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h i g h l i g h t s

� Techno-economics of 8 Biopower CCS
technologies ranging from TRL 4 to
TRL 6-7.

� Net efficiency penalty due to CO2

capture varied between 0 and 15
percentage points.

� Specific investment costs increased in
the range 45–130% with CO2 capture.

� Co-firing percentage, i.e. weighted
feedstock cost, a key driver of LCOE.

� Lack of financial incentives for
electricity generation with negative
CO2 emissions.
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a b s t r a c t

Biomass-based power generation combined with CO2 capture and storage (Biopower CCS) currently rep-
resents one of the few practical and economic means of removing large quantities of CO2 from the atmo-
sphere, and the only approach that involves the generation of electricity at the same time. We present the
results of the Techno-Economic Study of Biomass to Power with CO2 capture (TESBiC) project, that entailed
desk-based review and analysis, process engineering, optimisation as well as primary data collection from
some of the leading pilot demonstration plants. From the perspective of being able to deploy Biopower CCS
by 2050, twenty-eight Biopower CCS technology combinations involving combustion or gasification of
biomass (either dedicated or co-fired with coal) together with pre-, oxy- or post-combustion CO2 capture
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were identified and assessed. In addition to the capital and operating costs, techno-economic characteris-
tics such as electrical efficiencies (LHV% basis), Levelised Cost of Electricity (LCOE), costs of CO2 captured
and CO2 avoided were modelled over time assuming technology improvements from today to 2050. Many
of the Biopower CCS technologies gave relatively similar techno-economic results when analysed at the
same scale, with the plant scale (MWe) observed to be the principal driver of CAPEX (£/MWe) and the cofir-
ing % (i.e. the weighted feedstock cost) a key driver of LCOE. The data collected during the TESBiC project
also highlighted the lack of financial incentives for generation of electricity with negative CO2 emissions.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The International Energy Agency (IEA) has warned that the door
to limiting global average temperature rises to only 2�C (over pre-
industrial levels) is closing, and the International Panel on Climate
Change (IPCC) has highlighted the urgency of taking immediate
mitigation actions in terms of technological changes [1,2]. This
means that technologies that can rapidly remove vast amounts of
CO2 from the atmosphere may therefore need to be deployed, if
other mitigation measures fail to rapidly reduce global emissions
- a fact emphasised in the recent IPCC report which also placed
an unprecedented emphasis explicitly on Bio-energy with carbon
capture and storage (BECCS) [3].

BECCS or BioCCS as a concept can be achieved viamultiple appli-
cations, i.e. through power generation (Biopower), biofuels produc-
tion, hydrogen plants, bio-synthetic natural gas, heating, and
industrial processes (steel, cement and paper) [4–8]. In case of
BECCS, the emissions reduction potential is largely dependent on
the scale of the installation and the upstream biomass emissions,
which is in turn dictated by the available scale of the component
technologies and the availability of biomass feedstock. Despite
potential risks of over-reliance on as yet unproven technology,
due to its large-scale negative emissions potential, BECCS presents
a high value option that persistently features in majority of recent
cost-effective scenarios or pathways aimed at decarbonising global
energy use and achieving climate change targets [9–16]. The global
technical potential of negative CO2 emissions from BECCS, if
deployed, has been estimated to be in the range of 3.2–10.4
GtCO2e/yr [17,18]. BECCS has been reviewed at a systems-level in
order to assess its role in stabilising CO2 concentrations [19]. Based
on an assumption of a global biomass potential of 100 EJ/yr, the
review [19] stated a technical potential for BECCS at 10 GtCO2/yr
in 2050, with an economic potential of around 3.5 GtCO2/yr. In
another study, an energy system optimisation approach has been
adopted to analyse the role of BECCS in meeting various global
mean temperature limits [20]. Given its negative carbon emissions
potential, BECCS allowed for lower temperature targets to become
attainable and also at lower costs. At the same time, the uncertain-
ties and knowledge gapswith respect to BECCS as amitigation tech-
nology have also been highlighted. Some of the uncertainties
include the sustainability of large scale deployment relative to
other land and biomass needs (with significant concerns over
land-use implications), the availability of suitable and secure CO2

sequestration sites globally, the response of natural land and ocean
carbon sinks to negative emissions, plus the costs, financing, legal
liabilities and public acceptance [19–22].

Currently, four BioCCS projects are in operation around the
world - mostly focused on CO2 capture from ethanol production,
with three of the projects using the CO2 for enhanced oil recovery
[19]. Recently, a spatially explicit optimisation framework was
developed to characterise the optimal sizing (scale) for potential
BECCS facilities located in Illinois, USA [23]. It was assessed that
the biomass supply, technology cost and cost scaling have a strong
effect on the optimal capacity, however the levelised cost and the

cost of avoided CO2 were observed to be relatively insensitive to
deviations from the scaled size.

The present paper focuses on the assessment of the application
of BECCS specifically in the biopower generation industry. As well
as exploring dedicated biopower applications, coupling CCS
technology with a co-fired (biomass and coal) power plant offers
a practical optionwithmoderate investment costs to evaluate these
BECCS technology combinations. The significant research, develop-
ment and innovation efforts in the field of CCS have already been
reviewed in detail elsewhere [24–28]. The strong potential of Bio-
power CCS for carbon abatement has also been recognised in several
studies, while highlighting the dearth of comprehensive data and
techno-economic uncertainties associated with Biopower CCS [29,
14,17–19,30–34]. In the context of UK, the significance of including
Biopower CCS within the energy mix in order to achieve the UK tar-
get of a 80% reduction in greenhouse gas emissions by 2050 in a
cost-effective manner, has been emphasised by the Committee on
Climate Change and the Energy Technologies Institute [35,36].

In this paper, we discuss some of the key results from a study
that was commissioned by the Energy Technologies Institute
(ETI) in the UK, to assess the techno-economics of a wide range
of technology combinations involving biomass fuelled power gen-
eration combined with CO2 capture. This Techno-Economic Study of
Biomass to Power with CO2 capture (TESBiC) study entailed desk-
based review and analysis, numerical modelling, optimisation as
well as data collection at some of the leading pilot demonstration
plants in Europe. Twenty-eight Biopower CCS technology combina-
tions were identified and assessed as part of the TESBiC study. The
paper is organised as follows: First, a short overview of the work
performed in the field of Biopower CCS is given. Then the technical
approach adopted in the TESBiC project is presented, followed by
one workflow example of a specific Biopower CCS technology.
The results of the techno-economic analysis of the eight short-
listed Biopower CCS technology combinations are then discussed
before drawing final conclusions.

2. Overview of biopower CCS

From the perspective of deployment of Biopower CCS by 2050,
numerous technology combinations involving combustion or gasi-
fication of biomass (either dedicated or co-fired with coal) together
with pre-, oxy- or post-combustion CO2 capture currently exist. In a
recent life cycle assessment (LCA) study of biomass co-firing power
plants with CCS, a supercritical pulverised coal (PC) with post-
combustion CO2 capture and an integrated gasification plant with
pre-combustion capture were analysed at a common capacity of
550 MWe and the gains made in terms of reduction of CO2 and
SO2 emissions were weighed against the efficiency drop and
increased infrastructure demand [33]. For co-firing fixed at 30%
(energy basis) and the extent of CO2 capture set at 90%, net
negative emissions in the range of 67-85 g/kWh were reported. In
a separate techno-economic analysis [37], the potential of dedi-
cated biomass with integrated gasification combined cycle (IGCC)
coupled with CCS was proposed as the main bionergy conversion
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