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SUMMARY

Bioenergy with Carbon Capture and Storage (BECCS) is an essential technology for reducing global greenhouse
gas (GHG) emissions. BECCS is a multifaceted supply chain that has the advantage of enabling negative emis-
sions whilst generating energy. Its versatility is illustrated by the possibility of using the full range of biomass
feedstocks and many conversion pathways. BECCS is also a highly adaptable technology in that it can be app-
lied to a variety of industries: power and heat plants, biofuel plants, waste-to-energy plants, biogas plants,
and even heavy industry. Once the carbon dioxide (CO2) has been captured, it must then be transported and
stored, or even reused. However, reuse can sometimes result in no negative emissions, as the CO2 is released
into the atmosphere in the short term. This chain involves extensive logistics and costs, which is important to
be considered in the entire value chain. Incentives and supportive policies are essential to the development and
sustainability of this technology. In a context where limiting global warming has become a matter of urgency,
BECCS projects need to be encouraged and supported to ensure that they can continue to meet the challenges
of the future.

INTRODUCTION

Since the industrial revolution,
with the exponential growth of
human activities such as fossil fuel
combustion and deforestation, the-
re has been a significant increase
in greenhouse gas emissions. This
increase is the main contributor
to climate change, encompassing
global warming leading to extreme
weather events, the displacement
of living beings, rising seas, etc’.
Responsible for 34th of emissions,
CO2 is the main contributor to
climate change®. Since 1970, CO2
emissions have risen by around
90%?2. The Kyoto Protocol and Paris
Climate Agreement (2015) aim to
coordinate global action to reduce
GHG emissions.* Technologies to
reduce GHGs in the atmosphere al-
ready exist.

DEFINITION

Carbon Capture and Storage (CCS)
includes technologies that capture
CO2 and then safely store it un-
derground".® Thus, CCS applied to
energy generation from biomass-
based sources is called Bioenergy

with Carbon Capture and Storage
(BECCS). On the other hand, car-
bon dioxide can also be used (ins-
tead of storing underground), for
example in aviation fuel or bevera-
ges, in which case it is referred to as
CCU. The technologies deployed for
capturing CO2 and the infrastruc-
ture needed for transporting and
storing CO2 are the same for CCS
and BECCS. The major difference
between the two is that BECCS not

Capture

Capturing CO, from fossil or
biomass-fuelled power stations,
industrial facilities, or directly from
the air.

only removes CO2 but also gene-
rates electricity.® Since the Paris
Agreement and the pressing need
to limit global warming to below
1.5°C, interest in BECCS has been
growing. It is a key technology” for
reducing emissions already in the
atmosphere, which will be required
until there is a "balance between
anthropogenic emissions by sour-

ces and removals by sinks".®

Use

Using captured CO, as an input
or feedstock to create products
or services.
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Storage
Permanently storing CO, in

underground geological formations,
onshore or offshore.

Figure 1 BECCS process. Source: IEA, link
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PROJECTION SCENARIOS

The importance of BECCS is such
that the technology is an integral
part of most projected scenarios
for limiting global warming. Pro-
jections have been provided by
the International Energy Agency
(IEA) and the Intergovernmental
Panel on Climate Change (IPCC).
In 2050, the IEA NZE scenario pre-
dicts that around 10% of total bio-
energy will be equipped with CCS,
which would represent 1.3 Gt of se-
questered CO2. Around 45% of this
CO2 is captured in biofuel produc-
tion, 40% in the power sector, and
the remainder in heavy industries,
notably cement production. 18% of
the 7.6 Gt of CO2 to be captured
would come from BECCS in 2050,
and 95% of the total CO2 captured
would be stored, while the remain-
der would be used, notably to make
fuels.?

The IPCC also publishes its projec-
tion scenarios. The two most recent
scenarios are the IPPC 1.5 special
report® and the Sixth Assessment
Report.* SP1.5 forecasts a range
of 0 to 10 Gt of CO2 sequestered
per year by BECCS for 2050, with
a median of 5 Gt of CO2. For AR6
WGIII, different pathways predict
a CO2 mitigation potential of bet-
ween 0.5 and 11 Gt of CO2."2

WHY A NEGATIVE EMIS-
SION PROCESS?

The main advantage of BECCS and
CCS in the fight against climate

change is that they enable negative
emissions to be achieved. This me-
ans that the process stores more
CO2 than is emitted.”® Through
photosynthesis, the plant captu-
res carbon dioxide from the at-
mosphere. Then, when the biomass
is transformed, by combustion or
fermentation for example, the CO2
emanating from the process is re-
covered and permanently stored
underground instead of being re-
leased into the atmosphere.

1. Plants (organic matter) absorb
CO2 from the atmosphere as
they grow through photosyn-
thesis.

2. Biomass is transported to its
combustion site. It is then con-
verted into energy and other
products through various pro-
cesses. These may be power
and/or heat production proces-
ses, liquid biofuels, or any oth-
er industrial process that pro-
duces high CO2 streams from
biomass feedstocks.

3. COz2is captured during the bio-
mass conversion process.

4. Liquid CO2 is transported to
its destination for 2 conditions:

» CO2 is geologically stored, or

« CO2 is used. However, de-
pending on the use, the cli-
matic impact differs, and
CO2 is often emitted into
the atmosphere with a delay.
So, depending on use, zero
emissions may be allowed
rather than negative emis-
sions.

Biomass conversion
processes involving
carbon dioxide stream

Thermochemical conversion

Combustion Pyrolysis Gasification Liquefaction

Biochemical or biological conversion

Fermentation Anaerobic digestion

Figure 2 Summary of biomass conversion
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BIOMASS CONVERSION

A variety of biomass feedstocks are
available worldwide. Energy crops
(corn, etc.), waste (used oil, muni-
cipal waste, food processing waste),
and agricultural and forestry resi-
dues are all examples of biomass
feedstocks. The conversion of these
types of biomasses enables the pro-
duction of biofuels, biogas, bioheat
and bioelectricity.

Two main groups of biomass con-
version processes involving a
steady stream of carbon dioxide
can be conventionally distinguis-
hed: the thermochemical conver-
sion and the biological or bioche-
mical conversion.

o Thermochemical conversion
of biomass involves the crea-
tion of heat following a chemical
reaction. Combustion, pyrolysis,
gasification, and liquefaction al-
low the conversion of a wide va-
riety of biomass.

¢ Combustion allows the
conversion of chemical en-
ergy contained in biomass
into thermal energy directly
for heating buildings and
water or into electricity th-
rough moving turbines. This
combustion takes place at
temperatures between 800
and 1000°C, with devices
such as ovens, stoves, boi-
lers, steam turbines, etc, and
biomass with low moisture
content is preferred. The
conversion also produces
flue gases, including CO2
which can be captured.

0 Pyrolysis consists in hea-
ting organic materials bet-
ween 400 and 500°C, in the
almost complete absence of
free oxygen. The biomass
can be converted into solid
(biochar), liquid (bio-oil), or
gaseous (biogas) products,
and the CO2 produced
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Figure 3 POET and Navigator CO2 Ventures BECCS project, USA. Source: POET, link

during conversion can be
captured. The modulation
of the process parameters
creates three types of pyro-
lysis, fast pyrolysis, slow
pyrolysis, and flash pyroly-
sis, for which it is possible
to choose the type of bio-
mass to adapt it to the final
use.

0 In the gasification pro-
cess, biomass is thermally
decomposed at high tem-
peratures (between 800
and 900°C) with a control-
led amount of gasification
agents, such as steam, air,
and O2. The partial oxida-
tion of biomass produces a
gas mixture called syngas
from which CO2 can be
isolated and captured. This
syngas is rich in carbon mo-
noxide (CO) and hydrogen
(H2) and is also composed
of CO2 (carbon dioxide),
CH4 (methane) and N2
(nitrogen). Its composition
depends on the use of gasi-
fication agents, the type of

conditions  (temperature,
humidity level, etc.). It can
be used directly as fuel, for
heating or electricity (gas
turbines). It can also be con-
verted to produce certain
chemicals as methanol, di-
methyl ether, olefins, etc.
Finally, it can be processed,
by separating the hydrogen,
by Fisher-Tropsch synthesis
to create liquid fuels (gaso-
line, diesel, jet fuel, etc.),
and by methanization to
make synthetic natural gas
(SNG).™

0 During liquefaction, bio-

mass is heated in a catalyst,
usually in the presence of
hydrogen, under conditions
of low temperature (bet-
ween 250 and 400°C) and
high pressure. It leads to the
production of oxygenated li-
quid fuels.?

« On the other hand, biochemical
or biological conversion gene-
rally uses microorganisms and
chemicals to produce or derive
energy (ethanol and methane)
and other products such as pro-
tein from organic biomass.

¢ Fermentation uses mi-

croorganisms to convert
carbohydrates into alcohol.
After crushing biomass
(sugar cane, bagasse, sugar
beet, crops, or lignocellulo-
sic biomass), enzymes are
used to convert the starch
contained in this biomass
into sugars. The sugar is
then transformed into
ethanol with the help of
yeast. During the fermen-
tation process, solid resi-
dues are created depending
on the type of biomass used
and can be used as animal
feed, biomaterials, fuel for
boilers or in the gasifica-
tion or pyrolysis process,
and gases, particularly the
CO2, can be extracted and
captured.

gasifier and other operating

Figure 4 Total Energies' Grandpuits site, France. Source : Total Energies, link
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0 Anaerobic digestion con-
verts organic matter into
biogas in an oxygen-free
environment using bacte-
ria. This biogas is composed
mainly of methane, carbon
dioxide (CO2), and in smal-
ler quantities of other gases
such as hydrogen sulfide.
By removing the CO2, the
resulting biomethane can
be used for heating, in gas
engines, in gas turbines to
make electricity, or as fuel
for natural gas vehicles.

CO2 CAPTURE FROM INDU-
STRIAL EMISSIONS

Deploying BECCS to support
keeping global warming below
1.5°C would, however, require a
better understanding of the dif-
ferent capture technologies and
their development. The scientific
literature tends to distinguish se-
veral main approaches to carbon
capture, such as pre-combustion,
post-combustion, oxy-combustion,
post-fermentation capture, and
post-gasification capture. Within
these approaches, different tech-
nologies are used to separate CO2
from other elements and capture
it, such as absorption or membrane
separation. Some processes can be
combined, and these techniques
are adapted to specific parameters,
such as the type of biomass or the
type of production.

Indeed, capture technologies can be
integrated into a wide range of in-
dustries.'® Bioethanol production
facilities are ideal because of the
high concentration of CO2 (about
99% purity) that can be captured.
However, applications in pulp and
paper mills are also favourable
thanks to high CO2 concentrations
and the availability of excess heat
that can be used in capture proces-
ses. Projects are also underway in
power plants and waste-to-energy

plants. Given that more than 2
billion tonnes of municipal solid
waste are generated worldwide
every yearvi, of which on average
half is biogenic, this creates opp-
ortunities for the development of
BECCS. BECCS can also be an as-
set for decarbonizing heavy indu-
stry, in particular steel and cement
plants, and the biochemicals indu-
stry, with hydrogen for example,
or natural gas substitution (NGS)

Figure 5 KVA Linth WtE plant in Glarus, Switzerland. Source : KVA Linth, link
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through methanization, which can
incorporate a portion of biomass.*®

CO2 CAPTURE DURING
PROCESS

Carbon dioxide capture can appear
in different ways in the bioenergy
chain. Conventional ethanol cur-
rently represents the largest capa-
city of all biochemical production
pathways where carbon capture is
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Figure 6 Absorption process. Source: link

Figure 7 Avedgre biomass cogeneration plant, Denmark. Source : @rsted, link
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Figure 8 Adsorption process in the Drax power plant. Source : Drax, link

used, due to its low cost of capture,
while efforts are underway to apply
BECCS to thermochemical produc-
tion pathways."’

Fermentation carbon dioxide cap-
ture (FCCS) occurs after the fer-
mentation process of renewable
biomass."? Carbon dioxide is for-
med as a by-product of the biomass
fermentation process, alongside
ethanol and other products such
as protein. So once fermentation
is complete, instead of being re-
leased into the atmosphere, the
CO2 is captured. Typically, the CO2
stream from bioethanol plants is
highly concentrated, so it can be
captured at low cost.? The costs of
capturing CO2 from the fermen-
tation process used in bioethanol
production are among the lowest
of all capture approaches in indu-
stry.'” Today, around 25% of the
bioethanol industry -in the US-
captures CO2 from its production
process.?

The United States is showing lead-
ership in the FCCS.?? For example,
POET, one of the world's largest
biofuel producers, has embarked
on a BECCS project with Navigator
CO2 Ventures, to join the Heart-
land Greenway System. Starting in
2025, the project will capture and
store 5 million tonnes of CO2 per
year from 18 bioethanol plants.

ka and South Dakota.?® The project
includes the development of new
pipelines and several storage si-
tes.”

While this approach is generally
applied to bioethanol production
plants, the same applies to certain
biofuel chains' or to the conver-
sion of biogas into biomethane,
where CO2 separation is already
one of the process stages.?

The objective of pre-combustion
is to pre-treat the fuel to obtain a
synthesis gas rich in carbon mon-
oxide and hydrogen with few impu-
rities. In principle, the fuel is first
gasified with a controlled amount

North Dakota

South Dakota

Nebraska
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of air, oxygen, or steam. The gasi-
fication process generates syngas
mainly composed of carbon mon-
oxide (CO) and hydrogen (H2). This
syngas is then introduced into a ca-
talytic reactor with steam, in which
a water-gas reaction takes place
between CO and H20 and produ-
ces CO2 and H2. Thus, CO2 can
be captured and H2 can be used. A
successful and widely used process
for H2/CO2, particularly of fossil
origin, is absorption by physical
solvents®.

Hydrogen can be used as a fuel to
generate electricity'® or as a motor
fuel. In France, for example, a pro-
ject involving Air Liquide and Total
Energies aims to produce sustaina-
ble aviation fuel from biohydrogen,
while capturing the CO2 produced
in the process. The biohydrogen
produced by Air Liquide plans to use
part of the biogas produced by To-
tal Energies' biorefinery. This unit
will be equipped with Air Liquide's
Cryocap™ H2 capture technology.
This would capture more than 110
tonnes of CO2 per year, which is
planned to be reused.?®

In the approach of the post-com-
bustion, CO2 is separated from ni-

Minnesota

Legend

Proposed Capture Facility

m—— Proposed Routes

Proposed Carbon
Sequestration Storage Site

These facilities are in Iowa. Nebras- Figure 9 The Summit Carbon Solutions pipeline plan. Source: Summit Carbon Solutions, link
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trogen, water vapor and other flue
gases, then is captured after the
flue gas is burned, and before the
combustion, emissions are relea-
sed to the atmosphere. Chemical
absorption, especially with orga-
nic amines, is one of the most ma-
ture processes for post-combustion
CO2 capture.’” Membrane separa-
tion is only compatible for higher
CO2 contents.

Post-combustion CO2 capture, for
example, can be used to generate
heat and electricity.’® In Switzer-
land, for example, the KVA Linth
waste-to-energy plant plans to
capture emissions from waste in-
cineration, in collaboration with
CO2 Capsol, which will study the
feasibility of the project. By 2025,
more than 100,000 tonnes per year
of CO2 could be captured by amine
absorption, half of which would be
from biogenic sources.”® Northern
Lights is being discussed for carbon
storage, but the question remains
open as to its transport.?

Finally, oxy-combustion aims at
burning biomass with pure oxy-
gen. Before the combustion, an
air separation unit allows to sepa-
rate the N2 from the O2. Then, this
oxygen will be placed in an oxy-
combustion boiler with biomass to
produce a synthesis gas. Due to the
separation of nitrogen, this syngas
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Figure 11 CO2 utilization pathways. Source : Wood Mackenzie, link

is composed only of carbon dioxide
and water (H20). The concentra-
tion of CO2 varies according to the
type of biomass used. Finally, the
water is separated, condensed, and
returned to the boiler. Potentially,
this process could have the bene-
fits of a flexible electricity load on
the grid. For instance, a BECCS
CHP Plant with oxy-combustion
will enable more intermittent re-
newables on the grid because of
the ability to drop load and con-
tinue oxy-combustion operations
due to O2 storage (or operate on
air) in periods of low wind/solar

Figure 10 CO2 receiving terminal under construction in @ygarden, Norway. Source :
Northern lights, link
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generation®. In addition, if green
hydrogen is produced, O2 will be a
natural co-product. This O2 can be
used for BECCS operations.

Currently, this technology still fa-
ces challenges, mainly due to the
high energy cost required for oxy-
gen separation®!, but CO2 can easi-
ly be separated from the resulting
flue gases™. Fidelis Project Cyclus®
and Mendota BECCS power pro-
ject® are two examples of projects
in the USA using oxy-combustion
carbon capture to create energy
and/or heat.

CO2 CAPTURE TECHNOLO-
GIES

There is a vast array of technolo-
gies available for carbon capture.
These include, but are not limited
to, absorption, hydrate separation,
cryogenic distillation, membrane
separation and chemical looping
combustion, etc. The level of matu-
rity varies from one technology to
another, and research is still ongo-
ing to improve their efficiency.
Within BECCS, absorption and ad-
sorption are two technologies that
stand out for their commercial rea-
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Figure 12 Avedgre Power Station in Copenhagen, Denmark. Source : @rsted, link

diness.

It must be noted that capture of
CO2 at ethanol plants is relatively
straightforward, as a CO2 stream
is available in high purity (99%)
often requiring only some minor
dehydration.

Absorption technology allows CO2
to be extracted from flue gas as it
passes through a solvent. The CO2
is then separated from the solvent
and the depleted solvent is redirec-
ted to the beginning of the chain
to be reused, after having been
regenerated by an energy input.
There are two types of absorption,
physical absorption and chemical
absorption. The latter is the most
mature CO2 capture method for
BECCS®*. The absorption of CO2
by physical solvents consists of se-
parating it by dissolution without
chemical reaction, but according to
the temperature of contact and the
partial pressure of CO2 in the fu-
mes. Typical solvents are monoe-
thanolamine (MEA), diethanola-
mine (DEA), potassium carbonate,
amines, piperazine, ionic liquids,
aqueous ammonium salts (am-
monium carbonate). Absorption
is also a commercial technique for
BECCS.

The Avedgre biomass cogenera-
tion plant is equipped with such
technology. CO2 is absorbed using
amines, specifically monoetha-
nolamine (MEA). Steam from the
process is used to regenerate this
amine. On leaving the capture
plant, the CO2 is compressed to a
pressure of 110 bar, then transpor-
ted by a pipeline and injected into a
storage reservoir 1,300 metres be-
low the surface. The Copenhagen-
based plant, which runs on 100%
wood pellets, has a capacity of 640
MWth.**

Adsorption works with a solid sor-
bent used to fix CO2 on its surfa-
ces. The CO2 from the flue gas is
thus absorbed by a sorbent which
is regenerated by energy input
(temperature swing adsorption,
TSA) or by pressure drop (pres-
sure swing adsorption, PSA). Thus,
concerning the pressure varia-
tion, CO2 is adsorbed on the sur-
face of a sorbent at high pressure,
which will switch to low pressure
to desorb the sorbent and release
the CO2. Concerning the tempe-
rature variation, CO2 is released
by increasing the temperature
using a hot air or steam injection
system. Different sorbents exist,
such as molecular sieves, activated

Bioenergy with Carbon Capture and Storage (BECCS) | 7
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carbon, zeolites, calcium oxides,
hydrotalcite, or lithium zirconate.
In the calcium cycle example, the
carbon dioxide-rich flue gas is ex-
posed to calcium oxide (CaO) in a
carbonator. At high temperatures,
a reaction between these elements
forms calcium carbonate (CaCO3).
This element is then regenerated
to form calcium oxide and carbon
dioxide. The adsorption capacity of
CO2, the desorption and adsorp-
tion temperature as well as the ki-
netics are criteria for the selection
of the sorbent. This technology is
commercial for CSS, as well as for
BECCS.

Drax Power Station is the focus
of a pilot project using adsorp-
tion technology to capture CO2, in
partnership with the University of
Nottingham and Promethean Par-
ticles. The capture process uses a
solid sorbent called metal-organic
frameworks (MOFs).*® This requi-
res less energy than solvent-based
methods. Specifically, flue gas en-
ters a first column, where the me-
tal-organic framework separates
the CO2 which bonds physically
to the MOF by adsorption into its
pores. The depleted flue gas is ex-
hausted into the atmosphere. In
a second chamber, process heat is
used to remove the trapped CO2
and regenerate the MOE. The pure
stream of CO2 is then compressed
and stored.*®

For other capture technologies,
such as Chemical-Looping-Com-
bustion (CLC), membrane separa-
tion, hydrate-based separation, or
cryogenic distillation, there are nu-
merous R&D activities. Research is
focused on process efficiency and
on the most efficient way of inte-
grating capture as a plant compo-
nent.”

TRANSPORT

The captured and compressed
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CO2 must be transported to the
storage site, which is not necessa-
rily close to the place where it was
captured. Emissions from the en-
ergy consumed to transport CO2
are marginal and depend on the
mode and distance of transport.
These would be between 10 and
25 kg of CO2 per tonne of CO2
transported over distances of up to
1,000 km by pipeline or maritime
transport.*Depending on the dis-
tance, CO2 transport can be un-
dertaken by pipeline, ship, train, or
truck. The transport of CO2 from
the BECCS chain benefits from the
experience of carbon transport in
general in the CCS chain."”

According to the IEA, among the
existing transport modes, pipeli-
nes and ships are the most scalable
options with the lowest cost per
ton of CO2. Transport by pipeline
is a mature method 7, which is the
most common method for trans-
porting large quantities of CO2.
Millions of kilometres of pipelines
transport various gases around the
world, both onshore and offshore.
9,000 km of CO2 pipelines have
been identified (IEA), mainly in
North America (6,500 km). Trans-
portation by ship can be an alter-
native in many parts of the world.
It is already used on a small scale
in Europe. This type of transport,
under pressure and at low tem-
peratures, involves high prepara-
tion costs, in addition to storage
and unloading costs, but this cost
decreases with the transport dis-
tance. Nevertheless, some projects
are working on the development
of CO2 terminals and ships able to
transport CO2 on a massive scale
and barges for inland waterways
are also being considered. Finally,
transport by road or rail is com-
plex and expensive for long distan-
ces but is still feasible for smaller
quantities and when the capture
and storage sites are close.

The magnitude of the transporta-

tion infrastructure needed to sup-
port the deployment of carbon
capture to meet global warming
targets is considerable. The USA
has already developed several cli-
mate infrastructure projects for
carbon transport. The Summit
Carbon Solutions Pipeline project
is an example of a large-scale con-
struction project that illustrates
the direction in which the USA is
heading. The project aims to cap-
ture CO2 from over 30 associated
bioethanol plants and transport
it to a common storage site in
North Dakota. Once completed,
this transportation network would
have the capacity to transport and
permanently store up to 18 million
tonnes of CO2 each year.?’

STORAGE

Geological storage consists of in-
jecting CO2 at depths of at least
800 meters . These depths allow the
CO2 to be stored as a supercritical
fluid with high temperature and
pressure. There are different types
of geological CO2 storage, such as
deep saline aquifers, depleted oil
and gas fields, unexploitable coal
seams, organic-rich shale, and ba-
salt formations, etc. Sequestration
in deep saline aquifers is the most
successful of these methods®. Glo-
bally, the potential storage capa-
city is estimated to be far greater
than what is needed to limit global
warming to 1.5°C.*

Carbon storage projects are already
operating on a commercial scale,
having been used for many years
to store CO2 emissions from fossil
industries. For e.g., Norway has a
long history of operational expe-
rience, with the Sleipner site in the
North Sea operating since 1996
and the Snghvit site since 2008.%
With these two sites, 1.7 million
tons of CO2 are stored per year
after being separated from natural
gas.*’ Thew new Northern Lights

Bioenergy with Carbon Capture and Storage (BECCS) | 8
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project involves the transport, re-
ception, and permanent storage of
CO2 in a reservoir in the northern
North Sea. Once the CO2 has been
captured, it will be transported by
ship to the receiving terminal at
@ygarden, pumped via a pipeline
to a subsea structure on the sea-
bed, and injected into a geological
formation 2,600 meters below the
seabed. The first phase of the pro-
ject is part of the longship project
and provides for a storage capacity
of 1.5 million tonnes of CO2 per
year, with a future ambition of 5
million/t/CO2/year.*>*?

Canada and its Quest and Alberta
Carbon Trunk Line (ACTL) pro-
jects have captured and stored
more than 10.5 million tons of
CO2 since 2015*. Globally, large-
scale efforts are underway around
the world that demonstrate that
CO2 can be reliably stored, as sta-
ted by the IPCC in its special report
on CSS.

UTILIZATION

The use of carbon in the BECCU
chain is an alternative to its stora-
ge, which also provides important
climate benefits. CO2 utilization
is a practice that allows to produce
of an economically valuable pro-
duct from CO2 captured during
biomass conversion, especially at
concentrations above atmosphe-
ric levels.*” This CO2 can either be
used directly, i.e. without chemical
modification, or indirectly, by be-
ing transformed. Crucially, it can
be used to replace CO2 currently
being produced from fossil fuels.

Today, no less than 230 Mt of CO2
is recovered each year.*® The CO2
can be used directly in soft drinks
andbeer orin greenhouses orasdry
ice for food preservation. For ex-
ample, the Twence waste-to-ener-
gy plant in Hengelo in the Nether-
lands plans to use the "Just Catch"



system to capture carbon. Once
the CO2 is captured and liquefied,
it should be delivered by tanker to
users such as nearby greenhouses,
where it would increase plant and
vegetable yields. This is intended
to replace the emissions from the
traditional method of CO2 produc-
tion for greenhouses using fossil
fuel combustion. It is expected to
capture and recycle about 100,000
tons of CO2 annually.”’

CO2 can also be used as a working
fluid or solvent, notably for enhan-
ced oil recovery. This is one of the
main uses, with 80 Mt of CO2 used
each year. * Today, the primary use
of captured CO2 is in the manufac-
ture of urea, particularly for the
fertilizer industry. This is a com-
mercially established and viable
use.’

New pathways are gaining mo-
mentum, where CO2 can be used
as a feedstock, thus promoting the
circular economy.® Value-added
products can be produced, such
as polymers, chemicals, building
materials, and synthetic fuels. Ho-
wever, they will likely require addi-
tional support to move into opera-
tion.*® For instance, in Denmark,
the Power-to-X project 'Green Fu-
els for Denmark' plans to capture
CO2 from a biomass power plant
and turn it into fuels, especially for
heavy transport. This combined
heat and power plant has been jud-
ged to be the best sustainable CO2
point source. The power plant's
100 MW straw unit could provide
the amount of CO2 needed to pro-
duce fuels for Denmark.*

The CO2 recovered must come
from biomass or air to expect to re-
sultin emission reductions. The ad-
ditional climate change mitigation
potential may also vary depending
on the product or service that the
CO2 product replaces, the carbon
intensity of the energy used in

the conversion process, the length
of time the CO2 is retained in the
product, and the size of the mar-
ket for that particular use.*® For
example, only construction aggre-
gates could qualify as permanent
sequestration, as opposed to fuels
and chemicals, which retain CO2
for one to 10 years, and whose con-
version process can be very energy
intensive.* The use of low-carbon
energy is a challenge for the indu-
stry to grow and BECCUS products
should aim to replace similar pro-
ducts made from fossil feedstocks
in the markets.

Finally, the IEA argues that CO2
use has a place in the projected sce-
narios for limiting global warming,
but that storage should remain the
primary objective of carbon cap-
ture.*® Globally, one of the major
challenges lies in the development
of transport infrastructures to
enable economies of scale. Espe-
cially since it could be interesting
to combine the transport of CO2
for its use and for its geological
storage, especially in the context
of CO2 hubs and clusters in areas
with high industrial emissions.*®

LOGISTICS AND CARBON
ACCOUNTING

The BECCS chain must be assessed
to certify and account for negative
emissions. How this evaluation is
carried out, and the results it pro-
duces, will influence how BECCS
contributes to climate change miti-
gation.®® Assessing the process, ho-
wever, is no easy task. The complex
nature of the BECCS chain means
that we need to analyze the system
from its inception, when biomass
is created, through all the interme-
diate phases of the transformation
and the transport, to the storage
or use of carbon. In fact, carbon
accounting can depend on factors
such as land use, carbon capture
efficiency, and the duration of
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carbon storage, which varies gre-
atly depending on the purpose for
which it is stored or used."’

However, it is essential for this
chain to be both sustainable and
economically viable, which is an-
other challenge for BECCS. Until a
perfect balance can be found, the
parties involved in the BECCS pro-
cess must make choices.”* A recent
example is that of Sweden’s Vixjo
Energi, that can illustrate the chal-
lenges associated with the choices
BECCS companies can make. Vixj6
Energi aims to integrate carbon
capture and storage from its com-
bined heat and power plant by
2027. 52 As a result, transporta-
tion is already planned to be both
cost-effective and climate friendly.
The logical choice for them was rail
transport, with a direct connection
from Viaxj6 to Goteborg.>

The origin of biomass can also be
a decisive factor in carbon accoun-
ting and the quality of the BECCS
chain. Consider, for example, the
Danish company @rsted, which es-
timates that by 2030, it will be able
to feed its cogeneration plants with
sustainable biomass sourced main-
ly from Denmark, and to a lesser
extent from its Baltic neighbours
to complete the supply chain. Spea-
king about the importance of redu-
cing imports, Ole Thomsen, the Se-
nior Vice President of Qrsted said
"it makes a lot of sense to primarily
use biomass from areas which are
closer to home and thus get as clo-
se as possible to the supply chains
to reduce the need for transport".>

The hubs model and concentration
are useful for optimizing the BECCS
chain. Indeed, CO2 storage sites
can accommodate CO2 from dif-
ferent capture industries, whether
of fossil or bioenergy origin. In
this way, transport and storage
infrastructures can also be shared
to make them profitable, cut costs,



and avoid unnecessary construc-
tion. ' The UK is planning to crea-
te several clusters, which aim to be
the world's first net-zero industrial
region. They include the East Coast
Cluster, Zero Carbon Humber, and
Net Zero Teesside projects. These
are expected to capture 10 Mt of
CO2 by 2030. Drax is expected to
play a key role in The Zero Carbon
Humber project. Infrastructure
development is the key, so sharing
carbon pipelines and storage si-
tes, particularly under the North
Sea enables companies to invest in
them profitably. In this way, these
projects are opportunities to cre-
ate jobs and strengthen the UK's
position as a world leader in green
industries. ***°

The logistics chosen depend on the
country and its geographical, eco-
nomic, political, and legal context.
In addition to the technological
and technical issues of evaluation,
the question of regulation and ad-
ministrative supervision of negati-
ve emissions and the sustainability
of BECCS is more widely raised. A
unified approach is needed '’. Be-
fore that, however, it would be
useful to provide rules and a met-
hod for assessing the BECCS chain.
Uniformity of regulations not only
enables comparisons to be made
but also avoids disincentives. An
example of an existing measure
that could be applied to BECCS is
the use of scopes via the GHG ba-
lance of BECCS chains. Finally, the
decisions taken by the parties in-
volved in the BECCS chain are im-
portant. If chain emissions are low
enough, there can be a net reduc-
tion in the amount of CO2 in the
atmosphere.®

ECONOMIC ANALYSIS

Cost of technology

To compare different BECCS tech-
nologies, the cost per tonne of
CO2 avoided is generally used.*®

TABLE 1: BECCS COST

Sector Cost per tonne of CO2

avoided (USD/tCO2)
Combustion 88 — 288 USD%
Bioethanol 20 — 175 USD*®
Pulp mills 20 - 70 USD**
Biomass 30 - 76 USD*/
gasification 15 - 30 USD*

Power generation 56 — 64 USD" ¢

Industry 79 — 85 USD®®
Other fuel 15 — 30 USD*’
transformation

This method can also be used to
compare CDR technologies. At pre-
sent, BECCS is the least expensive
technological approach to carbon
removal.’” However, the cost of
setting up a BECCS chain can vary
widely, depending on the maturity
of the technology used, the sec-
tor to which it is applied, and the
scale of the chain. The Global CCS
Institute estimates the cost per
tonne of biogenic CO2 avoided at
between $15 and $400.** BECCS
applied to bioethanol plants is con-
sidered the cheapest technology
available today.

Decatur, Illinois (USA) is home to
the largest BECCS installation at
the Archer Daniels Midland (ADM)
ethanol plant. The plant can cap-
ture up to one million tonnes of
CO2 per year in its corn fermen-
tation process. This is equivalent
to 3,000 t of CO2 per day, which
is then stored geologically. The
project cost $207 million, 68% of
which came from federal funds.
The sequestration tax credit allows
ADM to receive $23.82 per ton of
geologically sequestered CO2. So,
if the bioethanol plant captures 1
Mt/ CO2 per year, for 5 years, it
can receive enough tax credit, i.e.
$120 million, to exceed its initial
investment. The total investment
and operating cost of the plant
have been estimated at $28.35 per
tonne of CO2.%®
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In general, the biofuel and biogas®
industries appear to be well sui-
ted to the development of BECCS,
since the industrial process often
includes a CO2 separation stage,
which results in concentrated CO2
streams.'” While BECCS applied to
ethanol plants is the most mature
technology, other promising app-
lications are under development.
Pulp and paper mills, for example,
have the same advantage in terms
of high CO2 concentration, but
also offer surplus heat that can be
used for the capture process, the-
reby reducing costs."’

For new biomass-fired power
plants, in so far as a modification
of the main process is required,
capture technologies using chemi-
cal loop or calcium loop combus-
tion are promising.’” For existing
or cogeneration ones, it is pre-
ferable to use post-combustion
technology instead, being com-
mercially available and widely used
for fossil-source CCS.'” Similarly,
these processes can be introduced
in waste-to-energy plants.

In addition, it is important to em-
phasize that R&D is active in the
development of more efficient CO2
capture methods. Research and
practice have shown that certain
elements can directly influence the
cost of CO2 capture. Firstly, in the
biomass transformation process,
it is preferable to have a concen-
trated CO2 flow, to enable less en-
ergy-intensive and therefore less
costly CO2 capture. Secondly, to
reduce costs, it's preferable for the
CO2 captured in the plant to come
from one large point source, rather
than several small point sources.
Finally, the presence of excess heat
in the biomass conversion process
could be used for CO2 capture, to
lower energy costs.'’

Since BECCS involves several sta-
ges (biomass harvesting, trans-



port, and conversion; carbon cap-
ture, compression, transport, and
storage), the total cost per tonne
of CO2 may increase as a function
of each of these variables. Studies
have also estimated that adding
carbon capture to a bioenergy
plant would double the facility's
capital cost.®*

CURRENT INITIATIVES

Today, the various costs associa-
ted with BECCS technologies can
still be significant.”” Moreover, few
BECCS projects have reached lar-
ge-scale development.®? If Drax’s
BECCS project at its Power Station
in Selby goes ahead, it will be the
largest BECCs project in the world
and sequester 8 million tonnes of
CO2 per year, based on two BECCS
units.

BECCS, faces several challenges in
its initial scaling-up phase.®” This
is why policies have an essential
role to play in resolving these is-
sues. However, these policies are
also intricate and constantly evol-
ving.®? The role of an effective po-
licy is multifaceted, and it must
stimulate investment that makes
these projects attractive. It must
ensure that costs are not prohibi-
tive to the creation of new projects
and that existing uncertainties are
overcome. There is, therefore, a
need for financing to reduce risks
and co-finance industrial invest-
ment in large-scale demonstration
facilities.

Because the effective deployment
of BECCS is crucial for the years
to come, public policy interven-
tions need to take place at several
levelslx and in a coordinated fa-
shion. These include financial sup-
port, operating subsidies, carbon
pricing, demand-side measures,
innovation, and R&D. These direct
and indirect incentives can be com-
bined to support this emerging

sector, which contributes to net
zero emissions.”’

The current policy landscape is
quite varied and, in many cases, is
being actively shaped.®> However,
most policies concern CCS in gene-
ral and can be extended to BECCS,
but there are few or no incentives
exclusively for BECCS.

The recent update on CCS tax cre-
dits in the USA has initiated a new
wave of interest in operating subsi-
dies and highlights the importance
of this type of climate policy to
support projects. Initially, Section
45 Q of the U.S Internal Revenue
Code on the CO2 storage tax credit
was introduced in 2008. Its fram-
ework was extended, and its dura-
tion extended, with the Inflation
Reduction Act (2022). A seven-
year extension has been adopted,
capacity requirements have been
reduced, and the BECCS chain has
been included in the scope of app-
lication®®. Today, a BECCS facility
can receive up to $85 per ton of
CO2 sequestered, and up to $60
per ton of CO2 used for enhanced
oil recovery (EOR) or other indu-
strial uses.5%

Other countries, such as the
Netherlands and the UK, have in-
troduced operating support po-
licies. For example, the SDE++
scheme in the Netherlands was
launched at the end of 2020 to
subsidize the use of renewable
energy production and CO2 re-
duction techniques.®® It provides
a "15-year CfD-like subsidy sup-
port covering the ‘uncommercial’
cost of CCS operation, i.e. The cost
above the EU ETS price".®® To illus-
trate its characteristic as a transi-
tional technology, no industrial
CCS subsidies will be granted after
2035.%¢ The UK has also launched
contracts for different programs to
support low-carbon electricity ge-
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neration.®’

To improve the performance and
development of the BECCS chain,
financial support is essential, and
two funds are exemplary in this
respect. On the one hand, the UK
CCS infrastructure fund repre-
sents £1 billion of investment in
BECCS in the UK to support this
emerging sector. The fund has
been confirmed since November
2020 and includes a commitment
to deploy CCUS in four clusters by
2030 at the latest with the ambi-
tion of capturing 10 MtCO2/year
by 2030.% On the other hand, the
European fund has earmarked a
total of over 1.1 billion euros in
support for seven innovative pro-
jects aimed at bringing to market
cutting-edge technologies in ener-
gy-intensive industries, hydrogen,
carbon capture, utilization and
storage, and renewable energies.®’
This is the European Innovation
Fund's second call for projects,
and to date, 11 projects with a CCS
or CCU component have received
funding.”® For example, 180 mil-
lion euros have been awarded to
Stockholm Exergi's BECCS pro-
jectl,” for its bioenergy carbon
capture and storage facility at its
combined heat and power plant in
Stockholm. The third call plans to
invest 3 billion euros in projects
providing solutions to reduce CO2
emissions on the market by 2030.7

To make BECCS technologies av-
ailable in the long term, another
well-known incentive is carbon
pricing. A forerunner in this field,
Norway introduced its first CO2
tax in 1991. This made the CCUS
Sleipner and Snghvit projects com-
mercially viable since capture al-
lows operators to avoid paying the
tax.”” This type of measure can be
combined with sub-territorial me-
asures such as the European ETS.
The EU ETS is a cap-and-trade
system that sets a ceiling on total



GHG emissions within the system,
which is reduced from year to year.
GHG allowances are seen as com-
modities that can be traded on
the market. Companies can be al-
located allowances free of charge,
particularly for sectors considered
to be at risk of carbon leakage, but
they can also acquire them on the
market or via auctions. Introdu-
ced in 2005, the EU ETS is now
in its fourth phase, until 2030.
In 2022, the average cost of an
emission allowance to emit one
tonne of CO2 was around 80.32
euros and reached a record high
of 100.34 euros per metric ton of
CO2 in February 2023. This covers
around 45% of the EU's GHG emis-
sions.”®" More recently, China has
also introduced its own Emissions
Trading Scheme (ETS), making it
the world's largest carbon market.
It became operational in 2021 and
is set to expand to include new in-
dustrial sectors soon.”"®

Furthermore, more indirectly, inn-
ovation and R&D constitute an-
other essential incentive channel.
For example, the Carbon Removal
Xprize is a multi-year competition
funded by the Musk Foundation
that “aims to reward novel met-
hods to ‘pull carbon dioxide direct-
ly from the atmosphere or oceans
and lock it away permanently in
an environmentally benign way’.””’
Start-ups that meet these criteria
and have been selected will share
a total of $100 million. At the
European Union level, Horizon
Europe is the funding program
for research and innovation until
2027. It replaced the Horizon 2020
program and has a total budget of
95.5 billion euros.” Approximately
6 million euros could be allocated
to DACCS and BECCS.” The US
Department of Energy also has a
major R&D program, including the
Carbon-Negative Shot.®

Finally, incentives can be comple-
mented by demand-side measures.
For example, the use of low-carbon
materials in construction projects
can be encouraged by legislation,
as in the Netherlands and Ca-
nada. Similar incentives exist for
aviation fuel in other European
countries.*® Another measure, the
Carbon Border Adjustment Me-
chanism (CBAM) and would help
avoid the risk of "carbon leakage".
This mechanism entered its transi-
tional phase in October 2023, with
a permanent entry into force in
2026. It aims to set a fair price on
the carbon emitted during the pro-
duction of carbon-intensive goods
entering the EU, and to encourage
cleaner industrial production in
non-EU countries. Its introduction
comes at the same time as the pha-
sing-out of free allowances in the
Emissions Trading Scheme (ETS).%

The various measures outlined are
merely illustrations, and by no me-
ans represent an exhaustive list of
what exists in this field. However,
while other countries or regions
have announced projects or taken
steps toward deployment, their po-
licies remain underdeveloped and
will require further intervention to
support wider deployment.®

In general, the choice of incenti-
ves, based on local institutional
and market conditions, is not suffi-
cient. The absence of a mechanism
that rewards negative emissions
seems to weigh on the system, as
does the lack of policies that spe-
cifically address the BECCS chain.
For incentive policies to work,
they need to be anchored in a ge-
neral framework that supports the
creation of a sustainable and viable
market for BECCS.#
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FOCUS ON THE US IRA AND
ITS IMPACT ON BECCS

On August 16, 2022, in the United
States, the Inflation Reduction Act
(IRA) was promulgated by Presi-
dent Biden.®* This provided $500
billion in spending and tax credits
to encourage renewable energies,
increase tax revenues and reduce
healthcare costslxv. According to
the United States Environmen-
tal Protection Agency (EPA), this
climate legislation is "the most
significant climate legislation in
U.S. history, offering funding, pro-
grams, and incentives to accelerate
the transition to a clean energy
economy”.® The legislation provi-
des for an extension of eligibility
for the Q45 tax credit, extending
the deadline for the start of pro-
ject development to January 2023,
and reduces the minimum amount
of CO2 that must be captured per
year, to make it easier for projects
to obtain financing and qualify for
the subsidy.® In addition, a BECCS
facility can now receive $85/tonne
of CO2 permanently sequeste-
red in geological formations, up
from $50/tonne previously.®* The
amount allocated for the use of
CO2, generally for enhanced oil
recovery (EOR), has also been in-
creased from $35/tonne CO2 to
$60/tonne CO2.

This is the third piece of legislation
passed since the end of 2021, follo-
wing the Bipartisan Infrastructure
Bill (BIL) and the CHIPS & Science
Act, aimed at improving US eco-
nomic competitiveness,
tion, and industrial productivity.®’
With these larger BECCS subsidies,
companies in certain sectors could
break even or even benefit from the
addition of necessary equipment
and the resulting carbon manage-
ment.% For example, the expanded
tax credit could encourage the use
of wood pellets in US coal-fired fa-
cilities as part of BECCS projects.5®

innova-
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OPINION OF WORLD BIOENERGY ASSOCIATION

Climate change is a critical challenge for humanity. Apart from efforts to mitigate and adapt to climate chan-
ge, it is important to capture the emitted CO2 already existing in the atmosphere. Though technologies that
capture GHG directly from the atmosphere exist in some regions, capture and storage of emissions from
bioenergy operations hold significant promise. A variety of conversion processes from biomass to energy and
related emission capture systems are already deployed on various levels in different countries. Capture of
CO2 from ethanol fermentation seems to be a low-cost and commercially viable option today already while
focus on post-combustion capture in thermal power plants holds significant promise.

Bioenergy with CCS is one of the only renewable technologies that can offer significant negative emissions
in the process. Although some regions (e.g. USA, EU) are putting together policies for incentivizing the de-
ployment of CCS technologies in bioenergy systems, the incentives must be more attractive, long-term, and
more widespread to increase the confidence in the investor community. Technologies exist already and with
the right signals, it is possible for BECCS to play an important role in the global fight against climate change.
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