such as wind and 
solar power.

Displacing coal from developed and developing world national power 
supplies, and replacing it with high levels of renewable capacity, can be 
done if the stopgap comes from Natural Gas-fired generation. Natural 
Gas will therefore likely play a major role in systems to match supply to 
demand, as the percentage of renewable electricity generation increases. 
This is because Natural Gas-fired generation is flexible, far less in carbon 
dioxide emissions than the combustion of coal, and likely to remain eco-
nomically competitive, as global production remains inexpensive and 
copious enough to keep the fuel relatively inexpensive to burn for now.

Affordability, flexibility and efficiency will reinforce a growing 
dependency upon Natural Gas in electricity generation, which will be 
heightened as generators are already looking to Natural Gas to go some 
way towards addressing climate change concerns. However, despite 
the already successful development of high efficiency gas-fired power 
generation, long-term reliance on the fossil fuel Natural Gas and its 
potentially more polluting unconventional alternatives, such as coal  
gasified in situ underground (Underground Coal Gasification (UCG)), 
is not a climate change solution. It is not even an energy solution – as 
some unconventional resources, such as shale gas, could peak early. 
Emissions must continue to be eroded – so Natural Gas backup for 
renewable electricity is not the end point in decarbonisation of the 
power and gas grids.

Emissions mitigation is essential if industrialised countries want to 
continue to rely on gas and power for a large proportion of their energy; 
and yet, the only major proposal so far, CCS, does not appear to be 
financeable, at least for now. Regardless of the progress or otherwise of 
CCS, there is much that can be done otherwise to rein in emissions. 
With a strong renewables tranche in the supply of electricity, power 
from gas will not be needed all the time, reducing carbon emissions 
even further than simply switching away from coal; in addition, this 
would drastically reduce local environmental pollutants and therefore 
improve public health.
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Supply Side and Demand Side Management (SSM and DSM or 
Demand Side Response, DSR) and smart grid networks will also help 
to avoid unnecessary carbon emissions. For example, in the UK, the 
National Grid is developing a suite of solutions called STOR – Short 
Term Operating Reserve – as part of their Balancing or Reserve Services,  
to meet shortfalls in power production ranging from a few hours to a 
few days. Reserve Services have to be enough to cover outages from the 
largest centralised generation equipment, such as nuclear power plants. 
Reserve Services can also be used for optimisation in matching supply 
with demand. Special contracts that enable switching out load during 
peak demand, and pulling in standby generation, can in future give 
higher efficiency to the use of variable renewable electricity. If nuclear 
reactors are not permitted to have lifetime extensions, the UK will lose 
the liability of needing backup for these huge generators by the mid-
2020s, at which point, much of the STOR capacity can be put to use in 
helping to make the most of variable renewable generation. Some of 
the STOR plants are gas-fired, and offering this facility attracts a pre-
mium payment. It can be imagined that early uses of decarbonised gas 
supplies – Renewable Gas – would be in STOR plant, where the rewards 
could compensate for the initial expense of building plant equipment 
to manufacture the gas.

3.2 Why gas?

3.2.1  Flexibility in use, multiplicity in source and flexibility 
in composition

Gas fuels are a pragmatic choice. Gas fuels have been popular over the 
last hundred years or so, because of their simplicity – they are easy to 
transport, clean to burn and can be kept safe in storage. Gas fuels are 
likely to remain popular now, and into the future, and a higher propor-
tion of energy supplies is likely to be gas-based, increasing the incentive 
not to flare or vent Natural Gas from oil wells (Brimont et al., 2012), 
and to prevent fugitive emissions from the gas fuels industry, gas grids, 
landfill and water treatment plant. It would be prudent to switch atten-
tion from liquid hydrocarbons to gas from now on – as petroleum oil 
production operations drill deeper into the Earth’s crust for new fields, 
they find higher proportions of Natural Gas. The deeper they go, the 
higher the temperature and pressure in hydrocarbon reservoirs, and 
the greater probability that hydrocarbons have “cracked” to gas (e.g. 
Dyman and Cook, 1998). Importantly, gas fuels as a whole are flexibly 
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produced and utilised – historically, mixes of gas of various origin were 
used industrially and in utility and domestic supply. Early gas fuels used 
in urban settings were based on coal gasification – but this “Town Gas” 
could be augmented by other resources such as wood gasification, if 
necessary. Clearly, different gas fuel compositions demand that gas fuel 
burning equipment can be adjusted or be flexible, or that the gas fuels 
are cleaned, upgraded and standardised before being supplied to their 
users. Despite these drawbacks, the ability to produce and use variable 
sources and mixes of gas fuel is a vital advantage in developing sustain-
able Renewable Gas resources.

3.2.2 Nature’s own energy solution

Decomposition to gas and dirt is Nature’s way of recycling once-living 
beings back to the soil of the Earth, replenishing the nutrients required 
for the next generations. Gas that comes from rotting organisms is either 
recycled through the inspiration of growing plants, taken up by water, 
or by rocks and soils through weathering, or decomposes or dissipates 
in the atmosphere. Nothing is wasted. Two of the important gas com-
ponents of decomposition (biogas) are methane and hydrogen – lighter 
than air molecular compounds with some of the simplest gas chemistry –  
and two very important energy fuels if they can be harnessed. Natural 
Gas is very largely composed of methane, for example. Of the two, hydro-
gen and methane, each gas is important in its own right, and burned 
together they could be even more valuable, and “Hythane” would be a 
suitable goal for profitable Renewable Gas production. The proportion 
of hydrogen currently produced by the usual forms of microbiological 
decomposition is not significant; so biomass and organic waste might 
not be anticipated to deliver a “Hydrogen Economy”, although micro-
biology will certainly provide meaningful methane gas. There are, how-
ever, important projects to use “spare” wind and solar power capacity, 
and other means, to produce Renewable Hydrogen by various processes, 
including the electrolysis of water. There is ongoing significant research 
into improving the output and optimising the costs of water electrolysis, 
and other ways of splitting water to produce hydrogen gas. The engi-
neers of the semiconductor industry who brought us solar power are 
at work to bring us Renewable Gas, too. The potential for increasing 
the energy derived from cleaning up biogas to biomethane, or uprating 
it via the simple addition of Renewable Hydrogen, or from chemically 
reacting hydrogen with carbon-rich biogas to make Renewable Methane 
begins to look highly desirable.



50 Renewable Gas

3.2.3 Industrial gas solutions

The biological decomposition of expired plants and animals is not 
the only route from biomass to useful gas feedstocks. Gasification of 
biomass, organic waste and even some inorganic waste, has interest-
ing potential. In addition, all thermal treatment of gas and liquid fuels 
results in varying quantities of carbon dioxide and carbon monoxide, 
and although carbon dioxide is generally considered to be a “waste” 
gas, it can be useful. As significant resources of Renewable Hydrogen are 
developed, any gas stream with a high carbon content will be valuable 
in producing methane and other hydrocarbons, by reaction with the 
hydrogen. The input fuels for Renewable Gas will include carbon diox-
ide from industrial chemical transformations, and the carbon dioxide 
emissions from power stations burning all forms of fossil fuel, including 
Natural Gas, and Renewable Gas (IPCC, SRCCS, 2005, Chapter 2).

Strictly speaking, carbon oxides from the combustion or gasification 
of fossil fuels and industrial chemistry used to make new fuel will not 
be truly Renewable Gas – however, this recycling of carbon gases from 
electricity generation and the chemicals industry, by using Renewable 
Hydrogen as a co-production agent, offers a much higher manufactured 
gas capability. It should be labelled Transitional Gas. However, if the 
carbon-rich exhaust gas from burning Transitional Gas, whatever its 
origin, is recycled perpetually, this will be genuinely low carbon, sus-
tainable, and properly called Renewable Gas. The same technology that 
can be used to manufacture Transitional Gas can be kept for use when 
fossil carbon is replaced with Renewable Carbon to manufacture fully 
Renewable Gas (Cassidy et al., 2010, Page 154). For this reason, all path-
ways to Transitional Gas need to be included in discussion of Renewable 
Gas. Putting it another way, one might quibble that recycling waste gas 
from a fossil fuel power or industrial chemical plant is not sustainable, 
but gas that can be recycled once can be recycled many times, and not 
cause emissions to air from the original fossil fuel source.

Natural Gas can become a true “bridging” fuel to the renewable 
future, if the flue gases from Natural Gas power stations are recycled 
into Renewable Gas production. Although the sequestration of carbon 
dioxide underground is being promoted as a way to keep harmful global 
warming emissions permanently out of the atmosphere, the develop-
ment of CCS makes more sense as a temporary repository for carbon-
rich gases until Renewable Gas production has reached importance and 
requires high volumes of these formerly waste gas resources as input.

A range of Renewable Gas-based fuels can potentially be made in a 
“biorefinery”, from feedstocks produced by biological, electrochemical, 
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photoelectrochemical, thermochemical, catalytic and gas recycling 
routes, and this offers solutions for developing replacements for the liq-
uid fuels currently used in transportation. There is a generally held view 
that transport fuels will be difficult to replace, as oil refining becomes 
constrained by peaking crude oil production and increasing chemical 
complexity in crude petroleum oil resources. It could be found to be 
more efficient and less polluting to produce liquid fuels from Natural 
Gas and Renewable Gas resources than manufacture “synthetic” vehicle 
fuel oils (synfuels) from shales, tar sands and sour or otherwise chemi-
cally compromised “unconventional” petroleum fields. Additionally, 
Renewable Gas production could expand rapidly, bypassing the need to 
refine complex unconventional gas to make up for progressively widen-
ing shortfalls in Natural Gas.

3.2.4  Energy storage – because renewable electricity is 
sustainable, but variable

Although while the Earth continues to spin ninety-three million miles 
or so from the central star of our solar system, and it has not become a 
red giant, the flow of wind and the rain of sunlight will be sustained; in 
any one location, the sun does not always shine and the wind does not 
always blow, and so renewable electricity resources are variable. They are 
also ephemeral, as storage of the actual wind for later re-use is impos-
sible, and sunlight cannot be put in a box to be allowed to shine out 
later – unless, for example, that reinforced box is filled with molten 
salts, and the sun’s rays are concentrated on it, so that it stores heat that 
can be used to produce electrical energy when the sun sets. More impor-
tantly, renewables, including biomass, are less dense resources of energy 
than the hydrocarbon “fossil” fuels mined, drilled and pumped out of 
ancient biomass-based sedimentary strata: oil, gas and coal. Although it 
is possible to generate electricity in real time from wind, sun and bio-
mass, and supply a power grid with useful, continuous, energy, much 
more capacity will come from capturing some of the energy from these 
resources and converting it into a storable form to be used during dips 
in production. If this stored form of energy is more concentrated, so 
much the better.

To be practical and affordable, the energy storage technology should 
be as simple as possible, and as inexpensive as possible, using the least 
equipment, which, for example, rules out most forms of chemical bat-
tery with corrosive fluids that require heavyweight metallic casings. 
Storage should also ideally be inter-seasonal, something that is not 
expected to be viable for most actual and proposed storage systems. 
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Electricity storage options are in development to supply renewable 
power on a cold, calm night, but for the foreseeable future, regions of 
the world with extensive power grids are planning to supplement gaps 
in their renewable provision with Natural Gas- or biomass-fired combus-
tion generation plant. Including Renewable Hydrogen and Renewable 
Methane in their storage plans would be a solution that not only works 
for the power grid but also works for grid-independent installations of 
wind or solar photovoltaic power. The emissions of these options could 
be far lower than Natural Gas power generation operations. If a power 
grid cannot use all the renewable power that is output from wind and 
solar generators, it would be convenient to be able to use this for making 
gas, thereby maximising the utility.

Gas is straightforward to store, unlike electrical power. However, 
although we have a gas grid, an increase in methods and facilities for 
gas storage is essential for the development of Renewable Gas. For exam-
ple, much Renewable Hydrogen would be made when it is not imme-
diately required. Furthermore, gas needs to be stored in large quantities 
ahead of weather-related dips in renewable electricity production, if we 
are not to resort to burning coal or heavy oil on a windless, cloudy even-
ing. Currently, in the UK, for example, there is extensive infrastructure 
for storing liquid and solid fuels, but not so much for gas – and this 
needs to be rectified as we move towards a gas energy future. Crucially, 
Renewable Gas storage will be needed in a distributed arrangement, and 
not just at centralised facilities. This is because Renewable Gas resources 
would most optimally be utilised close to where they are produced – 
particularly for biogas. Renewable Gas can be chemically processed 
before storage – perhaps into liquid fuels, or into higher density energy 
gases through processes such as methanation. Maximising the levels of 
methane in mixtures of carbon-rich and hydrogen-rich gas improves the 
energy value of the fuel, and decreases the space the same amount of 
energy takes up, which is a useful storage consideration.

3.3 Why Renewable Gas?

3.3.1 Gas is our flexible friend

One of the key benefits of developing Renewable Gas fuels is that 
gas is highly flexible. Various compositions of Renewable Gas can be 
upgraded for use in gas grids, used unmodified in power stations with 
flexible modern gas turbines or used stand-alone for local independ-
ent power generation. And it confers potential global social and eco-
nomic benefits, as Renewable Gas technologies will be appropriate in 
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economically developing as well as industrialised countries, even for 
those regions without gas grids. For example, straight biogas is already 
being exploited in rural India and China to great advantage, and hydro-
gen-rich or methane-rich Renewable Gas off-grid generator backup will 
be vital for regions that are developing grid-less solar and wind power 
systems. Industrialised countries with established gas grids and gas-fired 
power stations can keep them, if they develop Renewable Gas, whereas 
they may not be sure of the economics of maintaining their gas grids if 
they rely solely on Natural Gas. For example, under a supply reduction 
scenario, Natural Gas would be used in centralised power stations as a 
priority, meaning gas distribution to the residential parts of the network 
would be very low, and make operating costs relatively excessive, and 
very high levels of energy conservation would come to be required for 
buildings. Alternatively, there could be a shift to electricity for space 
heating, which could also limit the extent of gas distribution by grid. 
Very low volumes could make gas distribution to homes unprofitable.

The development of Renewable Gas is not revolutionary – it does not 
break an energy paradigm, and does not require a complete replacement 
of technology, or energy processing and distribution infrastructure. It 
is a gradualist solution – offering change based on what is currently 
known and done, making use of existing energy sector players and mar-
kets and, as such, is likely to be cost-effective. To develop Renewable Gas 
will not require a large re-balancing shift in the economy, with all the 
financing risks involved with that, such as the proposed global “Nuclear 
Renaissance”, which would see massive deployment of new atomic 
energy reactors. The transition to Renewable Gas will also not require 
a major renovation of fuel-burning appliances, gas pipeline networks 
and vehicle construction – such as would be required for a completely 
carbon-free Hydrogen Economy.

3.3.2 Renewable Gas can decarbonise the gas supply

There are three broad categories of options for the management of car-
bon in the development of sustainable, climate-preserving gas fuels: 
carbon capture with permanent sequestration, carbon capture and recy-
cling (see Tables 3.1 and 3.2), or the use of “young” carbon – the main 
resource for “young carbon” being biomass. As well as reducing carbon 
emissions, carbon recycling could enable lower fuel inputs for power 
plants. However, whilst needing less input biomass or fossil fuel, carbon 
recycling power plants would need hydrogen inputs instead, either in 
the form of water or steam, or in the form of hydrogen gas. It would 
be prudent to commence the advancement of these options in a short 
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time frame, given the risks to the energy sector from continuing high 
demand for Natural Gas coupled with the potential for failing produc-
tion or competition for supplies. A transition to low carbon gas does not 
need to delay, as there are technologies available today that will suffice. 
Interestingly, some of the technologies required for the processing of 
conventional and unconventional fossil fuels, both liquid and gas, are 
also suitable for Renewable Gas production, and so a parallel develop-
ment can be anticipated – beginning a transition by using the tools we 
need in future for Renewable Gas to process the fossil fuels we use now.

3.4 Why methanate?

The term “methanation” is here used to encapsulate a range of methods 
of chemically reacting hydrogen with carbon oxides (carbon monoxide 

Table 3.1 Degrees of recycling of carbon dioxide

Type Purpose
Final destination of carbon dioxide 
(time to get there)

Re-use Food and drink industry Atmosphere (short delay)
Chemicals and pharmaceuticals Atmosphere (medium delay)

Relay Fuel production
– Fischer–Tropsch conversion Atmosphere (medium delay)
– Fuel additives Atmosphere (medium delay)
Agriculture (growth promoter) Atmosphere (medium delay)

Recycle Thermal power plant Atmosphere (long delay – after a 
number of cycles)

Re-bury Thermal power plant Permanent sequestration with 
Carbon Capture and Storage (CCS)

Table 3.2 Simple medium-term guesstimates for carbon dioxide recycling 
applications

Type Curtailed emissions (%) Technology

Electricity 
generation

Estimate 5%–50% Gasification of fossil fuels (thermal 
recycling)

Estimate 40%–90% Gasification with methanation or 
other chemical recycling

Gas grid Estimate 3%–30% Gas from bioenergy (displacing 
Natural Gas)

Transport Estimate 5%–20% Gas from bioenergy (displacing 
liquid fossil fuels)
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and carbon dioxide) to produce methane (Abbess, 2014, Table 9). The 
term is also used in process engineering to describe chemically remov-
ing trace carbon oxides from an already methane-rich gas. Some use 
instead the word “methanisation” for reacting hydrogen with carbon 
oxides to make methane, in an attempt to be more precise. However, 
this term is also used by others for the process of anaerobic digestion 
(AD) of biomass and organic waste. In this discussion, the use of the 
word “methanation” without a qualifier is intended to convey the sense 
of industrial methanation in chemical process reactors. However, it is 
also important to note that although there are two broad categories of 
methanation – chemical-industrial methanation and biological metha-
nation, in some developments, there is a crossover of techniques, so 
some methanation methods can be a combination.

The development of Renewable Gas will need developments in the 
production of Renewable Hydrogen. This raises the question of what 
can be gained from converting the Renewable Hydrogen into Renewable 
Methane – which would involve a loss in efficiency. Why would we not 
use the Renewable Hydrogen itself as our Renewable Gas? It turns out 
that when considered from a systems point of view, Renewable Methane 
is likely to be vital in the development of Renewable Gas.

3.4.1  Methanation permits a gradual transition in  
gas energy systems

Step changes in the energy systems of industrialised economies would 
be significantly more complicated in the present day than the con-
version to Natural Gas from Town Gas undertaken in the 1970s and 
1980s. Entirely replacing the UK gas grid with hydrogen supplies, for 
example, would be a major undertaking and could last a very long 
time. Piecemeal conversions could lead to systemic chaos. The fully 
Hydrogen Economy therefore appears some distance away. Although 
small levels of hydrogen could be added to the Natural Gas supply, 
depending on evolving regulations, in theory there are no technical 
limits to the amount of sustainably produced methane that could be 
injected into a Natural Gas grid – provided that any minor deviations 
in gas quality from network regulations are rectified. This means that 
the variable supplies of methane from a Renewable Gas production net-
work, particularly at the outset of production when volumes could be 
anticipated to be low as well as variable, will not greatly impact gas grid 
control measures, and can be easily integrated. It should be pointed 
out that keeping the “Methane Economy”, with its gas networks, does 
not prevent an eventual transition to Renewable Hydrogen. There is an 
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energy penalty in converting high value hydrogen into methane, but 
from a systems perspective, the low carbon transition is more manage-
able if starting from the current configuration of gas systems and mak-
ing minor changes in succession.

3.4.2  Methanation can upgrade a mix of gases  
from a range of sources

There are various gas streams that can be developed – such as recycling 
waste gases from the use of fossil fuels, or multi-fuel gasification with 
carbon capture at a centralised power plant. Thermochemical gasifica-
tion can be a very efficient energy conversion, converting a range of 
sometimes complex feedstocks into simple gases. Depending on the 
exact feedstock and the temperature range of the reactor, the output gas 
can be closer to biogas with high methane content, or closer to syngas 
(synthesis gas), with both high hydrogen and high carbon monoxide 
content. Some sources of gas in future, such as those from industrial 
and waste facilities, including petroleum refineries, will be high in car-
bon dioxide, as energy processing and conversion plants are anticipated 
to increasingly use various forms of combustion, including gasification, 
or partial oxidation, reactors. Gas can also be derived from biological 
 processes, such as AD, and depending on the biomass feedstock and 
exact microbiological process, be high in methane, and high in carbon 
dioxide, and potentially have significant levels of hydrogen.

Sources of gas will be very varied and dispersed in a low emissions 
energy system, and so it would make sense that a range of low carbon 
gas fuels would be directed to a central storage facility, and one would 
end up with a gas mix mostly composed of hydrogen, methane, carbon 
monoxide and carbon dioxide. Carbon monoxide is highly toxic, and 
so in principle, it should not be stored in large quantities. However, 
methanation could use up carbon monoxide as it is created, and store it 
as Renewable Methane, which is far safer. Mixing sustainably produced 
gases for use as input can assist in the industrial methanation process, 
as some will be high in hydrogen, and others high in carbon oxides. If 
there is not sufficient hydrogen, more could be produced from the car-
bon monoxide and steam via the Water Gas Shift Reaction – or “shift” 
(Abbess, 2014, Table 9).

The exact composition of this mixed gas in storage could vary signifi-
cantly over time, but methanation of the mixed gas would both uprate 
the uniformity and move the majority composition to a higher energy 
density – thus reducing the space needed for storing the same amount 
of energy as gas.



Energy Transitions and Renewable Gas  57

Industrial methanation using Renewable Hydrogen could be an 
option for making biogas suitable for grid injection, as it would limit 
the amount of “washing” or cleaning that the gas needs before injection 
into the gas pipeline network.

3.4.3  Methanation can help to resolve problems arising  
from changing Natural Gas quality

Methanation can solve the problem of compromised supplies of raw 
Natural Gas in the transition to lower carbon gas. The quality of con-
ventional fossil fuel Natural Gas could be degenerating quite rapidly, 
in all regions. In some cases the EROEI may be dropping gradually all 
the time. Worsening quality of raw gas, such as increased production 
of sour, acid Natural Gas, or Natural Gas with high levels of nitrogen, 
requires additional processing – which carries an energy and production 
volume penalty. The first question could be: when does this process-
ing of worsening quality Natural Gas become relatively more expensive 
than manufacturing Renewable Gas? The second question would then 
be: when do the economics dictate that Renewable Gas manufacture 
becomes mandated to support the volumes and qualities of Natural Gas 
used in gas grids? The third question from that would be: will methana-
tion eventually become an essential treatment for Natural Gas itself to 
permit continued use of this degraded fossil gas in gas grids?

Technologies for making Renewable Methane can be projected to 
be useful in processing if a rising proportion of Natural Gas is sour or 
acid. Sour gas is frequently contaminated with both chemically signifi-
cant percentages of hydrogen sulphide gas and volumetrically signifi-
cant percentages of carbon dioxide. Unless solid state electrochemical 
power generation plant can be developed to run on sour gas (e.g. Cheng  
et al., 2006), it will remain essential to remove the sulphur from the gas. 
However, instead of washing the carbon dioxide out of the sour gas, and 
venting it, or using CCS, it could instead be methanated, if there is also 
production of Renewable Hydrogen at the same processing plant. If the 
methanation of sour/acid gas becomes developed, this could be a valu-
able part of an orderly transition from fossil fuel gas to Renewable Gas, 
as the same plant equipment could be used for both feedstocks to uprate 
them for grid quality.

3.4.4 Methanation can enable the recycling of fossil carbon

It can be envisaged to have a power plant that, after start up, requires 
very small quantities of new carbon input, in the form of coals, say, 
and recycles all the carbon in its internal system. Renewable Hydrogen 
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would be fed into the plant, or it would produce hydrogen from water 
using renewable electricity. It would then methanate the carbon – the 
combustion of an amount of hydrogen would provide the initial thermal 
energy for the methanation process. The production of further hydro-
gen by water splitting would be the heat sink from the  methanation 
 process – for example, using high temperature solid oxide electrolyser 
cells (SOEC) (IEA HIA n.d.-b). The Renewable Methane would then 
be stored and combusted as required to generate power, and the car-
bon dioxide that results would be captured to make further Renewable 
Methane. The only reason this plant would require new coal input is 
that coal is not 100% carbon, and also that some carbon gas losses must 
be anticipated through inefficiencies and fugitive emissions.

3.4.5  Methanation could avoid exploration for Natural Gas  
in sensitive regions of the world

Methanation for Renewable Gas could avoid the drilling of Natural 
Gas in sensitive regions of the world – for example, it could obviate 
the need to mine the Arctic region. Instead, sour and acid gas could be 
drawn from extensive reserves in already producing regions, such as the 
Middle East, and foster a better relationship between gas producer and 
gas importer regions.

3.4.6  Methanation and methane storage could  
regulate gas systems

Methanation followed by the storage of the Renewable Methane, for 
example, by injection into the gas grid, or into new storage facilities, 
could be useful from a systems regulation perspective. Many microbio-
logical processes that use biomass feedstocks to produce gas have a slow 
operational cycle, where there are long residence times for the biomass 
in the reactors. Examples of low gas production rates would be AD of bio-
mass to biogas and low-temperature gasification of biomass. The speed 
of gas production being low, a differential time lag between the produc-
tion of the gas and its use could be beneficial, however this necessitates 
interim storage. If methanation and methane storage are developed for 
mixed gas streams, these would be useful in justifying increased produc-
tion of “slow gas” such as biogas, thus optimising the use of this resource.

3.5 Practical measures in an orderly gas transition

Everything must change – but how? A first step will be in the optimisa-
tion of the use of Natural Gas. Second, it will be necessary to precisely 
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model the options for the development of Renewable Gas. Third, it will 
be necessary to manage global gas markets and gas delivery infrastruc-
ture to accommodate the development of Renewable Gas.

3.5.1 Efficient management of Natural Gas resources

Notwithstanding global oil and gas industry initiatives, much Natural 
Gas is still being vented and flared – partly because of the poor return 
in investing in distribution infrastructure, and partly because the prized 
aim of most drilling is oil, not gas. This situation is an anomaly, given 
projections for Natural Gas demand and depletion. In order to ensure 
that Natural Gas can be a sufficient bridge to a low carbon world, all 
resources should be best utilised. Regulatory and standards work is ongo-
ing to capture all the value in Natural Gas resources, but it could become 
necessary to issue not only mandates but premium tariff regimes or 
subsidies to ensure optimal gas exploitation in some regions. Increased 
subsidies and other kinds of support for Natural Gas would need to be 
balanced with the need to concentrate policy on low carbon gas to keep 
driving the transition to Renewable Gas.

3.5.2  Accurate assessments of Renewable  
Gas production potential

Gaseous phase fuels are highly versatile and efficient in many applica-
tions, not just energy, and there is much plant and other infrastruc-
ture invested in Natural Gas, and there is likely to be more with time. 
The questions are, therefore, can biologically sourced, sustainable and 
renewable resources of gas fuel displace much fossil gas? Can Renewable 
Gas offset or take us through Peak Natural Gas? And can Renewable Gas 
have a low enough emissions profile such that it can be carbon-neutral, 
to “decarbonise” the gas fuel supply – used for power generation, space 
heating in buildings, agrochemicals, industrial chemistry and transport 
fuels? Reliable assessments of these possibilities are essential.

3.5.3 Management of gas market competition

With increasing demand for Natural Gas around the world, the shape of 
the global markets in Natural Gas can be anticipated to shift. In order to 
manage the supply and distribution of Natural Gas, it is crucial to moni-
tor trends. This will be even more important to understand if uncon-
ventional fossil fuels start to be exploited significantly outside North 
America, as these resources are often in different physical locations and 
territories than Natural Gas. Regional and inter-regional disputes can 
be anticipated with proposals for their exploitation, as unconventional 
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fossil fuel resources pose environmental risks, and could cause complica-
tions with transmission and distribution infrastructure. Such fault lines 
would inevitably affect gas market conditions.

With the repurposing of clean-burning, easy to tap, Natural Gas to a 
wider range of energy and chemistry needs, demand is set to increase, 
and this adds to the risk of a peak in the ability to meet demand from 
production within thirty years. Much Natural Gas is “associated” – 
co-present with petroleum crude oil – and there are indications that 
crude oil production will suffer critical depletion within a decade in 
certain regions, despite the inclusion of what are known as “Natural 
Gas Liquids” (NGL) into tallies of liquid fuel production by the major 
oil and gas businesses, databases and consultancies (Abbess, 2014). The 
global move to diesel vehicle fuel was perhaps considered to be a way 
to stave off Peak Oil, as diesel grades, fractions or “cuts” of crude petro-
leum oil could be anticipated to be more copious than those for gaso-
line going forward, especially when making use of heavier crude oils 
(Abbess, 2014). Yet even this transition, or the use of other refining by-
products as fuel additives, cannot prevent the inevitable global plateau 
and decline in vehicle oil supplies. Peak Oil will almost certainly impact 
the production of Natural Gas. If oil wells deplete until they become 
uneconomic for hydrocarbon liquids production, they will almost cer-
tainly be abandoned, and will no longer co-produce gas, and this will 
have the side effect of skewing the global markets in gas.

As energy systems age, the likelihood of breakdowns, accidents and 
outages increases. Where energy inputs to one economy are restricted by 
fault, energy must be sourced from other regions. A recent very telling 
example is the change in energy imports demanded by Japan following 
the Fukushima Dai-ichi Multiple Nuclear Reactor Accident. Energy flows 
in the whole East Asian economy were re-routed, and this had knock-
on impacts further afield. Such a significant change could affect market 
competition, and so could policy trends. Within the EU, for example, 
governance policies to answer climate change are consistently moving 
away from coal-fired power generation to Natural Gas, and despite new 
pipelines and new trade agreements with countries ever further away, it 
can be anticipated that internal EU competition for Natural Gas could 
be high, particularly if there were a spectacular failure related to nuclear 
power in or near Europe – increasingly likely, the older the in-service 
atomic fleet.

Data intelligence on European Natural Gas imports, demand and con-
sumption is continuing to improve to enable stronger market harmoni-
sation and to limit illegal competition, but clearer data will not remove 
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the risks of scarcity, from both volumetric and market price volatility, 
should there be a breach in other forms of energy supply, or a country 
rejects nuclear power, coal, shale gas and other fuels in favour of Natural 
Gas, and demand for Natural Gas increases. It may even be that coun-
tries that produce most of the world’s Natural Gas may want to utilise 
more of their own energy, as they too face demands on emissions and 
efficiency, and so export supplies to other regions could be negatively 
impacted. All of these factors need to be considered in the global steer 
towards gas.

3.6 Pathways to Renewable Gas

The three key areas where gas can be deployed for energy purposes are: 
building temperature control, transport and electricity generation. The 
use of gas in the chemicals industry is also important to consider. Each 
application has its own potential and problems.

3.6.1 Space heating and cooling of buildings

3.6.1.1 Space heating for buildings

A large proportion of Natural Gas is consumed in applications that are 
not centralised “point sources”, that is, they are dispersed, such as for 
space heating uses. The carbon dioxide in the flue gas from the burn-
ing of Natural Gas in millions of distributed heating boilers cannot 
practically be collected for a CCS system. When the need to sequester 
any carbon dioxide from the use of Natural Gas becomes an impera-
tive, the usual projection is that either space heating will need to have 
been eliminated by building insulation, or space heating equipment will 
need to have been converted to electricity. Failing those options, the gas 
supply will need to have been decarbonised at source. At the current 
rates of building insulation, it seems unlikely that space heating will 
have been eliminated in the medium term. In addition, converting all 
building temperature control to electrical heating and cooling would 
require very high levels of new power generation capacity, which is also 
unlikely, unless wind power deployment is on an unprecedented scale. 
Furthermore, the option to lower household carbon dioxide emissions 
through residential scale co-generation, or Combined Heat and Power 
(CHP, micro-CHP) (Dodds et al., 2015), or CHP at the local area level, 
would still mean a gas grid remains necessary. It is therefore logical to 
anticipate a growth in low carbon gas to be used for building tempera-
ture control.
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3.6.1.2 Space cooling for buildings

It is anticipated that cooling for buildings could become a serious con-
sumer of electrical power, particularly in summer. This is coincident 
with the expected peaks in solar power production, but if heatwaves 
become unseasonal as a consequence of climate change, it may be that 
gas-fired power is needed for space cooling.

3.6.1.3 Urban architecture and biogas

The greatest need for space heating and cooling of buildings is in places 
where there are high densities of buildings, and these happen to coin-
cide with high levels of food waste, packaging waste and  biohazard  
waste – for example, waste water treatment plants and hospitals. It 
therefore makes sense in efficiency terms to develop biogas through 
AD, and biosyngas through gasification – the most appropriate disposal 
method for biological and hazardous wastes – in urban areas, and use it 
in CHP (cogeneration), or Combined Cooling Heat and Power (CCHP) 
trigeneration plant, with either District Heating (DH) or district cooling 
pipe networks. As urban developments become more efficient and there 
are higher levels of building insulation, and the global economy starts to 
reduce once-through product packaging, levels of energy consumption 
and volumes of waste generated will fall in parallel. So, although the 
urban feedstocks for manufactured Renewable Gas may decrease, so will 
the need for it; therefore, Renewable Gas production in towns and cities 
will still make sense, even if total volumes consumed in the local area 
are a lot smaller. Household-scale CHP may become practical, if electric 
transport becomes widely used and home recharging is required. One 
possible configuration of street-local or domestic-residential CHP would 
be fuel cells running on grid gas, in which case, the grid injection of 
Renewable Gas manufactured in centralised facilities would be necessary 
to decarbonise the system.

3.6.2  The Prime Mover of transportation: the importance  
of fixing transport options

Transport, like space heating, has many sources of carbon dioxide emis-
sions, making capture impractical. This is perhaps the best entry point 
for Renewable Gas, as road, sea, rail and air transport is a priority for the 
global energy transition away from fossil fuels.

3.6.2.1 Trade and transport

Of the key energy applications that need to be transitioned – the most 
pressing is perhaps that of transportation. The world’s economy is now 
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dependent on globalised systems of trade and exchange. To sell across 
borders and seas and country lines, it is necessary to transport peo-
ple, goods and products, even if these are merely digital services. All 
transportation, even of electronic information, requires fuelling. Trade 
efficiencies depend currently on sustained personal and trade-oriented 
transport; although personal mobility could become seen as an order of 
magnitude less essential for global economic capability than the trans-
portation of food, products and goods. The trajectories of the projections 
for the increase in road, sea and air vehicular use suggest that the global 
economy is likely to become increasingly dependent on transportation. 
With almost two billion registered road vehicles in use around the world 
(WHO, 2013), and nearly three billion passenger airline flights per year 
(ICAO, 2012), addressing possible problems in supplies of fossil fuels, 
and minimising their impact on the environment, is critical to interna-
tional economic security and governance. In a scenario of peak crude 
petroleum oil supply, changes must be made to vehicle fuel and vehi-
cles in order to keep this system operational. If taking the gas option –  
transitioning to gaseous phase vehicle fuels – the world is likely to see 
significant moves towards the use of Renewable Gas. The reasons for this 
are varied, but mostly have to do with the timescale for the substitution 
of fossil fuels – something that is being imposed by Nature, rather than 
energy trading or carbon emissions regulation.

3.6.2.2 A review of the options: efficiency, electricity, biofuels and gas

The three main options for displacing carbon are: fuel use efficiency, 
electric drive and alternative fuels. One of the key ways overall energy 
efficiency in transportation can be effected is by reducing the physical 
size and mass of all new vehicles on the market, although most policy 
work has focused on engine fuel use efficiency. Early developments in 
alternative fuels included LPG – Liquid Petroleum Gas – and diesel was 
introduced as a more efficient alternative to petrol. However, improve-
ments in engine technology are perhaps removing the diesel efficiency 
advantage. An added consideration is that particulates from diesel com-
bustion are correlated to poor local environmental conditions, high 
rates of asthma attacks (e.g. McCreanor et al., 2007; Zhang et al., 2009), 
and the incidence of lung cancer (Silverman et al., 2012), and perhaps 
even autism (Roberts et al., 2013).

Electric drive and hybrid electric/fossil fuel vehicles can become 
highly useful in the fight against poor urban air quality; and from a 
systems viewpoint, overall efficiency of energy use could be higher 
if vehicles are electrically powered – however, it does depend on the 
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so-called well-to-wheels (or “well-to-tank”) pathway – the energy losses 
and carbon emissions from the initial resource to the final point of use. 
For example, electricity generation from the combustion of solid bioen-
ergy, such as woody biomass made into pellets, is about the least effi-
cient thing that can be done with it. Some have assumed that most 
transportation in future will have electric drive train, but the problems 
associated with much larger numbers of battery manufacture, including 
concerns about Rare Earth Element scarcity, and the logistics and costs 
of rolling out several billion new electric vehicles to replace the current 
fleets, and putting in place the generating and recharging infrastructure, 
make this energy future seem a distant scenario.

Despite a strong industrial focus on their development, it is not yet 
clear if liquid biofuels such as biodiesel and bioethanol will be able to 
contribute more than a small slice of the market in mobility as they are 
not uniformly carbon-positive or even carbon-neutral; and unexpected 
hitches have occurred, such as the competition for feedstocks between 
food and fuel markets, which have impacted European policy (EBTP, 
2014). Of the alternatives, several gas fuel options look promising. Until 
very recently, the production of hydrogen gas was almost entirely from 
processed fossil fuels, so its use in fuel cells or in combustion engines 
for transport would be inefficient if fossil fuels could be used directly 
instead. But if Renewable Hydrogen production becomes prevalent, this 
could all change. The other main gas alternative is methane.

Compressed Natural Gas (CNG) is rising up the agenda as a vehicle 
fuel in some parts of the world – for example, in India, where it was 
introduced in 2003 with the aim of improving air quality (Ravindra  
et al., 2006), although it cannot eliminate air quality problems entirely 
(Jacobson and Delucchi, 2009). CNG is beginning to be seriously con-
sidered for transport in developed countries as well, for example, in 
the range of Natural Gas Vehicles (NGV) becoming available. In North 
America, its popularity is mostly because of cost savings, as the fuel 
remains relatively cheap compared to liquid fuels. Europe is develop-
ing a CNG distribution and filling station network (NGVA, 2014), and 
Renewable Methane would be highly useful for this, in the form of 
Compressed Renewable Gas (CRG). Some CNG/CRG could be sourced 
from biogas from AD of plant and animal waste, upgraded to biom-
ethane, or biosyngas from the gasification of biomass and waste – also 
upgraded, by methanation, to be closer in composition to biomethane.

Compressed methane-rich gas (CNG or the Renewable Gas equiva-
lent) could prove essential in the long process to transition away 
from fossil fuels. Combination gas and liquid fuel systems, such as  
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“dual fuel” (where gaseous fuel is used with a small amount of liquid 
fossil fuel in a diesel engine), or “bi-fuel” (where an engine is run on gas-
eous fuel, with a liquid fossil fuel tank as a backup), are emerging, and 
the conversion cost can be cheaper than replacing the whole vehicle, 
although the success of mass conversion will depend on the roll-out of 
Natural Gas filling station networks (BCC, 2015; CRD, 2015; EcoDual, 
2012; Innovate UK, n.d.; Le Fevre, 2014; Nemeth, 2012; NGV Network, 
2014; Truck & Bus Builder, 2011). This is continuing the earlier work 
done with LPG, and offers cleaner burning fuels and cost efficiencies. 
This development is equally useful for larger diesel engines as used for 
stationary and off-grid applications (e.g. ComAp, 2009). It may even 
be possible to completely decarbonise dual fuel vehicles, if they use 
biodiesel for their ignition fuel, and Renewable Gas for their main fuel. 
Besides pure hydrogen gas or methane-rich gas, gaseous phase fuels 
also include Hydrogen Compressed Natural Gas (HCNG), or Hydrogen-
Enriched Natural Gas (HENG) – a compressed mixture of hydrogen gas 
and methane-rich gas (e.g. Ma et al., 2010; Ortenzi et al., 2008). The 
technology is improving, but if hydrogen storage units for vehicles 
remain too heavy to permit the current generation of hydrogen fuel 
cell vehicles (HFCV) from gaining a wide market, it may be possible to 
use internally reforming fuel cells that run on methane-rich gas instead 
(e.g. Priyakorn et al., 2011).

Another route would be GtL – gas to liquids – to utilise biomass gas-
ification and “refine” the biosyngas to synfuels, using such chemical 
techniques as the Fischer–Tropsch method to synthesise liquid alterna-
tive biofuels. A biorefinery that could use Renewable Gas feedstocks to 
react to produce liquid fuels, such as dimethyl ether (DME), ammonia 
or methanol, demonstrates the potential for further options. Fossil fuel 
refineries can use “drop-in” biofuels and even solid biomass in some 
of their processing, which could decarbonise refined fuels at source 
(Karatzos et al., 2014). In the long term, however, it may be vital to 
transition out of using liquid fuels, owing to competition for biomass 
resources. By contrast, hydrogen-rich and methanated gas phase fuels 
can be produced using less biomass input.

It can be envisaged that urban private transport, and light duty vehi-
cles (or light commercial vehicles), will tend increasingly towards small-
sized electric options, whilst long-distance and heavy duty vehicles will 
be fuelled with light gases such as hydrogen and methane. Bioethanol 
will continue to be important in some regions, and in main refinery 
blending. Algae-based biodiesel could also become useful, in applica-
tions that cannot make use of gas phase fuels.
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Renewable Gas applications in mobility are likely to hold the highest 
initial marketable value for more general deployment of the technolo-
gies, and can therefore be expected to be developed first.

3.6.2.3 The Hydrogen Economy, the Renewable Gas Economy

Many universities and government agencies researching the potential for 
a Hydrogen Economy have pinned their hopes to the opportunities to 
run fuel cell-drive vehicles – and no doubt there will be HFC vehicles (or 
HFCV), or fuel cell electric vehicles running on hydrogen fuel (FCEV) on 
the roads in future – perhaps fleets of larger freight vehicles with a widely 
distributed filling station network to avoid having to carry heavy on-board 
hydrogen gas containers. This option is possible for Europe, where fuel 
efficiency regulations could prohibit larger vehicles from running inter-
nal combustion engines (ICEs), especially in urban areas. But can hydro-
gen become the primary energy vector for future transportation needs? 
Although there have been major achievements in the advancement of 
hydrogen production, storage, distribution and use, it does not yet seem 
possible for pure hydrogen gas to capture much of the vehicle fuel market.

By contrast, there are more than ten million compressed methane-rich 
gas vehicles already in use around the world (Nijboer, 2010), and many 
models of cars running on diesel fuel can be converted to run mostly 
on gas instead, and so the market niche for Renewable Methane could 
be larger than some think is possible. Without replacing all the diesel 
engine vehicles, it will be possible to perform engine and on-board fuel 
storage conversion and use alternative methane-rich fuels. Renewable 
Methane could supply some of this market directly.

If fuel cell vehicles become sought after, those that use Renewable 
Methane, or mixtures of gas fuels, might be preferred, as this could turn 
out to be cheaper than Natural Gas. These vehicles would most likely 
perform on-board reforming of the methane-rich fuel to hydrogen.

In rural areas of the world, especially in regions without electricity or 
gas grids, Renewable Methane made from agricultural wastes would be 
optimal for providing local automotive power. It makes sense to begin 
a transition to fully sustainable gas mobility by continuing with what 
already exists – the Natural Gas network – as we already have the infra-
structure and plant designed to work with it, and existing vehicles can 
often be adapted.

3.6.2.4 Transition strategies in transport

With every option for a transition in transport, there remains the prob-
lem of the large numbers of ICE vehicles already in use. In order to turn 
over the vehicle fleet to new transport fuels, and to improve fuel use 
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efficiency, to prevent a crisis in mobility, it is necessary to market new 
vehicles using the alternative fuel choices, or adapt the present ones. 
Besides partially addressing urban air quality problems, and related 
 public health issues, converting to CNG could also partly address policy 
to meet carbon emission budgets; and for personal transport vehicles, 
a conversion from diesel to CNG could be more economically efficient 
than purchasing an entirely new car. As regards the use of materials, a 
CNG storage tank fitted to an ICE car could require much less outlay on 
metal and other materials than a hydrogen storage tank in an HFCV.

In the short term, keeping the cost of transition in transportation 
down is going to be useful, both because of the risk of continued poor 
health of the economy, and because cheaper changes could well pro-
mote greater, speedier uptake. For example, it could be far faster to 
arrange to convert a car to CNG than it would be to wait for your order 
of an entirely new electric-drive vehicle (battery electric vehicle or BEV) 
to come off the production line (e.g. Hurst and Gartner, 2013). It is pos-
sible that conversions to Natural Gas become widespread, particularly 
as cars can be refuelled at home or in a local residential area with the 
appropriate compressor pumps. If this trend happens in parallel with 
higher rates of home insulation, then demand and supply of gas for 
the residential sector could remain more or less in balance and ensure 
economic stability. The conversion of vehicles to use gas instead of oil 
could start to address carbon dioxide emissions from the sector, and this 
could be enhanced if the gas supply begins to be supplemented with 
Renewable Methane from biological or industrial sources.

One note of caution is that with high levels of conversion of vehi-
cles to methane-rich gas fuels, it may be necessary to abandon plans 
for significant levels of hydrogen gas injection into gas grids, owing to 
issues to do with gas compression ratios, compression equipment and 
energy density. However, it could be that other conversion options 
are developed, and vehicles could be fuelled by a range of hydrogen– 
methane blends, such as Hythane, or partly methanated syngas (known 
as Synthane), which would permit gas grids to contain mixes of gas, as 
appropriate. If fuel cell vehicles are developed, they could be able to use 
a variety of input fuels, and so LMG – Liquefied Mixed Gas – could be 
distributed to filling stations via Heavy Goods Vehicle tanker truck, or 
piped as RMG – Renewable Mixed Gas – to be compressed at the filling 
station. Even if most fuel cell vehicles will only take hydrogen fuel, fill-
ing stations could provide it from the high-methane, decarbonised gas 
in the gas grid – by using internally reforming solid oxide fuel cells to 
reform it to hydrogen. This is likely to be more efficient than running a 
fuel reformer in the vehicle itself, which would add extra weight.
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3.6.3 Electricity generation

It is in the area of power production that Renewable Gas could have the 
largest impact on operations – although the total energy provided would 
likely be greater in the heating or transport sectors. Most power plants 
in large widespread grids are themselves large, and operations therefore 
centralised, effectively isolated. As a result, much of the energy of ther-
mal power plants is lost, as heat via cooling chimney stacks, or heat bled 
to rivers or lakes, as there is no local application for it. Considerations of 
gas quality and purity for use in these power stations are not as impor-
tant as they are for grid injection and supply to household end users.  
A wide range of grades and chemistry of Renewable Gas could therefore 
be put to use in power generation in centralised power plants, as long 
as gas storage, gas engines and gas turbines are flexible and adaptable. 
The waste heat could be used to recycle carbon dioxide to produce new 
Renewable Gas. Power generation through vanilla combustion could 
become seen as overly inefficient, and Renewable Gas grades could 
instead be used in fuel cells, which could support renewable electricity 
generation at a range of scales. Supplying remote resources of Renewable 
Gas to centralised power plants is possible if the gas is uprated to a high 
quality and then injected into the gas grid. For independent power 
applications, Renewable Gas can be supplied in the same range of ways 
as Natural Gas is now, including a Renewable Gas-derived replacement 
for propane/butane LPG cylinders.

The development of Renewable Gas may even enable reliability in the 
contribution of atomic energy to electricity generation. There are an ever-
growing number of nuclear power plants that are over twenty-five years 
old. This cohort ageing of the nuclear fleet is a risk to power grids, as older 
reactors and older nuclear power plants are more prone to unplanned 
outage and other kinds of failure, and so their reliability is thrown into 
question as providers of “baseload power”, the more they age. It can be 
an option to require certain ageing nuclear power plants to disconnect 
entirely from the electricity generation grid to ensure supply security. The 
nuclear reactors would continue to produce heat until they were decom-
missioned. They could therefore be used to produce Renewable Hydrogen 
through splitting water – they are usually sited near large bodies of water, 
to use for cooling water and as heat sinks. Through heat-balanced process-
ing, this Renewable Hydrogen could be uprated to Renewable Methane, 
recycling locally available carbon oxide gases, should they be available. 
This Renewable Methane or Renewable Hydrogen could be stored on 
site (or grid injected if large scale storage of explosive gas near a nuclear 
reactor were deemed unsafe) and used as required in gas engines or gas 
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turbines to generate electricity, perhaps even re-using the original gen-
eration sets of the nuclear power plant – if these are not the most com-
promised elements. The carbon dioxide flue gas from the combustion of 
Renewable Methane fuel for power generation could be recycled at these 
nuclear power plants, as they are centralised and potentially gas-secure. 
If the widely heralded nuclear power renaissance does take place, rather 
than being used to provide baseload for power grids, new atomic reactors 
could perhaps be more usefully deployed for constant hydrogen produc-
tion, to be either stored for use when the wind dies down, or used for 
carbon recycling.

3.6.4 Industrial chemistry

There may be several main reasons why Renewable Gas should become 
more favoured as the basic feedstock in industrial chemical processes as 
time passes. For example, there may start to be competition between the 
use of Natural Gas for the production of agrichemicals/agrochemicals 
and its use for transport. This is where partial or complete methanation 
of a mix of Renewable Gas streams could provide gas feedstock with a 
high percentage of methane, vital to the production of fertilisers and 
pesticides. Bioammonia and other chemicals could also be made on-site 
at a biomass gasification plant, utilising the biosyngas directly.

3.7  Can we stop digging yet? Technological  
advance in Renewable Gas

Renewable Gas could contribute to a peak in drilling and mining for 
energy, and offset any peaks in production capacity of crude petroleum 
oil and Natural Gas. A greater use of surface-produced, climate- preserving, 
gas fuels would prevent further destruction of the Earth’s crust by hydrau-
lic fracturing, and opencast coal, oil sands and uranium mining.

Making more use of Renewable Gas could encourage efficiency in the 
use of sustainable fuels. For example, it is likely to be more clean and 
efficient to gasify straw and wood and combust the biosyngas locally 
for decentralised power generation, than it is to transport straw and 
wood to a centralised location for co-firing at a mainly coal-fired carbon-
abated power station.

Pathways to energy transition that include Renewable Gas are per-
haps a better fit to needs than other energy futures scenarios, purely 
because of the simplicity of the pathway to deployment. In a new age of 
financial uncertainty and potential fossil fuel resource scarcity because 
of strong competition or depletion, pragmatic, low barrier threshold 
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solutions to energy security will always be welcome. A number of the 
Renewable Gas proposals have prospects for parity life cycle costs with 
fossil fuels, without excessive capital costs.

A transition to Renewable Methane will be straightforward, but this 
does not disbar a later transition to the Hydrogen Economy, because the 
production of Renewable Hydrogen is so important in the development 
of Renewable Methane.

3.7.1  Renewable Gas is “cuspish” – on the verge of major 
industrialisation efforts

Basic research is being conducted in every sector of the Renewable Gas 
matrix, and yielding surprising and encouraging results. Some organisa-
tions and companies are not even waiting for these improvements, but 
are actuating Renewable Gas programmes using current technologies.

Renewable Gas projects (Power to Gas, WindGas, etc.) utilising wind 
power or other spare electricity are already in development in a number 
of countries (e.g. dena, 2014a; Electrochaea, 2014). When wind power 
is high and demand is low, the excess wind power that would otherwise 
be “curtailed”, “constrained” or “shed” is used to make Renewable Gas 
of one kind or another, and this is then stored. When wind power is low 
and demand is high, the Renewable Gas is used to generate power to 
cover the shortage.

3.7.2 Vanguards of research

Renewable Hydrogen production is vital for the development of Renewable 
Gas. In the US, the federal government’s Department of Energy has  
been running a hydrogen programme for some time (DOE, 2013). In 
the EU, the Fuel Cells and Hydrogen (FCH) partnership is one amongst 
a number of initiatives, and the International Energy Agency (IEA) is 
involved in a number of projects, through the Hydrogen Implementing 
Agreement (HIA) (IEA, n.d.-b, IEA HIA, n.d.-a), and through a num-
ber of other sector tasks, including Bioenergy Tasks 33, 37 and 42 for 
Biorefinery (IEA, 2014d). A number of universities and companies are 
directly involved in these working groups, and some have dedicated 
Bioenergy and/or Hydrogen projects in train. Commercial energy groups 
are building pilots based on their own research work and their collabora-
tion with academic projects and the international organisations.

3.7.3 The forefronts of knowledge

The critical areas of research, where significant progress is necessary, fall 
broadly into the following categories.
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3.7.3.1 Physics and chemistry

Research is ongoing into the improvement of water electrolysis to pro-
duce hydrogen, the improvement of hydrogen production through 
catalysis, the improvement of methanation engineering and the devel-
opment of solar-hydrogen processes.

Although hydrogen gas can be produced from the electrolysis of water 
using excess renewable electricity from wind or solar farms, the less 
power that needs to be used, the better. Catalysts to enable hydrogen 
“evolution” have been in use in industrial-scale chemistry for decades – 
and it seems that “Nature’s little helpers” do not need to be expensive, 
rare metals like platinum. In recent years, there have been remarkable 
developments in the use of special compounds for new catalysts, and 
tests on nano-structured surfaces on catalysts. Some of the processes 
to use chemical catalysts to improve “protonation” of hydrogen from 
water or weak acids make use of sunlight (photocatalysis), and some 
electrical voltage (electrocatalysis). Most of these improved processes are 
likely to be possible at around room temperature, and require much less 
energy input than currently. Some teams are looking at heat-triggered 
hydrogen production (thermocatalysis).

There is ongoing research, both in academic institutions and in 
 government-sponsored facilities, to improve the selectivity of methana-
tion and other gas improvement processes – with the express purpose of 
making the most of Renewable Gas fuels. Methane is an ideal replace-
ment for Natural Gas, and so the more methane there is in a supply of 
Renewable Gas, the more valuable it will be.

3.7.3.2 Biology and chemistry

Development of novel inocula for AD and fermentation of biomass to 
selectively produce gases are being pursued by a number of academic 
and commercial interests, as are waste water treatment with gas capture, 
and increasing production volumes from AD reactors by the addition of 
Renewable Hydrogen (e.g. Reuter, 2013).

3.7.3.3 Engineering

Engineering firms are working to provide flexible gas engines and gas 
turbines; power generation systems that can make use of a variety of gas 
feedstocks; increases in gas processing efficiency; and successfully scaling 
up fuel cells that can run on syngas and methane, as well as hydrogen.

Gas fuels of the future are likely to be increasingly decarbonised, and 
be somewhat less consistent in energy value than at present, whether 
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this is because of additions of Renewable Gas or because of the use of 
more chemically diverse Natural Gas. These changes will require adapta-
tion. For this reason, all new gas-burning power generation and power-
and-heat cogeneration plants (CHP) should be using ultra-efficient 
flexible gas turbines and gas engines. Engineering firms are working to 
provide solutions, as required, for example, gas turbines that can use 
fuel high in hydrogen.

3.7.3.4 Energy storage

Administrations and engineering firms are considering how to develop 
specialised gas storage and gas separation for a range of Renewable Gas 
feedstocks, and increasing the amount of gas storage. Interestingly, 
besides options to store hydrogen (SBC, 2013), methane or carbon diox-
ide, there are also proposals to store energy underground as compressed 
air. This suggests that Renewable Gas mixtures, even with a low heating 
value, could be useful if stored in a compressed form, as power genera-
tion capacity from gas turbines relies not only on combustion ability but 
also on the pressure of the gas feedstock.

3.7.3.5 Uprating and upgrading

Further work is required to establish methods of improving Renewable 
Gas mixes to be used in specific applications, including setting standards 
for chemical processes.

3.7.3.6 Gas emission prevention

Continuing work needs to be undertaken to rein in fugitive emissions of 
gas, particularly methane, from production, supply and storage systems –  
both fossil gas and Renewable Gas (Liebetrau et al., 2013). Capturing 
associated gas from oil and condensate wells, and currently uneconomic 
gas from tight gas and shale gas operations, and the renewal of ageing 
gas distribution systems are some components of this.

3.7.4 Industrial gas systems design

Encouraging the participation of the current petrochemical, chemical 
and manufacturing industries in the development of Renewable Gas is 
key to future progress, as they are the producers of most “waste” gas 
(e.g. Bermudez et al., 2013), and the players of sufficient engineering 
know-how to design gas capture, gas recycling and gas storage options 
to enable the integration of all the elements, besides being best-placed 
to develop transport fuel options.
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3.8 Advances and the way ahead

3.8.1 Market development – volumising

In order for Renewable Gas to be useful in meeting carbon emissions con-
trol targets, it needs to be produced in high volumes, to justify displac-
ing fossil gas. It will therefore be important to capitalise on all possible 
resources. The gasification of unusable waste is becoming more widely 
deployed in Europe, for example, much Energy from Waste (EfW) or 
Waste-to-Energy (WtE) in future will be through gasification methods, 
as an alternative to landfill or incineration, and while the level of abso-
lute waste is set to decrease as product packaging is minimised through 
legislation, to become more recyclable and compostable, and economic 
efficiency will reduce the amount of raw materials in product life cycles, 
there will continue to be a waste water, municipal and business waste 
stream to employ. Gasification is a useful technique for safely disposing 
of medical and food waste, as the majority of the solid end products can 
be safely released to the environment.

The UK Government’s National Renewable Energy Action Plan (NREAP) 
for its part in meeting the EU renewable energy targets was unambi-
tious regarding biogas and biosyngas potential (CCC, 2011; NREAP UK, 
2010). Other researchers and industry actors place much higher figures 
on the potential for Renewable Gas production streams (e.g. E4tech, 
2010; Enviros, 2008; National Grid, 2009; NERA, 2009a, 2009b, 2010, 
2011; REA, 2009; SKM Enviros, 2011). Gas collection from landfill and 
sewage sources could be expanded, for example. Importantly, at the 
time, the UK Government did not appear to consider the potential from 
Renewable Hydrogen to add volume to sustainable gas fuel production, 
nor consider what a high availability of Renewable Hydrogen could 
mean for uprating and upgrading other Renewable Gas resources. The 
recycling of carbon-rich flue or exhaust gases from the combustion of 
fuels was not considered in the UK NREAP probably because the implica-
tions and opportunities of large volumes of Renewable Hydrogen pro-
duction were not considered. However, modelling since then has scoped 
the options (DECC, 2014e, 2015).

Renewable Gas is likely to be a key low carbon energy technology 
for those countries that choose to generate renewable power. Although 
Britain has been slow to advance this option, other European countries 
are actively working on using spare renewable electricity capacity to pro-
duce Renewable Hydrogen, mostly by electrolysis of water, done when 
the wind is blowing strongly, yet there is small demand for electrical 
power in the grid. This “wind gas” or “Power to Gas” potential is likely 
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to become increasingly important, both in providing more renewable 
energy, and in balancing wind and solar power outputs.

The example of Germany is a case in point. At its distance from the 
Equator, there is a large seasonality in solar power output, and wind 
power in the Northern Hemisphere at this latitude varies seasonally, 
but also according to the frequent passage of low pressure weather sys-
tems. The daily and weekly patterns of electricity demand, by contrast, 
do not alter significantly between seasons, whereas the gas grid opera-
tors have to contend with widely varying demand. Germany is export-
ing power over and above its own needs (Fraunhofer, 2014), but it can 
be anticipated that if renewable electricity generation capacity contin-
ues to be installed at anything like the same rates as today, depending 
on the season, there would be considerable excess generation on some 
days. If the countries around Germany also develop their renewable 
resources, there could be excess generation in neighbouring countries 
at the same time, and power exports will not be possible. Excess genera-
tion may need to be curtailed, or constrained, from feeding into the 
power grid at some times. Yet, at other times, perhaps even the fol-
lowing day or week, renewable generation could experience a low and 
be unable to meet demand. It therefore makes sense to capture excess 
electricity in some form of storage to use later on when the sun is not 
shining or the wind is not blowing. The German Energy Agency, dena, 
has been managing what is being called the Power to Gas (PtG) Strategy 
Platform (dena, n.d.), to encourage the use of manufactured gas as a 
means to store energy from excess power until it is needed back in the 
electricity network.

3.8.2 A summary of the future state of gas

Natural Gas is not a uniform product, and there are questions of qual-
ity and composition in future. Resource quality is degrading, as well as 
being anticipated to be increasingly declining. Peak Natural Gas may 
not appear for some time, but Peak Sweet Natural Gas may be imminent, 
and major gas processing plants already need to consider chemistry and 
transition.

The long-term viability of the gas grid has been questioned. Should 
we try to retain the use of a majority methane grid, there will be coor-
dination issues over time, because of chemical composition tolerances 
in pipeline networks of different types and pressures, and because of the 
potential need to change all the end appliances if the gas characteristics 
change significantly. As for the backbone of gas supply to power plants, 
combined cycle gas turbines (CCGT) are particularly susceptible to some 
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contaminants, and are not fully flexible to changing gas composition –  
although turbines can be designed to operate within a wide range of 
tolerance windows of gas fuel composition and characteristics – as long 
as the energy value of the fuel is relatively consistent.

It seems unlikely that the gas grid would be wound down as a policy 
preference, but if residential connections to the gas grid are eventually 
abandoned, because gas flows are too low to make economic sense, 
there may still need to be a national level gas grid backbone. However, 
instead of Natural Gas, it could be transporting a mix of hydrogen and 
carbon oxides from a range of sources to places of methanation, and 
then used in centralised power plants, and in an infrastructure-type gas 
distribution grid for transport refuelling, similar to the current petrol 
and diesel station network. New decentralised, more widely distributed 
power plants could also be built with a Renewable Gas supply, using gas 
engines or fuel cells for cost-efficient and energy-efficient delivery of 
local heat and power (CHP) in DH networks. These plants, as well as the 
production of the fuel they use, could both be useful in helping to load 
balance power grids transmitting large quantities of renewable electric-
ity supply.

Gas continues to be a good option with which to store large amounts of 
energy for long periods; however, for the scale of applications envisaged, 
much more gas storage will become necessary. This is because if a large 
proportion of gas no longer comes continuously by pipeline or tanker 
from afar, and daily manufacture of Renewable Gas is low to medium 
in volume, then to meet surges in demand will require much higher 
storage capabilities than at present. Options include underground sub-
sea storage in depleted Natural Gas caverns. The other reasons for more 
gas storage include the wish to decarbonise all aspects of the use of gas, 
including the recycling of flue/off gas, and because some Renewable Gas 
feedstocks will have a range of chemical composition, requiring process-
ing. If chemical processing capacity is not available at any one time, 
then storage of the intermediate gas products will be necessary.

It is unlikely that industrialised economies will give up using gas alto-
gether – it continues to be a good energy fuel, and a vital feedstock for 
other industrial chemistry, such as the production of agricultural chemi-
cals and fertilisers. Although in the interim, gas is vital for heating pur-
poses, its most important roles in the long-term future are likely to be as 
fuel for transport and supporting variable renewable electricity in lower-
ing the carbon emissions of the whole energy system. For this potential 
to be realised, gas needs to be decarbonised, and so Renewable Gas, both 
Renewable Hydrogen and Renewable Methane, will be essential.
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4.1 Eternal flames

Burning vapour flaring out of the ground has been a cause for marvel 
or even veneration for centuries (Aminzadeh et al., 2001; Berge, 2011, 
2013; Dumas, 1859; Etiope, 2010; Etiope et al., 2013a, 2013b; Forbes, 
1939, 1958; Galetti, 2005; Hosgormez, 2007; Hosgormez et al., 2008; 
Ingersoll, 1996; Jackson, 1911; Kamali and Rezaee, 2012; Ker Porter, 
1822; Le Strange, 1905; Lockhart, 1939; Marvin, 1884; Pliny, c. 77; 
Spulber, 2010; Strabo, 7 BC; Thwaite, 1889; Verma et al., 2004; Waples, 
2012, Pages 7–9; Yergin, 1991; Ziegler, 1920); however, the widespread 
use of Natural Gas as an energy fuel only came about after gas manu-
factured from coal and other feedstocks had become commonplace 
(Tarr, 2009).

Enterprise scale use of Natural Gas was first developed by the Chinese 
people of the Han Dynasty, around about 2,000 years ago. Gas vented 
from wells drilled for subterranean brine, and was collected and burned 
to evaporate out the salt. Gas was even distributed by bamboo pipeline 
in possibly the world’s first gas pipeline network (Loewe, 1968; Temple, 
1986). The Chinese salt industry used advanced drilling equipment for 
the time, including the spring pole technique; a method also used by the 
first salt miners in the US (Bowman, 1911; Waples, 2012, Pages 9–13), 
who used the co-produced Natural Gas in the same way as the Han.

4.2 Coal Gas and Town Gas

Coal mining increased rapidly as part of the Industrial Revolution in 
Britain. It was commonly known that gas often emerged in large vol-
umes from coal mines, and experimental chemists showed that strongly 
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heated coal would give off inflammable gas. Destructive distillation, or 
carbonisation, of coal – high temperature heating in the absence of air –  
gave two valuable energy fuels: Coal Gas and coal coke. Coal Gas, or 
illumination gas, was the primary manufactured gas used for early 
street lighting, factory lighting and, later, lighting in the home. The by- 
product, coal coke, as a smokeless fuel, was used in residential envi-
ronments for heating rooms. Coal coke was also in great demand in 
industry, to increase the production quantities of iron, and later steel, 
from blast furnaces. Several different technologies were used to make gas 
from coal (see Table 4.1), and Town Gas in the UK was a mixture of 70% 
Coal Gas and 30% Water Gas (Thomas, 2010a) – the Water Gas made by 
steam gasification of coal coke. With the popular adoption of public and 
domestic gas lighting in Britain, followed by the promotion of gas fuels 
for cooking and heating purposes (after electricity began to corner the 
market for lighting), dedicated localised gas works became prevalent to 
feed supply, as did large gas holders or gasometers for storing the local 
Town Gas. It would not have made much sense early on to consider a 
national gas distribution grid network, as it was more practical to trans-
port the coal as a solid fuel.

4.3  Manufactured gas and the conversion  
to Natural Gas

In the US, manufactured gas and Natural Gas were developed in paral-
lel. Natural Gas supply was restricted to areas close to gas production 
wells before the development of an extensive network of pipelines, 
whilst manufactured gas could be made close to centres of population. 
However, as the American gas industry took to laying advanced iron 
pipework, Natural Gas could be delivered over hundreds of kilometres. 
Early gas fields soon depleted, but a combination of large volumes of 
new Natural Gas from the Gulf of Mexico, pipelines, compressor stations 
using gas engines and underground temporary storage of gas in disused 
wells gave Natural Gas the ability to respond to changing demand at 
distance. There was a period where manufactured gas and Natural Gas 
were mixed in supplies before the complete conversion to Natural Gas 
(Tarr, 2009; Waples, 2005). Natural Gas has a higher heating value than 
most of the gas manufactured at that time in the US, such as CWG, 
Carburetted Water Gas (Water Gas with liquid hydrocarbons vapour-
sprayed into it), so as gas networks converted to low cost Natural Gas, 
all consumer equipment needed adapters or replacement for gas burners 
on end appliances.
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Developments in the British gas industry between the 1950s and 
the 1970s saw naphtha or light distillates, by-products of petroleum 
oil refining, and also LNG (Liquefied Natural Gas), brought in by ship, 
being used to thermochemically manufacture Town Gas to meet mar-
ket demand. Coal production in the UK had been declining since the 
turn of the century, and the right grades of coal for gas production were 
becoming scarce. There was concern about energy conversion efficiency, 
and a consequent recommendation to research the total gasification of 
coal – which produces syngas – rather than the less complete carboni-
sation, or “destructive distillation”, of coal used to produce Coal Gas 
(Electricity Council, 1982; Ministry of Power, 1952). Town Gas manufac-
tured from coal was in danger of becoming uncompetitive with electric-
ity, so instead of making gas from coal, there was a transition to making 
gas from butane, and naphtha – a petrorefinery fraction that lacked a 
wide market. In the UK in the late 1960s, it became necessary to make 
a decision about whether to continue to reform hydrocarbons, which 
included Natural Gas, into Town Gas, or convert to piping unreformed 
Natural Gas in the gas grid, large volumes of which were anticipated 
from production from offshore sub-sea fields. Natural Gas became the 
grid-fed fuel of choice, largely owing to the anticipated scale of discov-
eries and the differential in price. North Sea drilling for Natural Gas, 
following the lead of a significant discovery in the Netherlands, showed 
that there could be a very large volume of gas to be developed, with min-
imal processing or refining required. Owing to the success of research, 
it was considered that, should North Sea supply not meet demand, 
Synthetic Natural Gas or SNG – a substitute for Natural Gas – or gases 
equivalent in heating value and other chemical characteristics, could 
be manufactured. This reasoning, and the size of the Dutch gas discov-
ery, increased confidence in a transition, and answered the concern that 
very high levels of Natural Gas would need to be available to supply the 
heating for dwellings. In the days of Town Gas made from coal, rooms 
had been warmed by coke fires, coke being a surplus by-product of the 
traditional Coal Gas manufacturing process. With the transition to mak-
ing gas from naphtha, there was a decline in the availability of coke for 
heating, and so before the wide deployment of Gas Central Heating, the 
only other modern option was an electric fire in an individual room, 
which was relatively expensive. However, the transition to Natural Gas 
heralded cheaper heating for whole homes. Once the national Natural 
Gas transmission infrastructure was built, bringing the gas to market 
would turn out to be inexpensive, compared to the cost of coal fuel to 
manufacture Town Gas. In addition, North Sea gas would provide high 
levels of tax revenue, important for social and economic development.
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In the UK, the transition to Natural Gas was a step change, rather than 
the patchwork conversion in the US. The difference in the chemical 
composition and combustion properties between British Town Gas and 
Natural Gas necessitated a mass transition in end-use appliances and 
equipment, and a co-ordinated programme of works, but this was con-
sidered a one-off investment in cheaper grid gas for the longer term. The 
conversion of the gas grid, town by town, sector by sector, began only 
a few years after the first major discovery of Natural Gas in the British 
North Sea, and ended around about a decade later. Because of the layout 
of the gas trunk mains, it was necessary to use a substitute for Natural 
Gas in the south west of England during the changeover, which was a 
mixture of air and propane (Williams, 1981).

4.4 Research into Natural Gas substitutes

Research into alternative gas manufacture technologies was conducted 
on both sides of the Atlantic, starting in the 1940s, including methods of 
enriching lean gas and producing methane-rich substitutes for Natural 
Gas, commonly known as SNG – Synthetic, Synthesised, Substitute, 
Simulated or Supplemental Natural Gas – today often referred to, where 
purified, as synthetic methane.

It was recognised in official British policy that making the best use 
of Natural Gas required high levels of production, which would inevi-
tably advance the depletion of North Sea gas fields (Ministry of Power, 
1967). However, it was considered that this would create an incentive 
for further exploration and discovery. Serious consideration was given 
to the long-term sustainability of Natural Gas production and the cred-
ible possibility of exhaustion of the whole North Sea province (e.g. Watt 
Committee, 1982); however, most of the research into synthetic gases 
(for example, BP, 1972) was scaled back in the late 1970s and early 1980s. 
Likewise, in the US, where research into gas-to-liquid synthesised fuels 
began earlier (Schlesinger et al., 1965), the development of alternative 
gas stalled, owing to the relatively high costs of early liquid synthesised 
fuels, and the closure of the Synthetic Fuels Agency, and the curtailing 
of its research budget; however, industrially manufactured gas still had 
a role to play.

4.5 The parallel lives of syngas during the 20th Century

Research work on the complete gasification of coal, essentially combining 
other methods of manufacturing gas, and minimising the by-products, 
such as gas coke, had previously led to a number of developments in the 
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early 20th Century. The making of synthesis gas, or syngas, a mixture 
of roughly equal parts of hydrogen and carbon monoxide, was accom-
plished using several key technologies, one of the most significant being 
the Lurgi gasifier, first developed in Germany in the 1930s. Syngas could 
be used as a feedstock for the synthesis of gaseous and liquid energy 
fuels, and also utilised in the production of a wide range of chemicals. 
Syngas produced in a medium of air was high in nitrogen, and became 
important in the synthesis of ammonia for agricultural fertiliser. Total 
gasification of coal required higher reactor chamber temperatures than 
the earlier carbonisation of coal, which led to less contamination in the 
resulting gas, but also reduced the amount of methane produced, and 
increased the amount of carbon dioxide. Methane has a higher heating 
value than hydrogen by volume – although it is the reverse by weight –  
and carbon dioxide and nitrogen are non-flammable – consequently, 
syngas was a lower quality energy fuel. The Lurgi technology was sub-
sequently modified to become one of a range of technologies from sev-
eral engineering firms to produce a high-methane syngas, which could 
be processed into SNG, which could directly substitute for Natural Gas 
in electricity generation plant and in the gas grid pipeline network. 
Uprating syngas to closely resemble Natural Gas is a process with sev-
eral stages. Essential chemistry includes the Water Gas Shift Reaction 
(WGSR), or “shift”, reacting the carbon monoxide with steam (Abbess, 
2014, Table 9; Young, 2010, Page 167) to raise the ratio of hydrogen 
to carbon, producing carbon dioxide as a by-product; and secondly, 
methanation: either through reactions that convert carbon monoxide 
and hydrogen to methane, or the Sabatier reaction to convert carbon 
dioxide and hydrogen into methane (Abbess, 2014, Table 9). Some of 
the original coal feedstocks for syngas production were eventually partly 
supplanted by Natural Gas: for example, much of the hydrogen that 
is needed in petroleum refinery comes from the steam reforming of 
Natural Gas.

4.6  SNG and synthetic liquid fuels from  
coal and biomass

In the 1940s and 1950s, the production of crude petroleum oil in the 
US was predicted to peak during the 1970s, and research was conducted 
into synthetic fuels. Geopolitical instability in the 1970s increased risks 
for energy supply security, with possible disruptions arising from inter-
national trade conditions or geological depletion. Perhaps producer 
nations could experience stagnation in production capability, perhaps 
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due to infrastructure problems, and act to withhold exports, or find new 
markets for exports which would create competition for supplies. Two 
energy crises, “oil shocks”, reinforced motivation for renewed research 
into manufactured and synthetic gas and oil. For the US, most research 
was into the gasification and liquefaction of coal, of which they still 
held significant reserves. However, in the 1980s, as concerns about 
 climate change began to come into focus, research into the use of low 
carbon dioxide emissions technologies emerged, such as the gasifica-
tion of biomass to syngas. The work with both coal and biomass was 
essentially a continuation of research and development earlier in the 
20th Century, for example, the work done by Fischer and Tropsch, and 
Fischer and Pichler, on manufacturing liquid fuels from coal, conducted 
in the 1920s and 1930s. Of note, the use of wood biomass to make gas 
fuels had an even earlier origin, for example, in Lebon’s “Thermolamp” 
of 1801 (Schivelbusch, 1998; Waples, 2005, Chapter 2), and had a 
renaissance in 1910 (FAO, 1986, Section 2.5), and continued through 
the Second World War (e.g. Myllyntaus, 2010).

4.7  Carbon Capture and Storage (CCS) and  
Enhanced Oil Recovery (EOR)

Although the conversion of syngas to liquid fuels became less essential 
for research in the 1980s as petroleum markets became more flexible, 
work continued on environmentally friendly SNG – manufactured gas, 
enriched by means of chemical process control to have a high level of 
methane. For SNG derived from coal to qualify as low in net carbon emis-
sions to the atmosphere, the carbon dioxide arising from its combus-
tion would need to be sequestered, ideally underground where it could 
be permanently contained – methods for this are referred to as Carbon 
Capture and Sequestration or Carbon Capture and Storage, or CCS.

Several SNG demonstration plants were built in the US, Germany  
and the UK. A consortia of American companies demonstrated SNG 
production from coal feedstock at British Gas facilities in Westfield, 
Scotland, in 1972 (Ghassemi et al., 1979; Higman and van der Burgt, 
2003, Section 5.1 “British Gas/Lurgi (BGL) slagging gasifier”; Hutchison, 
1987; Kopyscinski, 2010). The Great Plains Synfuels Plant at Beulah 
in North Dakota, US, using the Lurgi gasification system (NETL n.d.), 
which was commissioned in 1984 as a commercial operation (Dittus 
and Johnson, 2001; DOE, 2006), is still operating. The carbon dioxide 
waste stream that is produced is used for Enhanced Oil Recovery (EOR), 
by pumping it underground into two Canadian oil fields at Weyburn, 
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to stimulate extra oil production. This project has been monitored for 
the eventual fate of the carbon dioxide, which shows good permanent 
sequestration. However, the volumes of oil in this tertiary recovery 
phase have not been as high as initially projected (Cenovus, 2014a). 
This throws into question the use of CCS through EOR in permitting 
the continued use of coal for combustion for electricity generation, as to 
justify sequestering the exhaust carbon dioxide underground, it would 
need to create a sustainable revenue stream to finance it.

4.8 SNG made from heavy oils and petrorefinery waste

As demand for diesel and gasoline fuel for transport rose in the 1970s 
and 1980s, and gave naphtha another market, research on manufactured 
gas continued by moving on to making gas from progressively heav-
ier fuel oils, for example, the British Gas Fluidised Bed Hydrogenation 
(FBH) process (Borrill and Easterby, 1985). Despite the fact that most 
of this research into Natural Gas substitutes for supplying the gas grid 
was discontinued in the 1980s, the gasification of unwanted crude oil 
by-products continues to this day, at petrorefineries (e.g. Heaven, 1996), 
where the gas is frequently used as on-site fuel. At the high temperatures 
required for efficient gasification of heavy oils, there are a number of 
issues connected to carbon conversion, contaminants and the control 
of combustion, suggesting efficiency limits and thermodynamic limits 
in using heavier feedstock to make gas; however, oil and gas companies 
are still pursuing this (e.g. Sreedharan, 2012).

Despite much of the chemical industry converting to use syngas made 
by gasifying Natural Gas and light hydrocarbon fractions from crude oil 
refinery, much syngas is still produced from coal by gasification, such 
as by the use of the IGCC gasification process – Integrated Gasification 
Combined Cycle (Ekbom, 2007). The syngas is used either for power 
generation or as a chemical base.

4.9 Other gas manufactured in petrorefineries

Refinery Gas (or Refinery Fuel Gas, Refinery Off-gas, or Refinery Offgas 
(ROG)) is a by-product of several processing stages in petrorefinery 
(Abbess, 2014), for example, Fluid Catalytic Cracking (FCC), which out-
puts some hydrogen and methane. Delayed coking, which is often used 
to process the residual end products of crude oil distillation, besides pro-
ducing gas oil, produces fuel gas, as well as a considerable quantity of 
petroleum coke (petcoke). Petcoke can be put through a similar gasifica-
tion or hydrogasification process to coal to produce further gas.
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4.10 Gas for power generation

Although in the US there were restrictions placed in 1978 on burning 
Natural Gas to generate power, eventually Natural Gas was used on both 
sides of the Atlantic Ocean for high levels of electricity production. In 
the UK, privatisation of the gas industry opened the door for the “Dash 
to Gas” in power generation. Gas is straightforward to store, whereas 
electricity is not; and so gas engines have been used frequently for pro-
viding on-site instant power throughout the history of manufactured 
gas (Williams, 1981), and now with Natural Gas, independent from the 
electricity grid network, and so uninterruptible and decentralised.

In recent years, the contribution of gas-fired electricity generation for 
balancing the demand for grid power has become more crucial, and is 
acknowledged to be set to become increasingly important as more vari-
able renewable electricity capacity, such as wind power and solar power, 
is installed.

In the near future, coal-fired power generation needs to be curtailed, 
unless waste gases are permanently sequestered or recycled, owing to 
greenhouse gas emissions legislation. With roughly half the carbon diox-
ide emissions of coal burning, gas-fired power generation will therefore 
remain important to match supply with demand when other resources 
are at a low point.

In the longer term, the carbon dioxide emissions associated with the 
combustion of Natural Gas itself could become problematic for climate 
change legislators. A response to that concern is that there have been 
projects to implement more localised, renewably stocked gas production 
systems, making biologically derived gases – principally from processes 
related to the decomposition of biomass: anaerobic digestion (AD) and 
fermentation to create biogas, which can be high in biohydrogen and 
biomethane (see Table 4.1), although there is also industrial gasifica-
tion of biomass being developed, and the biosyngas being “uprated” 
or upgraded to bioSNG. The carbon in these gases would come from 
recently grown plant organisms, as opposed to coal, so would not be 
drawing stocks out of the deep geological carbon cycle, and therefore 
not contributing to net greenhouse gas emissions to air.

4.11 The chemistry of manufactured gas

Essentially, gas from a wide variety of resources will contain significant 
levels of three flammable gases – methane, hydrogen and carbon mon-
oxide, together with non-flammable carbon dioxide, and with signifi-
cant levels of nitrogen if the gas has been made by thermal treatments 
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in the presence of air (Abbess, 2014). Each manufactured gas resource 
will have different contaminants and a range of nitrogen, oxygen and 
water vapour content which will affect which applications it can be put 
to. Most gas used for major energy purposes will be processed, mixed, 
cleaned or upgraded in some way. Some of the processing will be to 
remove contaminants that would otherwise damage equipment or lower 
the energy value of the gas. Some of the processing will be to upgrade 
the gas, either to a higher energy content, or a purer composition.

The direct production of methane, through the decomposition of 
 biomass, via the process of AD by microbial Archaea, has also been exten-
sively studied and developed. Biological routes to high-methane gas may 
be less costly, but they are slower than industrial thermochemical bio-
mass treatments, and have potentially more complex contamination.

The concept of the “Hydrogen Economy” was proposed several 
decades ago, and syngas was seen as a way forward in achieving that. 
However, several things militate against this. Although it is highly val-
ued in industrial chemistry, syngas is highly toxic because of the high 
carbon monoxide content, and it has a low energy value in combustion, 
and a high flame speed from having such a high hydrogen content. In 
addition, hydrogen is composed of very small and light molecules which 
can easily permeate other materials. All of these phenomena could have 
costly implications for safe and reliable gas storage, gas distribution 
networks and gas combustion plant. For these reasons, much gas fuels 
research has pursued converting syngas into methane-rich SNG, despite 
the energy penalty of tailoring the reactor for this outcome, and some-
times having a second or more stages of conversion.

Various approaches have been taken to produce SNG in one stage, to 
increase the amount of methane arising from the processes that produce 
syngas. These include hydrogasification, the addition of hydrogen gas 
to the gasification reaction chamber. An alternative approach to a richer 
fuel is steam hydrogasification, which adds hydrogen gas and steam to 
the reactor, and produces a syngas far higher in hydrogen, rather than 
methane – continuing the long history of using steam in manufacturing 
gas, ongoing since at least 1864 (Howarth, 1864a, 1864b).

4.12 Biomass gasification and carbon recycling

Gasification of biomass, which is more reactive than coal (Higman and 
van der Burgt, 2003, Section 3.1.3 “Char Gasification”), is performed 
at lower temperatures (Higman and van der Burgt, 2003, Section 5.5 
“Biomass Gasification”), and this tends to produce tars. The formation 
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of tars can be prevented to a certain extent (Abbess, 2014), for example, 
by recycling carbon dioxide, the waste product from the combustion of 
many fuels, to the gasification reactor where it performs the function of a 
gasifying medium (Basu, 2013, Section 6.3.1.2 “Operating Conditions”). 
Recycling carbon dioxide into the gasifier has been used to improve the 
performance of IGCC plant. A novel finding is that using carbon dioxide 
as a gasifying agent in the steam gasification of biomass can increase 
the amount of syngas produced (Butterman and Castaldi, 2009), open-
ing up the possibility of less biomass feedstock being required. Carbon 
dioxide can be used to make methane gas by reacting with hydrogen, 
as demonstrated by Sabatier (Sabatier and Senderens, 1902), eliminat-
ing the need for inputs of biomass or coal, if the carbon dioxide from 
combusting fuels for power generation can be recycled into the gasifica-
tion unit. There would inevitably be some losses of carbon from such a 
carbon recycling system, either because of inefficiencies, or because the 
methane could be drawn off to be used for manufacturing chemicals, as 
per demand. However, it is now possible to postulate a power genera-
tion system where biomass or coal feedstock is only needed from time 
to time. All the carbon would be recycled repeatedly, and Renewable 
Hydrogen would be the only primary input.

4.13 A brief future of gas

Sixty years ago, most gas piped to consumers in the industrialised world 
was manufactured. In Britain, most of what was called Town Gas was 
manufactured from coal, but rising prices of good quality coal led to 
partial or total substitution of that feedstock with distilled petroleum 
oil fractions, such as naphtha. Separately, a market in Natural Gas was 
created, through the development of LNG, initially done as a way to 
capture the value of the gas that could be produced in remote locations 
when drilling for oil. Natural Gas in the form of LNG began to be used as 
a feedstock to “top up” the calorific value and chemical composition of 
Town Gas (Arapostathis et al., 2013); subsequently, enough Natural Gas 
was prospected in British territorial waters to suggest a transition away 
from Town Gas altogether. The transition of the gas pipeline network to 
carry Natural Gas answered several major concerns: projections of the 
continuing high costs of feedstocks used to manufacture gas compared 
to virtually cost-free Natural Gas, and how to make best use of Natural 
Gas resources.

To answer questions about the viability of the continued use of fossil 
fuels, it seems possible that civilisation will return to manufacturing a 
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lot of gas in the future – it is just that this time around it will be low 
in net carbon dioxide and methane emissions to air. All the essential 
chemistry for this was done well before the 20th Century transitions 
to Natural Gas: the carbonisation or destructive distillation of coal, for 
example, has a history of several hundred years. Apart from studying 
options for manufacturing gas through the use of fuel cells or membrane 
reactors (e.g. Minh and Mogensen, 2013; Youngukkasem et al., 2013), 
there may be little new to learn, although new chemical engineering 
catalysts and processing equipment will need to be developed. Not that 
fuel cells themselves are novel: it must be recalled that Nernst developed 
electrolytic materials in the years leading up to 1900 (Barkan, 1999), and 
the first fuel cell credited is that of Grove in 1839 (the “gas battery” or 
“gas voltaic battery”) (Perry and Fuller, 2002).

Despite the encouraging signs, there are several problems with the 
vision for manufactured gas: the transition to Natural Gas in the energy 
industry means that engineers of manufactured gas have gone into 
retirement, and technology has not generally been optimised. Also, 
there is a general belief that manufactured gas is consigned to history, 
since the world is awash in Natural Gas. Underlying this belief is an 
unquestioned assumption that Natural Gas will last forever, but that 
should not be a tenet of energy faith, considering the decline in pro-
duction from major oil and gas reserves. We are perhaps already seeing 
the emergence of a plateau in crude oil production, and much Natural 
Gas is associated with petroleum deposits, or comes from sediments of 
the same eras as petroleum deposits, so a peak in Natural Gas produc-
tion might also not be far off. The quality of remaining easy-to-access 
Natural Gas is sometimes rather poor, or has difficult chemistry, and 
needs treating. As standards make it necessary to process a large propor-
tion of Natural Gas that will come out of the ground in future, in order 
to market it, the industry will be essentially reverting to a manufactured 
product, with a fundamental dependency on chemical process engineer-
ing. It appears there is a valid technical and policy debate to be had 
about reliance on Natural Gas, and how the world could draw on the 
history of manufactured gas as a contingency strategy. If there is a grow-
ing proportion of manufactured gas supplies in future, the reasoning 
for choices about resources, feedstocks and chemical processing plant is 
important to engage with now.

If concerns about the security of supply of Natural Gas became press-
ing, it would be possible to develop gasification and other fuel con-
version engineering to meet supply needs, and more efficient systems  
to use gas could be engineered, such as those that use electrochemical 
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fuel cells. Gasification plant would be industrial in scale, and central-
ised, whereas fuel cell systems could be of virtually any size.

Natural Gas is commonly associated with petroleum oil in fossil fuel 
fields, and where it was not explicitly drilled for, was originally seen 
as an unwanted by-product of crude oil production, frequently vented 
or flared. Now, however, it has turned from being a waste to being a 
premium product, in much demand. For future economic stability, it 
is important to protect the provision of gas, whether from fossil fuel 
deposits, or its substitutes, manufactured from sustainable resources.
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5.1 The evolution of gas energy systems

A global warming of the troposphere, the lower part of the atmosphere 
closest to the Earth’s surface, has been causally attributed to human-
kind’s burning of fossil fuels, cement production and other industrial 
manufacture, deforestation and other land use change activities. The 
thermal inertia of the world’s oceans means that even were anthropo-
genic carbon dioxide emissions to be completely curtailed today, there is 
enough added heat in the Earth system as a whole, and heightened lev-
els of greenhouse gases in the atmosphere and the oceans, to continue 
warming the troposphere and land surface of the planet, perhaps for 
hundreds of years (IPCC, 2013). The risks of the onset of damaging cli-
mate change resulting from this “commitment” to further global warm-
ing, in addition to that already experienced, are so severe that measures 
are being implemented worldwide to stem net greenhouse gas emissions 
to air. Action to curtail what is known as “Black Carbon” – particulate 
emissions from the burning of wood and fossil fuels, in the very near 
term, could help to curb short-term atmospheric warming, and provide 
a window of opportunity to address the more long-term threats from the 
most significant greenhouse gases: carbon dioxide, methane and nitrous 
oxide (N2O) (Boucher and Reddy, 2008; Client Earth, 2012; Highwood 
and Kinnersley, 2006; JRC, 2014; Minjares et al., 2013). Reinforcing 
the recycling of wood and pulp industry products, by-products and 
wastes could assist with efforts to rein back deforestation, which would 
address up to roughly a fifth of the radiative forcing on the tempera-
ture of the Earth’s surface caused by excess atmospheric greenhouse gas. 
Implementing methods to reduce fugitive methane emissions – from 
the energy industry, including dams – and agriculture and wetland 

5
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management, is also vital. The scaling back of the use of fossil fuels, and 
the sequestration or re-utilisation of the carbon dioxide produced by 
their combustion, and addressing industrial and chemical processes will 
begin to answer the question of where something like three quarters to 
four-fifths of man-made net greenhouse gas emissions to air originate.

In the next few decades, it is vital to choose to stop burning coal for 
energy unless the resulting carbon dioxide emissions are abated. On a 
life cycle basis, for each megawatt hour (MWh) of electrical power gen-
erated from unabated coal, between 781 and 961 kg of carbon dioxide 
equivalent (CO2e) greenhouse gas are produced as emissions, compared 
to only 341–429 kg CO2e/MWh for unabated Natural Gas in combined 
cycle (Zhenggang Nie et al., 2013, Figure 5). Natural Gas is clearly far 
less of a problem in terms of greenhouse gas emissions than coal, but 
even if all coal-burning is displaced by Natural Gas combustion, the nec-
essary degression in emissions dictated by a safe carbon budget mean 
that eventually, perhaps within a couple of decades, the waste carbon of 
combustion from Natural Gas will itself be too high to ensure a “safe” 
climate. The process to replace coal with Natural Gas will be in the stages 
of completion when the emissions from Natural Gas combustion itself 
will need to be addressed. There is clearly an urgent need to consider 
how to “decarbonise” the use of Natural Gas whilst at the same time 
deploying it to displace coal. Either the energy systems, or the gas itself, 
need to be altered so as to prevent net carbon emissions to air.

5.1.1 The existing energy system

The existing energy system in the economically developed countries relies 
more or less completely on inputs of fossil fuels, and exhausting the result-
ing carbon dioxide directly to the atmosphere (see Figure 5.1). To avoid the 
near certainty of dangerous climate change, this situation must be changed.

Figure 5.1 Existing energy system

Fossil Fuels

Carbon Dioxide
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5.1.2 Carbon Capture and Storage (CCS)

Much current dialogue in the energy sector centres on Carbon Capture 
and Storage (CCS), preventing carbon dioxide from being emitted to 
the atmosphere, and instead having it pumped deep underground. Most 
proposals would do this out at sea. Many of the CCS schemes would be 
unable to capture all of the carbon dioxide, even that produced at cen-
tralised fossil fuel combustion utilities, such as power plants. However, 
it could significantly reduce the burden of excess greenhouse gas emis-
sions (see Figure 5.2). CCS may not prevent the energy industry min-
ing organic carbon that has been held safely underground in geological 
deposits for millions of years, but it could avoid pumping some of it into 
the sky.

CCS would not deal with fugitive emissions of methane from the dis-
tribution infrastructure and mining operations for coal and fossil gas – 
principally Natural Gas, and shale gas in North America. However, these 
should be dealt with regardless of the management of carbon dioxide at 
the point of use.

Importantly, sequestering carbon dioxide underground in former 
Natural Gas reservoirs would enable the mining of this carbon dioxide 
at a later date, for use in making new fuel.

Figure 5.2 Carbon Capture and Storage (CCS)
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5.1.3 Carbon Capture and Utilisation (CCU)

Although carbon dioxide is not yet widely used as a chemical or fuel 
feedstock, it can be envisaged that increasing uses for carbon dioxide 
will become economic to deploy – Carbon Capture and Utilisation 
or Re-utilisation (CCU, CCR or CCRU). Currently, most uses for car-
bon dioxide have the net result that it is eventually emitted to the 
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atmosphere as waste gas after having been used for other purposes. 
Examples include: using carbon dioxide in the soft drinks industry, or for 
use in the industrial production of alternative fuels or chemicals. This  
re-utilisation of carbon dioxide does however potentially avert the use 
of some fossil fuels, and so could be said to contribute to reducing total 
carbon dioxide emissions. However, if this type of re-use for carbon 
dioxide is additional to current fossil fuel use, then it does not curb total 
greenhouse gas emissions.

Other kinds of uses for carbon dioxide could defer greenhouse gas 
emissions for a slightly longer period, for example, using carbon dioxide 
in the growing of food plants in greenhouses. However, when the food 
is consumed, it may end up contributing to methane emissions, and 
certainly contributes to carbon dioxide emissions, if human and animal 
waste is used for biogas and biomethane production.

Some carbon dioxide re-utilisation locks up the carbon dioxide per-
manently, such as making long-lasting polymers used in manufacture 
or construction, or making minerals or aggregates for construction or 
road-building – essentially re-burying the carbon.

If CCU is pursued alongside CCS, it could alleviate the cost burden of 
widescale CCS, and so lead to much less carbon dioxide being emitted 
to the atmosphere (see Figure 5.3).

5.1.4 Increased bioenergy

As an alternative to dealing with the “fossil” carbon emerging from the 
energy system – the carbon dioxide that results from the use of fossil fuels – 
some of the input fossil fuels could be replaced with bioenergy. This would 

Figure 5.3 Carbon Capture and Utilisation (CCU)
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5.1.5 Bioenergy with Carbon Capture and Storage (CCS)

If fossil carbon is displaced by Renewable Carbon from bioenergy on  
the input side of the energy system, and CCS is developed for the  
output side, then net carbon dioxide emissions to air would be curtailed 
even more effectively (see Figure 5.5). This concept is referred to as 
BECCS – Bioenergy with CCS – and theoretically, some implementations 
could make the total net carbon dioxide emissions to air less than zero.

Figure 5.4 Increased bioenergy
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Figure 5.5 Bioenergy with Carbon Capture and Storage (BECCS)
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mean that some of the carbon entering the energy system would be renew-
able (see Figure 5.4). If this is done widely, new carbon being added to the 
atmosphere would reduce in total compared to the current situation.
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5.1.7 Carbon recycling

The major step in addressing carbon dioxide emissions would be to 
implement carbon recycling – a specialised form of CCU. This would 
turn carbon dioxide into new fuel for energy use, on a repeated basis. 
For this to be possible, sources of Renewable Hydrogen would need to 
be made available at scale, as most chemistry for carbon recycling would 
require it (see Figure 5.7). Examples could be promoting methanation 
reactions in thermal reactors – which would synthesise methane to be 
extra fuel for the reactor, or synthesise methane that becomes part of 
the outgoing product gases, to be used elsewhere. Alternatively, feed-
ing the product gases from a thermal reactor with Renewable Hydrogen 
through a separate methanation reactor would make methane fuel. Not 
all carbon dioxide emissions could be recycled, as this could only be 
done at centralised, enclosed facilities, such as power plants. However, if 
most heating and transport applications were to be converted to using 
electrical energy (renewable electricity, or that generated in carbon  
recycling power plants), or Renewable Gas, then all the current produc-
tion of carbon dioxide from heating and transport could be prevented 
from entering the atmosphere. There could still be carbon dioxide in the 
economy that cannot be recycled, so some form of carbon capture from 

5.1.6 Bioenergy with Carbon Capture and Utilisation (CCU)

The use of bioenergy fed in at the front end of the energy system, cou-
pled with CCU and CCS on the back end, would further reduce the 
annual atmospheric carbon burden (see Figure 5.6).

Figure 5.6 Bioenergy with Carbon Capture and Utilisation
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air or ocean would be required. The planting of trees could be the most 
economical and pragmatic approach to this need, especially as this can 
be done in a staggered fashion.

Figure 5.7 Carbon Recycling
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The most crucial point to recognise is that with carbon recycling, it 
is possible to reduce the amount of input carbon – that is, reduce the 
amount of carbon-based feedstock or fuel fed into the energy system. This 
depends to a large extent on the source of the Renewable Hydrogen, and 
the treatment of any carbon in the wider energy system. If the Renewable 
Hydrogen were sourced from bioenergy, there would be waste carbon, 
after the hydrogen has been removed. Not all of this carbon could be recy-
cled, and so it would need to be prevented from being used in a way that 
causes increased net greenhouse gas emissions. Some forms of thermo-
chemical processing of bioenergy result in the carbon remaining in a solid 
form – biochar – which is possible to dispose of without causing green-
house gas emissions, and may even be used as an agricultural fertiliser.

The second important result of carbon recycling is that the levels 
of CCS that would be required in the short to medium term would be 
reduced. In the long term, it might even obviate the need for CCS to a 
large extent.

5.1.8 Renewable Gas

If fossil carbon inputs to an energy system were to be replaced by 
Renewable Carbon – for example from bioenergy – and the carbon recy-
cled, fully Renewable Gas could be produced, and very little carbon 
dioxide would become greenhouse gas emissions. In addition, where 
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If the Renewable Hydrogen for the Renewable Gas were to be sourced 
from bioenergy, then the Renewable Carbon could come from this 
source as well. However, not all of the carbon from the bioenergy could 
be utilised. The ratio of hydrogen to carbon (H:C) in biomass is low, and 
techniques for using water (steam) in bioenergy processing to raise the 
ratio of hydrogen to carbon in the produced gas are vital. The knock-on 
effect of the requirement to source “make-up” hydrogen from water is 
that regions experiencing reductions in rainfall due to climate change 
will be less capable of manufacturing Renewable Gas. Manufacturing 
Renewable Gas from bioenergy and water would tip the geographical 
resources pyramid on its head, as many regions currently producing the 
most energy – for example, the Middle East – would not be able to pro-
duce as much Renewable Gas as Northern Europe and North America. 
Russia, however, with its large boreal forests and ample river systems, 
could continue to succeed in energy production.

using Renewable Carbon sourced from bioenergy, any output carbon 
dioxide waste gas would be carbon-neutral – not adding to the extra 
carbon burden of the atmosphere.

As an example, fully Renewable Gas could be produced by including 
carbon recycling in a power plant which uses gas fuel manufactured 
from Renewable Carbon and Renewable Hydrogen (see Figure 5.8). If 
the Renewable Gas were not needed for immediate power generation, 
it could be distributed to customers via a gas grid for space heating and 
transport uses, with no greenhouse gas implications from these dis-
persed applications.

Figure 5.8 Renewable Gas
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A possible way to maximise the use of both the hydrogen and car-
bon in biomass without the addition of extra water (steam) could be 
to process it using a two-stage system. The first part would use a ther-
mochemical technique to draw off the hydrogen-rich volatiles as a 
fuel, aiming to leave a carbon-rich residue such as biochar or pure 
biocarbon, and this carbon-rich by-product would then be used to 
make electricity via electrochemistry – in a Direct Carbon Fuel Cell 
(DCFC) (Desclaux et al., 2010). If the concentrated carbon dioxide 
exit gas were to be sequestered, in total this hybrid system would be 
carbon-negative.

5.1.9 Hydrogen Economy

Within a 100 years or so, it could become necessary to entirely remove 
carbon from gas energy systems, and so the logical end point is to use 
Renewable Hydrogen for the entirety of gas fuel needs (see Figure 5.9). 
This “Hydrogen Economy” would need to be approached via a transi-
tional route, and Renewable Gas could be viewed as the optimal path-
way because of its need to introduce Renewable Hydrogen for carbon 
recycling.

Figure 5.9 Hydrogen Economy

Renewable Hydrogen

5.2 Key process engineering

The methods for producing Renewable Gas can be thought of as divided 
into four broad categories of process: techniques for making hydrogen, 
techniques for making synthesis gas (syngas), techniques for making 
methane, and techniques for capturing carbon dioxide for use as a gas 
feedstock in the production of syngas and methane.
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5.2.1 The importance of gasification

Gasification is a term normally reserved for the chemical conversion 
of materials under the action of heat, and not merely vaporisation or 
atomisation of a liquid or solid fuel. Gasification is often conducted by 
heat treating of materials in an atmosphere of selected gases, and these, 
as well as the heated solid or liquid feedstock, can play a part as reactants 
in the chemical conversion. Gasification can be complete or incomplete, 
in which case it is normally referred to as pyrolysis, or carbonisation. 
Gasification is the result of both reduction and oxidation reactions, 
and is frequently referred to as partial oxidation (POX, POx). If organic 
material, rich in hydrogen and carbon, is pyrolysed or carbonised, this 
thermochemical treatment causes the volatile, hydrogen-rich parts of a 
material to turn to gas, leaving behind the carbon-rich matter, or “char”, 
which can agglomerate into a “coke”. Complete gasification by contrast 
brings the carbon-rich solid matter into chemical reactivity as well as 
producing hydrogen-rich volatiles, and subsequently there are solid to 
gas chemical reactions and gas to gas chemical reactions (Abbess, 2014, 
Table 9). Pyrolysis or carbonisation is conducted without air or oxygen or 
other additional oxidant; the heat causing liberation of volatile compo-
nents, and decomposition of the original material, a process also termed 
“destructive distillation”. The carbonisation of coal was used for many 
decades to produce Coal Gas, used to produce Town Gas; with coke, 
the carbon, left behind as a by-product. Total gasification by contrast 
will utilise air or oxygen, and steam or hydrogen, and sometimes even 
carbon dioxide as well, as gasifying agents, to better control combustion 
and other chemical reactions, and adjust the ratios of hydrogen, oxygen 
and carbon, and so convert more of the feedstock material to usable gas. 
Complete gasification converts flammable materials more effectively to 
gas fuels, unlike pyrolysis, which is an incomplete conversion.

Although the key chemistry of the combustion of hydrocarbons and 
other organic matter – the bonding of carbon to oxygen – is part of 
what happens in gasification, a variety of chemical reactions are sought 
other than simply oxidation of carbon (Abbess, 2014). At the right tem-
perature, at the right pressure, and under the correct operating condi-
tions, such as selecting the optimum gasifying agent or medium, and 
using catalysts to promote some reactions rather than others, and per-
haps recycling of some of the initial gas product, a range of gas species 
can finally be produced, in the desired balance, and little residue is left 
behind. More of the chemical energy in the feedstock is therefore trans-
ferred to the product gas, rather than in the case of full combustion, 
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where most of the chemical energy is liberated as heat, and the product 
gas has no energy value (and is normally referred to as “flue gas”). The 
use of the term gasification is usually meant to be taken as a reference to 
complete gasification under POX/POx conditions.

Gasification or fuel cell reforming of fossil fuels by itself does not 
reduce carbon dioxide emissions; however, it produces a secondary fuel 
of a form that, when used to provide energy through combustion or 
other means, provides the opportunity to straightforwardly capture and 
sequester, or recycle, any resulting carbon dioxide. Pre-processing the 
fuel in this way can create efficiencies, especially if the syngas produced 
is cleaned before its use as fuel. In addition, gasification and fuel cell 
conversion can be done on a large scale, using a variety of raw materials, 
and give high production volumes, and be continuous. These reasons 
are why conversion of a range of resources to syngas is likely to be a key 
part of large-scale Renewable Gas production.

5.2.2 Syngas production

Synthesis gas, or syngas, is essentially a gas mixture with high propor-
tions of (in)flammable hydrogen and (in)flammable carbon monoxide. 
Depending on the way it is made, it may also have significant amounts 
of non-flammable nitrogen, (in)flammable methane and non-negligible 
levels of non-flammable carbon dioxide in it. Syngas with high levels of 
nitrogen, made by gasifying Natural Gas in a multi-stage process, part of 
which uses an atmosphere of air, is the usual method used in the process 
for synthesising ammonia, used in fertiliser production (Abbess, 2014). 
Syngas could also be made from Natural Gas or Renewable Methane in 
an IR-SOFC – a multi-generation internally reforming Solid Oxide Fuel 
Cell (SOFC) producing gas, power and heat (Hemmes, 2010) – but it 
would make no sense to use a high-methane fuel to produce syngas to 
be used for the production of methane.

Options for the gasification agent, or oxidant, the medium or “atmos-
phere” of a gasifier, include using air (Hemmes, 2010, Section 10.3), or 
pure oxygen, in an SOFC running in Electrochemical Partial Oxidation 
or EPOx mode (Zhan et al., 2006). Carbon dioxide, which may have 
been recycled, can also perform the role of oxidant (e.g. Strezov and 
Evans, 2014, Section 4.4.2), and will certainly moderate a gasification 
reactor chamber temperature. The operation of a fuel cell can also be 
altered by feeds of oxidants or other gases.

Syngas made without nitrogen, either by fuel cell conversion of light 
molecular weight hydrocarbons, or by gasifying biomass or coal in a 
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medium of oxygen rather than air, can be straightforwardly uprated to 
a gas very similar in characteristics to Natural Gas and with similarly 
high levels of methane – this is almost universally referred to as SNG. 
Depending on your point of view, SNG stands for Synthetic, Synthesised, 
Substitute, Supplemental or Simulated Natural Gas. Although these 
terms are occasionally used to refer to other things, SNG always means 
a gas that has high levels of methane, although the percentage can vary 
depending on the process used to produce it, and the product may need 
further processing to enhance the methane levels, or reduce the levels 
of other gases in it, before it can be used to replace Natural Gas (e.g. BP, 
1972). Less effort is required to make grid quality SNG if the syngas is 
produced in such a way that it already has a high methane content (e.g. 
Graboski and Donath, 1973; Mirmoshtaghi et al., 2013).

Syngas, a “product gas” or “reformate gas”, has been conventionally 
produced either by the gasification of coal, or by the steam reforming 
of Natural Gas, to be used as a chemical feedstock. However, syngas has 
a lower heating value than Natural Gas, so making syngas from Natural 
Gas does not confer any advantage from an energy systems perspec-
tive. Making syngas from Natural Gas however is a viable process for the 
production of liquid hydrocarbon fuels and fuel additives for transport 
applications, as is currently in production at Shell’s Pearl Gas-to-Liquids 
(GtL, GTL) plant in Qatar.

To make syngas with low net carbon dioxide emissions, the carbon 
dioxide produced by the use of the syngas or its derivatives would need 
to be captured and permanently sequestered. Returning this carbon 
deep underground from where it originally came via CCS would make 
the syngas low in net carbon dioxide emissions, but not sustainable, as 
the supply of fossil fuels is non-renewable. The renewable way to make 
syngas is by gasification (thermochemical) of biomass or electrochemi-
cal conversion of a range of biogases, in a much similar way to the gasi-
fication or electrochemical conversion of fossil fuels, but needing to take 
into account the different characteristics of recent living organic matter 
when compared to fossil fuels.

5.2.3 Methane production

An important method for making Renewable Methane is through the 
anaerobic digestion (AD) – decomposition and reformation – of biomass 
to produce biogas. This is already proving to be a very useful small-
scale technology, localised to the sources of biomass (e.g. RASE, 2014). 
Recent developments have aimed to industrialise biogas production 
(e.g. Bungay, 2009; Bungay and Abdelwahab, 2008; GE, 2014b; Monsal, 
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2009; NNFCC, 2014), and there are novel forms of Advanced Anaerobic 
Digestion (AAD) emerging. However, biological treatments are slow 
relative to industrial chemical plant processes, and usually involve at 
least one stage of batched or staged reactor treatment with long reaction 
and residence times, so production volumes of this form of Renewable 
Methane may not be high enough to displace significant quantities of 
Natural Gas.

The gasification of a range of coals and heavier molecular weight fos-
sil hydrocarbons (i.e. not Natural Gas), followed by further processing, 
has been used historically and currently to manufacture methane (SNG) 
(Abbess, 2014); however, when the methane is burned as an energy fuel, 
the carbon from the original fossil fuels will be emitted to the atmos-
phere, unless this carbon were to be sequestered so that it cannot enter 
the active biosphere. This could be done either by deploying one of the 
methods for CCS, or by reincorporating the carbon dioxide into new 
energy fuels. The number of CCS projects needed to capture the carbon 
from the world’s use of syngas, SNG and Natural Gas would be massive, 
and the infrastructure could be parallel in scale and extent to the entire 
Natural Gas production industry, and so this route to emissions preven-
tion can be questioned. If instead, the carbon dioxide were to be re-used 
to make new methane fuel, this would also be a very large scale undertak-
ing if this were only “once-through”; however, repeated recycling of the 
carbon dioxide into new methane fuel could make capture and re-use 
more practical in scale, and would also reduce the inputs of original fuel.

Another way to reduce the carbon burden of methane production 
would be to use biomass as input feedstock. With the right design 
parameters, the gasification of biomass and post-gasification processing 
can produce significant levels of methane in the product gas. Methods 
for recycling carbon dioxide are in development, but the chemistry is 
not new: Sabatier and Senderens developed nickel catalysts between 
1901 and 1905, and found they could synthesise methane from hydro-
gen and carbon dioxide (Che, 2013; Sabatier, 1912, 1926; Sabatier and 
Senderens, 1902).

5.2.4 Hydrogen production

Hydrogen, a major component of syngas, is mostly produced at the cur-
rent time by either the “reforming” steam gasification of Natural Gas, or 
the gasification of coal. The syngas is passed through a Water Gas Shift 
Reactor to use steam in converting carbon monoxide to further hydro-
gen (Abbess, 2014, Table 9). Hydrogen is also produced in the petrorefin-
ery industry, largely for their own use (Abbess, 2014).
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Techniques for making Renewable Hydrogen include: the thermo-
chemical treatment of biomass to encourage the production of syngas, 
which is then passed through a membrane reactor to draw the hydrogen 
off from the reformed gas; very high temperature thermochemical or 
plasma treatment of biomass to produce hydrogen, carbon monoxide 
and elemental carbon, the carbon then being used as the fuel for a DCFC 
(Steinberg, 2004); the electrolysis of water, for instance, by the use of 
a Proton Exchange Membrane Fuel Cell (PEFC, PEM FC or PEMFC); a 
range of catalytic methods, including photoelectrocatalysis (PEC), and 
what is known as “dark fermentation” of biological material.

5.3 Generic Renewable Gas power plant system design

Employing Renewable Gas is likely to be straightforward for trans-
port applications, but there are likely to be complexities in using 
Renewable Gas for power generation, especially if carbon recycling 
is adopted. What follows is a worked example of an idealised and 
generic design for a medium- to large-scale centralised Renewable Gas 
system designed to help balance supply against demand in an elec-
tricity grid that has a high proportion of variable renewable genera-
tors – such as wind power and solar power. All of the elements of the 
design can come from existing industrial-scale plant, and none of the 
chemistry is novel.

5.3.1 Mode A: the production of Renewable Hydrogen 

Although hydrogen gas can be produced in a variety of ways, the elec-
trolysis of water is perhaps the overall most efficient method available 
currently, with minimal inputs and no unusable or toxic by-products. 
With sufficient upfront capital to purchase electrolysers, there can be 
high production volumes at reasonably low cost of operation, granted 
that the electricity is available at cheap rates. This could be expected to 
be the case if power grid operators are in a position where they need 
to offload excess renewable generation. However, over time, as markets 
for excess renewable power develop, the higher will be the price that 
excess renewable power will be able to command. To compensate for 
this future expected premium placed on renewable power available to 
make gas, it is going to be important to innovate in the area of hydrogen 
production, to bring the efficiency up (and the costs therefore down), 
especially the capital costs of manufacturing plant, and any repair cycle 
costs (Figure 5.10).
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Two well-developed electrolyser designs are the alkaline electro-
lyser, and the Proton Exchange Membrane (PEM) electrolyser, based 
on fuel cell principles. Work on Solid Oxide Electrolysis Cells (SOECs) 
for hydrogen evolution is still in development. SOECs are effectively 
SOFCs operating in reverse, which offer prospects for high efficiency. 
Carbon-Assisted Water Electrolysis (CAWE), if developed, could poten-
tially also offer high efficiencies for hydrogen production (Wang et al., 
2014), but would probably require high temperature pre-treatment of 
the feedstock to prepare suitable particulate or activated (porous) car-
bon fuel. The use of already-established electrolysers is considered to be 
costly if they are operated on a periodic basis. In a feasibility study, the 
British company ITM Power have proposed that electrolysers be oper-
ated on a continual basis, therefore making hydrogen production most 
efficient, and integrating with the energy systems we have today (ITM 
Power, 2014a). However, if hydrogen were to be intended for the pro-
duction of methane, and sufficient carbon oxides were not available for 
methanation, then continual operation of electrolysers would require 
significant hydrogen storage capability. ITM Power are proposing to 
inject hydrogen directly into the gas grid, and have recently worked 
with Thüga Group in Germany to do this, using PEM electrolysis (ITM 
Power, 2014b). There are currently limitations on the amount of hydro-
gen permitted in the gas grid, mainly owing to the physical properties of 
hydrogen (Haines et al., 2003; Melaina et al., 2010), and the legislation 

Figure 5.10 Mode A: The Production of Renewable Hydrogen
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on pipeline quality of gridded gas. This is being reviewed, but there are 
other barriers to hydrogen injection to the gas grid.

The International Energy Agency calculated that injecting hydrogen 
up to 25% of the gas grid by volume would only result in a carbon 
dioxide emissions abatement of 4%, mostly owing to the lower heat-
ing value of hydrogen on a volume basis (IEA, 2003b). Kiwa GASTEC at 
CRE assess that to lower the overall carbon dioxide emissions from the 
use of gas by 8%, around 20% of Natural Gas would need to be replaced 
by hydrogen (Crowther, 2011). Although gridded Natural Gas could be 
displaced by hydrogen, which would partly address energy security con-
cerns, carbon dioxide emissions control would not be significant from 
hydrogen injection into the gas grid. If the gas grid operators choose 
methane for injection over hydrogen, and continual hydrogen produc-
tion is economically preferential, but methanation for methane produc-
tion is not a continual process, then hydrogen storage would become 
essential, unless the hydrogen were being made in an industrial district 
where there was hydrogen consumption for other purposes. The sugges-
tion is that continual hydrogen production be shadowed by continual 
methanation, and methane storage, and therefore a continual supply of 
carbon oxides or Renewable Carbon would also be needed.

A point of synergy with other industrial sectors is that there is already 
significant production of hydrogen, mostly made through the thermo-
chemical treatment of fuels to yield syngas (a mix of mostly hydrogen 
and carbon monoxide), shifted (through the Water Gas Shift Reaction 
(Abbess, 2014, Table 9)) to a product gas composed mostly of hydro-
gen and carbon dioxide. Modern petrorefinery makes extensive use of 
hydrogen, and is expected to need to use more as lower quality crude 
petroleum oil resources are more regularly used (Abbess, 2014). A natu-
ral co-operation between the electrolytic production of hydrogen for 
Renewable Gas and petrorefinery therefore presents itself. For the oil 
and gas processing industry to assist in the production of hydrogen for 
Renewable Gas could be part of the transition to both lower carbon gas 
and lower carbon vehicle fuels, as crude fossil oil would gradually get 
displaced by lower carbon alternative liquid or gaseous fuels, such as 
those made from Renewable Gas.

5.3.2  Mode B: the gasification of (hydro-) carbonaceous 
material 

In a fully developed Renewable Gas system, this plant mode (Mode B) 
would not be in operation all the time, unless it were the primary source 
of hydrogen instead of a separate Mode A. The gasification unit of Mode B  
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is the source of the carbon entering the gas system, unless carbon diox-
ide is being fed in by a piped stream from a power station or a non-
energy chemical processing or other manufacturing plant. The primary 
aim is that all the carbon is recycled in this gas system design; however, 
some of the gas could be drawn off from the stores to become the feed-
stocks for the manufacture of synthetic transport fuels, in which case 
new carbon would need to be input. Despite all carbon in the design 
being intended to be recycled, there may be some that exits, perhaps 
as carbon dioxide dissolved in water or steam outlets, or vented dur-
ing the final stages of methanation when there is a very low level of 
carbon dioxide remaining in the gas, which would therefore be hard to 
capture and recycle. Apart from these cases, or venting of carbon diox-
ide required in exceptional operational circumstances, the gasification 
unit will not need to be fired up to bring in more carbon to the gas 
system. To implement this gas energy system, therefore, the most flex-
ible gasification plant should be selected, as it could need to be brought 
into and out of operation on an irregular basis. The choice of feedstock 
is likely to be important in enabling this. The most sustainable feed-
stock to supply into the future would be biomass, and if carbon dioxide 
were committed to CCS rather than being recycled, this would become 
a carbon-negative gas system. The usual term for using biomass for 
energy, and then permanently sequestering the carbon dioxide waste 
gas, is BECCS.

Figure 5.11 Mode B: The Gasification of (Hydro-) Carbonaceous Material
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Depending on the characteristics of the feedstock used in gasifica-
tion, it may or may not be beneficial to pressurise the gasifier, and use 
another agent or medium to promote the gasification, such as intro-
ducing carbon dioxide, hydrogen, or even feeding back in some of 
the syngas already produced. If oxygen were used as a gasifying agent, 
this would justify including Mode A in this design, as the electroly-
sis of water produces not only hydrogen but also oxygen gas. Even if 
the gasification stage were designed not to be oxygen-blown, oxygen 
would probably be needed for other process stages, such as in power 
generation.

The syngas would be composed mostly of hydrogen and carbon 
monoxide, but could contain a portion of carbon dioxide. The dia-
gram (see Figure 5.11) depicts a hydrogen store and a carbon mon-
oxide (and carbon dioxide) store, which in the case of syngas from 
gasification may be the same storage unit. If the gasification process is 
chosen to preferentially produce methane, then most of the gas will 
end up bypassing the hydrogen and carbon monoxide (and carbon 
dioxide) stores, and end up in the methane store. If the gasification 
process is followed by a methanation process, then the syngas can 
be taken directly through to the methanation stage and the methane 
store.

An alternative to gasification for the production of carbon for this 
generic system design would be the production of carbon oxides through 
the use of DCFC. A variety of fuels could be carbonised, giving off gas 
high in hydrogen (as Mode A) and leaving carbon-rich by-products.  
This could be electrochemically converted using a DCFC, producing 
 carbon dioxide and power (as Mode B).

5.3.3 Mode C: Methanation: Type 1

The gas produced from gasification is taken either to temporary storage 
or directly into a methanation stage, where the gas is either chemically 
converted so that it has a high percentage of methane, or physically 
separated so that the remaining gas is mostly methane. Efficient gasifi-
cation will produce an output gas with either a high syngas content, or 
a high methane content, depending on the processing conditions. In 
the case of a high methane concentration in the produced gas, the pro-
cess of methanation will be more cost-effective and straightforward, and 
optionally, gas separation techniques could be used to remove the small 
amount of non-methane constituents, instead of reactional methana-
tion (Figure 5.12).
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In the case that gasification produces mostly syngas – the methana-
tion stage could be conducted in a catalytic reactor, utilising a nickel-
based catalyst (IGU, 2012) to directly react the hydrogen and carbon 
monoxide (Abbess, 2014, Table 9). However, for this to be an efficient 
process, there is a question of molecular ratios to consider. There will be 
a number of reactions taking place in the reactor, and the chosen catalyst 
should promote methanation. Several methanation reaction pathways 
are possible, but the main methanation reaction in this stage is often 
known as “CO Methanation” (Abbess, 2014, Table 9, “Methanation 1”), 
and the balance of the reactions in the combination of hydrogen gas 
and carbon monoxide should yield mostly methane and water (steam). 
The balance of hydrogen to carbon monoxide in the syngas should be 
such that the atomic hydrogen–carbon ratio (H:C) is therefore 6:1, for 
the efficiency of methane production to be high. Four atoms of hydro-
gen will chemically bond with a carbon atom, and two hydrogen atoms 
will bond with an oxygen atom. Since hydrogen comes as a molecule 
of two hydrogen atoms, the molar ratio of the gases should be 3:1 of 
hydrogen to carbon monoxide – three hydrogen gas molecules per car-
bon monoxide molecule.

There are several possible ways to ensure this high hydrogen-to- 
carbon ratio. One would be to pass the hot syngas through a steam 
quench to perform what is known in gas processing as the Water Gas 

Figure 5.12 Mode C: Methanation: Type 1
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Shift Reaction, reacting the carbon monoxide with the steam to produce 
carbon dioxide and hydrogen gas (Abbess, 2014, Table 9). A second way 
to increase the hydrogen-to-carbon (H:C) ratio would be to add addi-
tional hydrogen as the syngas passes through to the methanation stage –  
and this is partly why Mode A is in this design – to provide an extra 
input of hydrogen for the purpose of efficient methanation of syngas.

Another key methanation reaction is the reverse reaction to the car-
bon dioxide reforming (“dry reforming”) of methane (Abbess, 2014, 
Table 9, “Methanation 2”). This is highly exothermic, so heat exchange 
out of the reactor will be vital. This reaction consumes less hydrogen 
than CO Methanation, and more carbon monoxide, so if it is pro-
moted in the equilibrium or balance of reactions, the carbon monox-
ide store will be consumed more quickly, but less hydrogen will need 
to be contributed.

As with gasification, different configurations of methanation tech-
nology have been researched, demonstrated and deployed. Varieties of 
methanation fall into two basic categories: conventional, where shift 
and methanation are in two distinct stages; and combined or direct, 
where shift and methanation are in a single stage. Research continues to 
innovate in this area. For example, it is possible to go one step further 
than combined methanation, and include carbon dioxide capture in the 
same step as shift and methanation (Lebarbier et al., 2014) in a process 
that requires two different sorts of catalyst – or rather, a carbon dioxide 
sorbent and a carbon monoxide methanation catalyst. This draws on 
the CO2 Acceptor Process, developed in the 1960s (e.g. Curran et al., 
1967), which uses the same principle of regeneration of the catalyst as 
Chemical Looping Combustion (CLC) (Nguyen, 2011).

Mode C could also include some methanation of carbon dioxide, if 
there is any in the store, or is a minor constituent of the syngas. Some 
catalytic methods can not only selectively methanate carbon monoxide 
or carbon dioxide, but some catalysts can also methanate both, so if 
there are trace amounts of carbon dioxide in the syngas, and the process 
can be done consistently under a range of conditions, there is no reason 
why all the carbon oxides cannot be uprated to methane in this stage. 
Were individual reactions to take place in isolation, all the methana-
tion reactions could occur spontaneously in an environmental temper-
ature range of 546–640°C (Abbess, 2014, Table 9), although they could 
happen at different reactor temperatures with the help of appropriate 
catalysts. However, in the reactor mix, cascades of reactions will take 
place, and the reactions that happen more quickly will predominate, 
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and prohibit other reactions by starving them of their reactants. There 
is certainly room for research into optimising reactor designs for Mode 
C depending on the input gas composition.

Besides balancing the chemical species for methanation, a further rea-
son why Mode A is included is to allow for hydrogen to be added into 
the gasification unit (Mode B) as a gasifying agent. At high pressures 
and high temperatures, this enables hydrogasification to take place – the 
direct reaction of hydrogen with the carbon in the feedstock – making 
methane directly – leading to less post-processing required to raise the 
methane levels of the product gas to SNG standard (Mode C). A differ-
ent approach would be steam hydrogasification, where both steam and 
hydrogen are used in the gasifier unit to increase the output of syngas, 
which when treated by Mode C would give a higher output of methane. 
In this latter case, oxygen for the gasification could come entirely from 
the feedstock and the added steam, meaning that an Air Separation Unit 
(ASU) or other means of supplying oxygen should be unnecessary, and a 
significant cost reduction could be had.

Methane has a much higher heating value than hydrogen for the same 
volume – it provides over three times more energy when combusted or 
burned (Jechura, 2014). It is also roughly ten times more dense at nor-
mal temperature and pressure (Alicat, n.d.), so requires less space to store 
the same energy. This is just one of the reasons why it makes sense to 
convert syngas and other energy gases up to methane.

There is an interesting synergy between Modes A, B and C, particularly 
when the gasification of biomass is considered. Most biomass feedstocks 
will have a considerable level of water in them, and drying is almost uni-
versally necessary before most forms of gasification will be efficient. It 
is common practice to torrefy, or heat dry, biomass prior to gasification. 
This requires heat energy, which could be provided by the electrolysers 
in Mode A, or the methanation units in Mode C (Heyne, 2010). An alter-
native approach would be to make use of supercritical water gasification 
to gasify wet biomass (e.g. Boukis et al., 2007).

5.3.4 Mode D: power generation

When variable renewable power experiences an extended low of several 
hours or more, at periods of medium to high demand, the most flexible 
way for power grid operators to cover the shortfall is to ramp up gas-
fired power plant. The generic design proposes that the gas comes from 
the methane store, but as long as the power plant specification is flexible 
enough, hydrogen or syngas could be the fuel instead of, or as well as, 
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It is important for this energy system design that the carbon dioxide 
is captured. Most of the carbon dioxide to be produced in this design is 
expected to come from Mode D, power generation. The simplest power 
generation plant would need to use “post-combustion” forms of carbon 
capture. Other energy system designs that use gasification to enable car-
bon dioxide separation and capture prior to power generation are gener-
ally known as “pre-combustion”. However, in this generic Renewable 
Gas design, the carbon dioxide is put to further use, such as making fuel, 
before fuel combustion is undertaken; and after combustion, the carbon 
dioxide is recycled. Estimates of the amount of carbon dioxide capture 
possible from a conventional power plant, after the fuel has been com-
busted (“post-combustion”), indicate a maximum of 90%, and in addi-
tion, the capture part of the cycle would consume somewhere in the 
region of 15–25%, or more, extra fuel (AEMO, 2014; Davidson, 2007; 
Herzog et al., 2009; Rochelle, 2002). However, conventional combus-
tion is not the only answer, as there could be another kind of chemical 

methane. Some mixes such as Hythane, a blend of hydrogen and meth-
ane, could be more efficient for this purpose than the individual gases 
used separately. Gas blends, and even some Natural Gas Liquids (NGLs) 
and oxygenates such as ethanol, where they will not break carbon budg-
ets, could become normal fuels for gas turbines used in future, such as 
aeroderivatives (Jones et al., 2011), or fuel cells that have fuel flexibility 
(Figure 5.13).

Figure 5.13 Mode D: Power Generation
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conversion of the methane deployed in the process of generating elec-
tricity in Mode D.

There are advanced combustion techniques for carbon capture in 
research and demonstration, for example, the White Rose Oxyfuel pro-
ject in the UK. Oxyfuel combustion takes place in a high-oxygen atmos-
phere, and flue gas from the combustion of coal is recycled into the 
combustion boiler to keep the oxygen-aided combustion temperatures 
from becoming too high (Hong et al., 2009). The net effect is to reduce 
the amount of combustion exhaust gases, and make sure that they are 
mostly carbon dioxide and water (steam) (Hong et al., 2009). This is 
effectively a carbon recycling application in its own right. The final flue 
gas composition makes the capture of the carbon dioxide straightfor-
ward. Currently, the plan for the captured carbon dioxide is subterra-
nean or sub-sea permanent sequestration, but it could be used instead 
by Renewable Gas plant design to make fresh fuel.

Another approach to carbon capture is the development of CLC. The 
basic concept was established by patent between 1949 and 1954 (Lewis 
and Gilliland, 1954) – to use and recycle metal oxides in oxidising the 
fuel feedstock at normal atmospheric pressure, and releasing the chemi-
cal energy as heat, and producing a flue gas that consists largely of car-
bon dioxide and water. The patent proposed this technique as a source 
of carbon dioxide for industrial purposes; however, it is clearly useful 
for carbon capture. Generating electricity from a methane-fuelled CLC 
unit could operate at around 46% efficiency under normal pressures, 
which is low compared to the best Combined Cycle Gas Turbine (CCGT) 
energy conversion of around 58% efficiency (Proll and Hofbauer, 2011); 
however, the accounting would need to be adjusted after including the 
steps of recovery of the carbon dioxide and creation of new fuel, to 
have a more complete picture of overall life cycle energy conversion 
efficiency.

Power generation by electrochemical fuel cells is also possible, and to 
date, perhaps the design that could run straightforwardly at megawatt 
(MW) capacity scale is the SOFC. The SOFCs are designed to operate at 
high temperatures, and because of the risk of thermal shock to the solid-
state ceramic electrolyte membranes or “wafers” from cycling of the fuel 
cell stacks, it is not thought that SOFC power generation can be made 
flexible to changing demand patterns. Regular significant changes in 
stack temperatures would also degrade overall efficiency. However, it is 
possible to envisage an SOFC being fuelled by methane, and run mostly 
as a hydrogen production unit to “mop up” excess renewable electricity 
(as Mode A), and then switched into power production mode to “back 
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5.3.6 Mode F: Methanation: Type 3

Mode F is essentially the same as Mode E, but uses hydrogen from the 
store instead of making it on-demand. It would need some kind of heat 
source to the reactor to start the methanation process, and it could only 
run whilst there is hydrogen left in the store (Figure 5.15).

up” low wind or solar power production (as Mode D) (Hemmes, 2010, 
Section 10.4, “The ‘Superwind Concept’”).

5.3.5 Mode E: Methanation: Type 2

This is catalytic methanation of carbon dioxide and hydrogen to form 
methane and steam (Abbess, 2014, Table 9, “Methanation 3”). This 
is also known as the Sabatier reaction, and is exothermic, meaning 
it gives out heat energy. However, it needs a certain amount of heat 
energy (reaction activation energy) to raise the temperature of the reac-
tor to the right level to promote the reaction. If Renewable Hydrogen 
is being produced using electrolysis at the time this mode begins, the 
electrolyser processing units will generate heat, which could help with 
starting this version of methanation. If Mode E has been running for 
some time, and then Renewable Hydrogen production is curtailed, the 
reactor will not need any other input heat to continue in operation 
(Figure 5.14).

The Sabatier reaction is much less exothermic than CO Methanation 
(Abbess, 2014, Table 9, “Methanation 3”), so heat balance is less of a 
problem.

Figure 5.14 Mode E: Methanation: Type 2
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Figure 5.15 Mode F: Methanation: Type 3

Figure 5.16 Mode G: The Production of Synthetic Fuels

5.3.7 Mode G: the production of synthetic fuels

If there is no need to generate power, and the methane store is full, then 
syngas being produced by the gasification system in Mode B, or meth-
ane being produced by methanation in Modes C, E, or F, could be with-
drawn to become chemicals, fuels or the feedstocks for the production 
of synthetic fuels. Hydrogen and carbon monoxide are the key building 
blocks for a number of chemical processes necessary for producing liq-
uid transport fuels – either directly equivalent or analogous to distilled 
fractions of fossil fuels (Figure 5.16).
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With the policy advances to harmonise the gas market across the 
European Union, some movement can be expected on permitted levels 
of hydrogen in the gas grid in this region, to enable more flexible cross-
border trade. Currently, the UK has a very low percentage allowed. If 
these limits are increased to more closely match the mainland European 
standards, then it could make some sense to consider grid injecting a 
small amount of hydrogen from the store in this generic design along 
with the methane.

5.3.8 Mode H: gas grid injection

At times when the gas system methane store is full and there is no short-
term need anticipated, then the most useful application is to inject the 
methane into the Natural Gas pipeline grid, where there is a local suit-
able injection point. Naturally, it will need to meet pipeline quality 
standards before being permitted to be injected. Of note: carbon mon-
oxide (CO) and hydrogen sulphide (H2S) levels are strictly controlled 
as they carry high safety risks. Small amounts of carbon dioxide (CO2) 
usually only serve to lessen the heating value of the gas, but in the 
presence of any kind of water, carbon dioxide goes into solution and 
forms carbonic acid, which, although a weak acid, could pose a risk to 
any metallic equipment or appliances (HSE, 2011), which is one of the 
reasons why permitted levels of carbon dioxide in grid gas are very low 
(Figure 5.17).

Figure 5.17 Mode H: Gas Grid Injection
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5.4 Alternative routes to syngas besides gasification

The use of Renewable Hydrogen is beginning to be recognised in 
improving the yield of AD in the microbiological methanation of bio-
mass (Iskov and Rasmussen, 2013). In terms of the generic design, 
instead of the Gasification Mode B, there would be an AD stage. The 
AD reactor would produce a biogas, composed mostly of methane and 
carbon dioxide. Hydrogen (from Mode A) can be either injected into 
the AD reactor itself, or added into a second reactor that contains a 
special culture of microorganisms which use the hydrogen to con-
vert the carbon dioxide into methane (Reuter, 2013). Forgoing the 
creation of Renewable Hydrogen as an intervening stage may become 
dispensable if biological methanation can be conducted in nutrient-
enriched water using purely carbon dioxide and renewable electricity 
(Gru, 2012).

Although it would make no sense to use Natural Gas as the input 
carbon-rich fuel for this generic design, in the case that the input fuel 
is other “light” low-molecular weight hydrocarbons, then internally 
reforming fuel cells could be used to produce syngas for Mode B.

In the case that the input fuel were to be biocoal or biocoke, high 
carbon solid by-products from the thermal processing of biomass, then 
DCFCs could be used to produce carbon dioxide gas for the carbon 
store.

5.5 Thermal and gas balance

This generic design attempts to demonstrate that it is possible to largely 
balance water flows in and out of the various stages (apart from inputs 
of water being significant if Mode A is the electrolysis of water, or Mode 
B uses steam in the gasification process) which improves its viability 
for a water-constrained environment. It also shows that oxygen can 
be drawn from and drawn on in turn in various stages, meaning this 
too is cycled within the whole gas system. In addition, although not 
indicated in the diagrams, there are opportunities to recover and re-use 
heat energy between the various stages, as in the use of process heat 
to dry biomass prior to gasification. This efficiency in the use of heat 
is important when Renewable Gas systems are compared to conven-
tional thermal power generation plant, which have virtually one-way 
heat flow, and heavy inefficiency from heat loss (although this is less 
with modern developments such as combined cycle or Rankine cycle 
designs).
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5.6 Carbon Capture and Storage (CCS)

This generic design does not include a stage for CCS. This is because 
the aim here is to recycle carbon. If carbon dioxide were withdrawn 
at appropriate stages and taken to permanent sequestration, then more 
feedstock would be required to recharge the carbon in the gas system, 
which would have cost implications. CCS is itself likely to also have cost 
implications, so the net impact would be an overall increased cost.

5.7 Activation energies in thermochemical reactions

There may be ways to improve the selectivity for desired product gases 
in thermochemical reactions, and so improve Renewable Hydrogen pro-
duction (Mode A), gasification (Mode B) and methanation (Modes C, E 
and F), for example, by the use of plasma (Hlina et al., 2014; Janajreh 
et al., 2013) or microwaves (Ferrari et al., 2014; Hunt et al., 2013).

5.8 Renewable Gas for Iran

It could be instructive to consider a concrete opportunity for the transi-
tion to Renewable Gas, and a typical case could be found in the gas refin-
ery at Fajr Jam (Fajr-e Jam) in Iran. For manufactured Renewable Gas to 
be truly low carbon, sustainable and renewable, it must be either used 
for power generation in a closed loop carbon recycling system, or the 
carbon that comes into the production system must be “young”, which 
means principally biomass. This has geographical implications for its 
feasibility, as some of the largest gas refineries are in countries which are 
semi-arid, such as Iran. A brief look at a satellite image of the province of 
Bushehr shows nothing much green apart from in the vicinity of towns, 
such as Jam itself (Google Maps, 2015a). It would not seem practical to 
engineer the coastline of Iran to increase mangrove wood production 
significantly. It would seem to be most efficient to make Renewable Gas 
where the sources of biomass are located, in other parts of the world. If 
imports of biomass were required by many countries for Renewable Gas 
purposes, and wood products were selected as most appropriate, it could 
potentially risk aggravating global deforestation, which already contrib-
utes something of the order of 20% of global carbon dioxide emissions 
to air. This would clearly need to be avoided.

Much of Iran would be suitable for deploying solar power, and even 
though this is variable in supply, it could be used to make large vol-
umes of Renewable Hydrogen from seawater. With sufficient storage for 
this Renewable Hydrogen, it could be used when needed to smooth out 
the energy supply, providing a reliable source of power for industry and 
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society in Iran, and it could also be used for the needs of the oil and 
gas refineries. Would Renewable Hydrogen be distributed to where it is 
needed via blending in with Natural Gas in the Iran Gas Trunkline (IGAT) 
or via a new, parallel hydrogen gas grid? Alternatively, would there be 
sufficient Renewable Carbon available to make Renewable Methane, to 
either transport around the country via IGAT, or used to top up supplies 
for Liquefied Natural Gas (LNG) export? The gas that enters the IGAT 
pipeline network has its final destination in industry, space heating, 
cooling and transportation too – as Iran has perhaps the highest number 
of Natural Gas Vehicles in the world. Yet, the most important question 
that needs answering is, under what circumstances would a Renewable 
Gas facility in coastal Iran be manufacturing low carbon gas fuel?

Although Iran has given the world, and can continue to give, a 
 considerable amount of sweet, high calorific value Natural Gas (see 
Table 5.1), the country is starting to exploit more of its sour and acid 
gas (IRNA, 2014; POGC, n.d.), as other countries in the region are doing 
(Hydrocarbons Technology, n.d.; Ravishankar, 2013). Globally, there is 
something like eighteen trillion cubic metres of reserves of sour/acid 
Natural Gas with more than 10% acidic carbon dioxide as a primary 
chemical constituent, and roughly ten trillion cubic metres of sour gas 
reserves with more than 10% toxic and corrosive hydrogen sulphide 
(Foster Wheeler, 2008). In total, roughly 40% of remaining global gas 
reserves are sour, much of this in the Middle East (Foster Wheeler, 2008), 
and if global demand for Natural Gas continues to be strong, and yet 
there is a peak within three decades in the amount of sweet Natural 
Gas that can be produced, as is widely anticipated, considerably more 
Iranian sour and acid gas could be produced and processed for use. 
The large quantities of Natural Gas that the Islamic Republic of Iran 
claims as their territorial mineral reserves could favourably tip the bal-
ance in Iran’s trading relationships. Although Iran does not currently 
export much of its very large gas reserves (AOGD, 2006, Section 6, “Gas 
Exports”), and much new sour gas is destined for Enhanced Oil Recovery 
(EOR) projects, Iran is developing its LNG export facilities, and it is also 
developing new gas sweetening plant and pipeline networks. EOR by 
gas injection into depleting oil wells has shown the potential to increase 
the total recoverable hydrocarbon liquids, and to raise production vol-
umes by several per cent. However, the number of oil wells in Iran is not 
going to rise rapidly, and based on experience to date, there is probably 
a limit to how significantly oil wells can be stimulated by gas injection. 
Therefore, there is probably only a certain amount of EOR that could 
be achieved in Iran, meaning there remains the question of what to do 
with any further volumes of acid and sour gas, concentrated by-products 
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of gas sweetening. Global action to halt gas flaring and venting is going 
to restrict how much of this sour and acid gas and offgas can be disposed 
of by combustion and flue. In addition, the rising percentages of carbon 
dioxide and hydrogen sulphide in Iran’s total Natural Gas production 
will add to its greenhouse gas emissions if the energy industry is per-
mitted to vent to the atmosphere, as both gases (carbon dioxide and  
hydrogen sulphide) have a strong Global Warming Potential (GWP). 
Carbon dioxide has a radiative forcing with implications more for the 
longer term, but Iran could become a land paved with golden recovered 
sulphur to prevent the strong short-term global warming and toxic bio-
cide from hydrogen sulphide emissions.

A first important step towards Renewable Gas would be to aim for “low 
carbon gas”, using Natural Gas in ways that minimise carbon dioxide 
emissions. One way to achieve this would be to ensure that all the carbon 
dioxide from Iran’s acid gas and any carbon dioxide generated during 
gas and oil processing is recycled back into manufacturing gas or liquid 
fuels. Although this carbon dioxide will eventually find its way into the 
atmosphere, making fresh fuels with it first will displace the use of other 
hydrocarbons. Recycling carbon dioxide will necessitate much new gas 
processing infrastructure. Iran is already producing NGLs from wet gas 
(IEA, 2010b; PressTV, 2013a, 2013b), and is planning a GtL/GTL facility 
(ABO, 2014; AOGD, 2006, Section 5, “Gas Processing Plants”). Both of 
these activities would be good precursors to recycling the carbon dioxide 
from sour gas into fresh, dry, sweet gas, using a methanation plant, with 
Renewable Hydrogen production incorporated into its design.

Carbon dioxide may be available via pipeline from oil and gas produc-
ing facilities in neighbouring countries, where Natural Gas with very high 
levels of acid/sour gases is beginning to be exploited, despite the economic 
inefficiencies arising from the necessary gas processing and cleaning. 
However, these are new-build facilities, and it would make more sense for 
these new carbon dioxide-rich sour–acid gas refineries, such as those in the 
United Arab Emirates, to install the equipment to methanate the carbon 
dioxide themselves, as part of the project, rather than exporting it to Iran.

To decarbonise Iranian gas beyond “low carbon gas”, the country’s oil 
and gas industry could consider using otherwise un-farmed and waste 
biomass found at home, as a feedstock for gasification, resulting in syn-
gas for use in manufacturing synthetic gas and oil fuels (Guell, 2012; 
Kaewpanha et al., 2014). There are a range of food, farming and refuse 
wastes that could be gasified, however, it might be considered that per-
haps it would make more sense to anaerobically digest these close to 
their source, in biogas plants, rather than transport them to the coastal 
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refineries. Alternatively, whilst there may be a dearth of photosynthe-
sis occurring on land in much of the country, offshore of Iran in the 
Persian Gulf and the Gulf of Oman, there is some potential for culti-
vating seagrasses and seaweeds – the satellite imagery shows light and 
deep greens in the close offshore waters, indicating an ideal environ-
ment. These macroalgal species, in addition to being used to manufac-
ture Renewable Gas, could play a role in controlling microalgal species 
that cause Harmful Algal Blooms, or “red tides” (FAO, 2001, Section 2.1, 
“Seaweed”) which are prevalent in the Arabian Sea and Gulf of Oman 
owing to pollution (Hamzehei et al., 2013) and nutrient upwelling 
from a “deep mixed layer” of the Monsoon ocean (Honjo, 1997; Honjo 
and Weller, 1997; Kumar and Narvekar, 2005; Wiggert et al., 2005). 
Macroalgal farms would compete with microalgal species for nutrients 
(Al-Hafedh et al., 2012), and with care, algaculture would not disturb 
the deposition of biological remains on the sea floor, so the sub-sea 
area would still retain its high productivity (Marra and Barber, 2005) 
and high carbon “export” to the deeper ocean via the strong “biologi-
cal pump” of the Arabian Sea. Additionally, onshore, some saline lakes 
could be suitable for microalgal cultivation, for both gasification, and 
perhaps aqueous phase reforming or supercritical water gasification (He 
et al., 2013) and the production of liquid biofuels (Najafi et al., 2011).

Iran does not “over-produce” Natural Gas. It seems that the govern-
ment of the country wants to capitalise on the social and economic 
development opportunities afforded by preserving much of its fossil fuel 
reserves for future use. It seems that they have a view of making optimal 
rather than maximal use of their fossil fuels, and so for them, the case 
for the transition to low carbon gas should perhaps be made less on pre-
venting net carbon dioxide emissions, and more on making the best use 
of the carbon flowing through their economy. Renewable Gas systems, 
implemented alongside their Natural Gas systems, would ensure that 
they wring the most energy out of the carbon dioxide that comes out of 
the ground or is created in high temperature gas processing.

Apart from direct capture of carbon dioxide from the air and the 
oceans, Iran may find it hard to source all the carbon it would need for 
a large volume of Renewable Gas production, but even on a small to 
medium scale, it could provide an economic benefit. Rather than gasify 
biomass to obtain hydrogen, the best configuration of Renewable Gas 
for Iran would probably be the wide deployment of solar power for the 
production of Renewable Hydrogen, as the country has excellent sun-
light resources and lots of available land. This Renewable Hydrogen can 
be used to produce Renewable Methane, with the Renewable Carbon 
coming from biomass. Renewable Methane can be injected into gas 
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grid pipelines, to complement Natural Gas, and applications would 
include space heating, and space and equipment cooling in urban envi-
ronments, with steam capture at the point of use, to provide a source 
of water in peoples’ homes. Water in Iran is perhaps going to become a 
more valued commodity than Natural Gas as climate change begins to 
exacerbate surface air temperature extremes and evaporation rates in 
the Middle East, and seems likely to disturb patterns of rainfall (Amiri 
and Eslamian, 2010). Changes in rainfall would have knock-on effects 
on agricultural irrigation demand and, consequently, affect the integ-
rity of inland water resources, such as lakes, which could shelve plans 
for algal farming. Any disturbance to the Monsoon in the Arabian Sea 
resulting from climate change could affect its biological productivity. 
Climate change is likely therefore to affect the prospects for sourcing 
biomass for use in Renewable Gas production, so the solar power route 
for producing hydrogen appears optimal: if Renewable Methane can 
no longer be made because biomass for carbon becomes scarce, the 
country could turn to using the Renewable Hydrogen as it is, instead.

5.9 The carbon problem: an ocean solution?

By considering the scenario in Iran, it can be seen that the transition to 
Renewable Gas depends crucially on identifying the sustainable source 
or sources of low-emissions carbon that can be fed into the Renewable 
Gas system. For the meantime, using the fossil carbon dioxide associated 
with sour–acid gas, and the fossil carbon dioxide from advanced oil and 
gas processing plant, for recycling into fresh gas, may be an adequate 
low emissions solution. In the longer term, although elsewhere bio-
mass would be an ideal source of “young” carbon, biomass productivity 
in Iran, both onshore and offshore, may be compromised by climate 
change. American Navy researchers may have a solution for sourcing 
“young” carbon directly from the oceans, by proposing electrochemical 
acidification technology to degas carbon dioxide from natural seawa-
ter (Willauer et al., 2013), incidentally producing some hydrogen. The 
Earth’s atmosphere has become increasingly laden with carbon diox-
ide over the last 300 years, owing to increasing use of fossil fuels, and 
deforestation and other land use change. Air and water circulate carbon 
dioxide between them at their boundaries, with the ocean taking up a 
net amount as a carbon sink, and as a result, the surface waters of the 
oceans are becoming increasingly acidified by carbon dioxide. It takes 
anywhere from decades to centuries for the aquatic biochemical car-
bon cycle processes (the “biological pump”) to translate carbon to the 
deeper waters, and thence eventually deposit it on the sea floor, whence 
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it is subducted by Tectonic processes, eventually becoming geologically 
sequestrated. The organic carbon produced in the surface ocean at the 
end of life of organisms that grow by photosynthesis from sunlight and 
carbon dioxide is approximately 100 gigatonnes annually, of which 
somewhere between 5% and 15% is exported downwards to the deeper 
ocean (Giering et al., 2014). The deeper parts of the ocean form a carbon 
sink of roughly 38,000 gigatonnes of carbon, of which more than 95% 
is in the form of dissolved bicarbonate ions, and the rest carbonate ions 
(Willauer et al., 2014). At an acidity of around pH 6 or less, carbon diox-
ide gas will re-form and leave the water, and this technique for harvest-
ing carbon dioxide is being developed with a view to creating carbon 
feedstocks for synthetic fuel production.

Despite the fact that producing carbon dioxide this way will involve 
the processing of large quantities of seawater, and quite some electricity, 
the costs of doing so could be significantly less than Direct Air Capture 
(DAC) – recovery of carbon dioxide from the air. In addition, recovery 
of carbon dioxide directly from the ocean would be far more effective 
in mitigating global warming. Any carbon dioxide removed via DAC 
from the atmosphere would need to be removed again within a period 
of around eighty years – because removing carbon dioxide from the air 
will cause carbon dioxide to come back out of the ocean, undoing the 
benefits of air capture (Cao and Caldeira, 2010).

Harvesting carbon dioxide from the ocean to make combustible fuel 
would displace the use of fossil hydrocarbons. However, the same car-
bon would become carbon dioxide emissions from the combustion of 
“ocean fuels” and this would end up in the atmosphere, so at best it 
can only be a “carbon-neutral” option. This can only be achieved by 
removing equivalent amounts of carbon dioxide from the atmosphere 
in parallel with the production of ocean fuels. Removing carbon dioxide 
from the atmosphere could perhaps best be achieved by sequestering 
ocean carbon dioxide (Rau et al., 2013) permitting the ocean to draw 
down carbon dioxide from the atmosphere.

5.10  Transitions and choices: major branching  
choices: alternative narratives

The development of Renewable Gas will most likely involve the engage-
ment of the oil and gas industry – primarily because of the need for 
increasing amounts of hydrogen for petrorefinery (Abbess, 2014).

Important choices to be made over the next twenty or so years (see 
Figure 5.18) will largely determine the growth rate of Renewable Gas.
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5.10.1  Option A: conventional or unconventional Natural Gas?

The first major choice along the timeline to 2050 is whether the fos-
sil fuel-producing companies and countries prefer to pursue extraction 
from large “conventional” Natural Gas fields, or develop novel “uncon-
ventional” resources, such as shale gas, Arctic gas, coal seam gas (coalbed 
methane) and methane hydrates. In the short term, it may seem optimal 
to pursue both conventional and unconventional fossil fuels, but there 
could be hard limits to the continuation of this strategy.

5.10.1.1 Unconventional gas could be sweeter gas, but riskier gas

Unconventional resources in some cases offer the prospects of sweeter 
Natural Gas, whereas approximately 40% of conventional resources are 
sour – containing significant percentages of hydrogen sulphide and/or 
carbon dioxide (note: some consider sour gas to be unconventional, or 
“non-conventional”). However, compared to conventional gas fields, 
producing unconventional gas resources entails a number of new risks, 
such as less certainty of the discovery of economically viable hydrocar-
bons; new challenges in terms of accessing the resources; and the higher 
potential for drilling “empty wells” – owing to the inability of seismic 
prospecting to accurately size or scope the gas in place.

5.10.1.2 Conventional gas depletion and remaining large gas fields

In currently exploited reserves, a number of major conventional gas 
provinces are showing signs of depletion, and discoveries in conven-
tional oil and gas in the last few decades are tending towards dispersed, 
minor fields. However, there are a large number of known “giants” with 
reasonable reservoir characterisation that have yet to be produced in 
any great quantities – for example, in Iran. Considering the size of these, 
it might be more practical to improve technological and trading rela-
tionships between gas-consuming countries and Iran (and other coun-
tries with large, accessible gas fields), rather than going to the trouble of 
mining regions such as the Arctic, regardless of the chemistry.

5.10.1.3 The obfuscating re-categorisation of both oil and gas resources

There is a transition underway in the kinds and qualities of fossil fuel 
resources that are becoming included in accounted resources, considered 
viable for economic exploitation, a quantity enshrined in a figure known 
as “ERR”, or economically recoverable resources. Advances in technol-
ogy and engineering such as horizontal drilling and hydraulic fracturing, 
and more extensive refining, now provide the means to exploit complex 
and inaccessible resources, such as gas and oil from under the seabed 
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at great depth; tight oil (crude petroleum oil found in shale sediments 
and shalestones); heavy oils (generally considered to be degraded crude 
petroleum fields); extra-heavy oils such as bitumen (a by-product of ker-
ogen expelling lighter hydrocarbons), heavy oils and bitumen in sands 
and sandstones (tar sands); and immature kerogen from incomplete 
catagenesis, such as found in oil shale. Many of these unconventional 
resources are best mined by processing in place – shales are hydraulically 
fractured, heavy oils and bitumen perhaps steam-melted or oxygen-fired 
underground (SAGD – Steam-Assisted Gravity Drainage, and THAI –  
Toe-to-Heel Air Injection), deep coal is gasified (UCG – underground coal 
gasification), and methane hydrates would be pressurised.

Because of the confidence placed in new technology and engineer-
ing, revisions of the TRR – technically recoverable resources – have been 
made. Resources that would otherwise previously have been considered 
uneconomic or unmineable are now included in tallies of a region’s 
reserves. For example, Canadian oil production from tar sands was 
included for the first time in BP’s Statistical Review of World Energy 
in the June 2004 edition (BP, 2004), having previously been explicitly 
excluded (BP, 2003). Another important example is Venezuela’s quoted 
oil reserves, which were almost doubled from one year to the next, to 
include Orinoco Belt heavy oil that had been included in the OPEC 
Annual Statistical Bulletin for 2008 (BP, 2010; OPEC, 2009, Page 22).

Unconventional gas reserves are also gradually being added to reports 
(GEA, 2012, Section 7.3, “Natural Gas”), such as for North America, 
Australia and China (Lecarpentier, 2012, Section “Continued growth of 
gas reserves”) as shale gas and coalbed methane are developed. The rea-
sons for re-classifying unconventional resources as reserves are probably  
partly policy, such as the several-decades-old stated aim of the US’s  
pursuit of “energy independence”, which stimulated indigenous shale 
gas development, for example, through the sale of public lands and the 
rescinding of environmental legislation. The evidence suggests that trea-
ties and agreements with energy trading partners in North and South 
America, such as the North American Free Trade Agreement (NAFTA) 
with Canada, and the diplomatic focus on the unstable relationship 
with Venezuela, are partly governed by the aim to lessen dependence on 
“foreign oil” from the Middle East. Again, the expansion in the exploita-
tion of Canadian oil sands and heavy oils can be seen as a response to 
the US’s demand for closer supplies of oil, underwritten by a commit-
ment to the development of a variety of pipeline and other oil transpor-
tation networks. The American drive for “energy independence” could 
be viewed as a tacit admission of crude oil depletion in key fields in the 
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Persian Gulf – a medium-term scenario would then have continued high 
levels of American oil imports, in the context of competition from world 
markets for diminishing supplies from the Middle East, unless alterna-
tives were brought to production.

5.10.1.4 The inequivalence of conventional and unconventional resources

The inclusion of unconventional resources in statements of oil and gas 
reserves masks problems of inequivalence – it is not possible to sub-
stitute in a like-for-like fashion – producing these reserves has differ-
ent risks and rewards. This is an “apples and oranges” problem that has 
several cross-cutting elements, which broadly condense into potential 
financial and investment risk for both capital expenditure and opera-
tional expenditure.

Although some unconventional hydrocarbon plays may have the 
advantage of being large and concentrated, they have several disben-
efits, such as in their reservoir characteristics. An unconventional oil 
deposit may be too young or too old, or only part of it has passed 
through the “oil window”, the ideal subterranean pressure, temperature 
and isolation conditions for producing light, sweet, crude petroleum oil 
(Abbess, 2014). So although conventional fossil fuel deposits exhibit a 
range in their chemistry, unconventional fossil fuels are from a much 
broader spectrum, and are widely divergent in a number of respects. The 
plant used to refine and process them is inherently more complex, and 
in addition, the level of complex or unusable by-products is potentially 
higher than with conventional resources, risking lower overall produc-
tion volumes. This possible variability in output will almost certainly 
impact on operational costs.

The need for oil and gas majors to shore up their Reserves-to-Production 
(R/P) ratios) – an indicator of company viability and investment- 
worthiness – is probably leading to the nudge to include increasingly com-
plex resources into their listed reserves. However, unconventional resources 
need to be “proven” through a certain level of market development before 
this can be acceptable to auditors as genuine “reserves growth”.

5.10.1.5 “Easy” or “edgy” oil and gas

The line between conventional and unconventional resources is being 
blurred somewhat by engineering advances and trends, and a new rel-
ativity is perhaps whether a resource is “easy” or “edgy” to produce.  
A resource may not only be on the borderline of economic favourabil-
ity but also be on the edge of acceptable chemistry. Whichever route is 
taken, adaptation is necessary.
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5.10.1.6 Undesirable by-products

Unwanted polluting by-products are set to increase from energy fuel and 
petrochemical refinery, whichever kinds of resources an oil and gas com-
pany wishes to exploit, and this will inevitably give financial risks. For  
example, using heavier crude oils in petrorefinery will lead to an imbal-
ance in the plant hydrogen-to-carbon ratio, and require higher levels 
of carbon rejection, which will inevitably lead to higher carbon diox-
ide emissions (Abbess, 2014). Another example would be that uncon-
ventional Natural Gas may have unacceptable levels of certain organic 
compounds or toxic minerals and require extra care, cost and purifying 
processing plant. What to do with the extra carbon arising from high 
levels of carbon dioxide in sour/acid unconventional gas is perhaps the 
most important question. Analysts would suggest that processing that 
results in by-products with firm, sustainable markets would be the best 
option.

5.10.1.7 The impact of climate change

Also, in an era of climate change, with changing rainfall patterns, melt-
ing ice caps, rising seas, increased storm erosion and possibly mining 
restrictions (quotas) or charges for carbon dioxide emissions to air, opti-
mal choices for fossil fuel production and processing would be in the 
scenarios of choices that adulterate or consume less freshwater overall, 
are not situated on the coast, result in less atmospheric global warming-
causing particulate or greenhouse gas emissions and do not remove or 
disturb forests or soil. The cost of or fines for environmental protection 
and remediation requirements of any kind are not the key indicators 
here. Rather, it is the risk to the margin of profit per barrel of oil equiv-
alent, pushing some unconventionals developments over the edge of 
the financeability cliff. In economic profitability, as in thermodynam-
ics, prevention of entropy is better than cure, and so the development 
of remaining “easy” global gas reserves, even with chemistry issues, 
but with uniform characteristics and good accessibility in already- 
infrastructured fields, is likely to be more preferential than borderline 
profit margin, “edgy” wilderness or very deep provinces.

5.10.2 Option B: utilise or vent carbon dioxide?

If the choice is made to place more confidence in sour–acid conventional 
(easily accessible and large volume) Natural Gas resource, then another 
choice appears as a result of the need to reduce net greenhouse gas emis-
sions: should the carbon dioxide in the gas be rejected or chemically 
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incorporated into the finished pipeline product? If the carbon dioxide is 
to be discarded, it should be geosequestered ideally, injecting it under-
ground. Depleted gas caverns or oil domes, man-made salt caverns or 
saline aquifers may be appropriate places to permanently dispose of car-
bon dioxide (EIA, 2004), although some may wish to use it as a stimu-
lant for crude oil or Natural Gas production – especially in declining 
fields. If the carbon dioxide is to be chemically reacted to become a 
viable energy fuel, methanating it would seem to be a sensible option. 
This would not lock the carbon dioxide away, but would prevent other 
fuel being burned, so would preclude other carbon dioxide emissions.

Despite the current good press for complex and paradigm-breaking 
unconventional resources, it could be projected that the oil and gas 
industry will begin to re-focus on more conventional, but sour–acid, 
gas and oil in major fields. It is hard to imagine how this would not 
affect the capex and opex costs of the current suite of plant for chemi-
cal processing and refining of oil and gas. Added to which, if there were 
an evolution of chargeable liabilities attached to “unburnable carbon” 
and fugitive emissions, climate protection measures, such as captur-
ing carbon dioxide and methane from refining facilities, could become 
legal requirements. In these circumstances, extra value would need to be 
scoured from refining. The current favoured proposal for dealing with 
captured carbon dioxide is permanent sequestration underground; how-
ever, this would bulk up processing plants, and both their capital and 
operational expenditure costs, unless refining and purifying processes 
were significantly altered to incorporate emissions mitigation chemistry. 
The alternative is the re-utilisation of carbon dioxide in the processing 
of fossil fuels – Carbon Capture and (Re-)Utilisation (CCU) – through 
the use of methanation. Crude oil refineries and gas and oil processing 
plant are highly centralised, and so CCU could be designed in relatively 
straightforwardly. This ease in adding CCU would also be true for cen-
tralised gas-fired electricity generation or power plants, and to a lesser 
extent for other major industrial processes, especially in petrochemicals, 
cement, steel-making and pharmaceuticals.

5.10.3 Option C: separation or in situ methanation?

If methanation is adopted, the third key branching decision is whether 
the carbon dioxide should be separated from the rest of the Natural Gas 
and reacted in a parallel process, or should it be integrated: methanated in 
situ with the rest of the gas? Because of the energy penalty of washing the 
carbon dioxide out of the gas, it would seem pragmatic to develop ways  
to methanate it in-stream with the Natural Gas (Abu Bakar et al., 2012).  
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The decision will be based on the exact chemistry of the gas, as the effi-
ciency of methanation in place could be affected by the balance of oxidants 
and temperatures. Methane auto-ignites at 537–539°C at low concentra-
tions in air, because of the oxygen present (PTT, n.d.), and methanation is 
generally conducted at 200–550°C (Schaaf et al., 2014), although this can 
be reduced to 200–400°C under pressure between 20 and 70 bar (Er-rbib 
and Bouallou, 2013). In the case that the processing plant needs to be 
flexible in the sources of gas it refines, the optimal choice might be to 
separate the carbon dioxide from the rest of the  methane-rich gas for its 
methanation. In the case that the main gas stream is supplemented from 
industrial feedstocks before processing, it could have significant quan-
tities of carbon oxides, which would affect the choice of methanation 
catalysts, or affect the efficiency of conversion to methane. In the case 
of wet Natural Gas, there will still be a certain amount of higher carbon 
chain compounds yet to be distilled off for liquid fuels (Natural Gas Plant 
Liquids). In this case, separation of the carbon dioxide for its methana-
tion may be elected to prevent the possibility of complex chemistry with 
the higher carbon chained compounds.

From a systems perspective, as greenhouse gas emissions become 
increasingly restricted, the carbon dioxide management choice in 
Natural Gas processing could need to be largely dictated by the final 
intended use of the gas products. If the methane produced from carbon 
dioxide is used for fuel in Natural Gas-burning vehicles (NGV), or for 
space heating in buildings, then the carbon dioxide originally present in 
the Natural Gas will end up in the atmosphere. To comply with carbon 
dioxide emissions regulations, these refineries will probably opt for CCS, 
unless they can divert some of the carbon dioxide in their mined Natural 
Gas to other petrochemical or industrial chemical uses, where the final 
products have long decomposition times – essentially locking the car-
bon up. In this case, the refineries may still choose to methanate –  
chemically react their carbon dioxide to be included in a methane-rich 
gas, if the destination will be durable, recyclable plastics used in manu-
facturing (e.g. cars and bicycles) or construction. In processing plant 
where the gas products are most likely to be used for power generation, 
in situ methanation CCU is likely to be the optimal choice, and carbon 
capture or carbon recycling requirements delegated downstream to the 
electricity generation plant operations.

Gas processing plant and biorefineries of the future could have solar  
power panel banks and wind turbines to provide the power needed to 
produce the Renewable Hydrogen for methanation, and be located near 
a plentiful source of water.
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5.10.4 Option D: fossil gas or Renewable Gas?

For the gas refineries to opt to integrate carbon dioxide into their 
products via methanation to a Transitional Gas would be significant 
medium-term strategic planning. As scientific evidence accumulates on 
the severity of climate change, greenhouse gas emissions regulations can 
be anticipated to become more stringent and enforced. Those in the gas 
industry who are methanating the carbon dioxide in Natural Gas into 
Transitional Gas will be in prime position to offer gas products lower in 
fossil carbon by substituting Renewable Carbon for inputs of Natural 
Gas, so manufacturing a truly Renewable Gas. They will have con-
structed virtually all the processing plant they need to make this switch. 
They will already have sourced Renewable Hydrogen, and so they can 
increase this supply to their processing whilst exchanging Natural Gas 
for renewable sources of carbon – such as biomass or carbon dioxide 
harvested from renewable resources. The mitigation of carbon dioxide 
emissions by a transition to using Renewable Carbon and Renewable 
Hydrogen to make Renewable Methane – an almost direct substitute for 
Natural Gas – will create a production capability of gas with very low net 
atmospheric carbon emissions. If this transition is anticipated, then the 
oil and gas industry can be expected to choose CCU methanation as an 
optimal pathway and move in that direction.
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6.1 Key areas of research and development

In the development of a Renewable Gas system using the generic design 
elements previously described, there are a number of “pinch points” –  
process steps which could benefit from further research and develop-
ment where the current articulations of the technologies have snags or 
pitfalls.

6.1.1 Mode A: the production of Renewable Hydrogen

6.1.1.1 Pinch Point: the changing profile of “excess” renewable electricity

Splitting water into hydrogen gas and oxygen gas via the action of 
electrical current is environmentally generally benign, if the power is 
sourced in a renewable fashion. Those who advocate Power-to-Gas (P2G, 
Power to Gas, PtG) have as one of their baseline assumptions that oth-
erwise unused renewable electricity, for example, from wind power or 
solar power, where peaks in production will not match peaks in demand, 
can be diverted to the production of Renewable Gas. This could be 
either hydrogen produced via electrolysis, or methane produced from 
carbon oxides reacted with hydrogen produced via electrolysis. Whilst 
the deployment of renewable electricity is accelerating, there should 
be “spare” renewable electricity, particularly in summer in the middle 
of the day where solar energy is collected. This situation will continue 
until the markets develop to make good use of the provenance of virtu-
ally free electricity at these times of “excess” generation. If the rates of 
deployment of renewable electricity technologies eventually start to flat-
ten out, or renewable electricity uptake reaches the same rate as renew-
able electricity deployment, there may be competition from a variety 
of users to purchase any unexportable power, and so it may not all be 

6
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available to manufacture gas with. If energy storage of renewable elec-
tricity as gas became seen as a vital function of the power grid to balance 
supply against demand, Renewable Hydrogen and Renewable Methane 
operations could be granted preferential access to “spare” solar, wind 
and hydro- or marine power, but this would depend on energy regula-
tor policy, such as obligations for green gas and green power to be pro-
duced, which could undermine to a certain extent cost and deployment 
efficiencies derived from free market conditions.

One way to approach this problem could be to set a premium price 
on Renewable Gas, thereby providing a step up for green gas produc-
ers in their ability to settle suitable long-term contracts with renewable 
electricity providers. If renewable electricity providers were guaranteed 
to be getting healthy business from Renewable Gas manufacturers, it 
would encourage the relationship between the two sectors, and encour-
age increased provision of both green power and green gas. An alterna-
tive would be a market intervention without a price attached – such as 
requiring renewable electricity generators to offer a fixed percentage of 
their power to Renewable Gas manufacturers, determined by a calcula-
tion that takes into account the nameplate capacity compared to the 
actual generation of green power plant – requiring green power produc-
ers to cater in part for their own variability in production.

Technological advance may well mean that the amount of electrical 
power required to manufacture Renewable Hydrogen via electrolysis and 
electrochemical techniques could reduce significantly, and Renewable 
Gas producers may then become the winning purchasers of excess 
renewable electricity, outcompeting other purchasers of green power, 
due to the premium utility of the Renewable Gas portfolio.

6.1.1.2  Pinch Point: getting beyond initial development  
and deployment issues

Renewable Hydrogen is likely to become increasingly in demand owing 
to the need to reduce carbon dioxide emissions from a range of energy 
and chemistry applications. Due to this cross-sector nature of demand 
for hydrogen, it is important to build Renewable Hydrogen capacity 
starting from today. A key point is that this should not be prevented 
by a lack of understanding about the exact levels of future excess green 
power generation or its availability to produce green gas.

Although it would be expedient to begin major Renewable Hydrogen 
production projects, it is not yet clear which technology would be opti-
mal. There is still a considerable level of research work going into find-
ing suitable catalysts for hydrogen production to be used by a range of 
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methods (e.g. Karunadasa et al., 2010). It is possible that weak acids, 
such as seawater (Abdel-Aal et al., 2010) and effluent from water treat-
ment facilities, or ionic liquids (de Souza et al., 2008), could be used 
for very inexpensive forms of electrolysis. And there are risks, such as 
economic risks from the perhaps continued need to use expensive noble 
metals, or chemical risks from the co-evolution of hydrogen and oxygen 
in the same reactor. A two-step process to firstly oxidise water, and then 
subsequently to evolve hydrogen in a separate process stage could vastly 
improve safety (Symes and Cronin, 2013). Hydrogen production using a 
form of chemical looping could even split water by thermal dissociation 
using the power of the sun (Muhich et al., 2013).

The ideal source of hydrogen is water, and water is important in virtu-
ally all thermochemical, biochemical and electrochemical techniques 
of hydrogen production. For the scale considered, whether using elec-
trolysis of water or some other method to produce hydrogen, a large 
amount of water is expected to be necessary (although it could partly 
be recycled in the generic design described), and this would mean siting 
a Renewable Gas plant either at a coast or near a large body of inland 
water. This might conflict with other needs for the Renewable Gas plant, 
such as being close to sources of biomass suitable for gasification.

If chosen for commonplace hydrogen production, electrolysers may 
not be efficient if there is frequent ramping up and ramping down in 
operation. For example, regular cycling might interfere with efficient 
heat and water management in Proton Exchange Membrane Fuel Cells 
(PEMFC), so electrolytic hydrogen production could need to be an 
always-on capacity, rather than an on-demand one. This could impact 
the economics of Renewable Hydrogen production, and also its con-
tribution to carbon dioxide emissions control, and also dictate more 
complex storage arrangements.

6.1.2 Mode B: gasification

6.1.2.1 Pinch Points: coal gasification

If coal is the feedstock, it is best gasified at very high temperatures, 
900°C or above (Higman and van der Burgt, 2003, Section 5.5), which 
has implications for the engineering of the reactor. The quality of the 
coal feedstock is important in the performance of the various designs of 
coal gasifier developed. Mostly, it should not have a high initial mois-
ture content, or high ash content, as some trace elements deter gasifica-
tion, and coal particles should not adhere together too easily at high 
temperatures, as then they become unreactive. Some designs of gasifier 
are therefore precluded for some grades of coal. There may be high levels 
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of char and ash to dispose of owing to the very severe conditions of 
 gasification, and it may not be possible to recycle them into a gasifier 
owing to the high mineral content.

6.1.2.2 Biomass gasification

There are several problem areas in biomass gasification, and most of 
them relate to the reactor temperature.

6.1.2.2.1 Pinch Point: pyrolysis conditions versus gasification conditions.  
The optimal conditions for the partial oxidation of biomass to useful gas 
products depend on a wide range of factors, and can differ with each 
type of feedstock. Owing to the high reactivity of biomass (Higman and 
van der Burgt, 2003, Section 5.5, “Biomass gasification”), gasification of 
biomass can generally be conducted at or below 900°C, meaning that in 
some configurations, the reactors are operating more under pyrolysis 
conditions than full gasification. Pyrolysis of biomass results in some 
gas products, but also the formation of complex tars and biochar prod-
ucts, which would themselves be susceptible to gasification (or partial 
oxidation – to produce syngas), or combustion (if the product gas is to 
be used for heating applications). Therefore, it is not surprising that 
many designs of biomass gasifier systems have dual reactors operating at 
different temperatures (Higman and van der Burgt, 2003, Section 5.5). 
In the MILENA process, pyrolysis and oxidation are performed in differ-
ent but integrated parts of the same reactor (ECN, 2007a; van der 
Meijden, 2012). Heat exchange between the exothermic and endother-
mic parts of these systems is critical to the overall energy efficiency of 
the system, and frequently, hot sand or char is circulated to achieve this 
(e.g. Rasmussen, 2012). In addition, to create uniform conditions for 
gasification across the reactor’s active zone – the “bed” – the feedstock 
may be put into motion – “fluidised”, or “circulating”. The appearance 
of heavy hydrocarbons (tars) in the output gas, despite these measures 
and designs, is the key hazard from biomass gasification. In the second 
reactor of the Carbona design, for example, high temperatures and spe-
cial filters are used to reform the tars (Patel and Salo, 2007). Other 
designs take alternative approaches – such as increasing the gasification 
reactor temperature to prevent the formation of tars to a large extent 
(Abbess, 2014).

6.1.2.2.2 Pinch Point: non-uniform and high moisture feedstock. Biomass 
is often not uniformly structured as a feedstock, and may contain a lot 
of fibre that cannot be gasified (or pyrolysed). Pre-treatment of biomass 
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is the rule, and from a single source, such as wood by-products from 
trees, or a particular energy grass. The naturally high levels of water in 
most biomass demand that most pre-treatments should also include a 
drying phase.

6.1.2.3 Pinch Point: stop–start nature of gasification
Choosing the thermochemical treatment of gasification means that the 
reactor environment must be at a high temperature. If a gasifier is asked 
to start and stop several times over the course of a day, this will exact 
a toll in terms of thermal efficiency, as re-starting the gasifier will have 
implications for the need to combust some fuel in a secondary or sup-
port “booster” heater to revitalise the high heat levels in the reactor 
until the core reactions are once more established and the reactor can 
more or less maintain its own temperatures.

If the gasifier could be switched from medium-high temperatures 
(where it is producing syngas to help replenish the gas stores), to higher 
temperatures (using syngas as a combustion fuel) to produce heat 
for power generation, then it could be operated on a constant basis. 
However, this would have implications for its construction as the metal-
lurgy considerations could be problematic. If continual operation were 
not specified, not only gasifiers, but some fuel cell designs as well, would 
find this problematic. A fuel cell stack might have advantages in this 
case however, as a simple system of gas flow valves could switch the 
function of the unit from majority gas production to majority power 
production (Hemmes, 2010, Section 10.4).

If it is considered that a thermochemical gasifier should be operated 
on a continual basis to avoid inefficiencies from heat loss during shut-
down periods, then a suitable application would be the production of 
methane for injection into the gas grid, constantly consuming biomass 
fuel and methanating it with Renewable Hydrogen, intended for inter-
seasonal storage. In the UK, this application would raise questions about 
the levels of gas storage in the grid, as these might need to be expanded 
to apply the strategy of saving Renewable Gas for cold weather periods.

6.1.2.4  Pinch Point: the slow-moving development of  
electrochemical fuel cell systems

If the choice is made to pursue electrochemical hydrogen or syngas 
evolution, rather than the thermochemical treatments of fuels, then 
there remain a number of technical and operational issues with fuel 
cells across the whole spectrum of designs (Abbess, 2014). Electrolyte 
lifetimes, catalyst degradation and cell sealing are particular concerns, as 
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are issues of corrosion or deposition in oxidising or reducing hotspots, 
calcification in Molten Carbonate Fuel Cell (MCFC) stacks and carbon 
deposition when using complex carbon-rich fuels. A solid-state option, 
the Solid Oxide Fuel Cell (SOFC), operating on gas fuels, in principle 
reduces the complexity of fuel cell operation by minimising the risks of 
phase-boundary chaotic events. However, to guarantee reliability, the 
systems may be set up such that overall efficiencies may be lower than 
the theoretical maximum. This is partly answered by having a hybrid 
system, such as an SOFC-GT or SOFC/GT – an SOFC producing gas to be 
used as fuel in a gas turbine. Demonstration and production projects of 
SOFC-GT have been conducted by large established engineering com-
panies such as Siemens Westinghouse and GE (General Electric Power 
Systems). There are also straight SOFC systems available, such as from 
newcomers Bloom Energy and Redox Power Systems (Behling, 2012; 
Bloom, 2014; Microsoft, 2014).

6.1.3 Mode C: Methanation

6.1.3.1 Pinch Point: heat management

All the methanation reactions are strongly exothermic, and this heat 
needs to be extracted or recovered to maintain the optimum reactor 
temperatures, otherwise the heat generated could risk the integrity of 
the reactor and the reactants and products. Common industry practice 
is to introduce additional gas and/or steam to control the temperature 
(e.g. Haldor Topsoe, 2009). It is possible to use the recovered heat in 
other process stages, such as in the drying of biomass feedstock prior to 
gasification.

6.1.3.2 Pinch Point: catalyst sensitivity

Catalysts for the Sabatier reaction can be sensitive to operating con-
ditions; for example, they can be “poisoned” or passivated by trace 
amounts of sulphur; or in the presence of other species such as water 
or oxygen, the catalysts can be deactivated (Muscatello and Santiago-
Maldonado, 2012). This means that, unless a specially designed catalyst 
is employed, desulphurisation and desiccation of the gas stream would 
be advised before methanation.

6.1.3.3 Pinch Points: multiple passes and gas purity

The balance of chemical reactions in methanation reactors and in gas-
ification reactors does not automatically imply a product gas of pure 
methane. There is usually a need for gas clean-up of one kind or another. 
Two methanation units back-to-back are sometimes used – one at high 
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temperature and one at low temperature, to maximise the methane 
content of the gas. A final stage to remove traces of remaining carbon 
oxides could also be required. This increase in the number of conversion 
stages has implications on the efficiency of the overall process. If the 
methane-rich product gas is destined for use in power generation local 
to its production, then cleaning the gas would not be so vital, apart from 
the removal of components that would damage the gas turbines, gas 
engines or fuel cells, whichever are utilised. If the methane-rich gas is 
intended for the gas grid, then clean-up has to be thorough.

6.1.3.4 Pinch Point: catalyst development

As with the production of Renewable Hydrogen, there is much research 
and development in the area of methanation catalysts. It may be pos-
sible to successfully develop inexpensive, long-lasting catalysts that act 
on both carbon monoxide and carbon dioxide at the same time, but in 
all likelihood, catalytic methanation will need two stages, with catalysts 
treating one or other carbon oxide as inert in turn. This process con-
figuration could be integrated with the need to have multiple passes of 
methanation to raise the final methane content.

6.1.4 Mode D: power generation

6.1.4.1 Pinch Point: carbon capture

Carbon dioxide capture and storage (CCS), or its alternative, Carbon 
Capture and (Re)-utilisation (CCU), are a collection of measures and 
installations proposed to reduce carbon emissions to the atmosphere. 
In order to make the Renewable Gas system make carbon sense when 
using a fossil fuel feedstock, carbon dioxide must be either continu-
ously  recycled (CCU) or permanently sequestered (CCS) – both of which 
require capturing the carbon dioxide out of the gas stream. Techniques 
include capturing carbon dioxide from the flue gas of power stations, 
and then compressing it and piping it offshore, to bury it under the sea 
in now emptied former gas caverns. Although there are many opera-
tional and demonstration CCS projects, as yet it is not widespread. This 
is partly owing to the fact that methods for capturing and compressing 
carbon dioxide are energy-intensive, and mean that more fuel must be 
burned. Parasitic energy demand accounts for the high projected costs of 
CCS (Global CCS Institute, 2012; Herzog et al., 2009; NETL, 2007), and 
cost analyses indicate that carbon dioxide prices or taxation would have 
to rise significantly in order for CCS to become cost-efficient. Energy sys-
tem designs that use the combustion of fossil fuels and capture carbon 
dioxide for storage or re-utilisation are split into three main categories 
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by their methods of capture: pre-combustion, post-combustion and oxy-
fuel (or oxyfuel) carbon recycling and separation.

6.1.4.1.1 Pre-Combustion Carbon Capture. Pre-combustion carbon 
dioxide capture is made possible by separating the carbon-bearing 
 material from other energy-rich materials in the fuel before combus-
tion. This essentially means thermochemical (de-)volatilisation or 
chemical liberation of hydrogen gas from the fuel feedstock, and using 
this for energy generation instead of the carbon-rich constituents.

The pre-combustion technologies have largely been developed for 
coal, such as IGCC – Integrated Gasification Combined Cycle (or BIGCC, 
if using biomass feedstock). In IGCC, the first oxygen-blown gasification 
stage produces syngas, high in hydrogen and carbon monoxide. This is 
then shifted with the Water Gas Shift Reaction (Abbess, 2014, Table 9), 
so that the carbon monoxide is reacted with steam to produce hydrogen 
and carbon dioxide. The major output gases are hydrogen and carbon 
dioxide, which are separated. The hydrogen goes on to the combustion 
chamber, whilst the carbon dioxide is prepared for burial. Heat manage-
ment is important to make this conversion process efficient, as although 
the shift reaction would take place at the same temperature range as in 
the gasification reactor, the processes to remove carbon dioxide would 
in most cases take place at much lower temperatures. It may be possible 
to have the carbon dioxide remain in the gas under some circumstances, 
for example, very high temperature combustion, where the carbon diox-
ide would help control reactor temperatures.

IGCC of coal has been in development since the 1970s, and has 
been given the label “Clean Coal”. The best examples of IGCC are 
perhaps Polk Power Station and the Wabash River Generating Station 
(SourceWatch, 2012), both in the US. In Europe, there were plans origi-
nally to upgrade the Nuon Magnum Natural Gas Combined Cycle plant 
at Eemshaven in The Netherlands to coal IGCC, but these have been 
postponed (Gas Turbine World, 2011; MIT, 2013). The initial plan for 
FutureGen in the US was based on the IGCC design, but it was aban-
doned for “FutureGen 2.0” oxy-combustion, and this project has now 
been shelved.

The important point to note about designs of this kind is that the 
hydrogen from the original feedstock becomes a portion of the product 
syngas, and more hydrogen is added from steam if the syngas is shifted. 
Also, since the gas is also then washed of carbon dioxide, what takes 
part in the combustion is simple hydrogen gas, whereas in the original 
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feedstock, it is in the form of more complex hydrogen-rich or hydro-
carbon volatiles. Firing the hydrogen with pure oxygen means that the 
flue gas from the combustion reactor is less likely to contain contami-
nants, and be mostly composed of steam (water). Supplying pure oxy-
gen rather than air to the hydrogen combustion reactor is a parallel to  
gasification, where oxygen is supplied to avoid inert nitrogen becoming 
part of the syngas, whilst at the same time increasing the temperatures, 
and therefore fuel conversion rates, through encouraging carbon– 
oxygen reactions. It can be seen from this simple generality that the use 
of oxygen in thermochemical treatments is useful in ending up with 
cleaner outputs that are more easy to process.

6.1.4.1.2 Post-Combustion Carbon Capture. Post-combustion carbon 
dioxide capture is thermodynamically disadvantaged in most designs, 
which frequently depend on extensive flue gas cleaning (Bellona, n.d.; 
Global CCS Institute, n.d.), separating  carbon dioxide from flue and 
other exhaust gases, where the carbon dioxide is at low concentrations 
and low pressures in most plant designs – although it may be at high 
temperatures at the outlet of the system, which can assist in capture.  
In addition, it takes energy to then compress the carbon dioxide for 
pumping into the storage location – and in its entirety, this method of 
carbon capture requires the use of a lot of extra primary fuel.

Post-combustion CCS is an expensive adaptation, or retrofit, to exist-
ing power plants, and is a method that can only be employed at “point 
sources” of carbon dioxide, such as power plants, as it would be imprac-
tical and highly energy-inefficient to collect dispersed emissions from 
combustion vehicles and appliances such as cars or domestic gas  boilers. 
Pre-combustion capture, by contrast, could in theory be used as a source 
of hydrogen gas for distribution to vehicle filling stations or delivery via 
the gas grid, as long as consumers had the correct appliances to burn it.

The parasitic load on a conventional thermal power plant to do post-
combustion capture of carbon dioxide and compress it for sequestration 
is estimated at something like 30% (Global CCS Institute, 2012, Page 7). 
In addition, most designs do not seem to offer the possibility of captur-
ing more than around 90% of the carbon dioxide in a post-combustion 
configuration – mostly due to thermodynamic constraints.

Capturing carbon dioxide from a pressurised SOFC-GT is not 
expected to damage the efficiency of operation (Singhal and Kendall, 
2003, Page 373), a great contrast to post-combustion CCS in a conven-
tional power plant.
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If a fuel combustion reactor or electrochemical fuel cell stack is pres-
surised, this would make carbon capture more efficient. One of a num-
ber of methods of Chemical Looping Combustion (CLC) could also 
enable less energy-intensive carbon dioxide separation, by dividing the 
combustion process into reduction and oxidation phases.

6.1.4.1.3 Oxyfuel Carbon Capture. Oxy-fuel combustion (or oxyfuel 
combustion or oxy-combustion) is another centralised capture tech-
nique, where pure oxygen is used in the oxidation/combustion of the 
fuel at a power plant, and where the carbon dioxide-rich flue gas is 
recycled and used to moderate or control reactor temperatures, as it is 
non-flammable. This changes the final output gas profile to be almost 
pure carbon dioxide in steam (water). Simply cooling the flue gas will 
condense the water out, and the carbon dioxide can then be com-
pressed for piping to a sequestration facility, or re-used in other 
 chemical or energy applications. Recycling the gas exiting from the 
combustion reactor operating at high temperatures ensures that as 
much carbon as possible is either fully oxidised to carbon dioxide, or is 
rejected as carbon ash.

Oxy-fuel (oxyfuel) carbon capture is essentially a post-combustion 
method with a high temperature combustion reactor and carbon diox-
ide recycling.

6.1.4.2 Pinch Point: air separation for oxygen

One of the main costs in high-efficiency gasification and combustion 
is the need to use almost pure oxygen for the high temperature oxida-
tion processes. This is normally provided from an Air Separation Unit 
(ASU); however, in the design outlined, oxygen would be a product of 
the production of Renewable Hydrogen in Mode A, promoting higher 
cost efficiency.

6.2 Transition pathways: technology adoption

For Renewable Gas to become widely deployed, there has to be a path-
way for its introduction. Most of the elements of the generic Renewable 
Gas design previously described are already in use in various parts of the 
petroleum oil refinery, Natural Gas processing and chemical industries. 
It would be possible, therefore, that if a major fossil fuel refining enter-
prise were to consider its corporate development over the next couple of 
decades, that it might elect to set up a Renewable Gas system, producing 
either Renewable Hydrogen or Renewable Methane, or a combination, 
amongst its other activities.
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6.2.1 Mode A: the production of Renewable Hydrogen

The production of Renewable Hydrogen is a process element unlikely to 
be seen at the current time at oil and gas refinery, however, that could 
be due to change in the near future. Increasing amounts of hydrogen 
are required in petrorefinery. There are several reasons for this, including 
improvements made in process efficiency, and the evolution in reducing 
waste by-products (Abbess, 2014). With a more divergent range of quality 
in the oil and gas feedstocks being refined, and with an increasing need 
for additives, low sulphur fuels, and a wider range of fuels, more chemis-
try must be done in refinery. An example of this is the focus on process-
ing heavier crude petroleum oils, which yield lower levels of light and 
medium distillates, and leave residua more complex to manage (Ancheyta 
and Rana, n.d.; Rana et al., 2007). To process heavy oils into the usual 
hydrocarbon fractions requires such steps as hydrotreating and hydroc-
racking. The hydrogen that is needed for this petrorefinery is currently 
produced from fossil fuels; for example, the steam reforming (SR, SMR, 
SRM) of Natural Gas, or the separation of hydrogen from gasified refinery 
“bottoms” (ExxonMobil, 2011). The volumes of hydrogen required are 
so large that it would make sense to consider the electrolysis of water 
to source the hydrogen, using renewable electricity to do so. It could be 
envisaged that petroleum and gas refineries erect wind turbines or solar 
farms to be sure of their own renewable power. This perhaps could be a 
way forward to revitalise the quiescent BP Hydrogen programme.

6.2.2 Mode B: gasification

The gasification process element, often referred to as “partial oxida-
tion” in the oil refinery context, is already being used where difficult 
to treat heavy oils and residua are left behind after fractionation in the 
distillation of fossil hydrocarbons (Higman and van der Burgt, 2003, 
Sections 5.3 and 5.4).

Gasification is also used in the processing of Canadian tar sands into 
syncrude – the residue from the primary conversion is gasified to pro-
vide hydrogen for the secondary conversion (Higman and van der Burgt, 
2003, Section 4.2.2; Rettger et al., 2004, 2006).

There is already the ability to feed in various biomass feedstocks 
(Johansson et al., 2012) to gasifiers, and otherwise waste refinery gases 
are also suitable for gasification for the purposes of producing hydrogen 
and syngas (e.g. Breault, 2010; Orhan et al., 2014). If a large-scale slag-
ging gasifier were chosen with a view to consuming all refinery wastes, 
this would embody the principle of zero waste – or rather near-zero-
waste, as long as there were a market for the vitrified final aggregates. It 
would however have carbon emissions implications.
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A fuel cell stack might be an appropriate way to produce hydrogen 
from lighter refinery offgases, but not for complex heavy oils and residua, 
unless it were very carbon-rich and pre-processed into fine particles.

6.2.3 Mode C: Methanation Type 1

The first type of methanation, “CO Methanation”, is already part of 
ammonia production, as carbon monoxide appearing in the feed needs 
to be removed or it could compromise the ammonia synthesis catalyst 
(Abbess, 2014). Methanation could also be used in conjunction with the 
Shell Gasification Process (SGP) (e.g. Sep and Wolff, 2004), or considered 
as part of a Shell Gasification Hydrogen Process (SGHP) (Higman and 
Eppinger, 1994). It could be used as a post-treatment for any thermal 
cracking unit where carbon monoxide is undesired in the output chemi-
cal stream.

(Note: The second type of methanation, “Methanation 2” (Abbess, 2014, 
Table 9) – the reverse of carbon dioxide reforming of methane – tends to 
occur under the same conditions in which the “CO Methanation” reac-
tion is promoted. It is probably the source of much of the carbon dioxide 
produced in a methanation reactor.)

6.2.4 Mode D: power generation

Heat demand at modern petroleum refineries is high, and there is also 
power demand. The benefits of on-site co-generation (Combined Heat 
and Power (CHP)) would be appreciable. Currently, power and heat are 
mostly provided by the combustion of raw feedstock, light condensates 
or distillates, such as unwanted refinery gases (“tops”) or raw Natural 
Gas. However, gasification or “partial oxidation” units have made an 
appearance, to produce power as well as hydrogen and syngas, so heat 
could come from there instead.

As refineries are likely to be creating more unwanted carbon-rich by-
products in future, from the use of heavier hydrocarbon resources, if 
these were to be thermochemically processed into a fine particulate  
state, they could be suitable for DCFC power generation. Power and heat 
could be generated by operating a fuel cell stack that internally reformed 
light refinery offgases to produce hydrogen – which might be more effi-
cient overall than conventional steam methane reforming.

6.2.5  Mode E: Methanation Type 2 and Mode F:  
Methanation Type 3

Carbon dioxide is usually disposed of via ventilation to the atmosphere 
of flue gases and unwanted refinery offgases at Natural Gas processing 
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plant and petroleum refineries. It is generally a minor, unwanted by-
product of a number of processing units. However, as it becomes impor-
tant to industry to capture carbon dioxide and either sequester it or 
recycle it, and particularly as the carbon dioxide content of crude oils, 
condensates and raw Natural Gases increases, the Sabatier reaction 
could help. The economic case for it will probably rest on the volume 
of carbon dioxide that needs to be captured for sequestration (CCS), 
and whether the carbon dioxide gas streams in the plant are high pres-
sure and pure, or mixed and diffuse. Pressure Swing Adsorption (PSA) is 
generally used to remove carbon dioxide under pressure from “shifted” 
syngas to yield hydrogen for use in petrorefinery, and is cost-efficient. 
In gas sweetening plants, carbon dioxide is frequently washed out of 
other gases by the action of amine gas treating units at reasonably 
low pressure, which means the carbon dioxide is not suitable for CCS 
unless the gas is then compressed, for which there is a significant energy 
penalty: Sabatier methanation for recycling the carbon might be more 
cost-efficient.

6.2.6 Mode G: the production of synthetic fuels

Fischer–Tropsch reactions are already being used in, or being planned 
for, petroleum refinery – for example, where heavy oil fractions have 
been gasified, and the plant management want to synthesise light oils 
from the synthesis gas (syngas) produced by gasification (de Klerk, 
2011). Synfuel manufacture methods can be BtL (Biomass to Liquids), 
CtL (Coal to Liquids), GtL (Gas to Liquids), or collectively and non-
specifically, XTL or XtL.

6.2.7 Mode H: gas grid injection

In Natural Gas processing plants, sweetened, dry gas is the main prod-
uct, and is normally taken away by pipeline to customers.

In summary, it can be seen that bringing gasification and methana-
tion into gas and oil processing, and including Renewable Hydrogen gas 
production, and with some conceptual adjustment about feedstock, and 
some gas storage, a Renewable Gas system could be implemented. Where 
Natural Gas processing is conducted in the same facilities as crude petro-
leum oil is refined, all of the units required, and the engineering skills to 
operate them, would already be present and closely located. Gas and oil 
refinery plant take up a large amount of land, so it could be envisaged 
that a Renewable Gas facility could be constructed within the grounds of 
a current installation with minimal intervention required. It could be a 
problem to bring renewable power to the plant for Renewable Hydrogen 
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production, if there were no solar or wind resources in the area, or the 
refinery were to be some distance from a power grid connection, but 
there would be no problem with sourcing water, as oil and gas refinery 
are normally located near the seaports for deliveries, and use water in 
many of the processing units.

The main reason why Renewable Gas system elements will be added 
to modern petroleum refineries is because the future of fossil fuels is 
more diverse, requiring more intervention by increasingly technical 
chemistry. As the era of fossil fuels begins to wind down, the industry 
will turn increasingly to heavier oils, more immature oils, and more sour 
crude oil and sour Natural Gas, and the amount of hydrogen required 
for refinery will rise sharply (Abbess, 2014). A change in direction could 
come about if it was recognised that refinery is sufficiently advanced to 
replace much of the use of heavy hydrocarbon feedstocks with gas and 
liquid components created purely by industrial chemistry, carbon recy-
cling and hydrogen. Although this may seem revolutionary at the cur-
rent time, all the technology is available, and there are suggestions that 
the economic balance may eventually tip away from making complex 
hydrocarbons that substitute for gasoline and diesel, to making high 
technology Renewable Gas for gas-drive vehicles.

6.3 Coal routes to low carbon gas (CtG)

Although there has been significant growth in the use of renewable 
energies, coal is still a major fuel for power generation around the world. 
Until now, in some senses, the development of green power has enabled 
the continuing use of coal, as countries and companies can point to their 
support for renewables as a strong indicator that they are taking steps to 
address carbon dioxide emissions. However, this truce between coal and 
renewable energy cannot continue indefinitely, as international treaties 
and regional regulation stipulate that greenhouse gas emissions from 
coal-burning must begin to turn down. This is probably not possible 
without some disruptive technologies that can remove coal carbon from 
energy systems.

Regional air pollution regulations, such as the European Union Large 
Combustion Plant Directive (EURLEX, 2001, 2001/80/EC), and its suc-
cessor, the Industrial Emissions Directive (EURLEX, 2010, 2010/75/EU), 
will almost certainly prevent some new and replacement coal-fired power 
stations being constructed, and it seems likely that gas-fired power sta-
tions will be built instead. However, there will still be a number of large 
coal-fired power plants across the region.
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Coal remains a valuable fuel, despite its environmental impacts 
on the areas around mines and post-combustion coal ash heaps, and 
on air quality and greenhouse gas emissions in the areas where it is 
burned. If carbon dioxide and other chimney stack emissions can be 
curtailed, it is likely that coal will continue to be used for energy appli-
cations. It has to be borne in mind that economically recoverable coal 
resources are of the order of 100 years or less at current consumption 
and consumption growth rates, according to some projections (GEA, 
2012, Section 7.4.9; Hook et al., 2010; Mohr and Evans, 2009; Patzek 
and Croft, 2010; Rutledge, 2011), which means that new infrastructure 
might only be guaranteed usable for one plant life cycle, unless flex-
ibility in fuelling is included in the design.

6.3.1 Carbonisation, gasification and carbon capture

The carbonisation, or destructive distillation, of coal was one of the 
earliest methods of producing gas, and the total gasification of coal is 
a field with several decades of study and operation. Variations of the 
earliest total gasification reactor designs are worthy of attention as they 
hold out the promise of efficient energy conversion, pollution mitiga-
tion and the opportunity of reducing coal consumption through the use 
of co-firing with biomass, or with agricultural, municipal (Koukouzas 
et al., 2008) or commercial waste, for example, Shell’s Nuon Magnum 
(TREC-STEP, 2011; van der Ploeg et al., 2007; Wang and Massoudi, 2013). 
Innovations could lead to high quality, high pressure carbon dioxide 
streams being capture-able (e.g., Day et al., 2013), which would enable 
coal to produce lower carbon gas and power.

6.3.2 Co-firing

An important short-term step for lowering the carbon emissions from 
coal-fired power generation is to enable co-firing with either biomass or 
a variety of wastes. From research done so far, there are some synergies 
in terms of emissions reduction and energy conversion in co-firing. In 
effect, biomass and/or waste-derived fuels could have a positive catalytic 
effect on the gasification of coal. Coal will probably offer useful energy 
for some time to come, but in the medium term, however, without sig-
nificant means to prevent carbon dioxide emissions, through carbon 
capture or otherwise, coal burning should be ended.

6.3.3 Fuel cell conversion

It should in theory be possible to efficiently and inexpensively oper-
ate Direct Carbon Fuel Cells (DCFC) with coal chars or particles as 
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feedstock – from lower and higher rank coals; however, the emissions 
advantages would be far greater if the fuels were biomass, so this is 
likely to be a superior aim for research and development.

6.3.4 Hydrogen, steam, catalysts and sorption

All measures that introduce more Renewable Hydrogen or Renewable 
Carbon into a gasifier could increase the total available energy from the 
resulting gas fuel, and lower the net carbon dioxide emissions.

The development of hydrogasification has been seen for coal (and 
 biomass) – gasification using a gasifying agent high in hydrogen.

Research is being conducted on an ongoing basis into catalytically 
promoted gasification of coal, and coal char, and sorption-enhanced 
steam hydrogasification (SE-SHR).

6.4 Waste routes to low carbon gas energy (WtE, EfW)

The use of waste materials, whether from agroforestry, local author-
ity refuse, clinical waste, agricultural or industrial waste, or from other 
sources, is variously known as Energy-from-Waste (EfW) or Waste-to-
Energy (WtE), and has significant potential in the short term (e.g. Defra, 
2014; Welfle et al., 2014).

The use of waste materials in energy systems is not strictly carbon-
neutral, as much waste is originally derived from petrochemicals or 
other carbon dioxide-forming mined minerals, or from wood or other 
biomass that used to form a carbon store prior to extraction, that may 
not have been replaced with new growth. However, the use of biologi-
cally derived waste to derive energy is highly strategic, as energy system 
conversion to carbon dioxide is preferable to its eventual natural decom-
position, perhaps to methane, which has a much higher Global Warming 
Potential (GWP) than carbon dioxide. It is important to make a distinc-
tion between biologically derived waste (biomass) that can be anaerobi-
cally digested (composted) to produce methane and hydrogen, and that 
biologically derived material that is non-compostable in the short term 
and so is rightly included in the category of waste.

Countries with managed forests can hope to have higher levels of 
wood waste available in future for energy purposes; however, there is 
likely to be increasingly strong competition between countries for this 
resource, so there should not be an over-reliance on this feedstock 
(Defra, 2012, Figure 1).

The good thing about the prospects for developing energy systems 
that use waste as feedstocks is that there are large amounts of waste 
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in landfill globally that could be used to produce energy, offering the 
potential to remediate the sites, and prevent fossil fuel use at the same 
time. Several countries have blocked further landfill, and federal regions 
are regulating against it (EURLEX, 1999, 1999/31/EC), and yet it will 
be some time before manufacture and commerce cease producing non-
compostable materials which travel to consumers through economic 
activity and end up as waste, so WtE is a useful policy to adopt.

There has been a parallel development between the rise in the use of 
fossil fuels for energy, and a rise in their by-products being used in the 
manufacture of non-compostable plastics. Reducing fossil fuel use and a 
transition to biodegradable plastics and bioplastics will almost inevitably 
mean a reduction in the amount of petrochemical-derived plastics in the 
waste stream (SDC, 2010), which is a limiting factor on strategies for EfW, 
as most of them are probably relying on the high combustion energy 
value of plastics for their economics (Defra, 2011, Figure 2; Komilis  
et al., 2012, Table 5; Themelis and Mussche, 2014). Under the European 
Waste Framework Directive (EURLEX, 2008, 2008/98/EC; WRAP, 2010), 
the total volume of waste is anticipated to decline (Defra, 2011, Figure A.1;  
2014, Chapter 1, Section 24), with more rigour in the application of 
waste hierarchy strategies, which implies a limitation to the scope for 
growth in WtE plant.

Because of the high level of inert or complex composite materials in 
waste, most proposed energy schemes are based around high tempera-
ture gasification. One example is the use of high energy plasma, used 
as a torch to flash gasify very complex materials into useful carbon-rich 
and hydrogen-rich gas products. The types of refuse that were acceptable 
feed for an early Monsanto pyrolysis plant included household appli-
ances, presumably including refrigerators, but not automobiles (Klass, 
1998, Chapter 9, Section V).

The use of fuel cells, for example, DCFC, for the processing of waste 
could be envisaged where the feedstocks are high in carbon, such as 
plastics (Desclaux et al., 2010), and are pre-processed into fine grains to 
permit efficient reaction contact surface area.

6.5 Biological routes to low carbon gas (BtG)

Anaerobic digestion (AD) – the decomposition of recently living matter, 
acted on by microbiological organisms which produce methane and car-
bon dioxide – is likely to provide many communities around the world 
with useful gas and power, particularly in urban areas where human and 
food waste are in abundance, and in agricultural centres of activity.
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The fermentation of biomass to alcohols and hydrogen is another 
 biological route to gas, and liquid, fuels.

Some countries and regions are much farther along the road of 
making full use of their biomass resources than others. For example, 
although there is an issue about the conflict between food and energy 
crops, Germany has over 5,000 local biogas production plants (Siemens, 
2011), and Nepal will have over 30,000 (GPOBA, 2007). In India and 
China, biogas production is an essential part of national energy provi-
sion, and this could eventually also become the case for the countries 
that industrialised earlier.

Climate change is likely to alter policies for land use, to enable contin-
ued high production of food, so the production of energy crops might 
be unable to accelerate. However, many biomass waste streams will con-
tinue to exist, so biogas and the upgraded biomethane are important to 
develop.

Research is continuing into improving AD biogas production and 
consumption, such as combining biogas networks with District Heating 
(DH) (and cooling) networks, and using CHP or co-generation (or tri-
generation) of electricity and heat (and coolth).

Fuel cells, in particular high temperature SOFCs and MCFCs, are likely 
to be able to make better use of biogases than traditional gas engines, as 
they are tolerant to higher levels of inert diluents such as carbon dioxide 
and nitrogen (Larminie and Dicks, 2003, Page 237).

Routes to deriving useful energy fuels from the novel uses of organ-
isms include: the gasification or liquefaction of microalgae, the use of 
unusual Archaea in AD, and the use of pressure in biogas reactors to 
increase methane production.

Biological methanation of renewable hydrogen in reactors fed with 
biogas is possible with suitable microorganisms, as biogas has a high 
carbon dioxide content (Bensmann et al., 2014).

6.6  Hydrobiological (hydrogen-biological) routes to  
low carbon gas (H+BtG)

The chemistry of biologically derived anaerobically digested gas pro-
duces mostly methane and carbon dioxide, whereas high temperature 
thermochemical treatments produce mostly hydrogen and carbon mon-
oxide. However, the general biological process whereby biogas is formed 
has a stage which is high in hydrogen and carbon dioxide. At this point, 
if more hydrogen is added, and a specific culture of microorganisms is 
present, the total production of methane will be greater (Reuter, 2013).
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Another way to produce more methane, if the production of pipeline-
quality biomethane is required from biogas, is to either filter out the 
carbon dioxide, or pass it into an industrial methanation unit with addi-
tional hydrogen gas.

If pipeline-quality gas is not required, simple chemical mixing of 
hydrogen with biogas will produce a gas with a higher heating value 
than the biogas alone.

6.7 System integration

6.7.1 Candidates for process configuration for carbon capture

To enable the carbon dioxide recycling of the generic Renewable Gas 
design, carbon dioxide must be captured. This is most easily done 
where a gas stream – whether input or output to a process stage – is 
at high temperature or pressure, or a simple mix, such as flue gas from 
complete combustion, which is mostly carbon dioxide and water in the 
form of steam.

There are four process configurations that could be considered the best 
candidates for this – although only the oxyfuel/oxy-fuel and SOFC-GT 
designs are currently viewed as having potential for large-scale and cen-
tralised plant.

6.7.1.1  Chemical Looping Combustion (CLC), Absorption-Enhanced 
Reforming (AER) and Calcium Looping (CaL)

The CLC process design, first patented in 1954 (Lewis and Gilliland, 
1954) for the production of pure carbon dioxide, and named in 1987 
(Proll and Hofbauer, 2011), uses a metal oxide as an oxygen carrier. In 
the first reaction chamber (the air reactor) metal is oxygen-loaded. Then 
in the second chamber (the fuel reactor), the metal oxide mediates oxi-
dation of the fuel, giving up its oxygen to become metal once more. 
Then the metal passes back to the first chamber to take on a fresh load 
of oxygen. The main usefulness of this process is that it permits the use 
of air for oxidation, as it separates nitrogen from carbon dioxide in two 
final output flue gases, making it straightforward to create a pure stream 
of carbon dioxide, when the water (steam) has been condensed out. 
The fuel can be in gas, liquid or solid form, but the more complex the 
feedstock, the more the gas will need cleaning after oxidation. A CLC 
design could be implemented as a Dual Circulating Fluidised Bed (DCFB) 
gasifier, a twin reactor system with differing control conditions in each  
(TU Wien, n.d.).
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Absorption-Enhanced Reforming (AER) (e.g. Heffels et al., 2014; Specht 
et al., 2009) and Calcium Looping (CaL) or SEWGS (Sorption-Enhanced 
Water Gas Shift) (e.g. Cormos, 2014) are other forms of chemical loop-
ing that could progress gasification – the latter calculated to be capable 
of 95% carbon dioxide capture.

6.7.1.2  “G Twin”: indirect pyrolysing gasifier and reformer  
(indirect gasification)

Many recent designs for gasification configured for biomass feedstock 
have a combustion chamber alongside the gasifier, to provide heat to the 
gasifier. This is known as indirect gasification. Feedstock is first gasified 
at medium temperatures, then the combustion chamber provides the 
heat indirectly for the gasification chamber by the combustion of the 
syngas, the biotars and biochar produced by the gasifier. If the desired 
output is electricity, all the syngas can be combusted; alternatively, if 
the desired output is syngas, only part of the syngas is combusted. Part 
of the flue gas from the combustor can be recycled to the gasifier to 
control the temperature and the balance of the thermochemical reac-
tions. The simplified chemistry of dividing the process into two stages 
can result in increased efficiency of conversion (e.g. Materazzi et al., 
2013). It may also be possible to make use of sorbent-enhanced gasifica-
tion to treat deleterious chemistry and combine both reactors into one 
(e.g. Heidenreich and Foscolo, 2015, “UNIQUE” reactor concept). The 
final flue gas from the combustion chamber should be principally car-
bon dioxide and water if the temperatures are sufficiently controlled in 
both reactors.

6.7.1.3 Oxy-fuel/oxyfuel combustion – Allam Cycle and White Rose

There are two forms for the NET Power process, designed by Rodney Allam 
(Allam, 2013). The first uses gasification of coal, and then combusts the 
resulting syngas. The gasification is probably intended to be done at a 
high temperature to maximise the conversion to gas. In the second form 
of the design, there is no gasification stage, as Natural Gas is the fuel 
directly used in the combustor. The combustion in both cases produces 
a gas high in carbon dioxide, and this is recycled into the gasification 
reactor (in the case that the fuel is coal), as a temperature moderator 
or gasifying agent. Carbon dioxide is also recycled into the combustion 
chamber in both forms of the design. The net produced gas is high in 
carbon dioxide and water in the form of steam, and it is straightforward 
to separate these.
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The White Rose CCS project is being developed by a consortium of 
Alstom, Drax and BOC in the UK. It is designed to use the oxyfuel pro-
cess for the combustion of coal, and capture the carbon dioxide from 
the flue/exhaust gases from the oxy-boiler, recycling a part back into the 
combustion chamber.

6.7.1.4 Hybrid Solid Oxide Fuel Cell with gas turbine (SOFC-GT)

In design terms, this is similar to indirect gasification, having parallel 
reactors; however, the gasifier is replaced by a fuel cell stack, utilising 
electrochemical liberation of electricity and gas by-products from the 
fuel, in preference to the thermochemical reactions in a gasifier. Several 
fuel cell designs could be developed, but the most appropriate could 
be the SOFC. A design hybrid, using methane in an internally reform-
ing fuel cell to produce power, and then combusting the syngas output 
using a high-efficiency gas turbine, appears to offer optimum energy 
conversion and is already in use (Bullis, 2013; GE, 2014a; Kuramochi 
et al., 2009; Maurstad et al., 2006; NFCRC, 2002, 2004; Siemens, 2002; 
Singhal and Kendall, 2003, Chapter 13). With appropriate flue gas recy-
cling and gas species adjustment before or after it is fed into the fuel cell 
stack, the final output gas could be “clean” – with high levels of just two 
gases – carbon dioxide and steam (water). Fuel input flexibility could 
make hybrids of this kind suitable for use with a range of Renewable Gas 
feedstocks – whether rich in methane or not (Singhal and Kendall, 2003, 
Section 12.1). Suitable gas phase fuels would include (bio)digester gas 
(biogas from AD), biomethane (uprated or upgraded biogas), sewage gas, 
landfill gas, industrial waste gas, and mixes of biogases and industrial or 
petrorefinery offgases. Pre-treatment gasification of the feedstocks may 
be necessary to eliminate some long carbon chain hydrocarbons; and if 
pre-treatment becomes standard, the use of small amounts of coal could 
be justified, as known as the “integrated gasification fuel cell cycle” (e.g. 
Keairns and Newby, 2010); however, the overall destination of the car-
bon would need to be carefully accounted for.

The method of fabrication of the ceramic electrolytes (Singhal and 
Kendall, 2003, Chapter 1) in an SOFC stack has been the determining 
factor in their longevity if the stack undergoes frequent thermal cycling. 
So large-scale SOFCs, ramping up and down for power regulation, such 
as would be required for grid load-balancing, could seem unachiev-
able. In addition, the high temperatures inside the SOFC stack, typi-
cally between 700 and 1,000°C (Singhal and Kendall, 2003, Chapter 12),  
would need to be maintained for optimum fuel use efficiency  
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(Singhal and Kendall, 2003, Chapter 13), another factor precluding the  
frequent turning up and down of an SOFC power generation stack. 
Furthermore, gas flow regime changes could lead to over-oxidation or 
under- oxidation of parts of a fuel cell which could lead to unfavourable 
“redox” chemistry and equipment damage.

With the generic design being considered, power generation is not 
required all the time. It could be that an SOFC stack could be designed 
with two modes so that it can operate continuously: power mode – when 
generating power, and gas mode – when assisting with Renewable Gas 
production. It is now thought possible to design and build solid-state 
fuel cells which could switch between several efficient modes of opera-
tion that prevent redox damage and electrolyte cracking, particularly as 
fabrication methods are improving (e.g. Basu, 2007). One option that 
could enable SOFC to be used in the generic design considered here 
would be to switch hydrogen-fuelled SOFC stacks to SOEC or solid oxide 
electrolysis cell mode (Brisse et al., 2010, Section 9.3.2; Klotz et al., 2014). 
In SOFC mode, the stack would be producing power, and in the SOEC 
mode, the stack would be electrolysing water to produce hydrogen – so 
flipping between Mode D and Mode A.

Another switchable SOFC design could be an internally reforming 
SOFC that takes Natural Gas or methane as fuel. When not in power 
generation mode, it would increase its production of hydrogen through 
maximising the production of syngas – another way of switching between 
Mode D and Mode B (Hemmes, 2010, Section 10.4), or between Mode D 
and Mode A. It would need to be determined if a hybrid SOFC-GT design 
could be adapted to support these mode switches (Singhal and Kendall, 
2003, Section 11.6).

Combining hydrogen production with fuel cells for power plants 
would be a larger-scale version of the regenerative fuel cell design used 
by the National Aeronautics and Space Administration (NASA) for space 
applications (NASA, 1989), and related to Francis Thomas Bacon’s origi-
nal design for the Alkaline Fuel Cell (AFC) (Larminie and Dicks, 2003, 
Section 5.6).

6.7.2 Doubling down on doubling up: peaker plant design

In a Renewable Gas “peaker” power plant, used to meet power demand 
peaks, and load balance variable renewable electricity, all the carbon is 
intended to be recycled internally, and no carbon is intended to leave 
the plant in the form of syngas for producing fuel, or methane for gas 
grid injection. In this case, Mode B for gasification of the input fuel 
is only needed to bring carbon into the system if any is lost from gas 
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“leakage” – where carbon dioxide needs to be rejected in small quanti-
ties from some units, and the most efficient way to do that is as flue 
gas vented to air. Most of the carbon is recycled by carbon dioxide cap-
ture and fresh gas-making through methanation with new Renewable 
Hydrogen.

In this version of the Renewable Gas design, Mode B, gasification, 
will not be operating at the same time as Mode D, power generation. 
Therefore, there is no need in principle to have separate oxidation 
equipment for the Mode B gasification and Mode D power generation. 
This would be in the case that the combustion–gasification reactor is 
designed to take either biomass or methane-rich fuel. This could theo-
retically be achieved with an Allam Cycle design, as the methane-rich 
fuel mode would match the Natural Gas mode of the NET Power design, 
and the biomass fuel mode would match the coal mode of the NET 
Power design.

Using the “G Twin” design, in gasification mode (Mode B), air or 
 oxygen (a by-product from the production of Renewable Hydrogen in 
Mode A) would be introduced into the gasifier with biomass, perhaps also 
with steam, as gasifying agent and fluidising medium. In power genera-
tion (Mode D) with methane from the store for fuel, only oxygen would 
be added, and the reactor can be expected to run at a higher temperature, 
so maybe some of the flue gas rich in carbon dioxide would be recycled 
for temperature control – heat would be drawn to produce the power.

For a chemical looping implementation in the gasification mode 
(Mode B), some types of biomass in the fuel reactor might not be suit-
able, and in addition, recycling carbon dioxide into the fuel combus-
tion side might detract from the oxidation. In power generation mode 
(Mode D), methane from the store would be the fuel, and that could be 
expected to work optimally.

In general, for gasification mode (Mode B), followed by methanation 
(Mode C), process heat from methanation (Mode C) could be used to pre-
treat the biomass fuel for gasification (Mode B), and compress or liquefy 
the methane for storage. In this case, there would be no need for a carbon 
monoxide or syngas store, as biosyngas would be methanated directly 
upon its production (Mode C) when in gasification mode (Mode B), and 
taken to the methane store.

An SOFC could be used as both an internally reforming methane-to-
syngas unit (Mode B) or an electrical power production unit (Mode D), 
thereby reducing the number of separate processing units required. 
Another option would be to alternate operation of a fuel cell stack between 
SOFC (Mode D) and SOEC (Mode A) as required.
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6.7.3  Doubling down on doubling up: Sabatier reaction  
versus syngas methanation

In Mode D in the generic system design, power generation is via the 
reaction heat of the combustion of methane from the store, and this 
produces carbon dioxide which is either stored or methanated with 
Renewable Hydrogen (Mode E or Mode F), and destined for the methane 
store once more. Mode E and Mode F make use of the Sabatier reaction, 
as they methanate carbon dioxide, but in system integration terms, this 
is not strictly necessary, as there is already a process arrangement for 
making methane from carbon monoxide, in Mode C.

If instead of a CLC arrangement, Mode D is conducted as Chemical-
Looping Reforming (CLR) (Proll and Hofbauer, 2009), then with the 
feedstock of methane from the store, reformer gas, or syngas, is pro-
duced, much like the steam reforming of Natural Gas. The hydrogen 
can be separated for combustion for power production, and the carbon 
monoxide can be methanated using Mode C.

In CLR, combustion of the fuel is intentionally incomplete to avoid 
the production of carbon dioxide as much as possible; however, some 
will probably end up in the gas output. This would be inert in the meth-
anation of carbon monoxide, unless the catalyst were appropriate for 
carbon dioxide methanation as well (Habazaki et al., 1998).

The kinds of biomass that may be used as fuel in CLR might be 
restricted; however, a number of bio-oils have been tested (Dupont, 
2011), so this could be a solution where biomass has been pyrolysed 
elsewhere, then transported as bio-oil to a place of power generation.

There are two configurations for CLR – autothermal (CLR(a) or CLRa) 
and steam (CLR(s) or CLRs) (Lyngfelt, 2007). The precise arrangement 
would be dependent on the levels of carbon dioxide and water in the 
syngas that would not take part in the methanation and would need to 
be filtered, condensed or washed out.

6.7.4  Doubling down on doubling up: heat management  
and heat integration

The exact choice of power generation and methanation route would need 
to be decided by heat-balancing and integration, as well as consideration 
of side effects, the efficiency of catalytic activity, and by-products. The 
elements with the highest need for thermal management are below.

6.7.4.1 Combustion in power generation (Mode D)

For power generation in Mode D, using a conventional gas turbine, 
energy input for ignition of the methane–oxygen combustion/oxidation 
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reaction is fairly insignificant, but internal temperatures can be high, 
for example, 1,200–2,000°C, when there is high oxygen availability. 
CLC and “G Twin” can be tailored to bring the fuel reactor tempera-
tures down to a more manageable level, whilst keeping it high enough 
for power generation: in CLC by metal oxide flow rate control and in “G 
Twin” by carbon dioxide recycling. By contrast, the NET Power designs 
could be interpreted as relying on the highest possible combustion 
temperatures.

In power generation Mode D, conducted as CLR, the steam reforming 
of methane (SRM or SMR) needs activation energy from a reactor in a 
temperature range above around 1,040°C (Kim et al., 2010, Figure 4) and 
is essentially two reactions end to end that both produce hydrogen –  
the reaction of methane with steam, which is endothermic, and the 
Water Gas Shift Reaction – the reaction of carbon monoxide with steam, 
which is exothermic. In total, this reaction is endothermic (Abbess, 
2014, Table 9), as it is essentially the Sabatier reaction in reverse. The 
hydrogen produced is combusted to produce power. Some of the heat 
of that combustion will presumably need to be directed to keeping the 
CLR unit in operation.

If power generation (Mode D) is performed by a fuel cell stack, this 
will be electrochemical “combustion”, and internal temperatures can 
be finely tuned. An SOFC or a MCFC will have a high internal tempera-
ture, in the region of 700–1,000°C, and expected to be operated continu-
ously to manage heat efficiently. However, if a fuel cell stack were cycled 
between two modes – one for producing power (Mode D) and one for 
reforming or synthesising gases (Mode B), the internal temperature and 
the temperature of exit gases could swing, and so heat-balancing would 
become an issue. Excess heat for the particular mode would need to be 
used in other parts of the design.

6.7.4.2 Methanation (Mode C, Mode E, Mode F)

In Mode E and Mode F, using the carbon dioxide produced by Mode D 
and hydrogen from the store, the Sabatier reaction methanation com-
mences with an activation energy derived from a reactor temperature 
in the range of 148–527°C (Verostko and Forsythe, 1974); higher than 
about 546°C, the thermal cracking of methane becomes spontaneous, 
mitigating any further methanation (Abbess, 2014, Table 9). The reac-
tion proceeds in both directions, and needs to be maintained in the 
direction of methane formation by the use of catalysts. The reaction 
is exothermic, meaning that net heat is produced during the reaction, 
and this heat energy needs to be removed from the reactor to prevent 
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cessation of methane formation. It may be possible to use some of the 
reactor heat from Mode D to initially activate the Sabatier reaction, but 
thereafter, the heat generated should make it self-sustaining.

Mode C, the methanation of syngas, will operate favourably in a reac-
tor at a temperature of 280–400°C (Kopyscinski, 2010), and involve 
several reactions which are all exothermic. Some carbon dioxide will 
be produced, so theoretically, the Sabatier reaction (the methanation of 
carbon dioxide) could also take place.

6.7.4.3 Other thermodynamic questions

There may be some advantage to combusting some of the methane from 
the store in Mode D in the CLC configuration and some in the CLR 
configuration in parallel, or running CLC and CLR in series, in order to 
balance out carbon oxide species, or heat recovery and exchange, but 
this might lead to duplication of equipment.

Steam reforming of methane is used in the petrochemical industry 
for the production of hydrogen, but that is not required in the generic 
system design under consideration, as hydrogen can be produced by 
electrolysis. However, if there were thermodynamic advantages of using 
CLR over CLC, then it might be useful to use part of the methane store 
to top up the hydrogen store.

6.7.5 Further heat integration

Methanation is exothermic, and heat is required to prepare biomass for 
gasification, and raise the temperature of the gasification reactor, so nat-
urally there is a synergy between gasification and methane gas-making.

Using the heat in this way does not necessarily reduce the efficiency of 
the whole energy conversion system, as methanation is essentially a way 
to lock the energy value of Renewable Hydrogen into the gas.

6.8 Pinch Points

Whichever energy conversion is considered, there will be bottlenecks 
in chemical reactions or heat flow. The “pinch points” of the generic 
design are considered below.

6.8.1 Pinch Point: carbon slip

In some of the pathways to methanation, in particular the methanation 
of syngas, not all the carbon can be converted, or at least, not in the 
main process or first pass. Early operational plant, such as those designed 
to produce Synthetic Natural Gas from coal, had several catalytic 
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methanation stages in series (BP, 1972). Residual carbon dioxide will 
almost certainly appear, and from past experience, it seems likely that 
something like 3% of the carbon, in the form of carbon dioxide, will end 
up having to be separated from the other gas products and discarded, 
through venting to air, as it will not be of sufficient density, pressure 
or temperature to be usefully captured and recycled. Other inevitable 
carbon slip could come from the important gas cleaning stages in the 
chemical conversion of biomass to useful energy fuel gases. In a central-
ised Renewable Gas power plant, there would be no losses due to gas 
pipeline transmission, but there may well be some loss of gas during 
storage, either long-term storage of carbon dioxide or methane. Carbon 
could also be lost in any parasitic energy loads requiring combustion of 
one or other fuels for auxiliary purposes, such as gas cleaning, washing 
and filtering – unless hydrogen can be used for fuel.

Unless the input feedstock is biomass, there is therefore an inevitable 
net emission of carbon dioxide to the atmosphere, but on a small scale, 
maybe less than 5% of the total carbon input. This makes a Renewable 
Gas power plant as carbon-abated as a thermal power plant with 95% 
post-combustion carbon capture, which compares favourably with post-
combustion CCS, where, for reasons of thermodynamics, most proposals 
offer the prospects of a maximum of 90% capture. The Renewable Gas 
power plant can also achieve this significant carbon emissions abate-
ment without requiring a system for permanent underground seques-
tration of carbon dioxide. In addition, it would avoid the parasitic fuel 
demand for CCS.

The step change in this proposal is that a Renewable Gas plant would 
not be introducing carbon-rich fuel on a continual basis, so the 5% car-
bon slip would be from the use of much less carbon-rich fuel than in a 
once-through thermal power plant. The total carbon dioxide emissions 
could be as low as 2–3% of a conventional thermal plant, so somewhere 
between 10 and 30 g CO2/kWh. The exact figures could only be deter-
mined by extensive modelling and demonstration plants.

6.8.2 Pinch Points: the production of Renewable Hydrogen

The management of carbon through recycling in the generic design for 
Renewable Gas depends on an input of hydrogen gas. At the present 
time, hydrogen is produced mostly from fossil fuels, which results in 
carbon dioxide emissions. In addition, Natural Gas, which is mostly 
methane, is often the source of hydrogen used in industry and for petro-
chemical refinery needs. However, it would not make any carbon sense 
to use hydrogen produced from fossil fuels to make methane.
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6.8.2.1 Making hydrogen from excess renewable generation

A number of PtG proposals have been put forward that make use of 
“spare” renewable electricity. The output of wind power and solar power 
installations can vary quite significantly, and there are some days, and 
even some hours within various days, where there is too much electric-
ity production for local demand. In the UK, there is a steadily rising 
amount of “constrained” wind power – generation that is turned down 
as the grid network does not have the capacity to transmit it, or there is 
not sufficient load to utilise it. How much excess renewable electricity 
generation that could in future be made available for hydrogen pro-
duction and other uses depends on a number of factors, including how 
much new “nameplate” or rated capacity is installed.

Germany is a prime example of what is possible. As of 2 April 2014, 
the country had 33.668 GW (gigawatts) of installed wind power capac-
ity and 36.858 GW of installed solar power capacity (Fraunhofer, 2014, 
“Electricity production from solar and wind in Germany in 2014”). As of 
29 October 2014, the country had 35.678 GW of installed wind power 
capacity, and 38.124 GW of installed solar power capacity. This can be 
compared to 16 October 2013 when the country had 32.513 GW of 
wind and 35.651 GW of solar (Fraunhofer, 2013).

Rated capacity does not always translate into power generation, as 
renewable resources such as wind and solar energy are variable. However, 
the figures show that Germany’s renewable energy policy is achieving its 
aims. In 2013, wind and solar power generated 76.9 TWh (terawatt hours), 
and the country exported 31.4 (32.3) TWh (Fraunhofer, 2013, Slide 8) 
from their national power network, which was more than 20 TWh above 
the average export of 2003–2005 (Fraunhofer, 2014, Slide 7). In the first 
eleven months of 2014, German wind and solar plant generated 75 TWh 
of electrical power.

The increase in renewable electricity generation has clearly had an 
impact on levels of power exports. For the time being, there is an export 
market for this power, but that situation could change in the short to 
medium term. Germany is one of several neighbouring countries grow-
ing its renewable electricity generation, roughly in line with its National 
Renewable Energy Action Plan, a schedule that each country in the 
European Union has devised to meet the Renewable Energy Directive 
of 2009. The continued implementation of these plans suggests that 
the rate of growth in “excess” renewable electricity generation could 
be of a similar order of magnitude in other countries. In the period 
from January to May 2014, Germany exported 16.1 TWh of power, so 
the final figure for exports in 2014 could well be higher than in 2013. 
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Between January and May 2014, wind and solar generated 37.7 TWh, 
8.7 TWh more than in the same period in 2013.

Since the rates of power consumption across Europe could rise, but 
coal-fired generation is scheduled to be terminated, it would need to 
be replaced by gas-fired power and renewable generation. Therefore, 
although they are currently very varied, there could be similar rates of 
growth in renewable electricity deployment across European countries 
in future, which would deny Germany the opportunity of exporting 
its excess power. A first-order projection based on this growth data in 
renewable electricity suggests that Germany could be unable to export 
somewhere in the region of 40–60 TWh of power annually by 2030. The 
question would then be – what can be done with all that essentially zero-
cost electricity, roughly 10% of national power demand, and an energy 
equivalent of roughly 5% of national gas demand for all purposes? The 
German Department of Energy (dena, n.d.) is seeking to implement a 
Power-to-Gas strategy to answer that question. The plan is to make gas 
from spare power and inject it into the gas grid, where it can be stored 
from season to season. It could also be stored underground in depleted 
gas fields. The strategy is aiming for 10% of German gas to be renew-
ably sourced in future – 2% from Renewable Hydrogen, and 8% from 
Renewable Methane and biomethane.

Although Germany is planning for renewable electricity capacity 
that will enable them to displace 10% of their Natural Gas consump-
tion within ten years, warnings about slowdowns in renewable energy 
investment in the UK suggest that “spare” wind and solar power there 
could be far less than in Germany. A rough estimate based on a range of 
assumptions about onshore and offshore wind power, and solar power, 
in the UK, could put the figure at around 5 TWh of excess renewable 
electricity generation annually in the 2025–2030 time frame. Therefore, 
for the British, although Renewable Gas could initially be developed 
using Renewable Hydrogen made by the electrolysis of water, its expan-
sion would depend on other routes to hydrogen production.

6.8.2.2 Renewable Hydrogen from biomass: biomass to hydrogen (BtH)

If it can be accepted that carbon dioxide emissions from the energy use 
of biomass are technically carbon-neutral as far as net loading of the 
atmosphere goes, then Renewable Hydrogen can be made from biomass 
by simple thermochemical or more complex biological techniques – 
and the carbon dioxide vented. However, this has several disadvantages. 
Notably, there are questions about the long-term reliability in the avail-
ability of some types of biomass, and also there is likely to be strong 
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competition for the most energy-dense and uniform kinds of biomass. 
Second, there are continuing questions about the net carbon balance 
of the production and use of some kinds of biomass, in particular, tree 
wood. Third, it is inefficient to obtain hydrogen gas from biomass and 
then discard the carbon-containing by-products, especially as this could 
make hydrogen production from biomass more expensive than other 
methods, owing to the quantities of raw materials required. On this 
point, it should be noted that there are ongoing projects aiming to raise 
the percentage of hydrogen make from the thermochemical treatment 
of biomass, and these rely on the use of steam as an input, thereby incor-
porating the hydrogen from the water (Ni et al., 2006, Section 3). In 
a sense, in these methods, the biomass is the promoter or catalyst in 
the thermolysis of water, and this means that regions of the world with 
water stress, remote from the oceans, would not be able to apply these 
techniques (Gandia et al., 2013, Section 1.3.1.2, Page 14).

6.8.2.3 Renewable Hydrogen from thermochemical processes

The thermochemical treatment of biomass, principally gasification, fast 
high temperature pyrolysis coupled with combustion, and the steam 
reforming (SR) of the products of pyrolysis and gasification, could 
become economically competitive with the steam reforming of methane 
(SMR or SRM), which is the most prevalent way that hydrogen is cur-
rently produced. In much the same way that water is used beneficially as 
a gasifying agent for coal feedstocks, steam gasification (SG) of biomass 
has been widely researched for higher hydrogen gas yields.

Fast high temperature pyrolysis of appropriate biomass feedstocks 
produces bio-oil of a sufficient composition for gasification. The benefits 
of this approach are that fast high temperature pyrolysis can be done on 
the medium scale and does not require an oxygen supply, for example, 
from an ASU: despite advances in air separation, air separation could 
remain relatively costly. Bio-oil is more compact than raw biomass, so 
having bio-oil produced in a decentralised fashion, and having bio-oil 
transported to centralised gasification facilities, would enable a more 
efficient biohydrogen production system than mobilising raw biomass. 
In addition, with this two-stage approach, it can be possible to minimise 
undesirable compounds reaching the gasification stage.

6.8.2.4  Renewable Hydrogen from catalysis, sorption  
and chemical looping

The ash content of biomass can act as a catalyst for gasification, and so can 
biomass char. The addition of a range of other catalysts has been researched. 
Biomass ash is composed of inorganic compounds, and by extension, 
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the use of inorganic salts has been trialled for catalytic effects, including 
molten salts. Dolomite and olivine rock are often used for catalytic effects. 
Sands have been used as an aid to gasification – with a utility not only as a 
catalyst, but as a functional device to ensure heat transport in fluidised bed 
designs, and good contact between solids and gas. Some process designs 
have several types of catalysts all in the same reactor. Using the carbon 
dioxide acceptor calcium oxide (quicklime or burnt lime) as a sorption 
enhancer can raise the production of hydrogen in gasification, and largely 
prevent tar formation (He et al., 2013, Section 6.5.7). The limestone cycle 
has also been deployed in Chemical Looping Gasification (CLG) (Huang 
et al., 2014). Sorption, as in the established CO2 Acceptor Process, permits 
the capture of carbon dioxide during the thermochemical process, which 
can then be efficiently sequestered or re-used, as a relatively pure stream of 
carbon dioxide is produced when the sorbent is regenerated.

6.8.2.5  Renewable Hydrogen from Aqueous Phase Reforming (APR)  
and Supercritical Water Gasification (SCW, SCWG)

Hydrogen production relies principally on the use of water, either in the 
liquid or vapour phase, as the hydrogen-to-carbon ratio of many fuels 
can be low. From one perspective, the fuel is acting more as a catalyst for  
hydrogen evolution than the source of the final hydrogen gas. Taking 
this concept of carbon-rich-fuel-as-catalyst, water-as-hydrogen-source 
further, very low grade carbohydrate and hydrocarbon feedstocks have 
been trialled in gasification and other thermal treatments, such as in 
Aqueous Phase Reforming (APR) and Supercritical Water techniques  
(SC, SCW, SCWG) (He et al., 2013).

6.8.2.6 Renewable Hydrogen from microbiological processes

Anaerobic dark fermentation and photofermentation have been usefully 
researched (Martinez-Merino et al., 2013). Photofermentation needs a 
large land area, and has low conversion efficiency, but dark fermen-
tation appears to be promising, and does not need large open spaces. 
Direct biophotolysis, to split water through the use of photosynthetic 
organisms, and indirect biophotolysis, with several stages, could be rela-
tively more costly, considering the relative time taken to produce the 
hydrogen. The direct use of enzymes on a range of sugars is in develop-
ment (e.g. Lewis, 2014b).

6.8.2.7 Renewable Hydrogen from WtH: waste to hydrogen

Although post-consumer and industrial waste is not carbon-neutral, the 
use of waste to produce hydrogen is a good use of otherwise unusable 
material. Organic waste should preferentially be composted instead, 
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so the remaining inorganic or inert waste would have a low hydrogen 
ratio, unless it is high in plastics or stable biologically derived polymers 
or solids.

6.8.2.8 Renewable Hydrogen from the sun: solar hydrogen

This is a suite of techniques that aims to directly split water using 
concentrated solar energy and oxygen carriers (Roeb et al., 2013). For 
example, there has been recent research showing that this can be done 
in a single stage, deploying metal oxides in a similar way to chemical 
 looping – known as isothermal redox (Muhich et al., 2013).

6.8.2.9 Renewable Hydrogen methods: by-product carbon

In the biological and thermochemical treatments of biomass for hydro-
gen production, there is generally some carbon oxide, or biochar output. 
Some of this resource could be used for the carbon required as input to 
the Renewable Gas power plant design. This would be perhaps more 
efficient than using fossil fuels or fresh biomass as the source of carbon.

6.8.2.10 Renewable Gas dependency on Renewable Hydrogen

There are many research projects into the production of Renewable 
Hydrogen, and some of these are likely to bear fruit within ten to fifteen 
years. For example, the American Department of Energy have ambitious 
plans for cutting the cost of industrial-scale production of clean hydro-
gen. It must be kept in mind, however, that deciding to embark on a 
programme to develop Renewable Gas requires taking a calculated risk 
that Renewable Hydrogen production can be scaled up. Like all new 
energy systems, there must be a certain amount of speculation in initial 
investments, and a good deal of focus on priorities. Although Renewable 
Gas produced from biomass could be the basis of low carbon transport 
fuels and home heating, concentrating on the carbon recycling “peaker” 
power plant concept is possibly the best initial option for demonstra-
tion, as this would be a relatively compact and independent project.

6.8.2.11  Electrochemical methods for the production of  
Renewable Hydrogen

Renewable Hydrogen production from water by fuel cell electrolysis, 
such as PEMFC, is an efficient technique – the only proviso being that 
the electricity consumed needs to be from renewable resources. To pro-
duce significant quantities of Renewable Hydrogen therefore depends 
on strong growth in renewable power generation. Partially decarbonised 
hydrogen can be economically produced by PEMFC electrolysis using 
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grid power in industrialised countries where the contribution from 
renewable electricity is rising (ITM Power, 2014a, “Grid Connected”).

6.8.3 Pinch Point: methanation efficiency

The main problem with taking syngas up to methane is that the reac-
tion stages are not perfect – there is generally significant residual carbon 
oxide gas remaining in the methane. This means that there is usually a 
separation or further reaction stage of one kind or another after a metha-
nation stage, or series of methanation stages. In the first development of 
SNG from coal through gasification, several methanation reactor stages 
were used (e.g. BP, 1972), and it can be effective to pass the products 
of gasification through methanators at different temperatures with dif-
fering catalysts, to push the balance of the chemical reactions along a 
desired pathway.

However, any extra process stage implies a drop in overall energy con-
version efficiency, and so the ideal scenario would be accenting methane 
production in the gasifier itself. The integration of methanation into 
the main gas production process in the gasifier is the opposite choice 
to directing the process equilibrium – the net result of the combination 
of chemical reactions that take place in the gasifier – towards hydro-
gen in the form of syngas. Catalysts are being developed to enable the 
methanation pathways in a variety of process designs, tilting the gas 
balance towards lighter hydrocarbons and away from hydrogen. The 
implications are that longer chain hydrocarbons than methane may be 
produced, or that the overall efficiency is lowered; however, the heating 
value of the products could be higher than a hydrogen-rich output.

6.8.4 Pinch Point: economics

Owing to democratic pressure resisting underground carbon dioxide 
storage, and the projected costs, coal power emissions in Germany, as 
just one example, are unlikely to be abated in the near term by CCS. 
The imperative to displace coal-fired power generation must be met in 
the short term therefore by low carbon electricity generation, but vari-
able renewable electricity sources cannot do that on their own, because 
the resources are variable in output, whereas coal- and gas-firing can 
be constant, providing “baseload”, always on, generation. Despite the 
fact that Natural Gas remains relatively low cost, the economics are 
poor for maintaining and operating a gas-fired power station only on 
an on-demand basis, for when renewable generation is low. Several gov-
ernments have considered “capacity” payments or similar subsidies to 
keep gas-fired power plants out of “mothballs”, on standby for “backup” 
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to wind and solar power. These subsidies could be justified, if they are 
made on the basis that a prerequisite for qualification for the subsidy is 
to take slightly more expensive Renewable Gas fuel rather than Natural 
Gas. If gas-fired power plant operators were to take this option, it would 
drastically lower the net carbon dioxide emissions of the plant, and this 
could stand them in good stead in the case of an imposed carbon tax, 
levy or fuel quota. This is one way in which Renewable Gas production 
could be supported in its early stages.
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7.1 The policy waymarker

The British Government, in language similar to that used by other gov-
ernance bodies, have identified an energy “trilemma”: of having to 
design policy that meets the needs of the combined criteria of energy 
security, climate security and economic stability (DECC, 2014b). Energy 
policy should build in safeguards for energy supply and energy demand 
control; meet the Carbon Budgets set out by the Climate Change 
Committee under the articles of the Climate Change Act of 2008 (CCC, 
2013), whilst ensuring affordable energy provision, and sustaining 
energy markets, without destabilising the wider economy. It may seem 
that the way forward for policy points in several different directions 
at once, like a city centre waymarker; however, a common framework 
for policy can be constructed, provided that counter-productive require-
ments are removed and enabling measures adopted.

Counter-productive conditions include the declaration of a level play-
ing field for all players in the “energy mix”. As a very first step, it is 
important to recognise that not all energy technologies are equal, and 
that energy system considerations can outweigh individual technology 
choices (Platt et al., 2014). The governance language that asserts neu-
trality in energy technology choice has no utility in meeting the energy 
trilemma – governments cannot be “technology-blind”, or “technology 
agnostic”, in policy.

Secondly, there has been an unhelpful assumption that the private 
sector can leverage the finance needed for the construction of profit 
centres in the energy system, such as power plants and gas production 
facilities. When setting policy, it is necessary to consider global and 
national economic health indicators, and how these might impact the 

7
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capital commitments and cash flow condition of the energy companies. 
It might be difficult for private energy companies to embark on signifi-
cant investment at this time, and so it might be that the optimal way 
forward is to consider some parts of energy systems as infrastructure 
assets rather than private enterprises, to permit state-led financing and 
ownership, especially since market economies are naturally resistant to 
large-scale projects.

Thirdly, it is absolutely essential to recognise that effective energy 
demand control measures must be implemented and enforced by policy, 
as the transition to a low carbon energy economy cannot be effected 
quickly without strong energy conservation. The growth in renewable 
electricity, although rapid, will not necessarily be sufficient of itself to 
meet the carbon budgets in the time allowed, and so the deployment 
of renewable power, low carbon gas and energy conservation must be 
advanced in parallel.

Fourthly, the carbon balance of any alterations in the energy system 
must be carefully considered, both through risk analysis and carbon 
flows analysis. For example, it is important to avoid high levels of gov-
ernance intervention where there are risks of low outcomes in measures 
intended to curtail carbon dioxide and methane emissions.

Fifthly, the energy sector should not be considered in isolation from 
the rest of the economy, which is highly dependent on the energy sector 
being successful. The energy sector needs new investment and it needs 
to be decarbonised, but this needs to be a smooth transition, and so 
piecemeal or fragmentary responses are not sufficient.

Finally, it is necessary to consider the economic impact of Renewable 
Gas.

7.1.1  Why we cannot be “technology-neutral” or “technology 
agnostic” in transforming and re-investing in energy 
systems

7.1.1.1 Climate change demands a rapid response

The Fifth Assessment report from the United Nations Intergovernmental 
Panel on Climate Change (IPCC, 2014b) confirms earlier analysis, and 
indicates that the time frame for significant emissions reduction is at 
best two decades, in order to safeguard a stable climate. Although there 
are opportunities for Research and Development, it is clear that the tech-
nology toolkit that we have now is the one from which we need to 
deploy solutions. In addition, the energy installations that are quick-
to-build should be used by preference. Given the two decade window, 
it is not acceptable to base policy for electricity generation on power 
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plants that cannot be built and made operational within ten years. This 
rules out most new designs for fission nuclear power plants, and defi-
nitely rules out fusion nuclear power plants. Besides de-selecting a pref-
erence for Generation III or Generation IV nuclear power plants, and 
unproven Small Modular Reactors, it also rules out starting to build any 
new nuclear reactors where the lead time to generation could be subject 
to delays. This eliminates entirely greenfield nuclear reactor sites from 
consideration. It might be possible to build new nuclear reactors at exist-
ing installations within two decades, and there are somewhere between 
sixty-three and seventy-two new nuclear reactors currently under con-
struction worldwide (IEA, 2015; Kee, 2015), but policymakers should 
always look to the state of ongoing nuclear power projects globally to 
assess the risks of this strategy failing through overruns.

The requirement for energy plant to be “quick-to-build” rules out 
Carbon Capture and Storage (CCS) projects for the most part, where 
continuing high cost implications, including higher operating costs 
from increased fuel use for post-combustion configurations, have meant 
continued resistance to the application of CCS. Carbon markets do not 
appear to be creating an actionable charge on carbon dioxide emissions, 
so without a radical reform of the price of carbon, which would be 
politically unpopular, economically damaging, and complex to enact, 
CCS might well remain cost-effective in only a small number of circum-
stances, such as carbon dioxide re-injection into Natural Gas fields where 
the carbon dioxide content of the Natural Gas is high (Enhanced Gas 
Recovery), and where carbon dioxide injection into oil wells enhances 
oil recovery (Enhanced Oil Recovery). Trading mechanisms for carbon 
could keep the cost of emissions low enough to pass the costs on to end 
consumers without altering the levels of emissions. It will be near-nigh 
impossible to implement effective absolute carbon quotas on fossil fuel 
production, and there are many economic forces working against the 
imposition of an effective carbon tax or carbon (floor) price. The risk is 
that the price of carbon cannot be lifted sufficiently in the next decade 
or so to stimulate CCS investment.

The development of some new energy resources, such as shale 
gas, Underground Coal Gasification, coalbed methane (CBM, coal 
seam gas), shale oil, tar sands oil and heavy oil, is ongoing, and in 
some regions such as the US has been successful in the short term. 
However, the carbon dioxide and methane emissions implications 
of bringing on these new resources have not yet been fully appreci-
ated, particularly as regards fugitive emissions in production, aban-
doned (Davies et al., 2014; Kang et al., 2014) and depleted wells, the 
emissions resulting from their production and refining, and the final 
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destination of the residual by-products of producing and refining.  
It is not clear if the production of shale gas, in particular, can be signifi-
cantly developed within two decades in the UK (Howell, 2014; Pöyry, 
2014) and other regions, as geological, political, social and economic 
conditions are unique to each shale deposit, and so it will inevitably 
take time to develop.

Marine, wave, lagoon, estuary and other tidal power projects are 
potentially very significant, but some views are that they still have 
several decades to mature, so their development should not be central 
to energy or climate change policy. Many of these are large projects, 
and although they are highly technically feasible, it is unreasonable to 
expect markets to unlock major capital when there is so much lingering 
economic uncertainty.

The only technologies that are “quick-to-build” and that can defi-
nitely respect the carbon budget are renewable electricity from wind 
power, solar power, small hydropower, geothermal resources and gas. In 
the very short term, this gas can be Natural Gas and still meet emissions 
requirements, but in the medium to long term, gas energy should be 
transitioned to be Renewable Gas. Natural Gas is therefore a “bridge” to 
a low carbon future, although it is not a final destination.

A full risk analysis of a country’s energy sector and the steps needed to 
be taken to transform it to low carbon status might suggest that should 
wind or solar power fail to live up to expectations, development of new 
nuclear power, CCS and indigenous unconventional fossil fuels may be 
necessary as a stopgap plan, but these technologies should not be or 
become the primary focus of policy, as they do not meet immediate 
carbon budgetary requirements, neither for the most part could they 
contribute to energy security in a short time frame. Work to bring these 
technologies forward should not in any way hinder attention given 
to energy conservation and the deployment of renewable energies, 
although not all renewables can be deployed rapidly. Of note, grand 
marine and tidal energy projects are likely to be too long in duration to 
meet carbon budgets in a timely fashion. No subsidies or grants or other 
investment financing mechanisms for longer-to-build technologies 
should be permitted to undermine the continuing progress in planning 
for large wind power projects, nor must they be allowed to prevent con-
siderable additional solar power generating capacity. Since Renewable 
Gas development is going to take a couple of decades to be widely estab-
lished, it could seem consistent to dismiss focus on low carbon gas. 
However, a way to transition out of Natural Gas must be prepared, as 
countries and regions will still be relying on gas energy for at least the 
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next six decades to a century, if not longer, yet not be able to afford the 
expenditure from their carbon budgets for Natural Gas.

The combination of renewable power and gas is a solution that 
can work for all types of economies and enterprise, and at all scales. 
Industrialised countries with already-established gas and power grids, 
plant and other infrastructure are well placed to ramp up the deploy-
ment of renewable electricity technologies and displace coal-fired power 
plant with gas. Developing countries with partial grids can deploy on-
grid and off-grid renewable power, and biogas, if not Natural Gas, for 
off-grid applications as well as on-grid. China and India are examples of 
nations that have a well-developed biogas capability and can therefore 
rely on gas to support their renewable power systems development.

Strategies and incentives to reduce the impacts of coal-burning by 
co-firing, or substitute firing with biomass, may not address local envi-
ronmental legislation concerning air (EC, 2013a), soil and water quality 
and, in addition, may not render the power plants truly low carbon in 
a full life cycle analysis (Clark, 2014; Harrabin, 2013; Stephenson and 
MacKay, 2014). Proper carbon accounting may yet conclude that the 
optimal course of action will be to relegate the large-scale combustion of 
solid fuels for the generation of power to the history books, and instead 
transition to a gas-to-power regime, with a view to decarbonising the gas 
supply at source.

Policy recommendations would be: legislate against coal combustion 
for power generation using a variety of rationales, increase the flow of 
capital and finance to renewable electricity, continue developing the 
gas supply market, promote gas-fired power generation, and incentivise 
Renewable Gas production asset-building.

For the UK context, the European Union (EU) Industrial Emissions 
Directive (IED), which follows on from the Large Combustion Plant 
Directive (LCPD), is one driver that could displace coal combustion 
from the electricity generation mix, although there are compliance 
“loopholes” that could keep coal plants open (Jones and Worthington, 
2014). Legislation was originally introduced to control sulphur dioxide, 
nitrogen oxides (NOx), metal and particulate emissions, but if existing 
coal power plants close, the side effect would be to also influence car-
bon dioxide emissions. In the UK, the Energy Act of 2013 introduced an 
Emissions Performance Standard (EPS), which will effectively bar new 
unabated coal-fired power generation (Brown, 2014a, 2014b), as the per-
mitted carbon dioxide emissions will degress in stages over the next few 
decades. Since it is unclear when CCS could be available to abate the 
carbon dioxide emissions of coal-fired power, the outcome of instituting 
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the EPS is that, in the very short term, investment decisions for new 
generation plant should be shifted from coal technologies to gas, or the 
EPS cannot be implemented by the dates set. The EU is also implement-
ing a suite of measures and instruments to harmonise and grow the gas 
market (EC, 2013b, 2014a), in parallel with the electricity market, that 
should percolate down to the UK. This, in combination with continued 
international diplomatic efforts to secure access to Natural Gas (FCO, 
2014; Yee, 2011), should address the short- to medium-term gas supply 
needs for the UK (Ofgem, 2012), even as it switches from coal to gas.

What is currently missing from British policy is a mechanism to grow 
and accelerate renewable electricity generation, consistently, account-
ably and predictably (Harvey, 2013), and a mechanism to promote the 
decarbonising of gas supplies, beyond the preliminary work that has 
been done with biomethane injection into the gas grid (DECC, 2014c). 
These two policy strands are perhaps the most important, and yet the 
most underdeveloped, and it is to be hoped that this will not remain 
the case.

7.1.1.2 Energy system efficiency and integration

Gas and power are highly complementary, and the integration of gas 
and power in developed countries enables high system efficiency. For 
example, a great deal of energy can be distributed by a relatively small 
gas pipeline, and so handling rapid heating or cooling demand swings 
by using gas energy obviates the need to build a far greater number 
of power generation plants, and reinforce electricity transmission net-
works. Decentralised electricity generation in Combined Heat and Power 
(CHP) plant, whether using gas engines or gas-fed fuel cells, can reduce 
electricity grid transmission losses (Basu, 2007, Page 3). Gas is especially 
important as a backup to variable or intermittent renewable electricity 
generation, as gas-fired power plants are highly flexible and responsive. 
Without gas-fired generation, a far higher number of renewable electric-
ity installations would be needed, to compensate for the sawtooth wind 
and undulating solar generation.

Gas can also act as a seasonal storage mechanism, which is crucial 
as cold months heating demand can be nearly an order of magnitude 
higher than in warmer months. Even with a comprehensive insulation 
plan for all buildings, energy demand in winter weeks could still be 
far higher than power grid capacity, which would also need to provide 
home charging for electric vehicles, as these gradually arrive off the pro-
duction lines. Electrical heating should therefore be considered as less 
desirable than gas central heating, until air, ground and water source, or 
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gas-absorption, heat pumps are much improved, and used in very well-
insulated buildings.

The integrated gas and power networks are a key feature of the 
North American and European energy sectors, with companies such as 
National Grid, which maintains gas and power grids and load balanc-
ing services in the US and the UK, occupying a sphere of action that is 
to all intents and purposes in the public sector. There is considerable 
government policy support for gas and power, for example, within the 
EU, which will apply common standards of compliance and service to 
all levels of the energy networks, including fuels, as well as supporting 
trade in energy, which requires a strong interface with transmission and 
distribution operators.

Power and gas can be partners at all scales of operation. For exam-
ple, the National Grid’s Short-Term Operating Reserve (STOR), which 
frequently calls on gas-fired power plants (National Grid, 2014a), is 
designed to enable the balancing of supply and demand in the case of 
emergency generation shortfalls over the whole power grid in the UK. 
By contrast in scale, manufactured gas can also act as a good backup 
for remote off-grid island renewable energy systems (Carter, 2013; IPHE, 
2011; PURE, 2008), and in Germany, biogas has been researched for its 
capacity to supplement and balance local renewable power (German 
Renewable Energy Agency, 2013). With the anticipated steep climb in 
the adoption of renewable electricity, which is variable and intermittent 
over all timescales, flexible gas generation will be increasingly sought 
after to provide backup. Ultimately, it will be considered that a region 
can never have too much wind power capacity (WWEA, 2014) – as 
excess can always be stored in the form of gas. Power plants that are 
“always on” and providing “baseload” generation will become increas-
ingly inappropriate in this context. For businesses, hospitals and other 
organisations that wish to have independent power for energy security, 
the option of gas-fired power and heat, and on-site gas storage systems 
are going to offer a far lower emissions profile than coal, diesel or oil 
versions, and offer improved local environmental safety.

Although electrical power has a high utility in every setting, gas is 
normally considered to be restricted mostly to power generation and 
use in buildings for heating purposes. However, there is no reason why 
gas cannot come to have much more utility outside buildings, such as 
in the area of transportation, where it will complement electric drive. 
There are already a number of initiatives to develop Compressed Natural 
Gas (CNG) and hydrogen distribution and filling station networks for 
use by adapted internal combustion engine (ICE) and fuel cell vehicles.  
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As fuel cell development continues to be strong, it can be anticipated 
that gas refill facilities could be installed at docks and train stations for 
use by seagoing and railway fuel cell-powered electric vehicles (DNV, 
2012). The use of gas in fuel cell-powered electric trains could eventu-
ally permit the eradication of costly and dangerous overhead cables 
and electrified lines, which would be highly useful in areas with higher 
risks of storminess, owing to climate change. The use of gas in fuel 
cell-powered electric ships, or gas in dual fuel diesel engines, would 
help meet the need to reduce ocean and atmospheric pollution from 
marine-based transportation, as demanded by the Marine Pollution 
(MARPOL) treaty (IMO, 2014). The use of gas in transport is likely 
to become key in addressing a range of public health and safety con-
cerns, as well as providing a way to prevent urban and global warming 
from the combustion of diesel, petrol (gasoline) and heavy oil bunker 
fuel. Gas-powered aircraft have a precedent in the form of space-going 
rockets, although these relied on the combustion of gas, rather than 
the electrochemical liberation of energy used in fuel cells. A transi-
tion to fuel cell electric propeller aeroplanes can be easily envisaged 
for smaller aircraft, and could be invaluable in increasing efficiency in 
flight, thereby reducing emissions.

Gas is highly flexible as an energy vector, and there are good pros-
pects for the increased use of gaseous fuels for transportation, in tan-
dem with the deployment of electric power solutions. The use of gas 
and electricity in land-based transport, coupled with the use of lighter 
vehicle components, could potentially offer fuel cost savings and sys-
tem efficiencies. The distribution of gas and power could be handled 
more efficiently by grid and pipeline, rather than the road-dependent 
tanker trucks used for liquid fuel deliveries. This change of transport 
fuel delivery mechanism would undoubtedly affect the vertically inte-
grated oil businesses, and also to an extent the power supply compa-
nies, and so a compensatory mechanism should be developed. This 
should not be monetary, in the form of subsidies or tax breaks or sim-
ilar transactions. The “subsidy candy” paradigm to enable change is 
perhaps broken, especially when everybody lobbies for it. Instead, the 
petrol (gasoline) and diesel fuel oil distribution and storage businesses 
should be permitted to have premium access to contracts for delivering 
the new integrated gas-and-power distribution networks. This could be 
justified on the basis of economic protection, as failing oil businesses 
would cripple a number of market activities and investment funds, so 
support for the low carbon evolution of these companies should be an 
inherent policy thread.
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The efficiency of energy systems is a valuable goal in meeting the 
energy trilemma, and so policy should always be directed towards that 
aim. The sector with the highest capacity to deliver efficiency sav-
ings is in space heating – the heating of buildings. For oil companies 
to migrate to being gas-and-power integrated solutions delivery com-
panies, it would be appropriate for them to be awarded the contracts 
for delivering District Heating (DH) networks, where the heat from 
the combustion of gas, or electrochemical conversion in fuel cells, is 
piped to the local neighbourhood in a configuration known as CHP or 
co-generation, with DH. The cost of land for new energy plant could 
be exorbitant, particularly in urban areas; however, diesel and petrol 
delivery businesses are already locally rooted in the form of filling sta-
tions, which would therefore be appropriate locations for new CHP/DH 
schemes as well as filling stations for renewable electricity, CNG (Natural 
Gas, compressed on site), fossil hydrogen, Renewable Hydrogen and 
Renewable Methane.

In the H2BER project, being developed by McPhy, ENERTRAG, Total 
and Linde, renewable electricity, water and both biogas and Natural Gas 
arrive at the filling station for the planned new Berlin airport; biogas is 
stored on-site; Renewable Hydrogen is produced from renewable elec-
tricity and also stored on-site; and vehicles can tank up with electric-
ity, Natural Gas/biogas or Renewable Hydrogen; and any surplus biogas 
injected into the regional gas grid (ENERTRAG, n.d., 2013; McPhy, 
2014). This is a large scheme, but could be replicated on the smaller 
scale, minus the biogas storage.

A local filling station in any urban setting could take the gas grid 
feed, make hydrogen using fuel cell technology (e.g. internally reform-
ing Solid Oxide Fuel Cell, IR-SOFC), and provide for customers to fill 
up on methane, hydrogen or power as appropriate. It could addi-
tionally provide electricity for the grid or local area, and heat for the 
local DH network. It could store surplus heat under the forecourt in 
water, in the tanks that previously held petrol (gasoline) and diesel 
fuel. Alternatively, the tanks could hold cryogenically liquefied hydro-
gen (boiling point: −252.9°C) and methane (boiling point: −161.5°C), 
which could be used to deliver coolth in a District Cooling network, or 
heat exchanged and combusted to provide heat and power on demand. 
This local energy station would be efficient in responding to power 
and heat demand peaks in the area – for example, home car charg-
ing in the evening – if local area network power and heat metering is 
adopted. If the stored heat at the filling station is no longer required or 
has degraded in a water tank, if an SOFC is on-site, it could be switched 
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to Solid Oxide Electrolysis Cell (SOEC) and convert stored water to 
additional hydrogen. An SOFC/SOEC unit could be relatively compact 
(Minh and Mogensen, 2013). In addition to this unit, a container-sized 
unit would be necessary for the storage of the manufactured Renewable 
Hydrogen (McPhy n.d.), and another could be needed for the produc-
tion of Renewable Hydrogen from water (e.g. ITM Power, 2013b, PEM 
fuel cell). Local CHP/DH/filling stations such as this could respond 
to peak power demands in the morning and evening, that can cor-
respond with heat demand peaks, and reduce inefficiency in the main 
power grid, as well as utilising the heat of combustion of the fuel, in 
contrast to centralised power generation plant. To supply Renewable 
Methane and Renewable Hydrogen to customers, the gas in the grid 
would need to have been decarbonised at source; that is, the gas pipe-
line network would need to be distributing Renewable Gas. Although 
this proposal would be suitable for urban settings, other arrangements 
would be needed for rural areas – based around locally produced biogas 
and locally generated renewable power.

It is likely with a transition of this scale that the current gas supply 
and distribution companies would be best-placed to take a large share of 
this work, at least in urban areas, and so there would not be market com-
petition issues. A strategy to deploy localised CHP/DH in many places 
would not conflict with energy conservation programmes for buildings, 
as they would “meet in the middle” on demand and supply of energy, as 
they develop in parallel.

A very strong positive outcome of this system of vehicle fuelling 
would be that heavy goods vehicle (HGV) road traffic would decrease, as 
the energy could all be delivered by pipe and wire instead of tanker truck 
or lorry. Rural areas with sufficient renewable power and gas production 
potential could become partially off-grid, which would reduce the bur-
den on centralised energy production systems.

At the scale of the individual building or household, because of their 
potential efficiency, gas-fuelled fuel cells used for co-generation, or tri-
generation of heat, power and cooling, could theoretically shave carbon 
emissions from this sector, even before low carbon gas is provided in 
the grid.

A strategy for integrated gas-and-power appears to be optimal. It is 
not clear if a similar scope for increased energy system efficiencies can 
be offered by other resources or resource-and-technology combinations. 
For this reason, policy should prefer the deployment of gas-and-power 
solutions over other choices.
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7.1.1.3 Convergent global strategies

The scope for global economic and political progress offered by the 
adoption of gas-and-power strategies is another reason why govern-
ments should not be technology-neutral in energy policy.

The ambitions of countries could align if a gas-and-power strategy 
is pursued, and this could enable improved international relations 
going forward. For example, the Russian Federation is expected to want 
to retain a favoured position in the global community based on its 
energy assets and its willingness to trade across the whole of Eurasia. 
International concern about its territorial ambitions could perhaps be 
negotiated down in exchange for preferential gas trading relationships. 
In particular, Russia could become a major producer of Renewable Gas 
owing to the biomass growth of its large boreal forests. Iran could be 
encouraged to increase its Natural Gas production to trade on the global 
markets, in exchange for inwards investment in integrated Renewable 
Gas and solar power systems – the kind of “technology transfer” 
enshrined in the United Nations Framework Convention on Climate 
Change (UNFCCC) Kyoto Protocol, Article 10 (UNFCCC, 1997). From 
a diplomatic point of view, for Iran to pursue integrated gas-and-power  
energy system designs, and abandon its civilian nuclear power ambi-
tion, could offer a significant advance, as the dialogue with the Inter-
national Atomic Energy Agency (IAEA) has been mired in circling 
negotiations which seem to principally focus on the sourcing, supply 
chain and disposal of radioactive materials. Other Middle Eastern and 
North African (MENA) countries could also forward their aspirations 
by adopting gas-and-power energy systems, particularly given the vola-
tility of petroleum oil prices and concerns about the arrival of Peak 
Sweet Crude – from both a supply and a demand viewpoint. Current 
and anticipated growth in demand for heavy and sour crude oils of all 
kinds would run counter to both carbon and sulphur emissions control 
measures, so an alternative track needs carving out. MENA countries 
could meet goals in economic development by trading gas and renew-
able electricity with Europe, as long as a timetable of decarbonisation 
of the gas flows using Renewable Gas technologies is designed in. This 
could help to maintain a balance in the relationships that Europe has 
with the MENA area, both at risk from Peak Oil – whether that stems 
from supply or demand factors. China and India could meet a consid-
erable part of their clean air and other local environmental ambitions 
by adopting gas-and-power, and in addition make progress on their 
respective global warming commitments.
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In having already implemented a gas-and-power system, albeit one 
that could be vastly improved, North America and the EU have led the 
way on energy system efficiency and integration. For other regions and 
countries to pursue the same system concepts, whether with or without 
universal grid networks, would enable technology trade without hav-
ing to navigate matters of intellectual property – gas-and-power inte-
gration is not newfangled or a proprietary concept. In addition, a great 
deal of collective learning could be done, and advances made, if more 
countries were to follow the gas-and-power route and also head towards 
Renewable Gas.

There is expected to be strong and rising demand for Natural Gas, 
whether via pipeline or in the form of shipped Liquefied Natural Gas 
(LNG) in Asia. If the normal supply regions and routes become strained, 
the development of Renewable Gas would be a welcome in-country 
addition to supply volumes, even if new resources of Natural Gas can be 
brought to market.

7.1.2  Why we might need to develop gas as public 
infrastructure assets

Apart from road transport deliveries of bottled cryogenically liquefied 
energy gas – propane or Liquid Petroleum Gas (LPG) – the vast majority 
of gas in the British economy is supplied by pipeline. Because pipelines 
are laid out in a grid unchanged in the medium term, the gas distribu-
tion network is rightly considered part of the national infrastructure.

By contrast, since privatisation of the energy sector in the latter part 
of the 20th Century, gas-fired power generation has been considered 
private enterprise. However, since gas-to-power plants are responsive to 
demand, they have become prone to being left on standby, called on for 
responding to peaks in power demand, or losses of “baseload” genera-
tors such as nuclear power plants. This is one of a number of factors 
that can dent the economic balance of running the gas-to-power plants, 
if generating hours become too small to satisfy the financing arrange-
ments. As a consequence, some gas-to-power plants have been moth-
balled or even shut down completely. Yet in the future, gas-to-power 
will be a vital component of the lower carbon electricity generation mix.

The Electricity Market Reform (EMR) in the UK has an element for a 
Capacity Mechanism to subsidise a bank of standby new and existing 
flexible generation – which would include gas-fired power plants (HMG, 
2013; Phillips, 2014). This may or may not stimulate the construction 
of new gas-fired power plants, as the need for extra gas-to-power will 
mostly depend on the amount of variable generation absorbed into the 
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grid, or the level of retention of unreliable units, such as nuclear power 
plants. However, the capacity market auctions should in theory keep 
some existing gas-fired power plants from closing.

There are several weaknesses with the Capacity Mechanism approach. 
For example, because of the “technology-neutral” or “technology 
 agnostic” policy, coal-fired power generation is technically eligible 
to compete for Capacity Mechanism payments, but it is hoped that 
this eventually becomes untenable, considering other legislation. 
Additionally, there is no guarantee that capacity payments will be made 
to as-yet-unconstructed power plants, and the funds may be ineffi-
ciently used to maintain failing older plants. The Capacity Mechanism 
also runs the risk of supporting the inefficient conversion of energy, 
such as the use of gas in cheaper power plants, for instance, the Open 
Cycle Gas Turbine (OCGT) design, which are far less efficient than a 
modern Combined Cycle Gas Turbine (CCGT) installation. Crucially, 
the Capacity Mechanism is capped through auction, and the allocations 
may be clustered into expensive projects with long lead times, such as 
new nuclear power, meaning that there might come a point where desir-
able levels of flexible gas-fired generation capacity cannot be bought 
into the energy marketplace.

One way to answer a capacity crunch in the event of the Capacity 
Mechanism failing could be to create a special category of capacity sub-
sidy, supporting “always-on” baseload gas-fired power plants that can 
increase capacity on demand by a certain amount. These plants would 
then also be eligible for another subsidy under the Energy Act – the 
“Contracts for Difference” or CfD, which are considered to be a replace-
ment for the concept of Feed-in Tariff (FiT) subsidies, formerly used for 
solar power, and are directed at low carbon energy supply (DECC, 2013a; 
Fairley and Andrews, 2014; Low Carbon Contracts Company, 2014), and 
intended to support the financing of new generation. However, double 
subsidies would certainly garner much negative criticism, particularly if 
by extension of the principle they were also offered to coal-fired power 
plants. There might be a good case to make for offering double subsidies 
only to those gas-to-power generation technologies which are efficient 
but inflexible, such as some designs of fuel cells, for example, large-scale 
SOFC plants.

In the UK, the preliminary results of the first Capacity Auction 
(National Grid, 2014c) suggest that the Capacity Mechanism appears to 
have been interpreted as a means for “keeping the lights on” (Ofgem, 
2013, 2014) in any way possible, without having to directly subsidise 
new generation plant or pay attention to the environmental emissions 
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implications of energy technologies. In addition, Capacity Mechanism 
payments from this first round will be directed partly to “baseload”, 
or always-on generators, such as already-existing coal-fired and nuclear 
power plants, undermining the rationale for the subsidy. Furthermore, 
the Contracts for Difference “strike prices” appear to have been set high 
enough to print money for costly new nuclear power projects, con-
centrating limited state subsidies on large, centralised projects, with-
out considering the impact on the need to stimulate strong growth in 
decentralised renewable electricity such as wind and solar power. It is 
important that measures to guarantee power from flexible generators 
facing economic risks should be implemented in parallel with the delib-
erate deployment of variable renewable energy: no capacity payments 
should be made if renewable electricity projects are being halted, as 
this would be a direct windfall for existing coal-fired and nuclear power 
plants, which will gain economic advantage while renewable electricity 
deployment is scaled back.

If the Capacity Mechanism and the Contracts for Difference Feed in 
Tariffs do not stimulate new, flexible, electricity generation, another way 
to answer the problem of unmet low carbon generation capacity could 
be for the state to build and own gas-fired power plants. A case to jus-
tify this could easily be made – as this state-financed gas-fired genera-
tion would support the balancing of the supply of electricity, which is 
already a responsibility of the state, conducted through the offices of the 
National Grid. Gas-fired power plants would effectively be considered to 
be power system protection facilities, and as such could be built through 
tax revenue expenditure. An increased dependency upon Natural Gas 
for power generation is making the question of gas storage rise in impor-
tance, and here too, government financing could be easily justified.

A policy framework of this nature would place gas-fired power plant 
and gas storage facilities in the category of infrastructure, just as the gas 
and power grids are, and their construction could easily be accorded the 
value of assets of national interest.

Existing “baseload” power generators could survive the onslaught of 
renewable electricity, and capacity payments made to flexible gas power 
plants, if they were to re-purpose their coal-fired and nuclear power 
plants as hydrogen or methane production facilities – especially if they 
can build in carbon capture or carbon recycling.

It is not only the UK where the gas-to-power capacity problem is 
being felt – other countries in the EU are also facing a potential crisis of 
generation capacity (Caldecott and McDaniels, 2014), and similar solu-
tions to the UK’s Capacity Mechanism are being worked through. Some 
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European countries remain strongly dependent on coal-fired power 
generation, such as Germany, even despite its impressive advances in 
renewable electricity (Fraunhofer, 2013, 2014), and a relapse into coal-
fired generation in countries like Germany and the UK needs to be 
prevented. Therefore, a policy focus with the ambition of increasing gas-
fired generation will likely emerge. However, the investment landscape 
for new energy plant is likely to remain unstable, so there is therefore 
the potential need for CCGT power plants and gas storage facilities to be 
converted into a public asset class across the EU. Gas storage facilities – 
along with border interconnectors, and LNG shipping terminals – will 
attract high level civilian force protection as a consequence of energy 
security policy, and this may well become true of CCGT plant. It would 
therefore make a lot of sense for the security services to be guarding 
national assets.

Although heat and power services may become highly decentralised 
in future, it is hard to conceive of the manufacture of some forms of 
Renewable Gas in any setting apart from a centralised facility. Whilst 
biogas, biomethane and some biohydrogen can be produced “in the 
field”, Renewable Gas processes that involve carbon recycling and high 
temperature reactors are only likely to be efficient at the industrial plant 
scale. It is therefore hard to envisage small players entering this particu-
lar market, and so competition is anticipated to be largely absent – along 
with the drivers for cost reductions and new Research and Development. 
This is an additional rationale for state-led investment and deployment 
of new low carbon gas manufacture and carbon recycling assets, espe-
cially as Renewable Gas systems with carbon recycling would need to 
have power generation co-located with gas manufacture, taking them 
into the nationally managed power grid system.

7.1.3 Why energy demand management is critical

The Natural Gas extracted from underneath the North Sea and the sur-
rounding land has been a major resource for Europe, but the indicators 
are that this gas province is overall in significant decline. Although trad-
ing relationships for importing gas into Europe are currently favourable, 
in future they might become less so, for example, because of market 
competition from other parts of the world. It could take several decades 
to develop a significant Renewable Gas production industry, and this is 
likely to be essential, especially as it is not yet clear if shale gas extraction 
could provide a significant replacement for depleting Natural Gas – not 
even in the UK, where the prospect of shale gas is fêted. Energy secu-
rity considerations therefore suggest that a crucial policy would be to 



182 Renewable Gas

implement strong energy efficiency and conservation measures, whilst 
also developing indigenous energy resources, including Renewable Gas. 
Efficiency with the use of energy is not only relevant for the end user – it 
is also important in energy conversions – the transformation from one 
kind of energy to another. The historical development path of energy 
systems has built-in inefficiencies that should ideally be addressed as 
soon as possible.

In the UK, for example, the “Dash for Gas”, in the 1990s and beyond, 
saw Natural Gas used as a fuel for power generation rise from roughly 
2.5 to 32.0 million tonnes of oil equivalent (mtoe) annually between 
1992 and 2010 (DECC, 2013b). Since this was by and large in centralised 
power stations, with no local uses for the heat of combustion, this heat 
was all disposed of as waste – in 1995, this was something like 68.4 mtoe 
from all power stations. Although increasingly efficient plant has been 
deployed, which is possible with gas fuel, in 2013, 44 mtoe of energy 
is still being wasted, mostly as heat, in energy conversion at power sta-
tions. This is equivalent to the whole of end use energy demand in the 
residential or domestic built sector – 43.8 mtoe in 2013. Strikingly, this 
figure is also comparable to the amount of Natural Gas that is imported 
into the UK – 46 mtoe in 2013, (although 9.4 mtoe is then exported), 
making this issue central to energy security planning. The vast propor-
tion of energy used in the home is for space and water heating, and so 
it emerges that centralised power plants are losing to the environment, 
unused, roughly as much heat energy as is needed in the entirety of the 
nation’s homes.

The rational conclusion is that gas-fired power generation needs to 
become more localised to centres of population where the heat can be 
used instead of lost – a model of decentralisation, or distributed genera-
tion (DG). The model of local CHP with DH should therefore be adopted, 
and this will need incentivising in the British context, as it will be a rever-
sion to an historical model of energy administration, and will require the 
co-operation of local town and city authorities. The work being done 
with urban solar power community-scale projects and independent 
energy co-operatives could be used as a foundation for local authorities 
to commence CHP/DH projects – using the same models of engagement. 
It is to be hoped that central government will see the national interest 
in removing gross energy system inefficiencies, and promote and finan-
cially support local authorities and communities in constructing renew-
able energy and CHP/DH energy efficiency schemes, despite austerity 
measures constraining the social budget, and despite the centralised 
energy sector continuing to lobby for advantages (Monbiot, 2015).
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Despite some countries in Europe taking a strong lead on implement-
ing decentralised energy projects, which will undoubtedly influence 
direction, it will still take several decades for the region as a whole to 
decentralise electricity generation sufficiently to remove most of the 
inefficiencies of heat losses from centralised power plants. Some cen-
tralised power plants will need to remain, for grid load balancing dur-
ing peaks and troughs, but the heat could be used if the centralised 
electricity generators brought on the development of the manufacture 
of Renewable Gas – as the chemistry would be most efficient with heat 
input. For this to happen, there is likely to be a need for a Renewable 
Gas Obligation placed upon the centralised power generators – an obli-
gation to manufacture renewably some of the gas that they combust to 
generate electricity. This would be a regulation mandate, not a subsidy, 
although early Renewable Gas plant would probably need state financial 
support, as “First Of A Kind” construction costs will put it at a disadvan-
tage compared to incumbent technologies. In the UK, a Renewable Gas 
Obligation could be an extension to the existing Green Gas Certification 
Scheme operated by the Renewable Energy Association for Biomethane 
injected into the national gas grid (Green Gas, 2014).

A Renewable Gas Obligation is also likely to be necessary for the fossil 
fuel production companies – the obligation to substitute some of the 
Natural Gas that they are supplying into the economy, and some of the 
Natural Gas they are using in refinery, to be replaced by Renewable Gas. 
Where a fossil fuel production company is also an electricity generator, 
their obligations to both supply and consume Renewable Gas instead 
of Natural Gas could be met by the same investments. Their develop-
ment would be an economic stimulus, as the Renewable Gas technol-
ogy and plant would most likely be commissioned from third parties 
in engineering groups. A corollary to this would be that a Renewable 
Gas Obligation placed on companies like BP and Royal Dutch Shell 
could facilitate the necessary transition from the production and con-
sumption of liquid transport fuels to gas phase transport fuels. As most 
Natural Gas production companies are also producers of crude petro-
leum oil, developing Renewable Gas production capability could com-
pensate for the decline in demand for refined oil products as alternative 
vehicle fuelling increases. Again, the Renewable Gas Obligation would 
be a mandate, not a subsidy – fossil fuel production companies would be 
expected to invest in Renewable Gas production capability themselves. 
Car and HGV manufacturers, as usual, will need to be part of the con-
tract of transition, and it is the history of these working relationships 
that holds within it the seeds of success.



184 Renewable Gas

If Renewable Gas power plants adopt carbon recycling, this could offer 
the prospect of lower input fuel and feedstock requirements. The same 
technology could be used for on-site power generation at petrorefiner-
ies, in fulfilment of the Renewable Gas Obligation, and thereby reduce 
overall energy demand.

While Renewable Gas is being developed over the next few decades, 
and while efficient decentralised power-and-gas-and-heat systems are 
being built, the energy security question for the residential/domestic 
sector will need to be answered by energy conservation at the end point 
of use. Subsidy-funded programmes for the insulation of buildings are 
probably the only way that the British, for example, can reduce energy 
demand appreciably in the home – where annual energy demand for all 
resources was 43.8 mtoe in 2013, and has averaged at around 43 mtoe 
since 1970, on a slow rising trend between 1970 and 2004, and a slow 
descent since then (DECC, 2014d).

Energy conservation can help supply meet demand even if Natural 
Gas supply is pinched before Renewable Gas resources are significantly 
developed. A useful example is the British case. In the 2014 edition of 
the UK’s National Grid expert roundtable “Future Energy Scenarios”, 
total gas demand for the UK in 2013 is marked as 834.9 terawatt hours 
per year (TWh/y) (National Grid, 2014b). Under the “Gone Green” sce-
nario of “high affordability and high sustainability”, in 2035, UK gas 
demand would be expected to be of the order of 705.1 TWh, a reduc-
tion of around 15.5% in consumption. During that period, however, 
UK Continental Shelf (UKCS) Natural Gas production is expected to fall 
from 32.0 billion cubic metres per year (bcm/y) to 10.0 bcm/y. Shale 
gas is expected to be developed to contribute 15.9 bcm/y. Biomethane –  
high-methane biogas from the anaerobic digestion of biomass – is 
expected to be contributing only 3.3 bcm/y by 2035 under the Gone 
Green scenario. Coalbed methane (CBM) is expected to produce at a 
volume of 0.9 bcm/y. It is not yet known if shale gas production can be 
brought on stream in quantity in line with this scenario, but if it were, it 
would contribute something of the order of 174.9 TWh, or nearly 25% 
of total gas supply in this projection; however, it could take until 2020 
to begin to see significant progress in shale gas supply (EEF, 2014). The 
important point is that even if shale gas can be produced at the levels 
suggested in the scenario, indigenous production of gas would still only 
be 47% of consumption according to National Grid’s figures. Progress in 
the development of shale gas, CBM and biomethane could all well expe-
rience setbacks, leading to pinch points in the supply of gas produced in 
the UK, and negative implications for energy security and energy prices. 
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The development of Renewable Gas may not be rapid enough to com-
pensate for these eventualities, and so energy conservation is essential 
in parallel with work on alternatives to Natural Gas.

Energy conservation will grant alternative gas resources a higher 
utility in addressing energy security concerns, as they will contribute 
more, percentage-wise, to total supply. In National Grid’s 2009 paper 
“Renewable Gas” (National Grid, 2009), the 2020 “stretch” scenario pro-
jects that biomethane, together with industrial Renewable Gas manufac-
tured by the gasification of biomass, could contribute 18.432 bcm/y. If 
the Renewable Gas agenda is promoted, and strong energy conservation 
measures are also taken in the next decade, by 2025, UK national Natural 
Gas consumption could be of the order of 60 bcm/y, and Renewable Gas 
could fulfil 29.3% of that, and the combination of Renewable Gas and 
nationally produced Natural Gas from the UKCS could contribute just 
over 70% of the UK’s gas demand. This would return the gas trade bal-
ance back to the situation in 2006/2007, when there was approximately 
30% import dependence, compared to 2013, when there was roughly 
65% import dependence (DECC, 2014a).

Shale gas, if it were not too costly to produce, and can be produced 
in significant volumes by that time, would then be useful in asserting 
gas energy independence, but there is no guarantee at this stage that 
it could offer comparable quantities to Renewable Gas. The successful 
production of shale gas at significant volumes in the United Kingdom 
has yet to be proven, whereas the manufacture of industrial-scale vol-
umes of gas has not only been demonstrated, it was also the main gas 
resource for many decades. It could be considered incongruous to set 
great store by shale gas with all its concomitant uncertainties and risks, 
when Renewable Gas is already a viable prospect.

The parallel pathways of strong energy conservation measures and 
increasing the diversity of energy resources answer the energy trilemma; 
however, there is a need to keep a focus on the carbon dioxide and 
methane emissions implications for the whole energy system when 
considering new energy technologies. Any intervention that causes an 
adjustment to the whole energy system may tamper with measures to 
keep to the carbon budget, unless it is carefully introduced.

7.1.4 Carbon balance

Changes to energy systems should take particular care that they do 
not cause an increase in carbon dioxide and methane emissions. For 
example, it would be counter-productive if fugitive emissions of Natural 
Gas were to increase if a policy of decentralised CHP/DH systems were 
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applied and new gas grid lines or gas power houses were not as gas-tight 
as they should be. Another example could be implementing a national 
building insulation project without compensating for changes in expec-
tations of levels of comfort, that give a “rebound effect” in terms of 
increased net energy consumption. Programmes for building insula-
tion must also consider the potential increase in emissions from the re-
purposing of disposable income resulting from energy savings. National 
policy to decrease carbon dioxide emissions can even have an impact 
on international carbon balances. For example, the British policy of pro-
moting the combustion of biomass, co-fired with coal in some instances,  
can have a significant impact on the cross-Atlantic trade in wood pellets, 
which some analysis suggests could lead to increased greenhouse gas 
emissions (Stephenson and MacKay, 2014). Changes to energy systems 
that reach wider into regional and global spheres should also take care 
not to break the “safe climate” carbon budget calculated by the science 
community (IPCC, 2014b). One example of this is in the promotion of 
hydrogen as an energy vector.

Although hydrogen is a zero carbon energy fuel at the point of use, it 
is in the development of hydrogen resources that the carbon balance of 
the whole energy system is perhaps placed most at risk. The International 
Energy Agency has recruited research and policy organisations and is 
working with private enterprise as part of the Hydrogen Implementing 
Agreement (HIA). This has focussed on bringing hydrogen into the 
transport sector. Hydrogen Filling Station (HFS) or Hydrogen Refuelling 
Station (HRS) networks are being considered in several regions (e.g. DOE, 
2013; IGEM, 2014), yet the source of the hydrogen is not renewable yet. 
Roughly 80% of all hydrogen produced currently for all purposes is from 
hydrocarbon feedstocks (Spath and Dayton, 2003), the majority from 
Natural Gas. Despite the trend towards using Natural Gas as a feedstock 
for producing hydrogen, nearly 20% of hydrogen is still produced from 
coal (Romm, 2013). This means that to increase the use of hydrogen 
with no upwards pressure on carbon dioxide emissions would need a 
major, targeted and specific investment in Renewable Hydrogen produc-
tion capability.

Most of the hydrogen that is produced already (see Table 7.1) has 
committed uses. Nearly 90% of all hydrogen produced is “captive” –  
for use by the producers, and not for sale as “merchant” hydrogen  
(PR Newswire, 2011). Of this non-marketed “captive” hydrogen, 
upwards of 75% is destined for the synthesis of ammonia to be used as 
agricultural fertiliser, and in petrorefinery (Buchel et al., 1989; Spath and 
Dayton, 2003; Wawrzinek and Keller, 2007). There is some flexibility 



The Energy Policy Context for Renewable Gas 187

however, as part of the hydrogen recovered as a by-product from indus-
trial chemical processes, such as the ammonia synthesis plants, and 
from the production of chlorine, sodium chlorate, ethylene and styrene, 
could be re-purposed for the budding hydrogen transport sector (Ball 
et al., 2009; Schindler et al., 2006). In addition, petrorefineries could 
choose to increase their in-house production of hydrogen with the 
intention of selling it as “merchant” hydrogen for bulking up hydrogen 
transport sector supplies (Ball et al., 2009). However, the deployment 
of hydrogen-fuelled transport “over the fence” would not be the only 
driver of hydrogen production in refineries. Two important and parallel 
developments in the regulations for liquid fuels will not only increase 
hydrogen demand but also increase carbon-rich residues that will need 
to be disposed of.

7.1.4.1 Low sulphur fuels for land vehicles

Owing to changes in environmental and health and safety regulation, 
petrorefinery is making more use of hydrogen gas for processing. For 
example, the trend towards low sulphur and ultra-low sulphur road fuel 
standards in the US and Europe mean that deeper desulphurisation is 
required from petrorefinery. This means a greater use of hydrodesul-
phurisation (HDS) as well as other cleaning processing unit steps, all 
of which will create a greater demand for hydrogen (Abbess, 2014). 
The more hydrogen is used, the more the processing will cost, as more 
Natural Gas will need to be used to make it, through Steam Methane 
Reforming (SMR or SRM), the most common method. The more Natural 
Gas is used to produce hydrogen, the higher the plant carbon dioxide 
emissions will be. Furthermore, because of the higher cost of the low sul-
phur processing, refineries will undoubtedly prefer to use cheaper, heav-
ier crude oil feedstocks. This will mean higher carbon dioxide emissions 
from the processing, because the hydrogen-to-carbon ratio of heavier 
crude oils is lower than for lighter crudes, so even more Natural Gas will 
need to be reformed for hydrogen. The use of heavier crude oils will also 
mean a higher “carbon rejection” rate – an increase in the amount of 
unused carbon-rich petroleum residues, because the processed crude oil 
fractions will not match the product slate required, even after thermal 
treatments such as coking or cracking.

7.1.4.2 Marine Pollution (MARPOL) treaty and shipping

With the next implementation stage of the MARPOL treaty, as of  
1 January 2015, shipping in the EU ECA (SECA) area will need to have 
replaced the use of Heavy Fuel Oil (HFO) with Marine Gas Oil (MGO) 
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or Marine Diesel Oil (MDO), unless they make use of on-board sul-
phur “scrubber” equipment (McGill et al., 2013; Rozmarynowska and 
Oldakowski, 2012; UKPIA, 2012) – or switch from oil to gas fuels. MGO 
is more costly than HFO (also known as Residual Fuel Oil – RFO), princi-
pally because it is a pure distillate, rather than a mixed residue. MDO is 
MGO blended with a small amount of residue (Viscopedia, n.d.), but it 
still has the same low sulphur profile as MGO. Since HFO is the “bottom 
of the barrel”, these newly surplus-to-requirements heavy residual refin-
ery products will need to find a new destination – for example in coking 
and cracking units, to recover shorter-chain hydrocarbon compounds 
that can be used for fuels. However, extra refinery processing inevitably 
means more energy consumption by the processing plant, and implies 
higher overall carbon dioxide emissions – and less feedstock-to-fuel 
 conversion, or “yield”.

The destination of the “rejected” carbon-rich residue is important to 
note. In refineries that use hydrocracking, for example, the processing 
will imply a greater demand for hydrogen – although some of this extra 
hydrogen demand would be offset because some hydrogen will be recu-
perated as a by-product of the cracking processes. A higher hydrogen 
demand would be met principally by higher Natural Gas use, which 
would imply higher carbon dioxide emissions – although some of the 
extra Natural Gas used could be offset by recycling light hydrocarbon 
by-products of refinery processing, which can substitute for Natural Gas 
in hydrogen production.

In petrorefineries where coking plant is already installed, or where 
new cokers are planned, the result of directing HFO residuum or “resid” 
to coking to convert it into more useful fuels will mean an increase in 
the by-production of petroleum coke or petcoke. This phenomenon 
is already being experienced in North America with the processing of 
heavy oil or oil sands (tar sands) (Andrews and Lattanzio, 2013). When 
refineries are operating in a fully balanced way, virtually all the carbon 
in the original feedstock eventually finds its way to the atmosphere in 
the form of carbon dioxide, either at the refinery, or when the final fuel 
products are burned, which is why using heavy crude oil has a worse 
global warming impact than using light crude oil, as it has a higher 
carbon-to-hydrogen ratio.

The accumulation of excess “rejected” carbon into petcoke provides 
an opportunity to lessen final carbon dioxide emissions by undertak-
ing geological carbon sequestration – not of carbon dioxide gas, but of 
the petcoke, which is mostly solid carbon. Methods to permanently 
 sequester petcoke could include land burial and deep ocean floor 
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burial (de Bakker, 2014). However, in all likelihood, petcoke will become 
increasingly used to generate power via gasification – both inside and 
outside petrorefineries – releasing the carbon in the form of carbon diox-
ide emissions into the atmosphere. Alternatively, since incorporating 
hydrogen or water in the thermal processing of petcoke would lessen 
the carbon dioxide emissions impact per unit of final energy produced, 
the steam gasification (to produce hydrogen) or hydrogasification  
(to produce methane) of petcoke might be preferable to direct power 
generation via combustion or partial oxidation (Ray, 2014; Sutikino and 
Turini, 2012).

In petrorefineries where heavy and residual fuel oils are used as a feed-
stock for fluid catalytic cracking (FCC) units, hydrogen will be a use-
ful gas phase by-product. However, hydrogen demand in all refineries 
will increase as hydrotreating replaces other processing, and outstrip the 
supply from hydrogen recovery, and this will be true even in refineries 
with high levels of by-product hydrogen.

From this cursory analysis, it can be seen that one of the counter- 
productive outcomes of improving the control of sulphur content in 
fuels for both shipping and land vehicles is likely to be a tendency 
towards petrorefineries sourcing more heavy crude oils, which are usu-
ally much less costly than lighter crude. Besides the higher need for des-
ulphurisation that results from the legislation, the use of heavier crude 
oils with a higher carbon-to-hydrogen ratio will create imbalances in 
the flow of carbon in refineries, and because of parasitic energy use and 
yield inefficiencies arising from coking and cracking, set back progress 
on carbon budgets – that is, carbon dioxide emissions from petrorefiner-
ies will increase.

Petrorefinery processes are expected to create increased demand for 
hydrogen (EIA, 2006; Gonzalez, 2009; Karatzos et al., 2014, Section 1.10), 
whether because of environmental reasons, or to manage changing 
crude oil profiles, or product demand profiles. Therefore, a logical path-
way would be for petrorefineries to enhance their hydrogen production 
capacity. Given that the HIA is beginning to affect mobility (transport) 
policy in industrialised countries, the petrorefineries will be in a good 
position to overproduce hydrogen, and sell “merchant” hydrogen “over 
the fence” into the new HRS/HFS network (Ball et al., 2009). However, if 
this hydrogen is produced from fossil fuels, especially coals, cokes, pet-
coke, petroleum residues and the heavier crude oils, then this will not 
represent progress.

The environmental legislation on fuels, the HIA and modernised 
refinery processing are all drivers for hydrogen demand which, without 
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increased focus on and support for Renewable Hydrogen, would lock 
the energy system into an extended reliance on fossil fuels. The issue 
of “carbon slip” in cleaning up marine and motoring fuels may be just 
a small step change upwards in greenhouse gas emissions and resource 
consumption (ECN, 2007b), but it is indicative of what could happen 
on a much larger scale if significantly more hydrogen is demanded for 
an energy supply sector still wedded to coal, oil and Natural Gas and 
still building megarefineries, especially in Asia, for processing heavy and 
sour crude oil.

There is therefore the need to ask whether the HIA is trying to leap 
before it can crawl. In order to ensure that rolling out a hydrogen dis-
tribution network and a fleet of hydrogen vehicles does not negatively 
impact carbon dioxide emissions controls, some basic regulatory meas-
ures will be needed to guard against “carbon leakage” in the entire energy 
system. It is not sufficient to set an emissions performance standard for 
the use of finished refinery fuels – the whole production life cycle must 
be considered. There should be no hiding place for carbon.

In this regard, one important policy indicator has to be the life cycle 
carbon intensity of each of the range of products from a petroleum refin-
ery; calculation of which is always possible based on the data from the 
computer software used to programme and monitor refinery workflows, 
from raw crude oil to finished fuels, fuel additives and other chemicals. 
In the EU, the amended Fuel Quality Directive (FQD) (EC, 2009) sets 
the ambition for a Low Carbon Fuel Standard, to reduce carbon dioxide 
emissions from the full life cycle of fuels by 6% by 2020 (EC, 2014b). The 
use of “drop-in” (advanced) biofuels or suitably stabilised bio-oils would 
give refiners cleaner credentials, but could then allow them to lean 
towards including products from lower quality fossil fuels into blends, 
perhaps even claiming emissions offsets in their mining and transporta-
tion (Carbon Market Watch, 2014; Cheadle, 2014). Policy work should 
seek to ensure that regulation adapts to demand “light sourcing”, ensur-
ing that all components of a fuel are under a certain carbon-intensive 
bar. In order to ensure this, the carbon intensity of all refinery opera-
tions, transportation and mining operations should be made fully vis-
ible. A cap on carbon intensity of each individual component of a fuel 
would influence the choice of crude oils used as feedstocks, and also the 
processing plan. It would not be anti-competitive in energy markets as 
it would need to be applied across the board. Applied at the global level, 
it would disproportionately affect some oil- and gas-producing nations 
which have heavy and sour fossil fuel resources, so diplomatic work 
would be required to build converging narratives. It would also impact 
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those countries and companies that have made the decision to focus 
their infrastructure and installations on the refining of heavy crude oils, 
and so they would need to be encouraged to pursue low carbon oppor-
tunities to compensate.

As a point of principle, “light sourcing” conditions could be an extra 
justification for eliminating very heavy oil products from the supply 
chain, such as the synthetic crude oil made from tar sands and other 
highly bituminous resources, as these have significant local environ-
mental impacts that potentially fall foul of a raft of international envi-
ronmental protection treaties. Such a carbon intensity indicator could 
incentivise the burial of excess carbon such as petcoke and very heavy 
oil residues – and could even prevent their source fuels mining in the 
first place.

Another policy strand could be to pursue a “Methane Implementing 
Agreement” (MIA) as a low carbon transitional arrangement before “zero 
carbon” hydrogen can be supplied at volume into the economy. For 
example, in the marine sector in Europe, a growth in fuelling with either 
CNG or LNG – and one could add compressed or liquefied Renewable 
Methane – is anticipated for shipping (McGill et al., 2013, Section 7.4 
and Table 10). With forethought it should be possible to re-fit the ships 
with gas-fired propulsion systems that are flexible enough to use a range 
of gaseous fuels, perhaps fuel cell stacks, or modified traditional diesel 
engines. Another area in which an MIA would be helpful would be in 
meeting short-term goals to address urban air quality, for example, in 
Paris, which has made the decision to ban diesel-fuel vehicles, but where 
diesel fleets would be costly to replace, and China, where cities are work-
ing urgently to lower particulate emissions.

7.1.5 Smooth transition

Although it may never be adequately reflected in GDP, a healthy pro-
portion of the industrialised economies is essentially dependent on the 
energy sector – without energy, they would not function. Not only does 
energy make the world go round for transport, trade, comfort, refrig-
eration, lighting, power and data, many pension and private funds are 
invested in energy stocks. Despite the recent “credit crunch”, the energy 
sector needs new investment, in grids, in power plants and in storage, 
but this needs to be arranged in such a way that it does not deflate 
large pension funds and disappoint high yield financial products. As 
awareness of climate change grows, so does understanding of the risks 
of “unburnable carbon”. It could be speculated that continued exploita-
tion of emissions-intensive fossil fuels such as tar sands, heavy crude 
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oils and coal, in a framework of tightening carbon controls, could cul-
minate in the puncturing of a “carbon bubble” – destroying the value 
of shares in energy businesses, and thereby destabilising economies. 
Developments in the energy sector should therefore not be considered 
in isolation from the rest of the economy. The energy sector needs to be 
encouraged to turn away from the most risky behaviour of exploiting 
heavier hydrocarbon resources, and the energy system as a whole needs 
to have high efficiencies built in. A focus on building capacity to supply 
and consume Natural Gas in the most efficient ways could provide eco-
nomic protection – as this fossil fuel will remain viable for longer, even 
in an environment of strong carbon control or competition for supplies. 
Transition is possible, as there are ways to provide low carbon gas to sub-
stitute for Natural Gas, so investment in plant and appliances that use 
gas will not need replacing. The level of ambition for policy should not 
be in granting subsidies for individual energy installations, research into 
exciting but unproven technologies or sub-sector measures – it should 
be more comprehensive, not rely on government subsidy stimuli, and 
it must point the way clearly to an entirely new configuration of energy 
services. Mass action by individual and institutional investors to disin-
vest or divest from fossil fuel shareholdings risks the dissolution of oil 
and gas sector players, so it is important to have a strategy to enable fos-
sil fuel production and supply companies to transition to providing low 
carbon gas. States could perhaps choose to issue Renewable Gas Bonds 
instead of applying Quantitative Easing to capital markets in general, as 
energy bonds of any kind will create economic impetus across markets 
and sectors. Policymakers could also consider demanding low carbon 
transition plans from oil and gas companies that operate within their 
territory.

7.1.6 The economics of Renewable Gas

Although only a few Renewable Methane production facilities have 
been built, the prospective Levelised Cost of Energy (LCOE) has been 
modelled by a number of researchers and governments (see Table 7.2 for 
a selection), both on the basis of generated electricity and on gas pro-
duced. The first thing to note is that as far as supplied gas is concerned, 
the anticipated cost of Natural Gas (valued on a gas basis) is expected to 
remain far less than that for Renewable Gas – both biogas and bioSNG 
(or synthetic methane) – even in 2030. However, learning-by-doing may 
reduce Renewable Gas life cycle costs considerably. The second thing to 
note is that the low and some central estimates for electricity generation 
by Renewable Gas, valued on an electricity basis, are projected to be 



The Energy Policy Context for Renewable Gas 195
Ta

bl
e 

7.
2 

A
n

al
ys

is
 o

f 
th

e 
Le

ve
li

se
d 

C
os

t 
of

 E
n

er
gy

 (
LC

O
E)

 f
or

 R
en

ew
ab

le
 G

as
 a

n
d 

N
at

u
ra

l G
as

C
o

m
m

is
si

o
n

in
g 

 
Y

ea
r

D
is

co
u

n
t 

R
at

e
R

eg
io

n
L

o
w

M
id

H
ig

h
B

as
is

N
o

te

A
. L

ev
el

is
ed

 C
o

st
 o

f 
E

le
ct

ri
ci

ty
 E

st
im

at
es

1.
 F

or
 N

at
u

ra
l G

as
-fi

re
d 

p
ow

er
 p

la
n

ts
, u

ti
li

si
n

g 
C

om
bi

n
ed

 C
yc

le
 a

n
d 

G
as

 T
u

rb
in

es
 (

C
C

G
T,

 N
G

C
C

)

IE
A

 (
20

10
c)

20
10

5%
U

S
–

10
3

–
El

ec
tr

ic
it

y
N

at
u

ra
l G

as
 t

o 
Po

w
er

20
10

10
%

U
S

–
11

1
–

El
ec

tr
ic

it
y

N
at

u
ra

l G
as

 t
o 

Po
w

er
20

10
5%

Sw
it

ze
rl

an
d

–
12

6
–

El
ec

tr
ic

it
y

N
at

u
ra

l G
as

 t
o 

Po
w

er
20

10
10

%
Sw

it
ze

rl
an

d
–

14
1

–
El

ec
tr

ic
it

y
N

at
u

ra
l G

as
 t

o 
Po

w
er

D
EC

C
 (

20
13

d)
20

13
10

%
U

K
69

95
12

1
El

ec
tr

ic
it

y
N

at
u

ra
l G

as
 t

o 
Po

w
er

, H
ig

h
 f

u
el

 c
os

ts
 e

st
im

at
e

20
19

10
%

U
K

75
10

1
13

0
El

ec
tr

ic
it

y
N

at
u

ra
l G

as
 t

o 
Po

w
er

, H
ig

h
 f

u
el

 c
os

ts
 e

st
im

at
e

20
30

10
%

U
K

10
2

10
5

11
0

El
ec

tr
ic

it
y

N
at

u
ra

l G
as

 t
o 

Po
w

er
, H

ig
h

 f
u

el
 c

os
ts

 n
ot

 
as

su
m

ed

W
EC

 (
20

13
)

20
13

–
U

K
15

1
–

18
7

El
ec

tr
ic

it
y

N
at

u
ra

l G
as

 t
o 

Po
w

er
20

13
–

U
S

81
–

91
El

ec
tr

ic
it

y
N

at
u

ra
l G

as
 t

o 
Po

w
er

20
13

–
A

u
st

ra
li

a
12

2
–

14
3

El
ec

tr
ic

it
y

N
at

u
ra

l G
as

 t
o 

Po
w

er
20

13
–

G
lo

ba
l

–
91

–
El

ec
tr

ic
it

y
N

at
u

ra
l G

as
 t

o 
Po

w
er

20
13

–
Ja

p
an

–
19

6
–

El
ec

tr
ic

it
y

N
at

u
ra

l G
as

 t
o 

Po
w

er

EI
A

 (
20

14
c)

20
19

–
–

–
92

–
El

ec
tr

ic
it

y
N

at
u

ra
l G

as
 t

o 
Po

w
er

20
40

–
–

–
11

2
–

El
ec

tr
ic

it
y

N
at

u
ra

l G
as

 t
o 

Po
w

er

(c
on

ti
nu

ed
 )



196 Renewable Gas

C
o

m
m

is
si

o
n

in
g 

 
Y

ea
r

D
is

co
u

n
t 

R
at

e
R

eg
io

n
L

o
w

M
id

H
ig

h
B

as
is

N
o

te

2.
 F

or
 a

 h
yb

ri
d 

C
om

bi
n

ed
 C

yc
le

 a
n

d 
G

as
 T

u
rb

in
e,

 c
o-

fi
ri

n
g 

N
at

u
ra

l G
as

 a
n

d 
B

io
m

as
s 

(H
yb

ri
d 

C
C

G
T,

 H
yb

ri
d 

N
G

C
C

) 
Pi

h
l e

t 
al

. (
20

10
)

20
10

5%
–

~6
0

–
~7

2
El

ec
tr

ic
it

y
B

io
m

as
s/

N
G

 t
o 

Po
w

er
, b

io
m

as
s 

10
 E

U
R

/M
W

h
20

10
5%

–
~1

05
–

~1
25

El
ec

tr
ic

it
y

B
io

m
as

s/
N

G
 t

o 
Po

w
er

, b
io

m
as

s 
30

 E
U

R
/M

W
h

20
10

10
%

–
~9

0
–

~1
08

El
ec

tr
ic

it
y

B
io

m
as

s/
N

G
 t

o 
Po

w
er

, b
io

m
as

s 
10

 E
U

R
/M

W
h

20
10

10
%

–
~1

35
–

~1
60

El
ec

tr
ic

it
y

B
io

m
as

s/
N

G
 t

o 
Po

w
er

, b
io

m
as

s 
30

 E
U

R
/M

W
h

3.
 A

dv
an

ce
d 

C
on

ve
rs

io
n

 T
ec

h
n

ol
og

ie
s 

(w
it

h
ou

t 
C

om
bi

n
ed

 H
ea

t 
an

d 
Po

w
er

 (
C

H
P)

)

T
IN

A
 B

io
en

er
gy

 (
20

12
)

20
12

–
U

K
–

11
1

–
El

ec
tr

ic
it

y
B

io
p

ow
er

, G
as

ifi
ca

ti
on

20
50

–
U

K
–

46
–

El
ec

tr
ic

it
y

B
io

p
ow

er
, G

as
ifi

ca
ti

on

D
EC

C
 (

20
13

d)
20

13
10

%
U

K
68

17
1

28
9

El
ec

tr
ic

it
y

“A
C

T
 S

ta
n

da
rd

”
20

19
10

%
U

K
65

16
5

28
2

El
ec

tr
ic

it
y

“A
C

T
 S

ta
n

da
rd

”
20

30
10

%
U

K
76

15
8

24
9

El
ec

tr
ic

it
y

“A
C

T
 S

ta
n

da
rd

”,
 f

u
el

 c
os

ts
 n

ot
 a

ss
u

m
ed

20
13

10
%

U
K

13
8

18
8

22
4

El
ec

tr
ic

it
y

“A
C

T
 A

dv
an

ce
d”

20
19

10
%

U
K

13
3

18
2

21
8

El
ec

tr
ic

it
y

“A
C

T
 A

dv
an

ce
d”

20
30

10
%

U
K

14
0

17
5

19
0

El
ec

tr
ic

it
y

“A
C

T
 A

dv
an

ce
d”

, f
u

el
 c

os
ts

 n
ot

 a
ss

u
m

ed

W
EC

 (
20

13
)

20
13

–
U

S
66

–
18

6
El

ec
tr

ic
it

y
B

io
m

as
s 

an
d 

W
as

te
 t

o 
Po

w
er

, G
as

ifi
ca

ti
on

20
13

–
W

. E
u

ro
p

e
66

–
18

6
El

ec
tr

ic
it

y
B

io
m

as
s 

an
d 

W
as

te
 t

o 
Po

w
er

, G
as

ifi
ca

ti
on

20
13

–
G

lo
ba

l
~1

06
~1

72
~2

78
El

ec
tr

ic
it

y
B

io
m

as
s 

to
 P

ow
er

, G
as

ifi
ca

ti
on

EI
A

 (
20

14
c)

20
19

–
–

16
0

–
20

4
El

ec
tr

ic
it

y
In

te
gr

at
ed

 G
as

ifi
ca

ti
on

 C
om

bi
n

ed
 C

yc
le

 (
IG

C
C

)
20

40
–

–
13

8
–

16
7

El
ec

tr
ic

it
y

In
te

gr
at

ed
 G

as
ifi

ca
ti

on
 C

om
bi

n
ed

 C
yc

le
 (

IG
C

C
)

Ta
bl

e 
7.

2 
(c

on
ti

n
u

ed
)



The Energy Policy Context for Renewable Gas 197

4.
 B

io
ga

s

IE
A

 (
20

10
c)

20
10

5%
Fr

an
ce

–
10

7
–

El
ec

tr
ic

it
y

B
io

ga
s 

to
 P

ow
er

20
10

10
%

Fr
an

ce
–

12
8

–
El

ec
tr

ic
it

y
B

io
ga

s 
to

 P
ow

er
20

10
5%

Sw
it

ze
rl

an
d

–
33

8
–

El
ec

tr
ic

it
y

B
io

ga
s 

to
 P

ow
er

20
10

10
%

Sw
it

ze
rl

an
d

–
43

9
–

El
ec

tr
ic

it
y

B
io

ga
s 

to
 P

ow
er

20
10

5%
U

S
–

64
–

El
ec

tr
ic

it
y

B
io

ga
s 

to
 P

ow
er

20
10

10
%

U
S

–
85

–
El

ec
tr

ic
it

y
B

io
ga

s 
to

 P
ow

er

B
. L

ev
el

is
ed

 C
os

t 
of

 G
as

 E
st

im
at

es

Z
w

ar
t 

et
 a

l. 
(2

00
4)

20
04

–
–

–
31

–
G

as
B

io
SN

G
, O

2-
bl

ow
n

 g
as

ifi
ca

ti
on

20
04

–
–

–
28

–
G

as
B

io
SN

G
, i

n
di

re
ct

 g
as

ifi
ca

ti
on

20
04

–
–

–
20

–
G

as
B

io
SN

G
, h

yd
ro

ga
si

fi
ca

ti
on

Z
w

ar
t 

et
 a

l. 
(2

00
6)

20
06

–
–

–
22

–
G

as
N

at
u

ra
l G

as
20

06
–

–
–

11
1

–
G

as
B

io
SN

G
, 1

0 
M

W
 (

th
er

m
al

),
 a

tm
os

p
h

er
ic

 
p

re
ss

u
re

20
06

–
–

–
55

–
G

as
B

io
SN

G
, 1

00
 M

W
 (

th
er

m
al

),
 a

tm
os

p
h

er
ic

 
p

re
ss

u
re

20
06

–
–

–
53

–
G

as
B

io
SN

G
, 1

00
 M

W
 (

th
er

m
al

),
 7

 b
ar

 p
re

ss
u

re
20

06
–

–
–

33
–

G
as

B
io

SN
G

, 1
,0

00
 M

W
 (

th
er

m
al

),
 7

 b
ar

 p
re

ss
u

re

C
ha

nd
el

 a
nd

 W
ill

ia
m

s 
(2

00
9)

20
09

–
–

–
54

–
G

as
B

io
SN

G
, b

io
m

as
s 

le
ss

 t
h

an
 1

0 
EU

R
/M

W
h

G
as

sn
er

 a
nd

 M
ar

ec
ha

l (
20

09
)

20
09

–
–

76
–

10
7

G
as

B
io

SN
G

, 2
0 

M
W

 (
th

er
m

al
),

 B
io

m
as

s 
ga

si
fi

ca
ti

on
20

09
–

–
59

–
97

G
as

B
io

SN
G

, 1
50

 M
W

 (
th

er
m

al
),

 B
io

m
as

s 
ga

si
fi

ca
ti

on

(c
on

ti
nu

ed
 )



198 Renewable Gas

C
o

m
m

is
si

o
n

in
g 

 
Y

ea
r

D
is

co
u

n
t 

R
at

e
R

eg
io

n
L

o
w

M
id

H
ig

h
B

as
is

N
o

te

Se
if

fe
rt

 e
t 

al
. (

20
09

)
20

09
–

–
75

–
~1

03
G

as
B

io
SN

G
, l

ar
ge

st
 p

la
n

t 
si

ze

C
N

G
 S

er
vi

ce
s 

(2
01

0)
20

10
–

U
K

16
–

24
G

as
N

at
u

ra
l G

as
20

10
–

U
K

77
–

11
8

G
as

B
io

SN
G

, S
m

al
l-

sc
al

e 
fa

ci
li

ty
20

10
–

U
K

37
–

84
G

as
B

io
SN

G
, L

ar
ge

-s
ca

le
 f

ac
il

it
y

T
IN

A
 B

io
en

er
gy

 (
20

12
)

20
12

–
U

K
–

63
–

G
as

B
io

ga
s,

 A
n

ae
ro

bi
c 

D
ig

es
ti

on
20

12
–

U
K

–
94

–
G

as
B

io
SN

G
20

50
–

U
K

–
32

–
G

as
B

io
ga

s,
 A

n
ae

ro
bi

c 
D

ig
es

ti
on

20
50

–
U

K
–

22
–

G
as

B
io

SN
G

H
ey

ne
 e

t 
al

. (
20

13
)

20
13

–
–

10
3

–
11

2
G

as
B

io
SN

G
20

30
–

–
32

–
36

G
as

N
at

u
ra

l G
as

 (
R

ef
er

en
ce

: I
EA

)

Sc
he

ep
er

s 
(2

01
3)

20
13

–
–

36
–

65
G

as
B

io
SN

G

A
ra

nd
a 

et
 a

l. 
(2

01
4)

20
14

–
–

66
80

11
3

G
as

B
io

SN
G

C
. S

u
bs

id
ie

s

D
EC

C
 (

20
13

a)
20

14
–

U
K

–
19

1
–

El
ec

tr
ic

it
y

A
dv

an
ce

d 
C

on
ve

rs
io

n
 T

ec
h

n
ol

og
ie

s 
(A

C
T

)

Ta
bl

e 
7.

2 
(c

on
ti

n
u

ed
)



The Energy Policy Context for Renewable Gas 199

Sc
hu

lz
 e

t 
al

. (
20

06
)

20
06

–
–

17
–

44
G

as
B

io
SN

G
, r

an
ge

 o
f 

su
bs

id
y 

sc
en

ar
io

s 
p

ro
p

os
ed

C
N

G
 S

er
vi

ce
s 

(2
01

0)
20

10
–

U
K

49
–

75
G

as
B

io
SN

G
, t

ar
if

f-
ad

ju
st

ed
 c

os
t,

 s
m

al
l-

sc
al

e 
fa

ci
li

ty
20

10
–

U
K

9
–

38
G

as
B

io
SN

G
, t

ar
if

f-
ad

ju
st

ed
 c

os
t,

 la
rg

e-
sc

al
e 

fa
ci

li
ty

D
EC

C
 (

20
14

c)
20

14
–

U
K

43
–

95
G

as
B

io
SN

G
, R

en
ew

ab
le

 H
ea

t 
In

ce
n

ti
ve

 (
R

H
I)

, g
ri

d 
in

je
ct

io
n

N
L 

EA
 (

20
14

)
20

14
–

N
et

h
er

la
n

ds
2

–
6

G
as

R
en

ew
ab

le
 G

as
, B

io
m

as
s 

ga
si

fi
ca

ti
on

, S
D

E+
 2

01
4

N
ot

es
:

1.
 C

u
rr

en
cy

 e
xc

h
an

ge
 r

at
es

 h
av

e 
be

en
 t

ak
en

 f
ro

m
 t

h
e 

cl
os

es
t 

da
te

 t
o 

th
e 

re
p

or
t 

fr
om

 w
ee

kl
y 

h
is

to
ri

c 
da

ta
 g

iv
en

 b
y 

O
an

dA
.c

om
.

2.
  C

os
ts

 a
re

 g
iv

en
 o

n
 e

it
h

er
 a

n
 e

le
ct

ri
ci

ty
 o

r 
ga

s 
ba

si
s.

 T
h

es
e 

ar
e 

n
ot

 e
q

u
iv

al
en

t,
 a

s 
u

si
n

g 
ga

s 
to

 g
en

er
at

e 
el

ec
tr

ic
it

y 
is

 a
 f

u
rt

h
er

 e
n

er
gy

 t
ra

n
sf

or
m

at
io

n
 

an
d 

w
il

l i
n

vo
lv

e 
lo

ss
es

.
3.

 W
h

er
e 

fi
gu

re
s 

h
av

e 
be

en
 r

ea
d 

fr
om

 c
h

ar
ts

 r
at

h
er

 t
h

an
 t

ab
le

s,
 t

h
e 

“~
” 

ch
ar

ac
te

r 
is

 u
se

d 
to

 s
h

ow
 a

n
 a

p
p

ro
xi

m
at

io
n

.
4.

 U
n

it
 c

on
ve

rs
io

n
s 

h
av

e 
be

en
 a

p
p

ro
xi

m
at

ed
 t

o:
 1

 G
J 

= 
0.

27
77

8 
M

W
h

; 1
 N

m
3  

= 
7.

14
47

 M
W

h
; 1

 M
M

B
tu

 =
 0

.2
93

3 
M

W
h

.
5.

 A
ll

 a
m

ou
n

ts
 a

re
 c

on
ve

rt
ed

 t
o 

EU
R

/M
W

h
 (

eu
ro

 p
er

 m
eg

aw
at

t-
h

ou
r)

 f
or

 c
om

p
ar

is
on

 p
u

rp
os

es
.



200 Renewable Gas

comparable to power generation by Natural Gas, although the high esti-
mates are way beyond the most expensive Natural Gas projections. This 
suggests that power generation offers good possibilities for efficiencies 
from system integration, and is probably highly sensitive to the price of 
biomass and waste feedstocks. It is also useful to note the contrasting 
subsidies being deployed, remembering to take into account the differ-
ences between costs made on an electricity or gas basis, for example, 
Electricity Market Reform Contracts for Difference (CfD) for Advanced 
Conversion Technologies in the UK, compared to the Renewable Heat 
Incentive (RHI) for gas grid injection, and the parallel SDE+ subsidies 
in The Netherlands. Considering the early state of technological devel-
opment, the SDE+ subsidy for biomass gasification appears too low to 
stimulate the financing of entirely new processing plant for bioSNG 
production. Nonetheless, in some possible future scenarios, subsidies to 
support Renewable Gas could be inappropriate, for example, if some 
technologies for the production of Renewable Hydrogen emerge as very 
low cost. If this occurs, then Renewable Methane manufactured for 
power generation could also have a lower cost profile, where repeated 
carbon dioxide recycling is practised in thermochemical treatments, as 
input biomass fuel costs would be dramatically reduced, and the pro-
duction of the gas would cost not much more than the hydrogen (e.g. 
Aranda et al., 2014, “Power-to-Gas”). This scenario, if it unfolds, would 
make industrially manufactured Renewable Methane far less costly to 
produce than biogas from anaerobic digestion. Should subsidies con-
tinue to be applied to the production of bioSNG (e.g. DECC, 2013a, 
2014c; NL EA, 2014), there should be a degression formula that compen-
sates for cheaper inputs, such as Renewable Hydrogen produced from 
excess, zero-cost renewable electricity, or low-net-cost waste biomass.

Appropriate levels of subsidy are at this stage of development bound 
to be differential between countries. For example, in Switzerland, a high 
cost of bioSNG production could easily be sustained, with a fairly gener-
ous subsidy, as the country has no coasts, and so cannot import LNG by 
sea, and currently has no indigenous Natural Gas production. Sweden, 
also with no domestic Natural Gas production, is well forested, and so 
bioSNG production at a medium price range could be offered an uncon-
tested subsidy, especially if the evolving political flavour of the govern-
ment moves to steer an exit from nuclear power. The UK, always with 
an eye on Chinese markets, may want to develop bioSNG technologies 
as soon as possible with a view to exporting them, which could under-
pin the rationale for the generous “First Of A Kind” subsidies to be bid 
for. The CfD tariffs are being offered through sealed bid auction, which 
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may result in only high prestige projects being beneficed in the early 
rounds – for example, National Grid’s plasma project, in demonstration 
at Swindon (National Grid, n.d.).

The systems analysis of industrially manufactured Renewable Methane 
also points towards economies of scale (see Table 7.2), and so it is likely 
that large engineering firms such as Siemens, GE and Alstom would be 
building the most cost-efficient Renewable Gas installations – at least 
in the first decade. Besides petrorefinery and chemical engineering, the 
most suitable large-scale area of industry where Renewable Gas produc-
tion should be considered is in iron and steel manufacture – considered 
effectively part of the energy sector in the UK – where coke is still pro-
duced from coal in large quantities (DUKES, 2014, “Manufacture of solid 
fuels” and “Manufactured fuels”). The production of biogas, Renewable 
Hydrogen, bioSNG (Renewable Methane, synthetic methane), bio-
coal and biocoke could provide a significant carbon dioxide emissions 
reduction opportunity – both internally to the industry, and also as 
 “merchant” sales to wider industry and energy networks. Considering 
the simplicity of some of the Renewable Gas engineering, it is possi-
ble that the lifetimes of most of the plant could be considerable. There 
are many parallels with other similar manufacturing plant, which have 
proven capacity over several decades – or more. Safe lifetime extensions 
could drag down the overall LCOE to be comparable to that of coke 
oven gas, or other manufacturing or refining offgases. Several countries 
have plans for constructing carbon dioxide “gathering” pipelines, to col-
lect waste carbon dioxide for burial at sea or onshore in CCS schemes 
(Brownsort, 2013; DECC, 2012). Positioning Renewable Gas plant where 
it can have access to this resource could bring the cost of Renewable Gas 
down sharply.
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8.1 The hydrogen-carbon question

Significant change in the hydrocarbon energy industry appears inevi-
table, and it can be simply summarised as a progressively worsening 
ratio of hydrogen to carbon molecules in the processes that provide liq-
uid and gaseous fuels. The more complicated the fossil fuel resources 
brought to refinery and processing plant, the more “churn” is required 
to raise the hydrogen content and thus the energy value of the final 
products, which implies rejecting excess carbon, with inefficiency and 
therefore cost ramifications. In addition, without careful consideration 
of the path that the rejected carbon molecules take, this could have seri-
ous greenhouse gas emission implications. The current way to address 
the problem of the worsening hydrogen-to-carbon ratio is to contribute 
the hydrogen from thermochemically treated Natural Gas to the pro-
cesses at oil refinery, although this also contributes a certain amount 
of fossil carbon to the system, which will be disposed of as increased 
carbon dioxide emissions. An improvement would be to introduce 
emissions-neutral carbon from biomass into the processes being used 
to form hydrogen. Although this does not correct the overall balance 
of hydrogen and carbon, it does mitigate against net greenhouse gas 
emissions. A further transitional step would be to introduce hydrogen 
from carbon-free sources, such as water. Hydrogen is already being con-
tributed at some refineries through the thermochemical reaction of 
unwanted heavy hydrocarbon residues and water in the form of steam. 
Although this provides renewable hydrogen from the steam, this par-
tial oxidation, or gasification, results in excess fossil carbon for disposal. 
Alternatively, adding renewable hydrogen production to petrorefinery 
could be done through the electrolytic or electrochemical liberation of 

8
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hydrogen from water, which could theoretically become entirely emis-
sions-free. The requirement for extra hydrogen in crude petroleum oil 
refining needs to be answered in the most low carbon way possible, or 
the energy sector could face failure in the context of imposed emissions 
control. Renewable hydrogen could thus save the oil and gas industry.

8.2 The Natural Gas and ammonia question

Natural Gas of all flavours is a valuable tool with which to feed, light, 
power, warm and cool human society, through either being used as a 
fuel, or for fertiliser production via ammonia synthesis, for which we 
need to consider the relationship between hydrogen and nitrogen. 
Human population is still expanding, which, coupled with climate 
change, will sharpen demand for both water and fertilisers. Although we 
shall never run short of nitrogen, global demand for Natural Gas for all 
purposes is set to rise, accentuating competition for the fuel, which may 
disadvantage fertiliser manufacturers, and therefore affect food prices. It 
would be carbon-inefficient to instead get the necessary hydrogen from 
the more complex hydrocarbons or carbon-rich residues being rejected 
from petrorefinery. Here, too, a viable molecular-level strategy would be 
to aim for carbon-neutral or carbon-free hydrogen production, either 
from biomass or water.

8.3 Sustainable business

The oil and gas industry look set to rely increasingly on the hydrogen 
from Natural Gas, refinery off-gas and severe thermochemical treatments 
of very heavy hydrocarbons to continue to produce vehicle fuels (Dodds 
and McDowall, 2012; MHLnews, 2014; Sutikino and Turini, 2012). This 
increase in the relative amounts of lighter chemistry and increased sup-
plies of Natural Gas Liquids (NGLs) will help meet the increased petrore-
finery demand for hydrogen. Increased hydroprocessing and other 
treatments imposed by the changing palette of crude oils and regulations 
on fuel standards mean there is almost no part of raw crude petroleum 
oil that persists into the final products of oil refinery – “straight run” 
distillation fractions are a thing of the past. This means that virtually all 
petroleum products are essentially manufactured and not “natural”. This 
suggests a level of chemical intervention by process engineering that 
demonstrates the capacity of the fossil fuel sector to initiate a transition 
to low carbon manufactured oil and gas. Although there may be con-
cerns over the economic impact on the “bottom line” of implementing 
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Renewable Gas systems as an adjunct to oil and gas refinery, most of 
the costs will be initial, infrastructural and at the individual plant level. 
Besides offering a measure of climate protection, Renewable Gas may 
also become the sustainer of oil and gas businesses, as a gap between 
demand and supply for hydrogen opens up. Besides offering to bridge 
the hydrogen availability gap, Renewable Gas can also offer a way to 
recoup otherwise disposable carbon and recycle it into useful new fuel, 
essentially offering a form of refinery gain.

8.4 Renewable Gas is imminent

Now could be considered an opportune moment to make decisions to 
invest in Renewable Gas – both Renewable Hydrogen and Renewable 
Methane, as decisions made now will put solutions in place before the 
situation becomes critical. Consideration of countervailing examples is 
relevant. For example, in December 2013, BP announced that they had 
completed most of the work on a heavy fuel oil delayer coker facility at 
their Whiting plant in the US. Although their decision to use cheaper, 
sour, heavy oil feedstocks rather than more costly, light, sweet crude oil 
seems rational, it locks them into a future where hydrogen and carbon 
are imbalanced in their processing, where they will be creating carbon-
rich wastes, and where the costs of refining may turn out to be higher, 
as more feedstock processing creates inefficiencies. They would also be 
responsible, and ultimately could be held accountable, for higher car-
bon dioxide emissions, if carbon-rich by-product petroleum coke, or 
“petcoke”, or residuum hydrocarbons are used for power generation. 
However, despite this negative trend towards using lower grade fossil 
fuels, there is a positive side effect in that large refineries, such as those 
operated by BP, Royal Dutch Shell and ExxonMobil, are working on 
increasing their hydrogen production capacity, many of them choos-
ing the Natural Gas-to-hydrogen route, or even going one step better, 
by recycling refinery gas. It would not take too much of a stretch of 
the political imagination to envisage strict carbon emissions legislation 
causing regulatory control of the levels of carbon rejection by refineries, 
leading to a decision to ramp up Renewable Gas capacity. It would take 
focus for this option to grow, however.

8.5 Renewable Gas can already displace some fossil fuels

Although to many Renewable Hydrogen and Renewable Methane 
may seem like a fable or far-off into the future, to the contrary, the 
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well-established chemistry and process engineering of Renewable Gas 
can already displace the use of some fossil fuels, however, perhaps more 
in the liquid transport fuels sector than the gas-to-power sector at the 
present time.

8.6 Renewable Gas and uranium

There are many ageing fission nuclear power reactors worldwide, and it 
has been suggested that their increasing unreliability should be met by 
requirements that they disconnect from the power grids, as they require 
very high levels of backup in case of unplanned (and scheduled) out-
age. What to do with these still steaming reactors before they should be  
decommissioned? The answer may be to divert them into producing 
Renewable Gas.

8.7 Development pathways

Given that the centres of oil and gas refining are turning to heavy waste 
hydrocarbons or even coal to supply their hydrogen in some cases, they 
must be unsure of being able to secure sufficient suitably priced Natural 
Gas in future, and they are in effect locking themselves into a rising 
carbon emissions profile. It would seem sensible to offer a low emis-
sions alternative in the form of Transitional Hydrogen. Economic stud-
ies into the use of grid electricity to make hydrogen, making use of green 
electricity where this is available, show that under some circumstances, 
Transitional Hydrogen can be produced on a market competitive basis 
without the need for subsidies (ITM Power, 2013a).

8.8 The hydrogen numbers game

In order to move on Renewable Gas, it is essential to increase non-fossil 
hydrogen production. The Thüga Mainova hydrogen demonstration 
plant in Germany produces 60 Nm3 per hour, and therefore around 
500,000 Nm3 per year (44 tonnes). Estimates vary (see Table 8.1),  
but this amount is only a millionth of approximate global annual 
hydrogen production – approximately 500 billion cubic metres  
(42 megatonnes). However, aiming to provide significant quantities 
of hydrogen into the petrorefinery market using this technology is 
more feasible than attempting to displace any appreciable quantity 
of Natural Gas. The world produced 3,369.9 billion cubic metres of 
Natural Gas in 2013 (BP, 2014c), which if considered to be entirely 
methane represents 2,261.2 megatonnes (Linde, n.d.). Because of the 
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relative molecular weights, roughly a quarter will be hydrogen atoms, 
representing 6,721.8 billion cubic metres of hydrogen bound in the 
Natural Gas – 565 megatonnes – an order of magnitude greater than 
global hydrogen production.

At the present time, less than 5% of global hydrogen is produced via 
electrolysis (IEA, 2007). However, Proton Exchange Membrane Fuel Cells 
(PEMFC) electrolysers can easily be scaled up. For example, Siemens 
plan a 200 tonnes per year plant at the Energiepark Mainz (dena, 2014a; 
Hotellier, 2014), where the power rating is 6.3 MW, with a power con-
sumption of 55 GWh per year if they are always on. Germany is cur-
rently exporting something of the order of 30 TWh of electricity per year 
(Fraunhofer, 2013, Slide 8), the vast majority due to excess renewable 
electricity generation, so if instead that was used to manufacture hydro-
gen, that could amount to over 100,000 tonnes of hydrogen (0.1 mega-
tonnes, ~1.3 million Nm3), but it would take a deployment of around 
545 plants of Energiepark Mainz size. If the kind of acceleration in 
renewable electricity seen in Germany were replicated in ten European 
Member States, and they followed through with double the numbers of 
hydrogen electrolyser plants, with each deployment scaled up by 200%, 
because of increasing amounts of surplus renewable electricity genera-
tion available, indigenous European Renewable Hydrogen production 
would be of the order of 4.4 megatonnes (52 million Nm3), a tenth of 
present Western European hydrogen demand (MHLnews, 2014). Since 
this could easily be absorbed by demand from petrorefinery, or the early 
hydrogen vehicle market, not much of this is likely to be available for 
manufacturing Renewable Methane for gas grids. If the demand pressure 

Table 8.1 Estimates of annual global hydrogen production (all markets – captive 
and merchant)

2007 2009 2013 2015 2018 Reference

(a) Million tonnes of H2

CAN-Europe – 45 – – – CAN-Europe (2009)
Freedonia – ~21 – – – MHLnews (2014)
Praxair – ~25 – ~31 – Praxair (2011)
IEA 65 – – – – IEA (2007)

(b) Billion Normal cubic metres (Nm3) of H2

CAN-Europe – 535 – – – CAN-Europe (2009)
Freedonia – 254.5 – – – MHLnews (2014)
Praxair – 294 – ~372.5 – Praxair (2011)
IEA ~773 – – – – IEA (2007)

Unit conversion (Barchard n.d.; Linde n.d.).
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from petrorefinery wins out, this Renewable Hydrogen would go to cre-
ating “greener” gasoline (and diesel) or, rather, to ensuring that petrore-
finery does not expand its carbon emissions profile because of the 
increasing carbon-to-hydrogen ratio resulting from future processing.

A level conclusion that can be drawn is that whilst “Power-to-Gas” 
via the production of electrolytic hydrogen is going to play a vital role, 
it will not be a major player in Renewable Gas as a whole, unless there 
is a continuing acceleration in renewable electricity capacity that leads 
to huge excess generation. The scale of Renewable Hydrogen required to 
bring about a large volume displacement of Natural Gas for all energy 
applications in the short to medium term therefore necessitates reliance 
on biomass routes to hydrogen, and carbon-abated fossil fuel routes to 
hydrogen (e.g. Soetaert and Vandamme, 2009, Chapter 6).

8.9 Good “black swans”

Disruptive technologies with benefits for both carbon control and fos-
sil fuel replacement could float into view in a short time frame. “Black 
swans” would ideally be in the production of hydrogen in the first 
instance.

8.9.1 Hydrogen catalysis

Research announcements are regularly made in the area of improving 
the hydrogen evolution reaction from a range of feedstocks, and using a 
range of catalysts, on a range of substrates. Although an emergent cata-
lytic hydrogen option would need targeted support to grow its potential, 
there is already a market for hydrogen, so if production can be ramped 
up, it can be used, even if the wider Renewable Gas machinery is not 
yet in place.

The ideal place to add catalytic hydrogen facilities would be where 
there are high carbon emissions, ensuring market acceptance, such as at 
heavy oil or tar sands processing plants.

It would also be suitable to place catalytic hydrogen facilities at fer-
tiliser production plants, thus dropping the carbon emissions of the 
plants drastically.

8.9.2  Electromagnetic radiation-assisted hydrogen and 
methane production

Advancements in the plasmolysis of water vapour (steam) suggest that 
hydrogen production with this method might become less costly than 
electrolysis (Rehman et al., 2013). The equipment needed for plasmolysis 
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could probably be added almost anywhere in a power grid, and its 
deployment could initially be precipitated by organisations wishing to 
store hydrogen to ensure uninterruptible power supplies.

Microwave-assisted gas reactions could lead to improvements in the 
synthesis of methane (Ferrari et al., 2014; Hunt et al., 2013). Microwave 
radiation could also aid in forming suitable methanation catalysts (e.g. 
Burbey and Joseph, 2004).

8.9.3 A breakthrough in biomass gasification

If a reliable mechanism could be developed for the prevention of tar 
formation in the gasification of a range of biomass feedstocks that did 
not require post-processing of the product gas, this would pose a huge 
advantage. Potentially, useful tar moderants could be clays or muds, 
some salts or even biochar (Abu El-Rub, 2008).

8.9.4  A breakthrough in the methanation of sour/acid  
Natural Gas

In order to make extensive use of sour/acid Natural Gas with high levels 
of carbon dioxide in it, it would be best to convert this carbon dioxide 
into fuel – rather than separating it and venting it, or emitting it after 
combusting or steam reforming the Natural Gas.

To add the carbon dioxide value to Natural Gas will optimally require 
methanation processing that can operate with the carbon dioxide still 
in situ in the gas.

8.10 The policy ambit

There are two policy objectives that are crucially important: maintain-
ing flexible gas-to-power in industrialised countries, and enabling a 
transition to Renewable Gas.

8.10.1 Retaining gas-to-power capacity

Natural Gas-fired power generation is flexible and produces roughly half 
the carbon dioxide emissions of using coal as fuel. It is vital that Natural 
Gas-fired capacity and availability is maintained, despite worsening eco-
nomics, partly owing to its flexibility. Natural Gas-fired power plants 
have been put “on call” for grid load balancing, and so operate for fewer 
hours a year, which drives down returns on investment. Rather than 
create Capacity Mechanism subsidies, industrialised countries should 
perhaps consider gas-fired power generation as a form of infrastructure, 
and make tax-funded acquisitions of plant to ensure its availability.
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8.10.2 Enabling the transition to Renewable Gas

The use of Natural Gas in power generation in industrialised countries 
will remain acceptable in carbon terms for several decades, but it is vital 
to consider mechanisms for enabling a transition to low carbon gas. 
An obligation on gas supply companies to provide “green” gas may go 
some way to creating a traded market in Renewable Gas, but will not 
secure investment in plant. Various organisations in Germany have 
spelled out the energy and climate security reasons for a transition to 
home-grown Renewable Gas, and are supporting key opening projects, 
and setting targets.

There will still be a need to involve large engineering companies and 
engage finance. This could perhaps emerge as oil and gas companies 
consider the diminishing returns on investment in exploration and pro-
duction of fossil fuels and seek to place their capital elsewhere. They 
could perhaps be encouraged to do so by strict carbon accounting of 
their businesses, and a requirement that they do not undo progress 
made in the abatement of carbon dioxide emissions from their busi-
nesses in the last thirty years. A regulatory framework on the transition 
to Renewable Gas would enable oil and gas companies to retain market 
and shareholder confidence.

Whichever route is chosen for re-directing capital to the task of gas 
transition, there will need to be a stronger collaboration between chemi-
cal engineering, process engineering and petrorefinery companies.

8.11 Recommendations

Renewable Gas systems with carbon recycling can theoretically meet the 
objective of very low carbon emissions power generation, whilst also 
reducing fuel input requirements. Pursuing a fleet of centralised power 
plants around designs of this nature, even if they use fossil fuels as input 
initially, could leverage further Renewable Gas development.

If Renewable Gas production facilities can be encouraged to adopt 
Renewable Carbon, this could lead to the opportunity to decarbonise 
not only power generation, but the other main energy sectors as well –  
transport and space heating/cooling. This should thus become core 
energy policy, even if it can only be effected by state intervention on 
the basis of securing indigenous energy supplies.

Hydrogen research should continue to be supported strongly, particu-
larly Renewable Hydrogen, as this is a key tool in growing Renewable 
Gas production volumes.

Hydrogen should be considered in the context of its requirements by 
the broader energy system (e.g. ADEME, 2014; Agora Energiewende, 2014;  
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Dodds et al., 2015; E-Cube, 2013; Grond and de Joode, 2014; IEA, 2014c; 
SBC, 2014) and not just for Fuel Cell Vehicles (e.g. BMVI, 2014; IPCC, 
2014b, Chapter 8; Mohseni, 2012).

Power-to-Gas is not a final destination. It is only a beginning for 
hydrogen. Work to increase hydrogen production should be prioritised, 
taking a lead from the large global production of syngas, and substitut-
ing biomass fuels as feedstocks.

Besides playing an essential role in decarbonising energy, and pro-
viding a stimulus to the global economy by providing capital, energy 
and carbon “paybacks” on investment within a short period, renewable 
electricity deployment should be accelerated to maximise the potential 
of Power-to-Gas.

Old and new nuclear fission reactors should be re-purposed for con-
stant hydrogen and methane generation, as nuclear power plants are 
a risk to power grid security. The best strategy for grid security would 
be to drop nuclear power plants out in favour of gridded renewable 
electricity capacity with gas-fired power plant backup. Nuclear reactor 
heat would instead be used to make gas to replenish storage. Small 
modular nuclear reactors may at some point be available for localised 
electricity grid support, and therefore potentially available for produc-
ing Renewable Gas; however, these will take some time to develop, so 
there is no rationale to build a plan around them as yet.

Current coal-fired generation plant should be removed from the elec-
tricity grid. Coal should not be used as an energy fuel unless most of its 
carbon can be sequestered or recycled.

Gas-fired plants are vital for current and future energy security, so per-
haps they should be owned by governments or local authorities, as they 
are equivalent to infrastructure assets.

Renewable Gas plant should be designed with a view to possibly need-
ing to switch from fuels rich in Renewable Methane to fuels rich in 
Renewable Hydrogen after some decades, and should show input fuel 
flexibility over all time frames.

Biomass resources need developing to provide Renewable Hydrogen 
(and Renewable Carbon) for Renewable Gas production at a scale that 
can easily outstrip electrolytic hydrogen production.

Biocoals and biocoke need developing to replace the use of coal in 
steel manufacture and other industries.

Bioammonia needs developing at the same pace and scale as Renewable 
Gas, in order to protect food security, and can make use of the same 
input resources.

The price of Natural Gas is likely to be more strongly affected by con-
ditions of its production than by market trading. It is expected that 
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these circumstances will keep Natural Gas prices low for some time to 
come. Therefore, any Capacity Mechanism policy to maintain gas-fired 
power generation capacity should be crafted as subsidies dependent on 
an obligation to take Renewable Gas fuel – to stimulate its introduction.

The deployment of renewable electricity and energy conservation 
should be promoted by all means available.

In the end, energy policy should not be a battle between technologies, 
but a pathway towards a cohesive and efficient whole energy system. 
An energy system built around renewable electricity and Renewable Gas 
could not only be efficient, it could also integrate all power technolo-
gies and fuels, until the fossil fuels need to be phased out. It could thus 
garner co-operation from all the existing energy sector actors, even as it 
prepares us for the low carbon future. All energy sector players can pro-
duce and consume renewable electricity and Renewable Gas, offering up 
the possibility of a smooth transition.

Vehicle manufacturers should be encouraged to build gas-drive 
options as well as electric vehicles.

Fossil fuel oil and gas production corporations should be encouraged 
to develop a vision of a transition to becoming Renewable Gas manu-
facture organisations.
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