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Abstract

Energy security and climate change mitigation are two of the most significant challenges facing governments in
countries across the world. The United Kingdom (UK) government therefore passed the 2008 Climate Change Act
that legally commits Britain to reducing ‘greenhouse gas’ (GHG) emissions by 80% over 1990 levels by the year
2050. Bioenergy (as a potentially low carbon and renewable energy source) is recognised as having the potential to
contribute to mitigating GHG emissions and, through utilising domestic biomass resources, can help Britain reduce
its reliance on fuel imports and thereby enhance energy security. In order to help guide the UK towards achieving
its ambitious targets, a number of forecasting studies have been carried out, each proposing different pathways to
securing its 2050 GHG emissions reduction target. The extent to which bioenergy can contribute to future energy
supply is appraised, given the biomass resources available to Britain. Analysis of three notable low or zero carbon
energy scenario sets developed by, respectively, the British Government's Department of Business, Energy and
Industrial Strategy (BEIS), the UK Energy Research Centre (UKERC), and the Centre for Alternative Technology (CAT)
enabled a comparative evaluation to be made of each projection and their realism. They reflect alternative
modelling approaches that seek to meet the statutory 2050 carbon reduction target (BEIS and UKERC), to that (by
CAT) of fully decarbonising Britain by 2030. The spotlight is on the use of dedicated energy crops and their
implications, with a particular emphasis on the critical factors and issues of land availability, conversion technologies
lincluding bioenergy carbon capture and storage (BECCS)], and foreign imports. Likewise, the deployment of
bioenergy resources may have significant deleterious impacts in terms of direct and indirect land use change, loss
of biodiversity and the impairment of eco-system services, and competition with food production. A ‘gap analysis’
leads to recommendations for the improvement of the next generation scenarios and forecasts in order to provide
more realistic projections for bioenergy uptake in the UK, although the lessons learned are applicable across much
of the industrialised world. It was found that while all three low or zero carbon scenario studies had internal
shortcomings from a bioenergy perspective, the analysis by BEIS stood out as having the greatest level of realism
due to the account given to many of the critical factors and underlying issues relating to bioenergy uptake.
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Introduction

Energy sources and climate change

Energy services underpin human development, but they
also put at risk the quality and longer-term viability of
the biosphere as a result of unwanted or ‘second order’
effects [40]. Arguably the most significant of these
side-effects emanate from changes in atmospheric con-
centrations of ‘greenhouse gases’ (GHGs) that affect the
energy balance of the global climate system, and are
arguably the key environmental burden constraining
moves towards global sustainability. Carbon dioxide
(CO,) emissions represent the principal GHG having an
atmospheric residence time of about 100 years [40].
Human activities have led to quite dramatic increases since
1950 in the ‘basket’ of GHG originally incorporated in the
Kyoto Protocol; concentrations rising from 330 ppm to
about 430 ppm presently [53]. The most recent (2013)
scientific assessment by the Intergovernmental Panel on
Climate Change (IPCC) asserts that it is ‘extremely likely’
that humans are the dominant influence on the observed
global warming since the mid-twentieth century [53]. Thus,
human activities lead to the emission of CO, (and other
GHGs) that, in turn, trap long-wave thermal radiation from
the Earth’s surface in the atmosphere. The IPPC suggest
that these are the main cause of rises in climatic tempera-
tures [53]. The subsequent 2015 Paris Agreement following
the COP21 meeting in that city aims to keep temperatures
“well below 2°C above pre-industrial levels and to pursue
efforts to limit the temperature increase to 1.5°C above
pre-industrial levels” (see, for example, [5]). However, bot-
tom-up pledges received by countries prior to the
Paris Conference [the so-called ‘Intended Nationally
Determined Contributions’ (INDCs)] for national GHG
mitigation efforts are expected by analysts of the
United Nations Framework Convention on Climate
Change (UNFCCC) to result in a warming of around
2.7°C. So the world still faces a significant challenge
of reducing GHG emissions further in order to bring
global warming into line with the aspirations in the
Paris Agreement.

End-use energy demand from the domestic, service,
industrial and transport sectors of the United Kingdom
of Great Britain and Northern Ireland (UK) economy
give rise to approximately 61% of CO, emissions [22].
[The transport sector is often separated from the energy
system, but contributes around 25% of these emissions.]
In contrast, some 37% of CO, emissions can presently
be attributed to energy and power supply-side. The UK
Government’s Committee on Climate Change [10] — an
expert, independent statutory public body — recom-
mended the adoption of a target of an 80% reduction in
GHG emissions (against 1990 levels) by 2050 in order to
militate against anthropogenic climate change from such
human activities. This was incorporated in the Climate
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Change Act 2008 [51], and is broadly consistent with 2 °C
of global warming. Recently the UK Government asked
the CCC to give it advice on possible tightening of the
2050 target in light of the Paris Agreement [5], and the
aspiration of restricting global warming to 1.5°C above
pre-industrial levels. The CCC argued, in any event, that
the steepest reductions in GHG emissions must occur
before 2030.

Looked at from a global perspective, human beings
were almost completely dependent on finite fossil and
nuclear fuels for energy resources at the turn of the
Millennium [see Fig. 1 [47]]; amounting to about 77 and
7% of primary energy needs respectively [27]. “Traditional’
renewable energy sources, such as burning fuelwood and
dung or using water and windmills, accounted for 11% of
these worldwide requirements. Large-scale hydroelectric
power contributed 3%, and other renewables (including
modern wind turbines and liquid biofuels) contributed
just 2%. Sustainable development in a strict sense requires
a reversal of these roles, but it is unlikely that renewable
energy technologies (RET) could meet a high proportion of
industrial countries’ energy demand before at least the
middle of the twenty-first century [79]. This is partly due
to the conflict between the needs of environmental
sustainability and the downward economic pressures on
energy prices arising from moves towards energy market
liberalisation in the industrialised world. However, the
British policy incentives for RET have recently been
significantly weakened with a result that Geels et al. [30]
believe it is unlikely that the UK will meet its current
renewable electricity target of 30% by 2020 under the
(pre-Brexit) European Union agreement. Likewise, the
uptake of new nuclear power stations and carbon capture
and storage (CCS) facilities coupled to fossil-fuelled power
stations and industrial process plants have been signi-
ficantly delayed in comparison with what was envisaged in
the original version of the UK Carbon Plan [22]; super-
seded by the UK Governments recent Clean Growth
Strategy 14, 52].

The world has undergone various cycles or energy
transitions between differing energy sources since the
start of the Industrial Revolution (c. 1760—1840). These
so-called Kondratieff long-waves [66, 71] are depicted in
terms of world primary energy shares in Fig. 1 [47],
alongside future pathways out to 2050 as suggested by
the Shell ‘Dynamics as Usual” Scenario [15]. “Traditional’
energy sources include animal manure, fuel wood, water
wheels, and windmills. Over the forthcoming 30 years or
so there could be a significant growth in energy demand,
resulting mainly from the economic development of
rapidly industrialising countries (such as China and
India). The depletion of finite fossil fuel resources (like oil
and natural gas), and the need for climate change miti-
gation, will therefore require to be offset by a portfolio of
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countervailing energy strategies: energy demand reduction
and energy efficiency improvements, CCS from fossil fuel
power plants, and a switch to other low or zero carbon
energy sources; various sorts of renewables (including,
potentially, liquid biofuels for transport) or nuclear power
[see again Fig. 1 [47]].

Bioenergy resources for use in the UK energy and
transport sectors

In order to achieve the targets set out in the UK Climate
Change Act [51], it is necessary to drastically reduce
energy demand, whilst also moving away from a fossil-
fuelled energy system and towards the use of a much
greater proportion of low carbon or renewable energy
sources. One such renewable source is bioenergy; defined
as energy from any fuel that is obtained from biomass
resources [58]. The latter are organic matter derived from
living, or recently living, organisms that could include
both animal and plant or vegetable-derived material,
including animal waste [61, 73]. The combustion of this
biomass is sometimes considered to be ‘carbon neutral,
because the release energy is assumed to be equal to
that sequestered from the atmosphere during its culti-
vation [1, 73]. Biomass provides two main routes to
mitigating climate change: its growth removes CO,
from the atmosphere, and then stores it over long time
periods in soils, trees and other plants [12]. In reality,
this mitigation potential depends on whether or not

the biomass is managed appropriately (i.e., ‘sustainably’).
Only then can it deliver significant net reductions in CO,
emissions when compared to fossil fuels [1, 67]. Likewise,
bioenergy has the potential to contribute to future UK
energy services for heat, electricity and transport. These
can constitute solid and liquid biofuels, as well as biogas.
The so-called first generation biofuels (FGB) are produced
mainly from food crops. They are restricted in terms of
their ability to meet targets for oil-product substitution
(without threatening food supplies and biodiversity), as
well as reductions in GHG emissions [42, 73]. In contrast,
more advanced or second generation biofuels (SGB) are
generally produced from agricultural or crop ‘wastes’
[such as wheat straw [46]] and from non-food energy
crops, which significantly reduces these negative impacts
[42, 73]. Potential feedstocks and conversion routes [44]
therefore need to be assessed against the full range of sus-
tainability considerations and over the full life-cycle of the
biofuel supply chain [25, 43, 81]: from ‘field-to-forecourt’
or ‘seed-to-wheel. Only in this way will the true con-
sequences of a given biofuel — environmental, economic
and social - be determined [43].

Biomass electricity generation accounted for 6% of the
Britain’s power supply in 2017, whilst the corresponding
heat generated from biomass was around 8% of overall
heat demand, with liquid biofuels accounting for some
3% of the UK’s road transport fuel [17, 78]. Electricity
generation from renewable sources in Britain was
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incentivised via the introduction of the Renewables Obli-
gation, which obliges UK electricity suppliers to source a
fixed percentage of their electricity from renewable
sources [1, 72]. Bioenergy producers have been remune-
rated for supplying electricity to the distribution grid via
a ‘Feed-in Tariff (FiT) since April 2010, and an analo-
gous ‘Renewable Heat Initiative’ (RHI) from April 2011
[22]. The British Government set up the ‘Office for
Renewable Energy Deployment’ (ORED) in July 2009 to
co-ordinate actions aimed at achieving its 2020 re-
newable energy targets [1, 20]. ORED aims to stimulate
investment and develop supply chains in all RETs, and
has a specific objective to encourage and enable more
use of ‘sustainable bioenergy’ [20]. The European Union
(EU) have viewed adoption of liquid biofuels in the
transport sector [44] as a policy intervention for meeting
climate change mitigation targets, enhancing regional
energy or fuel security, and contributing to rural de-
velopment. The latter could be aided by the provision of
an alternative source of income for, otherwise depressed,
agricultural communities from the production of biomass.
Such biomass resources can be converted into premium-
quality liquid biofuels and biochemicals [36, 88]. Thus,
bioethanol and biodiesel hold out the prospect of retaining
the existing transport infrastructure (e.g., refuelling or
‘petrol stations), in contrast to other potentially low carbon
options, such as hydrogen-fuelled or electric vehicles. That
has significant benefits in terms of limiting capital expen-
diture and the potential speed of take-up. Nevertheless,
the deployment of bio-based products may have signifi-
cant deleterious impacts in terms of direct and indirect
land use change, loss of biodiversity and the impair-
ment of eco-system services [78, 81, 88], and competi-
tion with food production.

The issues considered

In the light of the above discussion, the extent to which
bioenergy can contribute to future UK energy supply is
appraised, given the resources available to the Great
Britain and Northern Ireland. Analysis of three notable
low or zero carbon energy scenario or pathway sets pro-
duced by, respectively, the British Governments Depart-
ment of Energy & Climate Change (DECC) [which was
merged in 2016 with the then Department for Business,
Innovation & Skills (BIS) to form the Department for
Business, Energy & Industrial Strategy (BEIS)] (the DECC
2050 Calculator; see [21]), the UK Energy Research Centre
(the UKERC Energy 2050 Project; see [83]), and the Centre
for Alternative Technology (the Zero Carbon Britain 2030
Project; see [8]) enabled a comparative evaluation to be
made of each projection and their realism. They reflect
alternative modelling approaches that seek to meet the
statutory 2050 carbon reduction target (DECC/BEIS and
UKERC) to that of fully decarbonising Britain by 2030
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(CAT). The spotlight of the present study is on the use of
dedicated energy crops and their implications, with a par-
ticular focus on land availability, conversion technologies,
and foreign imports. A ‘gap analysis’ leads to recommen-
dations for the improvement of the next generation fore-
casts, pathways or scenarios in order to provide more
realistic projections for bioenergy uptake in the UK,
although the lessons learned are applicable across much
of the industrialised world. The findings are then analysed
in the context of contemporary developments in energy,
and particularly bioenergy, policies.

Sustainable bioenergy - the policy landscape

A simplified model of UK energy flows is illustrated in
Fig. 2 [40]. It should be noted that heat is wasted and
energy is ‘lost’ at each stage of energy conversion and dis-
tribution, particularly in the process of electricity ge-
neration. However, the schematic energy flow diagram
shown in Fig. 2 hides many feedback loops in which
primary energy sources (including fossil fuels, uranium
ore, and hydro-electric sites) and secondary derivatives
(such as fossil-fuelled and nuclear-generated electricity)
themselves provide upstream energy inputs into the ‘en-
ergy transformation system’ [85]. The latter is that part of
the economy where a raw energy resource is converted to
useful energy, which can meet downstream ‘final, or
‘end-use’ demand. ‘Renewable’ energy sources are taken to
mean those that are ultimately solar-derived: mainly solar
energy itself, biomass resources, and wind power. In 2016
natural gas amounted to around 39.8% of UK inland
energy consumption, whilst coal had fallen to just 6.4%,
primary electricity (mainly nuclear) amounted to 11.2%,
bioenergy and biogenic waste (that produced or brought
about by living organisms) was 7.4% [17]. Oil (i.e., ‘petro-
leum’) dominated the road transport sector (where it
cannot easily be substituted by alternatives) with 35.3% of
total UK end-use consumption in 2016 [17]. Electricity as
an energy vector currently make a relatively small contri-
bution to the transport sector; around half the delivered
energy for railway trains. It might be enabled by better
energy storage devices [e.g., batteries [41]] and fuel cells,
particularly for road transport, going forward.

The UK Government’s Committee on Climate Change
published a review of bioenergy use and its longer-term
sustainability in a British context [11]. [This was recently
updated [12].] Obviously, the focus of the CCC study
was on the potential of bioenergy to contribute to
achieving carbon targets in a way that is compatible with
food supply, as well as other environmental and social
objectives [11, 12]. The CCC observed that suitable bio-
mass resources are relatively scarce in the UK, and
should therefore be mainly reserved for carbon seques-
tration purposes. These included the use of wood in
construction and in connection with CCS in industry
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Fig. 2 Simplified representation of the UK energy system. [Source: Hammond [40]]

and in power generation [bioenergy CCS (or BECCS)
[33]]. It recommended that the British Government
should plan for a bioenergy penetration of no more than
around 10% of primary energy demand out to 2050. The
Committee on Climate Change argued in their initial
Bioenergy Review [11] that the near-term use of biofuels
for surface transport should be restricted to ‘sustainable’
(i.e., second generation) biofuels. In the longer term, they
recommended that liquid biofuel use for transport should
decrease, and that biomass resources should be diverted to
higher-valued sectors (see also [36]). These recommenda-
tions are potentially controversial [42], and were followed
by the UK Government’s revised ‘Bioenergy Strategy’ [23].
This suggested that about 8-11% of UK primary energy
demand might be met by sustainable bioenergy in 2020,
and 12% by 2050. But this would depend on getting the
mix of low-risk bioenergy technologies correct, which in
turn would require the establishment of improved sustain-
ability standards to be agreed at the EU level, the boosting
of feedstock production, and an incremental increase in
impact monitoring. It was also acknowledged that estimates
of future bioenergy penetration was highly depend on the
availability of sustainable feedstocks, i.e., those that are not
extracted from high carbon stock land (e.g., peatland or
natural forests) or that are needed for competing purposes
(such as food production). The ‘Bioenergy Strategy [23] was
based around four ‘principles’ aimed at delivering genuine

cost-effective, carbon reductions in Britain, whilst maxi-
mising overall benefits and minimising costs (including
impacts on food security and biodiversity). This strategy
advocated that such policies should be revisited at about
five yearly intervals. The published document incorporates
a response to the Committee on Climate Change’s Bio-
energy Review [11] that was generally in agreement with
the recommendations in the latter. The UK Government’s
UK and Global Bioenergy Resource Model (an updated
feedstock availability model) suggested that there are sub-
stantial quantities of indigenous biomass and biogenic
waste available even accounting for the application of more
stringent sustainability and land use criteria (see [76]). The
total 2030 UK bioenergy resources might be equivalent to
some 235-310 terawatt-hours (TWh); with accessible re-
sources of perhaps 160-185 TWh. But many industrial
sectors will be competing for this resource alongside,
for example, power generation. This is likely, in any
case, to drive up biofuel prices. The Committee sub-
sequently argued [12] that the uptake of BECCS to pro-
duce power, hydrogen, aviation biofuels, or in industry
applications would deliver more in terms of GHG
abatement than its use in other energy systems (including
road transport). Thus, the CCC reiterated that bioenergy
resources could be produced and used in ways that are
both low-carbon and sustainable [12]. However, they
suggested that improved governance would be critical to
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ensuring that this happens in practice. In this way, bio-
energy could make a significant contribution to mitigating
climate change, but otherwise it risks being “worse for the
climate than using fossil fuels”. Thus, the British Govern-
ment has indicated that it will continue to evaluate the
scope for future bioenergy penetration as it approached
and moved beyond 2020 [23].

Bioenergy, agricultural land and feedstocks

The availability of agricultural land

One of the most critical factors in projecting bioenergy
resources to 2050 is the availability of agricultural land
and its suitability for the cultivation of bioenergy crops
[44, 56, 84, 86]. The definition of ‘availability’ itself is am-
biguous and open to interpretation, while there are many
uncertainties surrounding the uptake of bioenergy and the
implications for land use in Britain. Bioenergy can be de-
rived from a wide variety of biological resources, some of
which do not directly require a significant uptake of land.
Typically, energy derived from wastes, such as Municipal
Solid Waste (MSW) and Commercial & Industrial (C&I)
Waste, do not have an associated land use. Similarly, agri-
cultural slurries or farm wastes, such as animal manures,
give rise to only indirect land use associated with the graz-
ing livestock (e.g., cattle and sheep). These biogenic wastes
will be disregarded here, because the focus is on land use
from dedicated energy crops, such as Miscanthus and
Short Rotation Coppice (SRC).

There exist a number of estimates of future land uptake
for energy crops (e.g., [7, 84]). These indicate that the
range of potential land use is broad and very uncertain.
Table 1 provides an indication of the UK land available for
bioenergy uptake from a number of sources available in
the literature (at around the time of the publication of the
UK energy scenario sets evaluated here). It is immediately
apparent from this table that there is a significant variation
in projections between these studies. The estimates of UK
land available for bioenergy production vary from 1.0-5.5
million hectares (Mha). Hammond et al. [44] suggested
that the land available to meet the automotive biofuels

Table 1 UK Bioenergy Land Availability Estimates/Projections
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requirement for the UK Renewable Transport Fuel Obliga-
tion (RTFO) alone was in the region of 1.73 Mha, based
on an early Defra [18] inventory. This disparity in land
availability estimates was highlighted more recently by
Slade et al. [84] and Spiers et al. [86], who discussed the
reasons for the differences. Each study tended to take a
resource focused approach, rather than one based on the
likely market demand for co-products that could be pro-
duced on the land. They found that in previous studies, a
large number of differing assumptions had been made
about availability of agricultural land or resource inven-
tories, the extent that could be employed for cultivating
biomass, and the competition for land with other (parti-
cularly food) crops. Slade et al. [84] also found that the
various studies utilised different definitions and boundary
conditions, making comparisons between them extremely
difficult (see also [86]). Thus, the range of resource
estimations differ markedly between studies, despite many
of them being based on the same underlying data sets.
Consequently, later reports were found to be highly
derivative of earlier ones.

Energy crops and crop yields

Potential increases in yields are an important factor in
determining the land that can be employed for the culti-
vation of dedicated energy crops, such as Miscanthus
giganteus (hereafter termed ‘Miscanthus’), SRC Willow
(Salix spp.), or Poplar (Populous spp.). The former is a
woody, perennial, rhizamatous grass hybrid capable of
growing between 2.5 m and 3.5 m in height. Its progenitor
plants, Miscanthus sinensis and Miscanthus sacchariflorus,
are native to Japan. Miscanthus retains nutrients well, and
does not require large volumes of nitrogen fertilizer. It is
suggested that in the future Miscanthus yields could be in
excess of 15 oven-dry tonnes (odt) per hectare [82],
although this is on the highest quality arable land that is
most likely to be reserved for cultivating food crops. This
represents a large improvement on current yield estimates
that have been discussed by Bauen et al. [7], where a
conservative estimate of baseline yield averages is given as

Source Available Land (Mha) Time Frame Comments

Defra [19] 1.1 2020 - Future 350,000 ha for the growth of perennial energy crops in addition
to 740,000 ha arable crops for 50% of RTFO (5% of transport fuels by 2010)

EEA [26] 1.6 2030 Takes no account of conversion of permanent grassland

RCEP [80] 1.0-55 2050 More ambitious yields, conversion efficiency and forest fuel availability will
move figure towards 1 Mha

Haughton et al. [49] 3.1 Future Models planting in “environmentally acceptable locations thereby avoiding
unsustainable trade-offs”

Lovett et al. [63] 3.1 Future Report solely focused on cultivation of Miscanthus, and filters out
Grades 1 and 2 agricultural land

ADAS [2] 4.2 Future Comprehensive assessment of technical land availability from lower

grade arable and marginal land. Highest possible scenario to be 4.2 Mha
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10 odt per hectare. The broad chemical composition of
Miscanthus on a percentage basis is cellulose 44%, hemi-
cellulose 24%, and lignin 17%. It has a net calorific (or
‘lower heating’) value of about 17 GJ per odt. In contrast,
SRC are tree species suitable for harvesting on a shortened
cycle of between 2 and 5 years. McKendry [68] reviewed a
range of European yields for SRC Willow of between 10
and 15 odt per hectare, while research by Aylott et al. [6]
suggests figures of between 2 and 13.5 odt per hectare.
The rough chemical composition of SRC willow is cellu-
lose 40%, hemicellulose 30%, and lignin 30%, with a net
calorific value of around 18.5 GJ per odt. An increase in
yield above 15 odt per hectare will clearly be beneficial for
future bioenergy production. It is expected that yields for
energy crops will increase through biotechnological and
genetic engineering advances in the coming decades
leading towards 2050 [82]. Whether crop yields would
increase indefinitely into the future is difficult to say
with any certainty, and is very much dependent on
developments in crop genetics. These will give rise to
second (and higher) generation biofuels. Obviously with
a greater yield of a crop per hectare, more energy can
be produced using the same land area or, alternatively,
the required land area could be reduced whilst still
achieving the same bioenergy production.

Socio-economic implications of bioenergy developments
Future bioenergy uptake will depend heavily on the reac-
tion of the public to adopting new technologies that may
have an effect on the landscape in the UK. In order for
ambition to become reality, there needs to be a level of
public acceptance and understanding and government
support for bioenergy technologies [25]. If this fails to
materialise, the result will be restricted land availability
for cultivating bioenergy crops and increased pressure
on other renewable options. One potential concern
surrounding the uptake of bioenergy crops in the UK is
the associated visual impact and change of landscape
aesthetics. Miscanthus is not a crop native to the UK,
and can grow to 3.5m in height in a single year [77], it
is suggested that the unfamiliarity of the crop in the UK
may result in public objection [89]. However, experience
in Austria and Sweden, where bioenergy use is well
established, suggests that further uptake will be welcomed
by broader society [80].

In addition to the concerns over public reactions to
landscape changes and increased uptake of bioenergy, it
is important that consideration is given to the incentives
for potential suppliers to invest in developing bioenergy
feedstocks, especially in the absence of certainty regar-
ding their future. Research by the UK-based International
Institute for Environment and Development suggested that it
could be compounded by the fact that turning land over to
perennial energy crops represents a long-term commitment
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of around 15-20 years. A supplier is then restricted to one
crop throughout this period; as opposed to an arable crop
that could be changed year-on-year based on its economic
output [59]. Thus, support policies and incentives will
inevitably be required in order to encourage bioenergy
uptake into the future [80]. Adams et al. [1] also noted
that financial considerations - the ability of farmers/pro-
ducers to ‘make a profit’ - would be the most significant
driver for the development of bioenergy, although un-
certainty still surrounds the possible return available from
biomass crops in the UK.

Bioenergy conversion processes

Background

Bioenergy conversion processes are the methods by which
the energy stored within biomass can be released [44, 69].
The complex and varied nature of bioenergy means that
unlike other renewable energy sources, which have one
set method of energy generation and mode of output,
there are a wide range of bioenergy conversion processes
which can deliver energy in many ways (see Fig. 3). These
can result in solid, liquid and gaseous fuels, and provide
energy across the end-uses of heat, electricity and trans-
port [3]. Conversion processes for releasing the energy
from biomass range from simple combustion (i.e.,
burning wood) to the complex formation of liquid bio-
fuels for transport from lignocellulosic biomass feed-
stocks [57, 60, 70]. The conversion method used will
primarily rely on the required end-use of the biomass;
whether it is required to provide heat or power in-situ
or to generate gaseous or liquid fuels for use elsewhere
[69]. The development of increasingly efficient con-
version processes into the future will be a key factor in
deciding how limited biomass resources are best uti-
lised. Thus, the conversion methods available are out-
lined below. Such bioenergy conversion processes can be
characterised as thermo-chemical, biochemical and
physical-chemical methods.

Thermo-chemical conversion

Direct combustion

Provided a bioenergy feedstock has less than 50% moisture
content, it is suitable for direct combustion. Feedstocks of
greater than 50% moisture content are better suited to
biological conversion processes [69]. Biomass combustion
then releases thermal energy (i.e., heat) which can be used
for various heating applications, such as in the conven-
tional burning of wooden logs. Biomass can also be com-
busted in a large-scale boiler for electricity generation;
often in co-firing with fossil fuels (traditionally coal).

Gasification
Gasification converts biomass into a gaseous fuel often
referred to as syngas (see again Fig. 3), which can then
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Herbaceous Perennials
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Fig. 3 Schematic representation of various biofuel conversion routes. [Source: Hammond et al. [44]; adapted from Hart et al. [48]]

be used in internal combustion engines, gas turbines, or
co-fired in boilers. Biomass feedstock is heated to a high
temperature, typically 800-900 °C, in the presence of lim-
ited oxygen [69]. High gross calorific values (GCV),
termed higher heating values (HHV) in North America,
can be achieved in the product gas by using pure oxygen
for the gasification process, but this is electricity inten-
sive and the technology for the oxygen plant requires
significant capital investment. Gasification products
can also be used to produce liquid fuels through
further processing via biomass-to-liquid technologies;
allowing the generation of liquid transport fuels from
‘second generation’ lignocellulosic feedstocks, such as
perennial grasses, woody perennials and municipal
solid waste [45, 57, 60, 70].

Pyrolysis
Similar to gasification, pyrolysis conversion requires the
heating of biomass feedstock to high temperatures.

However, in this case, it is in the absence of oxygen.
Pyrolysis conversion primarily yields liquid fuel (bio-oil;
see again Fig. 3), which in some circumstances may be
combusted. However, solid biochar and biogas may also
be produced depending on the reaction conditions.
Solid biochar may then be used as solid fuel for heating
or electricity generation. There is potential for bio-oil
to be further refined to yield a replacement for trans-
port fuels, but this is not yet developed on a commer-
cial scale [77]).

Biochemical conversion

Fermentation

Fermentation is the process of producing alcohol from
sugars. In the case of bioenergy, fermentation is primarily
used to produce bioethanol from sugar and starch feed-
stocks, such as maize, wheat, sugarcane and sugarbeet
(again see Fig. 3). Due to the low sugar content in cellulosic
crops, such as perennial grasses or straw [42, 45, 57, 60, 70],



Allen and Hammond BMC Energy (2019) 1:3

bioethanol is more difficult to produce via fermentation.
Nevertheless, progress in that direction has recently been
made [16, 37, 46, 94]. In order to produce bioethanol
from cellulosic crops, the cellulose must first be
broken down into sugar through hydrolysis [9]. It is
then possible to ferment these sugars in order to pro-
duce bioethanol. It has been suggested that hydrolysis
of lignocellulosic biomass could lead to low cost and ef-
ficient production of bioethanol that may consequently
become competitive with fossil fuels within 1-2 de-
cades, or during 2020-2030 [28]. Extensive research on
lignocellulosic bioethanol production has been con-
ducted over recent years. This is reflected in a series of
substantial published reviews, e.g., Chandel et al. [9];
Mabee et al. [64]; Mood et al. [70]; Gupta and Verma
[38]; Khoo [57]; Kumar et al. [60].

Anaerobic digestion

Anaerobic digestion (AD) is the production of biogas
from biomass (generally of high moisture content) in
the absence of oxygen. Under such anaerobic condi-
tions, bacteria breaks down organic matter to pro-
duce biogas, which mainly consists of methane and
CO,. Biogas or biomethane (see Fig. 3) can then be
combusted either to produce heat or electricity, or
used as a substitute for natural gas following the re-
moval of CO, [69]. AD is particularly suited to wet
biomass feedstocks, such as agricultural waste (ma-
nures), organic domestic wastes, and industrial
wastes [particularly those from food and beverage in-
dustries [34]]. However, all biomass types can be
digested anaerobically. AD plants are typically lo-
cated on farms to serve small-scale applications, or
on larger scales using waste from food and beverage
industry processing to power plants and businesses
[34]. There is also the possibility of co-processing
waste from several farms along with organic matter
redirected from MSW in large centralised AD sys-
tems [19].

Physical chemical processing

Esterification

In contrast to the production of bioethanol through
fermentation of sugars, biodiesel — another substitute
for liquid transport fuels — may be produced through
the process known as esterification (see again Fig. 3).
This process involves the extraction of natural oils from
feedstocks, such as oilseed rape or the fruits of palm
trees (palm oil). Recovered waste vegetable oils can also
be used. The extracted oil is then reacted with alcohol to
produce methyl ester, i.e., biodiesel [44]. Rapeseed (oily)
methyl ester (RME) is currently produced in significant
quantities in the EU [28].
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Future developments in conversion technologies

The future context

It is extremely difficult to say with any certainty which
of the various conversion technologies will actually be in
use for converting biomass to bioenergy by 2050. There
are a large number of variables involved, and the
end-use requirements are a key factor [69]. However, it
is clear that in order to make the best use of scarce
resources, bioenergy will be used for situations where
renewable alternatives are not forthcoming [11, 12, 78].
A key area where other renewable technologies may not
become available is in transport applications, particularly
heavy goods vehicles, aviation and shipping. In order to
provide biofuels for these and other transport appli-
cations, there is a key requirement to develop conver-
sion processes that can efficiently and cost-effectively
produce biofuels from second generation feedstocks.
Two important areas for future biofuel development are
Fischer Tropsch synthesis (FT) and cellulosic bioethanol.

Fischer Tropsch synthesis

FT synthesis uses gases from biomass gasification to pro-
duce liquid biofuels that can directly substitute for bio-
diesel [44]. The advantage of this synthesis process is the
possibility of using a wide variety of feedstocks, such as
straw and wood residues, that do not compete with food
crops [44]. FT synthesis also offers the opportunity to
decarbonise the aviation sector as it is possible to create
liquid fuels that can be substituted for current aviation
fuels [55]. Production of FT liquids or bioethanol from
lignocellulosic biomass will offer much better perspec-
tives in the long-term [28]. Table 2 provides an indica-
tion of potential performance in the short and longer
term of several first and second generation conversion
processes for liquid transport fuels. In cases where
values are given for fuel and power, it is assumed that
by-products or wastes from the conversion process are
used to generate heat or electricity. The data has been
adapted and augmented from IEA [55] and Faaij [28]. It
can be seen that both second generation cellulosic
bioethanol and FT liquids are expected show improved
efficiencies over the longer term, either through the
fuel conversion process itself, or the availability of
by-products for generating power. Both are seen (in
Table 2) to have high GHG mitigation potential as
compared to first generation bioethanol from beet
sugar and biodiesel from RME.

Bioenergy imports
Solid biomass imports
Given the constraints on domestic bioenergy development
in the UK [11, 12, 78], it is likely that future uptake will
include a proportion of bioenergy to be imported from
abroad. It is particularly difficult to gather complete
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Table 2 Bioenergy Conversion Technologies: Potential Future Developments

Conversion Technology Efficiency GHG Reduction
Contrasted to Conventional
Fossil Fuel

First Generation Biofuels (FGB) Short Term Long term

Bioethanol from Beet sugar 43% 43% Low-Moderate

Bioethanol from Sugar Cane 881/t feedstock 95 I/t feedstock High

Biodiesel from Rapeseed (RME) 88% 88% Moderate

Second Generation Biofuels (SGB) Short Term Long term

Cellulosic Bioethanol 46% (fuel) 53% (fuel) High

4% (power) 8% (power)
Fischer Tropsch (FT) Liquids 45% (fuel) 45% (fuel) High

10% (power)

evidence on the levels of bioenergy imports, but around
1.4 million tonnes of solid biomass are typically
co-fired in the UK for electricity production, of which
around 54% was imported [19]. The imported feed-
stocks predominantly consisted of palm oil residues,
olive residues, sunflower pellets and shea meal (SM)
from Indonesia, Malaysia, Southern Europe and
Africa. In addition to these imports, a significant
proportion of the wood used for co-firing has been
assumed to be imported, in pellet form, and to a
lesser extent, as chippings. Imported palm residues,
olive residues, and wood (sawdust pellets and chips)
employed for co-firing give rise to the adverse or
sustainability concerns summarised and incorporated
into Table 3.

Liquid biofuel imports

Given the strong need to import biodiesel and
bioethanol to meet the needs for transport fuels in
the UK, it is now necessary to assess the implica-
tions of importing liquid biofuels, particularly palm
oil produced in Indonesia and Malaysia, and

bioethanol production mainly from sugarcane in
Brazil and from corn (i.e., maize) in the USA. It is
estimated that demand for biofuels is responsible for
the 76% increase in UK imports of palm, soya and
rapeseed oils since around 2005 [74]. Palm oil pro-
duction gives rise to similar concerns to those asso-
ciated with solid palm residues (see Table 3), i.e.,
deforestation and loss of biodiversity, forest fires, air
pollution and associated health impacts, and the ab-
rogation of land and social rights. Likewise, bioetha-
nol production creates burdens on the indigenous
producer countries, including environmental degrad-
ation, food insecurity, and water profligacy. Many of
the feedstocks for biofuel production raise concerns
about the ‘carbon debt’ caused by release of CO,
into the atmosphere through the process of land
clearing and subsequent cultivation for energy crops.
Research by Fargione et al. [29] suggests, for ex-
ample, that it takes 423 years to repay palm biodiesel
CO, emissions associated with peatland rainforest, in
contrast to 48 years for corn bioethanol from aban-
doned cropland.

Table 3 Solid Biomass Imported into the UK and Their Adverse Impacts

Imported Feedstock Sustainability Concerns

Sources

Olive residues

Competition for use to re-fertilise and preserve soil [89]

quality at the locality of production

Palm residues

A by-product of palm oil production which gives rise

Present authors

to various environmental burdens,
such as deforestation and loss of biodiversity, forest

fires, air pollution

and associated health impacts, and the abrogation

of land and social rights

Competition for use as animal (livestock and wildlife) 74]
feedstock at the locality of production

Wood (chips/pellets)
after transportation

Concerns surround net ‘greenhouse gas’' (GHG) balance [89]

Sourcing from forestry residues may result in [90]
degradation of soil quality and threaten biodiversity
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Low carbon futures for the UK energy and
transport systems

Low carbon options for the UK

Several notable modelling exercises have been undertaken
in recent years that were based on low or zero carbon UK
energy scenario or pathway sets. These include those de-
veloped by the British Government’s former Department
of Energy and Climate Change (the DECC 2050 Calculator;
see [21]), the UK Energy Research Centre (the UKERC
Energy 2050 Project; see the book-length discussion in
[83]), and the Centre for Alternative Technology (the Zero
Carbon Britain 2030 Project; see [8]; another book-length
contribution, albeit self-published). [DECC was merged
with the then Department for Business, Innovation & Skills
(BIS) in 2016 to form the Department for Business, Energy
& Industrial Strategy (BEIS)]. This enables a comparative
evaluation to be made of each projection, which are
based on alternative modelling approaches that seek
to meet the 2050 GHG reduction target (an 80% fall
below 1990 levels in the case of DECC/BEIS and
UKERC), to that of fully decarbonising Britain by
2030 (CAT). Nevertheless, Hammond [39] argued that
energy projections involve a high degree of uncer-
tainty - forecasting as a “black art”. [Indeed, he sug-
gested that rolling projections using a rather broad,
sectoral approach that is continuously updated at not
greater than five-year intervals, in a similar manner
to econometric forecasts, are more useful for energy
planning purposes.] The DECC/BEIS 2050 Calculator
is basically an engineering-based, Excel spreadsheet
model [inspired by the late DECC/BEIS Chief Scientist,
Sir David MacKay; 1967-2016] that is open source and
arguably transparent. It is an online platform or tool that
allows users to choose their own combination of technolo-
gies to attain an 80% reduction in GHG emissions by 2050
against the 1990 baseline, whilst ensuring that energy sup-
ply and demand are balanced. The UKERC Energy 2050
Project [83] brought together a wide range of interdiscip-
linary researchers to explore the possible development of
the UK energy system through to 2050. This involved a
three-scenario core set that was underpinned by a
cost-optimisation model: the UK MARKAL Elastic
Demand [MED] model (the details of which are variously
described in [4, 24, 83, 87, 91]). UKERC took “an eclectic
approach to scenario building” [83] with a backcasting
dimension to achieve a combination of UK energy sector
resilience and climate change mitigation. In contrast, the
Zero Carbon Britain 2030 (ZCB2030) Project [8] exa-
mined how to radically ‘PowerDown’ UK energy, heat and
electricity demand — what they viewed as ‘high carbon
living’ - through the take-up of a combination of new
technology and efficient design within society (by moti-
vating behavioural change), while the country will
‘PowerUp’ its economy by way of the use of renewables
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to supply the residual energy requirements. Forecasts
by UKERC and DECC/BEIS both project scenarios out
to 2050, which is the year by which the UK Govern-
ment is legally committed to achieve 80% reductions in
GHG emissions below 1990 levels. In contrast, CAT’s
Z(CB2030 scenario only extends out to the year 2030,
by which time it is envisaged that the UK can cut all
emissions to zero. It is essentially linked to an ‘ethical
construct’ that the per capita GHG emissions should ul-
timately be shared between the nation states of the
world on an equal basis. Thus, Zero Carbon Britain of-
fers a much ‘greener’ and more ambitious perspective
than studies by UKERC and DECC, due to the ‘deep’
cuts in domestic emissions incorporated into ZCB2030
and also the ‘rapid’ or ‘constrained’ timeframe in which
the target is to be achieved. Nevertheless, it will provide
an interesting perspective and basis for comparison
with the more conservative work of UKERC and DECC.
The extent to which bioenergy can contribute to future
UK energy supply is reflected in the three low or zero car-
bon energy scenario sets outlined above. They represent
alternative modelling approaches that seek to achieve the
statutory 2050 carbon reduction target [incorporated in
the 2008 Climate Change Act [51]; DECC/BEIS and
UKERC] to that of fully decarbonising Britain by 2030
(CAT). The spotlight of the present study is on the use of
dedicated energy crops and their implications, with a par-
ticular focus on land availability, conversion technologies,
and foreign imports. These energy scenarios take into
account different levels of technical ambition and develop-
ment across various energy subsectors (outlined, for
example, by [40]); such as the development of CCS tech-
nology or other factors, including the potential social
opposition to the widespread adoption of bioenergy. In
order to provide a valuable basis for comparison, a range
of pathways indicative of different levels of ambition (low,
medium and extended) have been selected from each
project or report. This is with the exception of CAT’s
Zero Carbon Britain, as this provides only one core
scenario — which can be considered to be of extended
ambition. Consequently, the various scenarios that form the
basis for comparison in the current study are as follows:

e Low ambition: DECC ‘Base’ and the UKERC
‘Reference’ (REF) cases

o Medium ambition: DECC ‘Spread Effort’ (SE) and
the UKERC ‘Carbon Ambition’ (CAM) cases

e Extended ambition: DECC ‘Solid Biofuel Focus’
(SBF), the UKERC ‘Carbon Super Ambition’
(CSAM), and the CAT ‘Zero Carbon Britain 2030’
cases

These scenarios are often referred to with abbreviated
names in what follows. An outline of the analysed energy
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Table 4 Outline of the Analysed UK Energy Scenarios
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Scenario Abbreviation Comments (Sources)
DECC - 'Base’ Base ‘Business as usual scenario — does not achieve
the UK 2050 decarbonisation target [21]
DECC - ‘Spread Effort’ SE Effort and resources evenly spread across the various energy subsectors
to meet 2050 targets [21]
DECC - ‘Solid Biofuel Focus' SBF A scenario with strong focus on cultivating solid biofuels for energy [21]
UKERC - ‘Reference’ REF Continue with firm and funded’ 2007 Energy White Paper policies
(150, 83))
UKERC - ‘Carbon Ambition CAM Achieves the UK 2050 targets — an 80% reduction
in ‘greenhouse gas’' (GHG) emissions [83]
UKERC - ‘Carbon Super Ambition’ CSAM Achieve 90% reduction in GHG emissions by 2050
to mitigate international bunker fuels [83]
CAT - "Zero Carbon Britain’ Z(CB2030 Reduce total UK CO, emissions by 90%, and adopt ‘carbon sequestration’ measures

to remove the 10% of residual emissions to achieve net zero by 2030 [8].

scenarios (and their abbreviations) are depicted in
Table 4. The three UKERC core scenarios evaluated here
[24, 83, 91] reflect the amount of carbon reduction over
the target period out to 2050. Thus, their ‘Reference’
(REF), or ‘low ambition, case includes “firm and funded”
policies incorporated in the UK Government’s 2007 En-
ergy White Paper [50]. It implies 30.3 GtCO, of cumula-
tive emissions over the timescale of 2000-2050 [with
2050 total emissions of 583.5 MtCO,]. The correspon-
ding values for the more ambitious (‘medium’ and ‘ex-
tended’) scenarios were: CAM 20.39 GtCO,, [118.5 MtCO,]
and CSAM 17.98 GtCO, [59.2 MtCO,] respectively. This
amounted in the CAM scenario to a 26% carbon reduction
by 2020 and 80% by 2050, whereas the CSAM scenario was
aimed at achieving a 32% reduction by 2020 and 80% by
2050. Similar levels of ambition were incorporated in the
DECC scenarios [21], although the CAT ‘Zero Carbon
Britain 2030 case [8] aspired to both ‘deep’ and rapid
decarbonisation by 2030.

The selected UK low carbon scenarios and projections
DECC 2050 calculator

The projected bioenergy contribution under the DECC
Base scenario [[21]; see also the outline description given
in Table 4] amounted to some 251 TWh, which appears
relatively high in comparison to the equivalent scenario
by UKERC (70 TWh in its ‘Base’ case). Nevertheless, it is
close to the figure produced by the recent UK Govern-
ment’s UK and Global Bioenergy Resource Model [76],
and mentioned in Section 2 above. A majority of this
DECC bioenergy resource is presumed to be sourced
from waste. This biogenic waste accounts for 196 TWh
of bioenergy under the Base scenario, either through
combustion of solid wastes, or the collection of landfill
gas. The quantity of waste in 2050 increases by 60% in
this low ambition scenario, and the total amount of
waste to landfill correspondingly increases. In addition
to municipal and landfill waste, the remaining bioenergy

is sourced from agricultural wastes (37 TWh) and for-
ests and biocrops (18 TWh). It is projected in the DECC
Base scenario that livestock numbers rise by 10%, which
allows agricultural wastes (primarily manure) to contri-
bute 37 TWh to bioenergy resourcing. In contrast to the
increase in livestock numbers, the levels of energy crop
and food production are presumed to remain similar to
those today. A total area of 350,000 ha would be employed
for cultivating energy crops; that amounts to a modest 18
TWh contribution in terms of forestry and biocrops.
However, bioenergy imports fall to zero under the
DECC Base scenario, as it is assumed that international
bioenergy trade does not develop to a significant extent.
This scenario performs particularly poorly with regard
to GHG emissions, with 2050 emissions being only 1%
below 1990 emissions.

In the DECC ‘Spread Effort’ (SE) scenario [see the out-
line description given in Table 4] bioenergy contributes
516 TWh to primary energy; more than double the
amount of bioenergy produced in its Base scenario. The
quantity of waste is considered to be ‘stable’ and most is
recycled; thereby minimising biodegradable waste to
landfill. Improved waste management, recycling, and the
reduction in the amount of waste to landfill means that
the quantity of energy generated from waste in the
DECC SE scenario declines to 134 TWh. The land avail-
able for cultivating energy crops is greatly increased to
some 2.4 Mha. Thus, forests and biocrops account for a
significantly higher contribution under the SE scenario,
accounting for 182 TWh: making it the largest single
contributor to bioenergy. Despite a 10% reduction in the
number of livestock in the UK, energy production from
agricultural waste is increased to 125 TWh as biogenic
waste management is improved. Imports of bioenergy
develop to contribute 70 TWh through 35 TWh liquid
transport fuels and 35 TWh of solid biomass for thermal
generation. This is considered to be 50% of the UK mar-
ket share. The end-use contribution of liquid biofuels



Allen and Hammond BMC Energy (2019) 1:3

for transport amounts to 12%, while bioenergy for elec-
tricity and heat generation account for 47 and 41%
respectively. End-uses of bioenergy for heat and electri-
city are primarily served by solid biofuels with a minor
contribution from biogas.

The DECC ‘Solid Biofuel Focus’ (SBF) scenario [see
again the outline description given in Table 4] is the
highest ambition scenario postulated by the Department
(DECC, now BEIS) with the contribution of bioenergy
more than double that under the DECC SE scenario. A
total of 1062 TWh bioenergy contributes to primary en-
ergy in this case: by far the largest amount of bioenergy
projected under any of the pathways/scenarios examined
here. The maximum possible energy recovery from
waste takes place under the SBF projection with the total
volume of waste increasing by 30% above 2007 levels.
Following improvements in the collection and process-
ing of waste, it is forecast that recycling, energy from
waste, and energy from landfill methane and sewage
gases all yield greater energy returns; raising the level of
energy generation from wastes to 212 TWh. The land
made available for energy cropping is increased yet
further to approximately 17% of UK land area equivalent
to 4.2 Mha. It is assumed that this can yield close to 400
TWh of bioenergy from forests and biocrops; constitu-
ting 37% of the total bioenergy contribution to primary
energy. A 10% increase in livestock numbers in addition
to the land used for food crops will put pressure on land
resources, especially when so much is attributed to
energy crops. Energy recovery from agricultural wastes
contributes 146TWh to the bioenergy make up. Due to
the strong SBF emphasis on bioenergy as a renewable
resource, the level of imported bioenergy is increased
again in solid form for energy generation, as well as
liquid biofuel to help decarbonise the transport sector.
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The total contribution from imports is 259 TWh, which
is approximately 200% of the UK’s share of the 2050
international bioenergy market (modelled by DECC). A
breakdown of the end-uses of bioenergy available under
the SBF scenario is depicted in Fig. 4, along with that for
other high ambition scenarios [the UKERC ‘Carbon
Super Ambition’ (CSAM) and CAT ‘Zero Carbon Britain’
(ZCB2030) forecasts respectively]. The general breakdown
in end-uses is roughly similar to that of the DECC SE
scenario, although the proportion of imported liquid
biofuel for transport is rather higher. DECC SE and SBF
projections diverge during 2010-2020, and SBF achieves
greater bioenergy uptake through to 2050.

UKERC ENERGY 2050 pathways

The UKERC Energy 2050 pathways [[83]; see again the
outline description given in Table 4] appear, in general,
to be more conservative in terms of the bioenergy
resources used to meet primary energy supply. This is in
part due to the reduced overall primary energy supply
under the UKERC scenarios, but also due to uncertainty
over the role of bioenergy in the 2050 energy mix and
competition with other renewables. The UKERC REF
scenario, much like the DECC Base scenario, is a con-
tinuation of government policies in place around 2010,
and leads to very limited reductions in GHG emissions
to 2050. The REF scenario achieves only a 2% reduction
on 1990 levels by 2050. End-use contributions from
bioenergy resources in the UKERC REF scenario suggest
that liquid biofuels for transport are the preferred use,
although only marginally more so than solid biofuels for
electricity generation. In line with the limited ambition
for the development of domestically produced biofuels
in the REF scenario, all the 20 TWh of bioenergy is used
for transport fuels - bioethanol and biodiesel - by 2050.

UKERC - CSAM

and CAT "Zero Carbon Britain' (ZCB2030) respectively

.

<

DECC - SBF
Fig. 4 Bioenergy end-use under the three ‘extended ambition’ scenarios: UKERC ‘Carbon Super Ambition” (CSAM), DECC ‘Solid Biofuel Focus' (SBF),

~N

CAT - 2CB2030
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These resources are imported from abroad, as UK land
available for bioenergy is assumed to decline to zero. A
significant proportion of the final energy arising from
biomass is made up from electricity generation through
the utilisation of biowaste. It is assumed that this is in
the form of methane collection and ‘energy recovery’
from landfill, and the anaerobic digestion (AD) of wet
wastes [although an exact breakdown by source is un-
available (in [83])]. This amounts to around 4% of the
power generation mix in total under the UKERC REF sce-
nario, with fossil fuels accounting for ~ 80%. In addition
to electricity generation and transport, heat provision
using bioenergy makes only a minor contribution; pro-
viding the service sector with approximately 9 TWh of
heat via woodchip fuel for combustion in boilers. Heat
supply through biomass use in the residential sector is
presumed to decline to zero around 2035. It is assumed
that this applies to specific in-house biomass heating
systems, rather than the use of woodfuel for heat (for
example, ‘log fires’) in the home.

The UKERC CAM scenario [see, once more, the out-
line description given in Table 4] achieves the early UK
GHG emissions target under the 2008 Climate Change
Act [51] of an 80% reduction in CO, emissions by 2050
[24, 83, 91]. Bioenergy contributes 317 TWh to the UK
energy mix at this timeframe; equivalent to around 20%
of primary energy supply. In contrast to the UKERC REF
pathway, the overwhelming majority of this biomass
resources (~80%) are converted to liquid biofuels for
transport. This increase in the demand for liquid trans-
port fuels is largely met from domestically produced bio-
mass (accounting for 66% of all liquid biofuels) unlike
the imported biofuels presumed under the UKERC REF
pathway. The motivation for this change appears to be
concern surrounding the sustainability of global biomass
trade ([83, 84]; and see also Table 3). The increase in
domestic biofuel production is made possible by an
increase in the area of UK land attributed to bioenergy
uses. Projections based on the UKERC CAM scenario sug-
gest that the land take increases to approximately 1.7 Mha
by 2050. Finally, a minor portion of the bioenergy re-
source under the CAM pathway is used for electricity
generation. Again, as with the REF scenario above, it was
assumed [83] that this is in the form of methane collection
and ‘energy recovery’ from landfill, as well as AD pro-
cessing of wet wastes. However, in contrast to the REF
pathway, electricity generation using biowaste actually
declines from 18 TWh to 11 TWh in the CAM scenario.
This decline, coupled with the increase in other bioenergy
end-uses (for heat and transport respectively), means that
power supply counts for only 4% of the total bioenergy
resource in the UKERC CAM pathway.

The UK Government’s independent Committee on
Climate Change [11] believes that if international bunker
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fuels and non-CO, GHG emissions are excluded from
UK mitigation targets, then the overall level of decar-
bonisation required from the remaining sectors of the
economy would need to be closer to a 90% reduction [in
contrast to 80% under the original 2008 Climate Change
Act [51]]. To achieve this target, the most ambitious
UKERC pathway [‘Carbon Super Ambition’ (CSAM)],
foresees a contribution of 479 TWh from bioenergy to
meet UK primary energy supply, as part of a strategy
that achieves an overall reduction in CO, emissions of
90% compared to 1990 levels. Again, as with the CAM
scenario, the majority of the bioenergy resource is pre-
sumed to be in the form of liquid biofuels to help decar-
bonise the transport sector; see again Fig. 4. However,
the level of liquid transport fuel is significantly larger
under UKERC CSAM pathway [83, 91], representing
around 290 TWHh, including 10 TWh of biokerosene. In
order to accomplish this, domestic production of liquid
biofuels is presumed to increase by just over 50% with
associated rise in the land required for cultivating the
feedstocks. The UKERC book-length text [83] does not
provide precise figures for land take associated with the
UKERC CSAM pathway. However, an indicative calcula-
tion based on land requirements and the domestic pro-
duction of liquid biofuel and wood pellets under the
CAM scenario suggests an approximation for the land
required as close to 3.1 Mha: see Fig. 5. Finally, it is
interesting to note that under UKERC CAM and CSAM
pathways, bioenergy only begins to develop rapidly
around the 2025-2030 period, which is in contrast with
corresponding DECC projections that indicate a rela-
tively smooth uptake and development of bioenergy
from the period 2010-2020.

CAT zero carbon Britain 2030

The final energy scenario included in the present com-
parison is CAT’s Zero Carbon Britain 2030 (ZCB2030)
[[8]; see also the outline description given in Table 4]. In
contrast with the two previous scenarios produced under
the auspices of DECC/BEIS and UKERC, the timeframe
for ZCB2030 is shorter by 20 years; reflecting a more
‘radical’ GHG emissions pathway to 2030 (rather than
2050). ZCB2030 only envisages one ‘core’ scenario, and
postulates a ‘greener’ perspective for comparison with
the DECC/BEIS and UKERC studies. Thus, ZCB2030
foresees bioenergy contributing in the region of 300
TWh to primary energy supply, which is nearly the same
as the UKERC CAM scenario (with a bioenergy compo-
nent of 317 TWh). Bioenergy end-uses within ZCB2030
are broken down into roughly similar shares between heat,
electricity, and transport (see again Fig. 4), although
energy use for transport is the highest (39%) and heat has
the lowest usage (26%). Liquid transport biofuels amount
to 112 TWh, which are presumed to be produced
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domestically. This requires UK land take for liquid biofuel
production alone in the region of 1.7 Mha; again a similar
land area to that under the UKERC CAM pathway. Energy
crops are assumed to provide an equivalent UK land area
for heating and power generation of 54 Mha. This is by
far the largest land take across all the UK energy scenarios
examined here, and is partly explained by the strong em-
phasis by CAT in its ZCB2030 scenario places on growing
biomass for sequestration — either for use in buildings or
materials - or through ‘engineered silo storage’ to store
carbon. In addition, a severe restriction on imports of
either liquid or solid biofuels is incorporated in the
Z(CB2030 scenario on sustainability grounds [8], which
means that more severe pressure is put on the availability
of indigenous UK biomass resources. Alongside the rela-
tively large volume of liquid transport biofuels for
transport, ZCB2030 presumes the utilisation of solid
biomass to produce biogas through gasification for
subsequent electricity generation. This is primarily to
‘back up’ and balances the wind-based electricity grid
via gasification of energy crops (Miscanthus and some
types of forestry) and AD processing of agricultural
grasses. A small amount of bio char is produced as a
by-product of biogas generation, and this is used both
to sequester CO, and as an agricultural additive. Fi-
nally, 26% of bioenergy under the ZCB2030 scenario
is provided by solid biofuel, either for direct heat sup-
ply or via combined heat and power (CHP) plants;
typically using woody biomass (such as Miscanthus or
forestry residues).

Comparative assessment of the three UK low
carbon scenarios/projections
The proposed contribution of bioenergy to UK primary
energy supply under each of the assessed energy scenar-
ios by the end of the respective timeframes is displayed
in Fig. 6 (2050 for the DECC/BEIS and UKERC sce-
narios, and 2030 for the CAT ZCB2030 alternative). It is
immediately apparent that there are significant variations
in these forecasts. Projections by DECC/BEIS are the
most ambitious of all, suggesting that under the SBF
scenario bioenergy could contribute up to 1062 TWh to
UK primary energy supply. Both the UKERC and CAT
forecasts are more conservative in their projections, with
the CSAM and ZCB2030 scenarios suggesting 479 TWh
and around 300 TWh respectively to bioenergy contri-
butions to UK primary energy supply (see again Fig. 6).
It is also apparent that there is a large discrepancy
between the low ambition projections of the various
institutional studies, with DECC Base scenario project-
ing a contribution of 251 TWh compared to 70 TWh
envisaged in the UKERC REF pathway. It can also be
seen (Fig. 6) that the contribution of bioenergy to pri-
mary energy attributed in the CAT ZCB2030 scenario is
comparable to that of UKERC CAM pathway, despite
the timeframe of the former being shorter by 20 years.
The projected UK land area required to produce indi-
genous biomass to satisfy the bioenergy requirements
under each of the energy scenarios appraised here is
depicted in Fig. 7 (particularly that needed for the culti-
vation of energy crops). This provides a partial insight
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into the discrepancies between the total contribution of
bioenergy to meet UK primary energy under each
scenario or pathway. Given that bioenergy can be derived
from specific energy crops, each of which requires land of
reasonable fertility, it follows that the larger the area
attributed to energy crops, the greater the amount of
primary energy that can be sourced. So in attributing
4.2 Mha for cultivating energy crops in the DECC ‘Solid

Biofuel Focus’ (SBF) scenario [21], DECC/BEIS has pro-
jected almost twice as much land for energy crops as is
available under the closest alternative scenario: the
UKERC CSAM pathway [83]. By far the largest area of land
attributed to the bioenergy requirements is that proposed
in the ZCB2030 scenario [8]. This is in excess of 5.4 Mha,
including energy crops which are over 1 Mha more than
the next greatest land use of 4.2 Mha in the DECC SBF
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scenario. A consequent breakdown of liquid biofuel imports
is illustrated in Fig. 8. The comparison is limited to liquid
biofuels because of the lack of available data for solid fuels
across all of the energy scenarios evaluated in the present
study. It is clear that as the contribution of bioenergy to
UK primary energy rises higher under the DECC/BEIS
2050 Calculator scenarios [[21]; see also the outline
description given in Table 4], which are the most ambitious
(see again Fig. 6). The level of imported liquid biofuel fol-
lows roughly this elevation (Fig. 8), ranging from zero in
the Base scenario to 140 TWh in the ‘Solid Biofuel Focus’
(SBF) scenario. A similar pattern is also true of UKERC sce-
narios, although to a more modest extent. As the UKERC
scenarios progress in ambition, the level of imported liquid
biofuel increases from 20 TWh under the REF pathway, to
a peak of 73 TWh in the most ambitious CSAM scenario
(see again Fig. 8). Interestingly, the volume of imported
biofuel only increases by 5 TWh between the CAM and
CSAM scenarios, despite the overall contribution of bio-
energy to primary energy increasing by 162 TWh in total.
However, domestic production of liquid biofuels increased
by 70 TWh between the CAM and CSAM scenarios. As a
result, liquid transport fuel - both domestically produced
and imported - accounts for 75 TWHh, or 46% of the 162
TWh increase in bioenergy supply from the UKERC CAM
to CSAM pathways. The CAT ZCB2030 scenario presumes
that all biofuels consumed in the UK are produced domes-
tically, as noted above, and therefore imports of liquid
biofuels are depicted as zero (see again Fig. 8).

Gap analysis
In order to draw lessons from the three UK energy fore-
casting studies, the strengths and limitations of their

forecasts have been evaluated in terms of the salient is-
sues facing bioenergy uptake. Thus, a ‘gap analysis’ (see
Tables 5, 6, 7) leads firstly to the identification of weak-
nesses in the scenarios/pathways, and then in what fol-
lows to recommendations for the improvement of the
next generation scenarios and forecasts. This is in order
to provide more realistic projections for bioenergy up-
take in the UK, although the lessons learned are applic-
able across much of the industrialised world. This
analysis includes an examination of model performance
in order to determine the differences between the three
UK low carbon energy pathways/scenario sets. It was
consequently found that all three studies had internal
shortcomings from a bioenergy perspective. The path-
ways/scenario sets evaluated in the present study relate
to the UK whole energy system, and consequently bio-
energy resources were no doubt viewed by the respective
institutional authors [8, 21, 83] as arguably a subsidiary
matter. Nevertheless, the analysis by DECC/BEIS stood
out as having the greatest level of realism, due to the
account given to many of the critical factors and under-
lying issues relating to bioenergy uptake (see Table 5).
Both the DECC SE and SBF scenarios within their 2050
Calculator exceed those of the other forecasting studies
in terms of bioenergy contribution to final energy,
although these projections are the best supported with
the most detailed appraisal of key issues. Table 5 pro-
vides an indicative breakdown of the strengths and limi-
tations of the DECC/BEIS analysis [21], and it is clear
where there are shortcomings. The three areas where
DECC analysis is lacking are in the dependency on in-
creased yields to provide enough food and energy from
available land, the weakness in modelling emissions that
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Salient Issue

Strengths

Limitations

Land Availability

Land use change

Socio-economic factors

Conversion Technologies

Bioenergy Imports

Widespread uptake of second generation
feedstocks.

Underlying assumptions make allowances
for the impact of increased energy crop
deployment and their social implications.

Recognises the need for financial
incentives for suppliers (e.g., farmers)
uptake.

Detailed coverage of conversion technologies,
future developments, and levels of influence
on scenarios.

Attempt made to model bioenergy

Projected increases in yields for energy and
food crops are a critical factor in achieving
bioenergy land use targets.

Positive and negative effects of land use
change are not elaborated.

Assumed to balance out giving net zero
effects - an oversimplification.

No consideration of potential for land use
changes outside the UK, despite considerable
pressure on domestic land use.

Assumed that farmers are incentivised to
develop bioenergy, athough discussion
is limited.

Assumes imports are ‘carbon zero’ — major

available for international trade.

oversimplification leading to unreliable
estimates of ‘greenhouse gas' (GHG) savings.
Simplification even more drastic when
considering large volumes of imports under
the DECC 2050 Pathways.

Recognises the need for sustainability criteria

regulating imports.

result from land use change, and the assumption that
imports are ‘carbon zero’ — major oversimplification
leading to unreliable estimates of GHG savings. The
latter simplification is even more drastic when the large
volumes of imports under the DECC/BEIS 2050 pathways
[21] are considered. If further work can be done to
address these issues, it is likely that the projections for
bioenergy contribution to primary energy will be reduced,
but as a result, they will be very close to what could

Table 6 Gap Analysis of the UKERC Energy 2050 Pathways [83]

be viewed as a realistic prediction. Nevertheless, the
DECC/BEIS 2050 Calculator exhibits significant
strengths in regard to their recognition of the potential for
the uptake of SGB feedstocks, the detailed coverage of con-
version technologies and their likely future development, the
allowances made for the impact of increased energy crop
deployment and their social implications, the need for
financial incentives for suppliers (e.g., farmers) to invest in
energy crops [31, 32, 93], the attempt to model the

Salient Issue  Strengths

Limitations

Land Technical developments are assumed to give rise to yield
Availability increases, as well as the take-up of SGB technologies.

Land use

change

Socio- Attempts are made to model environmentally-sensitive
Eonomic scenarios where the bioenergy uptake is limited by public
factors concerns and objections.

This modelling is not incorporated into the core scenarios evaluated
in the present study. Thus, while technical developments are
considered within the book-length discussion, they have no bearing
on the core scenarios.

Modelling also envisages rapid increases in land take for bioenergy
beyond 2030.

Very limited discussion of the impact of land use change, either at a
domestic or international level.

This modelling is not extended to the core scenarios. Consequently,
these projections are free of the limitations that may be imposed.

No discussion is given on the uncertainty surrounding supplier
uptake.

Conversion  Technical developments in conversion processes are taken into  Developments in accelerated technologies are not incorporated

Technologies account within the book-length discussion.

Bioenergy
Imports the domestic production of biofuels.

Sustainability concerns are assumed to give rise principally to

into the core scenarios.

There is a lack of consideration of the implications of modest
imports.
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Table 7 Gap Analysis of the CAT Zero Carbon Britain 2030 Scenarios [8]

Salient Issue Strengths

Limitations

Land Availability

Increased yields are desirable, but not as critical as in

other studies.

Land use change

Socio-economic factors

Driver behind changes assumed to be high ‘carbon

prices’.

Conversion Technologies

Bioenergy Imports

Land used entirely for second generation energy crops.

Fischer Tropsch synthesis, lignocellulosic bioethanol,
and pyrolysis identified as key technologies for future.

Impacts of unsustainable bioenergy production abroad are
minimized by heavily restricting (i.e., eliminating) imports.

Extremely ambitious domestic UK land turn over
for bioenergy crops.

Argues that effects of land use change will be
positive — despite backing for supporting research.
This is quite a significant oversimplification that
requires further elaboration.

Large lifestyle changes in terms of the reduction of
meat and dairy consumption — considered unavoidable.

A simplifying statement that requires more consideration
of potential public resistance to changes, as well as
incentives for suppliers

(e.g., farmers).

Success of scenario is heavily dependent on development
of these technologies. Highly optimistic given the 2030
timeframe.

Modest imports are likely to be necessary given pressure
on UK domestic resources — to completely restrict
bioenergy imports is arguably unrealistic.

bioenergy resources available via international trade, and fi-
nally the need for sustainability criteria to regulate such
imports.

In contrast with those made by DECC/BEIS, the pro-
jections emanating from the UKERC Energy 2050
scenarios [83] are somewhat more conservative. However,
despite the lower forecasts for bioenergy uptake, the
UKERC studies appear, on the whole, to be less realistic as
a result of the lack of a robust underpinning analysis. It
can be seen from Table 6 that there are limitations in the
coverage of all areas of discussion. Research underpinning
the study, and the contextual background to possible
future UK energy system evolution towards a secure
low-carbon future (see [83]), includes a clear analysis of
environmental sensitivities and of the prospects for acce-
lerating bioenergy (and other low carbon) technologies.
Allowances are also made for the impact of increased
energy crop deployment and their social implications.
However, these have not been included in the modelling
of UKERC core scenarios and, as a result, the scenarios
are weaker and arguably lack a certain amount realism. A
key issue is the role of liquid biofuels in the transport
sector. In the UKERC carbon ambition mitigation scena-
rios (CAM and CSAM) a range of technology options by
mode are employed to ensure decarbonisation of trans-
port, initially by electric (hybrid plug-in) and later by
biofuel vehicles. Thus, transportation is not heavily
decarbonised by 2035, although the MED modelling
[4, 24, 83, 87, 91] facilitates a trade-off between the
reduction of energy service demands, improved effi-
ciency to further reduce final energy, and the use of
zero-carbon transport fuels. Transport sector CO,
emissions are the lowest under the CSAM pathway,

although its energy demand is higher than in CAM.
This is a result of the adoption of larger consumption
of biodiesel and bioethanol in the CSAM scenario.
The efficiency of biodiesel-based vehicles is relatively
low compared with the hybrid plug-in vehicles [24].
Cars are presumed to utilize plug-in hybrid vehicles in
CAM, and then bioethanol (E85 blend) in CSAM. Buses
switch to battery options, whilst heavy goods vehicles
(HGV) and light goods vehicles (LGV) switch to biodiesel
and then to hydrogen for HGV only; due to the limited
refuelling network [83]. Short-distance buses move to
electric vehicles, whilst trains switch over completely to
electric carriers by 2050. Overall, there are a number of
weaknesses in the UKERC scenarios. Positive and negative
effects of land use change, for example, are not elaborated.
These are assumed to balance out, thereby yielding ‘net
zero’ effects that is an oversimplification. No consideration
is given to the potential of land use changes outside the
UK, despite considerable pressure on domestic land use.
Farmers need to be incentivised to develop bioenergy,
along the lines of the recent work of UK farm economics
experts [31, 32, 93]. In order to make the modelling more
robust, it is important that this sort of analysis is fully in-
corporated into the UKERC 2050 scenarios.

The Zero Carbon Britain 2030 forecasting study by
the Centre for Alternative Technology [8] is more ambi-
tious or ‘radical’ than those of DECC/BEIS or UKERC.
Land use for growing bioenergy crops is far greater than
in other studies, but this is facilitated by shifts in live-
stock patterns and reductions in the level of meat and
dairy consumption. However, growing energy crops is
only ‘carbon neutral’ if they are produced without the
use of fertilizers, pesticides and other chemical inputs.
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Likewise, they need to avoid destroying natural carbon
sinks and creating large carbon sources by cutting down
forests and turning other natural ecosystems into agri-
cultural land; thereby creating biodiversity loss. On sus-
tainability grounds, the ZCB2030 scenario seeks to
eliminate the impacts of bioenergy production abroad
and minimizes (i.e., effectively eliminating) imports.
Nevertheless, modest biomass imports are likely to be
necessary given pressure on UK domestic resources. A
complete embargo on bioenergy imports is arguably
unrealistic. In terms of the transport sector, the ZCB2030
scenario opts for electric or biofuel vehicles, much less fly-
ing and driving and more public transport. A ‘revolution’
in diets (particularly in regard to the eating of meat and
dairy products) would cut out a 'huge' source of methane
from livestock, and free up land to grow biofuels and
crops which ‘sequester’ the remaining emissions in order
to abate those from industry, soil degradation and other
harder to eliminate sources. Given the particularly intru-
sive nature of these lifestyle changes, the level of discus-
sion and consideration given to public opposition as a
potential barrier to change is fairly limited (as described in
Table 7). In addition, the heavy dependence of the
scenario on currently unproven conversion technologies
detracts from its credibility. For example, the success of
Z(CB2030 scenario is heavily dependent on development
of key technologies, such as Fischer Tropsch (FT) synthe-
sis, lignocellulosic bioethanol production, and pyrolysis
conversion processing. This is highly optimistic given the
2030 timeframe. Thus, the aspirations of this scenario are
likely to be especially difficult to achieve.

Concluding remarks

Bioenergy, as a potentially low carbon and a renewable
energy source, is recognised as having the potential to
contribute to climate change mitigation and, through
the utilisation of domestic biomass resources, can help
Britain to reduce its reliance on fuel imports and thereby
enhance energy security. Such biofuels can be produced
from either biomass (any purpose-grown material, such
as crops, forestry, or algae) or biogenic waste (including
household, food and commercial waste, agricultural or
forestry waste, and sewage sludge). Sustainable bioenergy
is a renewable resource that is often low carbon, and
potentially leads to ‘negative emissions’ when coupled to
CCS facilities: so-called BECCS systems [33]. The extent
to which bioenergy and biofuels can contribute to future
UK energy supply out to 2050 has been appraised.
Analysis of three notable energy scenario sets developed
by, respectively, the Department of Energy and Climate
Change (the DECC/BEIS 2050 Calculator; see [21]), the
UK Energy Research Centre (the UKERC Energy 2050
Project; see [83]), and the Centre for Alternative Techno-
logy (the Zero Carbon Britain Project; see [8]) enabled a

Page 20 of 24

comparative evaluation to be made of each projection
and their realism. They reflect alternative modelling ap-
proaches that ultimately seek to meet the statutory 2050
carbon reduction target (DECC and UKERC), or to fully
decarbonise Britain by 2030 (CAT). The spotlight of the
present study has been on the use of energy crops and
the associated implications. Such dedicated energy crops
are a promising, ‘controlled’ source of bioenergy, but ‘en-
ergy from wastes’ (especially agricultural residues and
animal manures) are likely to contribute significantly to
bioenergy futures in industrialised countries - at least in
the medium-term [44, 56, 84]. This is because wastes are
considered an ‘uncontrolled’ source of energy, and the
amount of waste available for bioenergy usage is likely to
decline in future as better waste management practices
and increased recycling become more prominent; in line
with the so-called ‘waste hierarchy’ [23]. The present
study has also concentrated on the forecast use of UK
bioenergy resources with particular emphasis on land
availability, conversion technologies, and foreign im-
ports. A ‘gap analysis’ leads to recommendations for the
improvement of the next generation scenarios and fore-
casts in order to provide more realistic projections for
bioenergy uptake in the UK. All three low or zero carbon
energy scenario studies evaluated here exhibited shortcom-
ings from a bioenergy perspective, although the analysis by
DECC stood out as having the greatest level of realism
(due to the account taken of many of the critically import-
ant factors and underlying issues relating to bioenergy up-
take: see, for example Tables 5, 6, 7). Nevertheless, it is
recognised that futures research and technological fore-
casting in general have their limitations [65, 75, 92].
Indeed, in an earlier retrospective study of bottom-up, low
energy projections for the UK made in the late 1970s (by
[62]), Hammond [39] observed that long-term energy
forecasting is something of a “black art”. This was based on
a comparison of energy demand forecasts with statistical
data for over two decades following the baseline date for
the projections in the so-called Leach report [62].
Hammond [39] found that this influential study repli-
cated the total primary energy consumption in Britain
to the turn of the twentieth Century, but for reasons
that were quite different from those originally postulated
by the co-authors.

Industrial subsectors, like the pulp and paper industry,
have moved some way in the direction of a bio-based
economy [35]. The Confederation of European Paper
Industries [13], a Brussels-based non-profit-making orga-
nisation representing the European pulp and paper indus-
try, has recommended the further conversion of industrial
installations to low or zero carbon energy use, particularly
from renewable sources. Indeed, the UK pulp and paper
sector is already substantially invested in the use of biomass
feedstock as both a raw material and fuel, although the
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Confederation of Paper Industries (CPI) — the UK trade
association - has advocated further government support for
the expansion of UK agricultural land use for woody
biomass. On-site residuals from paper production (such as
‘black liquor, waste fibre, bark and fines) are used to
generate a biogenic replacement (syngas) for natural
gas via gasification. This can be obtained using a variety
of feedstocks: solid recovered fuel (SRF), waste wood,
and other waste materials. Some 2.2 TWh is produced
from biofuels - constituting 23% of all fuels utilised in
the sector. Indeed, the CPI have suggested to the UK
Government that it could be a promising candidate for
an above average share of biomass for electricity and
heat (>7% by 2030; see again [35]). That would be
equivalent to a growth of biomass use of around 4% per
annum, or some 22,000t of additional resource. Accor-
ding to the CPI, the main technological opportunities
going forward are likely to be in the areas of CHP and, in
the longer term, CCS [including BECCS [33]].

The three UK energy scenarios that have been eva-
luated in the present study have each made an im-
portant contribution to energy forecasting in the
context of a low carbon future out to 2050 and be-
yond. They are likely to have considerable influence
on policymakers [the DECC/BEIS 2050 Calculator
[21] and the UKERC Energy 2050 Project [83]], and
the engagement with the public (DECC/BEIS 2050
Calculator) or with environmental non-governmental
organizations (NGOs) [CAT’s Zero Carbon Britain
Project [8]. Decarbonisation targets will need to be
tightened in the aftermath of the 2015 Paris Climate
Change Agreement [5]. Indeed, the recent IPCC Spe-
cial Report on Global Warming of 1.5°C [54] argue
that emissions pathways limiting global warming to
1.5°C (with no or limited overshoot) will require
“rapid and far-reaching transitions in energy, land,
urban and infrastructure (including transport and
buildings), and industrial systems”. Bioenergy has only
a peripheral role in the three UK energy pathways
scenarios evaluated here. Clearly, there are weaknesses
in this respect within all three of these UK low car-
bon pathways as identified via the comparative assess-
ment and associated ‘gap analysis’. However, it is the
projections by the DECC/BEIS that can be considered
the most realistic based on the level of appraisal
given to all the factors and underlying issues relating
to the use of bioenergy resources considered in the
present study. The UKERC projections rely on exist-
ing, unsustainable biofuel processing to produce rela-
tively large amounts of domestic liquid and solid
biofuels, as well as significant imports. Finally, the
ZCB2030 projection by CAT represents an ‘ethical
construct’ that implies equitable sharing of inter-
national carbon reduction commitments on a per
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capita basis by the nation states of the world. This is
not reflected in UK climate change legislation or as-
sociated international strategies that commonly take
2050 as a practical target timeline. ZCB2030 leads to
both ‘deep’ and rapid (2030) decarbonisation through
‘Powering Down’ by the adoption of new technologies
and efficient designs, whilst ‘Powering Up’ using large
and smaller-scale renewables. It is therefore arguably
the least feasible (or unrealistic; perhaps ‘utopian’)
low carbon pathway, due primarily to the required
lifestyle and land use changes embraced by the sce-
nario that are likely to meet public opposition.
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