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Summary

Outcome of EGTEI work on Emerging Technologies /
Techniques for Large Combustion Plants >500 MWth up to 2030

Background

1- In the framework of the Convention on Long-Range Transboundary Air Pollution, EGTEI has been mandated by UN ECE
to initiate work on emerging technologies in order to assess what could be done technically and economically to reduce
atmospheric emissions in the future. Emerging technologies could be considered in different scenarios (BAU, optimisation
scenarios). For example, the application of emerging technologies could contribute to lower the emissions of the so-called
Maximum Technically Feasible Reductions (MTFR) scenario and hence could reduce the gap still present between the
effect level obtained with the MTFR scenario and the no-emissions effect level. The move from RAINS to GAINS, for
modelling of emissions impacts, offers the opportunity to improve assessment of the impacts and costs of emerging
technologies on emissions reduction over time. A significant improvement in modelling could be achieved by replacing
the current assumption, that the efficiency of abatement techniques is constant over time, with information from the
technical improvements of existing technologies and abatement techniques.

2- An EGTEI expert sub-group (LCP2030 sub-group) dedicated to emerging technologies/techniques and to improvement
of existing technologies/techniques, with a time frame up to 2030, has been created by EGTEI for the duration of the work.

3- The priority sector considered was the energy sector and especially large combustion plants (LCP) >500 MWth.

Objectives

4- The following items were explored by the expert sub-group for providing techno-economic information about:

a) emerging technologies,

b) emerging abatement techniques,

c) emerging applications of existing abatement techniques,

d) improvement of existing technologies,

e) improvement of existing abatement techniques.

5- Techniques/technologies not yet commercialised, and techniques/technologies in a very early commercialisation phase
are considered as emerging. The emissions covered in the framework of the LCP2030 sub-group are: SO2, NOx, PM and
CO2.

6- The main objective of the work is to characterise these techniques/technologies technically and economically (emission
reduction potential, costs).

Methodology

7- On the basis of the IPPC BREF document on large combustion plants and the EU project “Assessment of the air emissions
impact of emerging technologies” carried out for the European Commission in 2003/2004 by IFARE and UBA Vienna with
the participation of ITA and CITEPA, a list of potential technologies/techniques was established.The list was then reviewed
by the experts in order to identify technologies/techniques to be analysed with priority. The information collected came
directly from experts of the LCP2030 sub-group or from interviews with other experts.

8- The following sections outline the main views of the experts on the development of emerging technologies/techniques
and the improvement of existing technologies/techniques.

Emerging Technologies/Techniques for Large Combustion Plants
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Emerging technologies

9- Several emerging technologies were explored by the LCP2030 sub-group. Based on expert views and available data, the
following emerging technologies were identified as priorities: IGCC and oxy-combustion, two technologies which could
benefit from the deployment of Carbon Dioxide Capture and Storage (CCS).

IGCC (Integrated Gasification Combined Cycle)

10- The net efficiency for existing IGCC plants operating on coal is around 43% (LHV basis). IGCC could reach 50% efficiency
(LHV basis) around 2015.

11- Investment is estimated at between 1 and 1.5 M€/MWth (demonstration plant).A study(1) by the International Energy
Agency considers that the specific investment for IGCC is about 20% higher than for pulverised combustion. There is
however more uncertainty in IGCC costs as there are no recently built coal IGCC plants and the existing ones were
constructed as demonstration plants. Suppliers have plans to bring the capital cost to within 10% of that of pulverised
coal combustion.

12- The challenges are reliability, availability and investment.According to experts, IGCC technologies could be commercially
available around 2020 with CCS.

Oxy-combustion

13- Oxy-combustion enables the capture of CO2 by direct compression of flue gas without further chemical capture or
separation.

14- Optimisation of the competitiveness of the oxy-combustion process for power generation requires several developments:

• adaptation of cryogenic air separation units for more energy-efficient utilisation and operability for use in large oxy-
fuel power plants or development of new oxy-combustion technologies like Chemical Looping combustion,

• adaptation of combustion technologies to oxygen firing,

• safe operation under enhanced oxygen firing and carbon dioxide-related safety issues,

• optimisation of heat transfer in the boiler,

• optimisation of the steam cycle in order to compensate efficiency loss due to CCS,

• optimisation of flue gas recirculation.

15- Several 10-50 MW demonstration plants worldwide are planned up to 2010, with 100-500 MW demonstration units
possible around 2015. Oxy-combustion technologies could be commercially available around 2020.

16- The reduction of NOx emissions (on a mass emissions basis) in oxy-combustion processes is mainly due to the very low
concentration of N2 from air in the combustor. The decrease of NOx formation is then the result of the recirculation of
flue gas (interactions between recycled NOx, fuel-N and hydrocarbons released from fuel).

Improvement of existing technologies

17- One of the ways of reducing the emissions of CO2 from fossil-fuel-fired power plants is to improve the overall efficiency
of plants. Furthermore, because of the penalty of CO2 capture, CCS makes sense only for highly efficient plants. The
following sections outline the main views of the experts on the improvement of existing technologies.

Coal-fired power plants

18- A study(1) from IEA entitled “Fossil fuel-fired power generation – case studies of recently constructed coal and gas-fired
plants” gives a lot of information on performance and costs of proven technology available today in order to show what
has been achieved in modern plants in different parts of the world.

19- Currently, sub-critical coal-fired power plants can achieve efficiencies of up to 40%, and supercritical and ultrasupercritical
plants efficiencies of up to 45%. From 2020, coal-fired power plants with advanced steam cycle technology (350 bar,
700°C) could reach efficiency of above 50%.The challenge is the development of materials.These steam cycle conditions
would be possible with the use of nickel-based alloys.

Emerging Technologies/Techniques for Large Combustion Plants5
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Combined Cycle Gas Turbine (CCGT)

20- Today the average efficiency of a 400 MWe CCGT plant is about 58%. In 2008 CCGT units with an efficiency of 59.4%
were commercially available.An efficiency rate of 62% may be commercially available in 2015.According to experts, as
of 2035 CCGT plants should be able to reach commercial efficiency of 70% by improving component efficiencies and
using new materials. The efficiency of CCGT units is likely to reach a ceiling of about 72% towards 2050.

21- The increase in efficiency will follow an increase in unit capacity. At present CCGT units (F technology) have a capacity
of 430 MWe (in CCGT configuration). Technology of the H generation has a capacity of 530 MWe. Experts project that
CCGT units will reach capacities of 600 to 700 MWe in the future.

22- Natural-gas-fired combined cycle technology is more efficient and less expensive than systems based on coal. The
investment is split 1/3 for the gas turbine and 2/3 for the steam cycle. Roughly, 2/3 of operating costs come from the
gas turbine and 1/3 from the steam cycle.

23- The most recently built plants are able to reach 20 mg/Nm3 (based on a daily average, standard conditions and an O2

level of 15%) without SCR.

Emerging abatement techniques

24- According to the expert views and the available data, the following emerging abatement techniques were considered
by the LCP2030 sub-group as most promising:
• Flowpac for SO2 abatement
• Fine particle abatement techniques
• CO2 abatement techniques
• Oxygen-enhanced low NOx technology and oxy-combustion for NOx abatement. For the moment, the data collected
for NOx abatement techniques are not sufficient to draw conclusions.

Flowpac (Alstom)

25- Flowpac is a promising end-of-pipe desulphurisation (wet FGD) technology using a bubbling technology instead of
circulation pumps. Difficulties and power consumption are minimised by the suppression of recycle pumps, spray nozzles,
headers, separate oxidation tanks and thickeners. Power consumption is lower with Flowpac (1.3% of the power capacity)
than with the classical wet FGD (1.7/1.75%).

26- The process has a compact design and achieves high desulphurisation rates (>99%) with high sulphur content fuels
(>1.5%). The SO3 abatement efficiency is around 60-70%.

27- Flowpac has a low capital cost due to elimination of spray pumps and associated equipment.

28- The system is currently implemented in oil-fired plants (<340 MWe) and needs to be demonstrated with coal-fired
plants.

Fine particle abatement techniques

29- COHPAC and TOXECON are technologies developed in the USA to capture emissions such as particulate matter, mercury
and dioxins. COHPAC in combination with TOXECON can significantly reduce mercury, sulphur dioxide and other toxic
emissions (dioxins) with a lower investment.

30- The Indigo Agglomerator, developed in the USA, agglomerates fine particles with heavy particles to better capture them.
The particles are then easily collected in an electrostatic precipitator. A reduction of fine particle emissions by a factor
10 is achieved. It seems that the agglomerator is used only in plants not equipped with wet FGD.

CO2 abatement techniques

31- CO2 emissions from fossil-fuel-fired power plants can be reduced by energy efficiency improvement or capture of CO2

that is released and then stored underground.

Emerging Technologies/Techniques for Large Combustion Plants
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32- CO2 capture processes lead to an overall plant efficiency loss estimated to be 8-12 percentage points for existing coal
power plants. Due to this efficiency drop with CO2 capture, increased efficiency of fossil-fuel fired power plants is the
first step. In parallel, a priority is the improvement of energy efficiency of CO2 capture processes and optimisation of
the steam cycle for the heat requirements of CO2 capture.

33- There are three types of CO2 capture processes:

• post-combustion processes which consist in extracting the CO2 that is diluted in combustion flue gas. Post-
combustion is the most advanced technology today. The solvents for CO2 post-combustion capture can be physical,
chemical or intermediate. Chemical solvents, such as amines, are most likely to be used. Other post-combustion
capture solutions are absorption (new solvents, chilled ammonia), adsorption, anti-sublimation, membranes.

• oxy-combustion processes which consist in burning a fuel in oxygen and recycled flue gas.The gases produced by the
oxy-combustion process are mainly water and CO2, from which CO2 can easily be removed at the end of the process.

• pre-combustion processes which involve conversion (gasification or partial oxidation) of fuel into a synthesis gas
(carbon monoxide and hydrogen) which is then reacted with steam in a shift reactor to convert CO into CO2. The
process produces highly concentrated CO2 that is readily removable by physical absorbents. H2 can then be burned in
a gas turbine. For the moment, none of the existing coal-fired IGCC plants includes shift conversion with CO2 capture.

34- The level and nature of impurities in the CO2 stream can affect its transport and storage.The CO2 purity level will impact
the choice of pollutant abatement techniques.

35- Some CO2 processes are also sensitive to pollutants. For example, NO2 and SO2 from the flue gas react with amine
(post-combustion capture) to form stable, non-regenerable salts and so cause a loss of some amine. With amine, SO2

specification is usually set as <40 mg/Nm3 and NO2 specification as <50 mg/Nm3 (based on a daily average, standard
conditions and an O2 level of 6%).

Limits for SOx can be achieved by some FGD technologies. Experience at the CASTOR(1) pilot plant (post-combustion
capture with amine) shows that limestone gypsum flue gas desulphurisation (FGD) plants can be designed to reduce
SO2 emissions down to 10 mg/Nm3 with an increase in capital costs of about 7% and a 27% increase in operating costs.

Limits for NOx are technically achievable by the use of low-NOx burners and SCR.

36- Other types of CCS technology are available but not of mature status for application to large combustion plants. CO2

capture and storage in power plants is now being demonstrated in a few small-scale pilot plants. Large-scale
demonstration plants with carbon dioxide capture and storage (CCS) are planned by around 2015 with the objective of
developing CCS by 2020.

37- CCS costs are highly project-specific. Many techno-economic studies give information on performance and costs.
Nevertheless, data on large-scale CO2 capture implementation are not available. The objective is to reduce CCS costs
to below 25€/t of avoided CO2 by 2030.

There is no consensus on which option (post, pre or oxy-combustion) will be least costly in the future, each has its pros
and cons and the costs appear to be comparable.

Improvement of abatement techniques

38- No significant improvements in existing abatement techniques have been identified compared to the information
already available in the European BREF document on LCP. The IEA study(2) on fossil-fuel-fired power generation reports
some very low emissions for a few recently constructed coal power plants.

39- In order to compare existing data with the modelling data and to update them, costs and performances of abatement
techniques at existing installations have been provided by the experts.

Emerging applications of existing abatement techniques

40- Only SO3 injection was identified as an emerging application of an existing abatement technique to reduce PM emissions.

Emerging Technologies/Techniques for Large Combustion Plants7
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Other information

41- The increasing cost in relation to net efficiency of power plants and the increasing costs of plants and emissions
abatement systems are mentioned by the experts.

Main conclusions and future work

42- The efficiency penalties of CO2 capture will become lower for future power plants as the trend to higher efficiencies
continues, with efficiencies above 50% now in sight.

43- Some technologies/techniques (e.g. catalytic combustion), were considered as outside the scope of the LCP2030 sub-
group which considered only power plants with capacities higher than 500 MWth. Future work by the sub-group could
consider large combustion plants with lower capacities (e.g. >100 MWth).

Emerging Technologies/Techniques for Large Combustion Plants
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1. Background and objectives

In the framework of the Convention on Long-Range Transboundary Air Pollution, EGTEI has been mandated by UN ECE to
initiate work on emerging technologies in order to assess what could be done technically and economically to reduce
atmospheric emissions in the future. Emerging technologies could be considered in different scenarios (BAU, optimisation
scenarios). For example, the application of emerging technologies could contribute to lower the emissions of the so-called
Maximum Technically Feasible Reductions (MTFR) scenario and hence could reduce the gap still present between the effect
level obtained with the MTFR scenario and the no-emissions effect level. The move from RAINS to GAINS, for modelling of
emissions impacts, offers the opportunity to improve assessment of the impacts and costs of emerging technologies on
emissions reduction over time.A significant improvement in modelling could be achieved by replacing the current assumption,
that the efficiency of abatement techniques is constant over time, with information from the technical improvements of
existing technologies and abatement techniques.

Initially, two EGTEI expert sub-groups dedicated to emerging technologies/techniques and improvement of existing
technologies/techniques were created by EGTEI, with two time horizons, up to 2020 and a longer-term perspective, between
2020 and 2050. Further to the kick-off meeting, the two expert sub-groups have been merged. Indeed, collecting information
for the longer-term horizon is challenging; the future energy production system will probably be very different from what
can be imagined now. Consequently an EGTEI expert sub-group (LCP2030 sub-group) dedicated to emerging
technologies/techniques and improvement of existing technologies/techniques, with a time frame up to 2030, has been
created for the duration of the work.

The priority sector considered was the energy sector and especially large combustion plants (LCP) >500 MWth.

The following items were explored by the expert sub-group for providing techno-economic information about:

a) emerging technologies

b) emerging abatement techniques

c) emerging applications of existing abatement techniques

d) improvement of existing technologies

e) improvement of existing abatement techniques.

Techniques/technologies not yet commercialised, and techniques/technologies in a very early commercialisation phase will
be considered as emerging. The emissions covered in the framework of the LCP2030 sub-group are: SO2, NOx, PM and CO2.

Two types of measures can be distinguished:

• Primary measures: all measures which allow the reduction or avoidance of possible emissions at the moment of their
formation (e.g. low NOx burner)

• Secondary measures (also called end-of-pipe techniques): all measures which allow the reduction of emissions in the
exhaust gas of the processes under consideration (e.g. fabric filter).

Beyond that, combinations of primary and secondary measures may be considered, if their implementation is technically
feasible and if a substantial reduction is achievable. Also combinations abating several pollutants at once are possible
(e.g. low dust system for NOx).

The main objective of the work is to characterise these techniques/technologies technically and economically (emissions
reduction potential, costs).

Emerging Technologies/Techniques for Large Combustion Plants9
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2. Organisation and participants

The LCP2030 sub-group is chaired by ADEME and reports to EGTEI.

The kick-off meeting of the EGTEI sub-group on emerging technologies in large combustion plants and power generation was
held in Paris (at ADEME’s offices), on the 7th of June 2007.

The 2nd meeting was hosted by ADEME in Angers, on the 1st of October 2007.

The 3rd meeting was hosted by ENEA in Brussels, on the 25th of January 2008.

The 4th meeting was hosted by CITEPA in Paris, on the 17th of March 2008.

The 5th meeting was hosted by Swedish EPA in Stockholm, on the 28th of April 2008.

The participants in the LCP2030 sub-group include industrial and national administration experts. The following persons
have participated in the work:

Mrs Nadine ALLEMAND (CITEPA)

Mr Mark BARRET (UCL University College London)

Mr Jean-Guy BARTAIRE (Co-chairman of EGTEI, EDF)

Mr Giorgio BILIATO (EDIPOWER s.p.a.)~~aaz~
Mr Phil CAHILL (RWE npower)

Mr Pier Lorenzo DELL'ORCO (EDIPOWER s.p.a.)

Ms Rima EL HITTI (Ecole des Mines de Paris)

Mr Jacek GADOWSKI (BOT Gornictwo i Energetyka SA)

Mrs Julie GILLES (MEEDDAT)

Mr Gwénaël GUYONVARCH (ADEME)

Mr Dave HARRIDGE (ENTEC, representative of DEFRA)

Mr Michael HIETE (IFARE)

Mr Andrzej JAGUSIEWICZ (Clean Air for Europe - KlinEr)

Mr Pierre KERDONCUFF (IFARE)

Mr Smerkens KOEN (ECN)

Ms Andrea KRIZOVA (Czech Hydrometeorological Institute)

Mr Hartmut KRUGER (VGB PowerTech e.V.)
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3. Methodology

Before the kick-off meeting, a questionnaire was established by ADEME and sent to the experts in order to list the documents
or studies which might be useful for the LCP2030 sub-group or which could be used as a basis for the work. The main
documents identified are:

• IPPC BREF document on large combustion plants and especially the chapters on emerging techniques.

• EU project “Assessment of the air emissions impact of emerging technologies” carried out for the European Commission
in 2003/2004 by IFARE and UBA Vienna with the participation of ITA and CITEPA. The study covered all industrial sectors
(excluding transport and agriculture). A list of promising candidate technologies was set up for all sectors, but without
projections.

• Documents on Carbon Capture and Storage (CCS): IPCC Special Report on Carbon Dioxide Capture and Storage, Strategic
Deployment Document (ETP ZEP), CO2 Capture Ready Recommendations of European Power Plant Suppliers Association
(EPPSA), …

On the basis of the IPPC BREF document on large combustion plants and the EU project “Assessment of the air emissions
impact of emerging technologies” carried out for the European Commission in 2003/2004 by IFARE and UBA Vienna with a
participation of ITA and CITEPA, a list of potential technologies/techniques was established.

This list was then reviewed by the experts:

• technologies/techniques to be analysed with high priority were identified,

• some technologies/techniques were removed from the list, for instance when the technologies/techniques proved to be
of no interest (e.g. not in operation anymore) or when they were not within the scope of this sub-group (e.g. applied only
below 500 MWth),

• some technologies/techniques were added (often these were technologies that are limited to one or a few countries),

• for some technologies/techniques the name was changed (e.g. from the supplier’s product name to a name describing the
process),

• contributors of information for technologies/techniques were identified.

The information collected came directly from experts of the LCP2030 sub-group or from interviews with other experts.

Emerging Technologies/Techniques for Large Combustion Plants11
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4. Data collected and experts’ views

4.1. Emerging technologies
Several emerging technologies were explored by the LCP2030 sub-group: coal IGCC, oxy-combustion, catalytic combustion
and co-combustion (waste/biomass).

Based on expert views and the available data, IGCC and oxy-combustion were identified as priorities.These two technologies
could benefit from the deployment of carbon dioxide capture and storage (CCS).

4.1.1. Coal IGCC (Integrated Gasification Combined Cycle)

Coal IGCC is a combined cycle based on coal gasification and combustion of syngas (H2 + CO) in a gas turbine.The exhaust
gases from the gas turbine are then fed into the steam cycle.

Techno-economic data on IGCC are reported in Table 4.1.

The net efficiency for existing IGCC plants operating on coal is around 43% (LHV basis). IGCC could reach 50% efficiency
(LHV basis) around 2015.

Investment is estimated at between 1 and 1.5 M€/MWth (demonstration plant). A study(1) by the International Energy
Agency considers that the specific investment for IGCC is about 20% higher than for pulverised coal combustion. There is
however greater uncertainty in IGCC costs as there are no recently built coal IGCC plants and the existing ones were
constructed as demonstration plants. Suppliers have plans to bring the capital cost down to within 10% of that of pulverised
coal combustion.

The challenges are reliability, availability and investment. According to experts, IGCC technologies could be commercially
available around 2020 with CCS.

Emerging Technologies/Techniques for Large Combustion Plants
12

(1) IEA - Fossil Fuel-Fired Power Generation - Case studies of recently constructed coal and gas-fired plants, 2007

Rapport EGTEI - OK:Mise en page 1  27/03/09  14:49  Page 12



Ta
bl

e
4.

1
:

Te
ch

no
-e

co
no

m
ic

da
ta

on
co

al
IG

C
C

(In
te

gr
at

ed
G

as
ifi

ca
tio

n
Co

m
bi

ne
d

Cy
cl

e)

Emerging Technologies/Techniques for Large Combustion Plants13

(1
)
1G

T+
1
dr
yf
ee
d
en
tra

ine
d
flo
w
sla

gg
ing

ga
sif
ier
;f
ed

wi
th
co
al
m
ix
(d
es
ign

fe
ed

LH
V=

25
M
J/k

g
a.
r.,
S=

1.
5%

d.
a.
f.;
int
eg
ra
te
dA

SU
(a
ir
fro

m
GT

co
m
pr
es
so
rt
oA

SU
,N

2
fro

m
AS

U
to
sy
ng
as

sa
tu
ra
to
rf
or

NO
xp

rim
ar
yr
ed
uc
tio
n)
;a
dd
itio

na
ls
te
am

ge
ne
ra
tio
n
by

hi-
T
he
at
re
co
ve
ry
fro

m
ga
sif
ica

tio
n,
af
te
rq

ue
nc
h
wi
th
re
cir
cu
lat
ed

sy
ng
as
;

sy
ng
as

cle
an
-u
p
ba
se
d
on

hy
br
id
so
lve

nt
(S
uf
ino

l);
su
lph

ur
re
co
ve
ry
by

Cl
au
sp

ro
ce
ss

w/
ta
ilg

as
inc

ine
ra
tio
n

(2
)
Eq

uip
m
en
t:
co
al
pr
ep
.+

AS
U
+
ga
sif
ic.

&
ga
sc

oo
l.+

AG
R
+
SR

U
+
CC

PP
+
CW

S
+
W
W
T
+
BO

P
+
DC

S
(3
)
Fi
xe
d
op
er
at
ing

co
sts

:o
pe
ra
tio
n
pe
rs
on
ne
lo
nly

(1
30

un
its

ex
clu

din
g
m
ain

te
na
nc
e
pe
rs
on
ne
l:3

5
un
its

on
av
er
ag
e)
;o
n
ye
ar
ly
ba
sis

(4
)
Va

ria
ble

op
er
at
ing

co
sts

:F
ue
l(
fe
ed
sto

ck
+
au
x.
fu
el)

+
ut
ilit
ies

&
ch
em

ica
ls
+
by
-p
ro
du
ct
dis

po
sa
l

(5
)
1G

T+
1
dr
yf
ee
d
en
tra

ine
d
flo
w
sla

gg
ing

ga
sif
ier
;f
ed

wi
th
low

ra
nk

co
al/
pe
tco

ke
m
ix
(d
es
ign

fe
ed

LH
V=

22
.5
5
M
J/k

g
a.
r.,
S=

3.
21
%

a.
r.;
int
eg
ra
te
dA

SU
(N

2
fro

m
AS

U
to

GT
co
m
bu
sti
on

ch
am

be
rf
or

NO
x
pr
im
ar
yr
ed
uc
tio
n)
;a
dd
itio

na
ls
te
am

ge
ne
ra
tio
n
by

hi-
T
he
at
re
co
ve
ry
fro

m
ga
sif
ica

tio
n,
af
te
rq

ue
nc
h
wi
th
re
cir
cu
lat
ed

sy
ng
as
;s
yn
ga
s

cle
an
-u
p
ba
se
d
on

ch
em

ica
ls
olv

en
t(
M
DE

A)
;s
ulp

hu
rr
ec
ov
er
yb

yC
lau

sp
ro
ce
ss

w/
of
fg
as

re
cir
cu
lat
ion

(6
)
Eu

ro
pe
an

Co
m
m
un
ity
,2
00
3

(7
)
Th

e
Ro

ya
lA
ca
de
m
yo

fE
ng
ine

er
ing

,2
00
4

(8
)
EU

-p
ro
jec

t"
As

se
ss
m
en
to
ft
he

air
em

iss
ion

si
m
pa
ct
of
em

er
gin

g
te
ch
no
log

ies
"-

IF
AR

E/
UB

A
-2

00
3/
20
04

E
n

v
ir

o
n

m
e

n
ta

l
im

p
a

c
t

N
O

x
e

m
is

s
io

n
fa

c
to

r

S
O

2

e
m

is
s

io
n

fa
c

to
r

T
S

P
e

m
is

s
io

n

fa
c

to
r

C
O

2

e
m

is
s

io
n

fa
c

to
r

T
e

c
h

n
o

lo
g

y
E

ff
ic

ie
n

c
y

In
v

e
s

tm
e

n
t

F
ix

e
d

o
p

e
ra

ti
n

g
c

o
s

ts

V
a

ri
a

b
le

o
p

e
ra

ti
n

g
c

o
s

ts
S

h
o

rt
d

e
s

c
ri

p
ti

o
n

g
/G

J
fu

e
l

in
p

u
t

g
/G

J
fu

e
l

in
p

u
t

g
/G

J
fu

e
l

in
p

u
t

k
g

/G
J

fu
e

l

in
p

u
t

%

M
a

tu
ri

ty

M
/M

W
th

M
/M

W
th

M
/M

W
h

th

S
o

u
rc

e
o

f
d

a
ta

R
e

m
a

rk
s

5
8

5
M

W
th

s
in

g
le

u
n

it
(1

)

1
1

.9
(1

0
0

m
g

/k
W

h
e

)

1
4

.3
(1

2
0

m
g

/

k
W

h
e

)

n
o

t
a

v
a

ila
b

le

9
2

.1
(7

7
3

g
/

k
W

h
e

)

4
2

.9
(L

H
V

b
a

s
is

-

b
a

s
e

d
o

n
9

0
's

G
T

te
c
h

n
o

lo
g

y
)

0
.7

2
6

(2
)

(1
9

9
1

)

e
q

u
ip

m
e

n
t

o
n

ly

0
.0

3
2

(3
)

(1
9

9
9

)
5

.7
7

E
-6

(4
)

(1
9

9
9

)

E
d

ip
o

w
e

r
(i

n
fo

rm
a

ti
o

n

o
n

B
u

g
g

e
n

u
m

IG
C

C
p

la
n

t)

C
O

2
e

m
is

s
io

n
fa

c
to

r
b

a
s
e

d
o

n

fu
ll

o
x
id

a
ti
o

n
o

f
c
a

rb
o

n
c
o

n
te

n
t

in
a

.r
.

fe
e

d
s
to

c
k

=
6

2
.8

3
%

6
7

0
M

W
th

s
in

g
le

u
n

it
(5

)
7

.8
8

(6
6

m
g

/k
W

h
e

)

4
7

.4
(3

9
7

m
g

/
k
W

h
e

)

2
.3

9
(2

0
m

g
/

k
W

h
e

)

9
6

.3
(8

0
7

g
/

k
W

h
e

)

4
3

(L
H

V
b

a
s
is

-
b

a
s
e

d
o

n
9

0
's

G
T

te
c
h

n
o

lo
g

y
)

1
.0

(1
9

9
8

)
In

c
lu

d
in

g
p

ro
je

c
t

m
a

n
a

g
e

m
e

n
t,

c
o

n
s
tr

u
c
ti
o

n
a

n
d

s
ta

rt
-u

p

n
o

t
a

v
a

ila
b

le
4

.8
5

9
E

-6
(o

n
ly

fu
e

l)

E
d

ip
o

w
e

r
(f

ro
m

d
a

ta

p
u

b
lis

h
e

d
b

y
E

lc
o

g
a

s
P

u
e

rt
o

lla
n

o

IG
C

C
p

la
n

t)

C
O

2
e

m
is

s
io

n
fa

c
to

r
b

a
s
e

d
o

n
fu

ll
o

x
id

a
ti
o

n
o

f

c
a

rb
o

n
c
o

n
te

n
t

in
a

.r
.

fe
e

d
s
to

c
k

=
5

9
.2

1
%

4
3

(6
)

3
0

(6
)

4
.3

(6
)

(T
S

P
,

P
M

1
0
,

P
M

2
.5
)

5
0

(7
)
(m

o
d

e
rn

IG
C

C
p

o
w

e
r

p
la

n
t)

C
o

m
m

e
rc

ia
lly

p
o

s
s
ib

le
b

u
t

w
it
h

e
c
o

n
o

m
ic

b
a

rr
ie

rs

1
.4

8
(7

)
(2

0
0

4
)

E
U

-p
ro

je
c
t(8

)

IF
A

R
E

/U
B

A
2

0
0

3
/2

0
0

4

Rapport EGTEI - OK:Mise en page 1  27/03/09  14:49  Page 13



4.1.2. Oxy-combustion

Oxy-combustion enables the capture of CO2 by direct compression of flue gas without further chemical capture or separation.

Optimisation of the competitiveness of the oxy-combustion process for power generation requires several developments:

• adaptation of cryogenic air separation units for more energy-efficient utilisation and operability for use in large oxy-fuel
power plants or development of new oxy-combustion technologies like Chemical Looping combustion,

• adaptation of combustion technologies to oxygen firing,

• safe operation under enhanced oxygen firing and carbon dioxide-related safety issues,

• optimisation of heat transfer in the boiler,

• optimisation of the steam cycle in order to compensate efficiency loss due to CCS,

• optimisation of flue gas recirculation.

Several 10-50 MW demonstration plants are planned worldwide up to 2010, with 100-500 MW demonstration units possible
around 2015. Oxy-combustion technologies could be commercially available around 2020.

The reduction of NOx emissions (on a mass emissions basis) in oxy-combustion processes is mainly due to the very low
concentration of N2 from air in the combustor. The decrease of NOx formation is then the result of the recirculation of flue
gas (interactions between recycled NOx, fuel-N and hydrocarbons released from fuel).

4.1.3. Catalytic combustion

Because of the state of development (pilot-scale 1.5 MWe gas turbine, plants for application on a 170 MWe gas turbine under
development), catalytic combustion was considered as outside the scope of this sub-group which looked at plants with
capacities larger than 500 MWth.

4.1.4. Co-combustion

Co-combustion plants, which already exist, are not considered as emerging by the experts. Nevertheless, this information is
included because this technology is expected to be increasingly important in the future due to CO2 emissions constraints.

The following tables, extracted from the LCP BREF document, report on experience with the co-combustion of secondary
fuel in coal-fired power stations with a wide range of co-firing ratios. Most of these examples involve co-combustion of less
than 10% on a thermal basis. References with higher co-combustion rates concern fluidised bed boilers or the co-combustion
of separately pulverised wood in pulverised-coal-fired boilers. Large-scale demonstration projects have been carried out with
sewage sludge and wood chips.

Emerging Technologies/Techniques for Large Combustion Plants
14
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Table 4.2: Experience with co-combustion in LCPs in Austria

Emerging Technologies/Techniques for Large Combustion Plants15

p

Country 
Power 
(MWe) 

Secondary fuel 
Co-firing 
degree 

thermal % 

Handling of co-
combustion fuel 

Remarks 

124 Biomass (bark) 3 

The boiler has two air-

cooled forward pushing 
grates at the bottom of 

the boiler with a capacity 

of 5 MW each 

In operation since 1994 

Austria 

137 Biomass 3 
Gasification, gas 

burners and reburning 
Gasified biomass is co-combusted as 
reburning fuel. In operation since 1997 

p

Country 
Power 
(MWe) 

Secondary fuel 
Co-firing 
degree 

thermal % 

Handling of co-
combustion fuel 

Remarks 

77.5 Straw 50 
Fluidised bed 
combustion 

 

Plant designed for coal/straw fuel mix 

Denmark 

125 Pulverised wood 20 
Separate wood 

burners 

Pulverised wood was burned in two 
specially adapted burners. No negative 
effects were noticed and it is expected 

that higher co-firing percentages should 
be possible. NOx emissions were 

reduced by 35% and the quality of fly 

ash remained good. 

p y

Country 
Power 
(MWe) 

Secondary fuel 
Co-firing 
degree 

thermal % 

Handling of co-
combustion fuel 

Remarks 

170 Sewage sludge 11  

195 Sewage sludge 3.5  

235 Sewage sludge 3.5  

280 Biomass pellets max. 10 mass 
Separate wood mills, 

wood burners 

The biomass is pulverised in hammer 
mills and the boiler has a grate at the 

bottom. 

382 Sewage sludge 5  

565 Sewage sludge 0  

805 Sewage sludge <0.5  

913 Sewage sludge 1  

930 Sewage sludge 5  

1 074 Sewage sludge 1.5  

1 280 Sewage sludge 0.07  

Germany 

1 933 Sewage sludge 1.1  

p

Country 
Power 
(MWe) 

Secondary fuel 
Co-firing 
degree 

thermal % 

Handling of co-
combustion fuel 

Remarks 

Finland 
>40 

boilers 

REF, RDF, 

selected municipal 
waste 

 

Table 4.3: Experience with co-combustion in LCPs in Denmark

Table 4.4: Experience with co-combustion in LCPs in Germany

Table 4.5: Experience with co-combustion in LCPs in Finland
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Other information from EDIPOWER with a co-firing ratio of less than 10% is reported in table 4.9.

Emerging Technologies/Techniques for Large Combustion Plants
16

Table 4.6: Experience with co-combustion in LCPs in Italy

Country 
Power 

(MWe) 

Secondary 

fuel 

Co-firing degree 

thermal % 

Handling of co-

combustion fuel 
Remarks 

320 MWe RDF  Pulverised with coal 

RDF is obtained from municipal solid 
wastes by mean of milling, magnetic 

separation of metallic material, 

trommeling and classification to separate 
organic fraction and inerts Italy 

48 MWth RDF 
10 - 15% based on 

33 MWth only 

Two solutions : 
1) pulverised with coal 

2) dedicated feeding line 

Co-firing has shown a higher level of 
unburned matter 

Country 
Power 
(MWe) 

Secondary fuel 
Co-firing 
degree 

thermal % 

Handling of co-
combustion fuel 

Remarks 

403 
Phosphor oven gas 

Sludge 
3

Separate gas burners 
Pulverised with coal 

In operation since 1996 
Large-scale tests 

518 
Liquid organic 

residue 
1 In operation since 1995 

518 Biomass pellets 5 Pulverised with coal In operation since 1998 

600 Waste wood 3 
Separately milled, 

wood burners 
In operation since 1995 

600 Waste wood 5 
Gasification with gas 
cleaning, gas burners 

In commissioning in 2000 

630 
Dried sewage 

sludge 
3 Pulverised with coal Several large scale tests 

The 
Netherlands 

645 Paper sludge max. 10 mass Pulverised with coal In operation since 1997 

Country 
Power 
(MWe) 

Secondary fuel 
Co-firing 
degree 

thermal % 

Handling of co-
combustion fuel 

Remarks 

Wood (willow) max. 10 mass 
Separate wood mills, 

wood burners 

 

Wood max. 5 mass Pulverised with coal  

2x25 Wood /RDF 50/15 
Bubbling fluidised bed 

combustion 

 

54 Wood Max. 40 
 

Short test, natural gas support burner 

100 
Wood (saw-dust, 

lopping) 
max. 13.5 mass 

 
Large-scale test, increased excess air, 

decreased steam temperatures 

350 
Refuse-derived 

fuel 
6

US 

560 Waste wood 5  Cyclone combustor 

Table 4.7: Experience with co-combustion in LCPs in The Netherlands

Table 4.8: Experience with co-combustion in LCPs in the US
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4.2. Improvement of existing technologies
One of the ways of reducing CO2 emissions from fossil-fuel-fired power plants is to improve the overall efficiency of plants.
Furthermore, because of the penalty of CO2 capture, CCS makes sense only for highly efficient plants.The following sections
give data and outline the main views of the experts on the improvement of existing technologies.

4.1.1. Coal-fired power plants

A study(1) from IEA entitled “Fossil fuel-fired power generation – case studies of recently constructed coal and gas-fired
plants” gives a lot of information on performance and costs of proven technology available today in order to show what has
been achieved in modern plants in different parts of the world.

4.2.1.1 Pulverised Combustion (PC)

The following tables, extracted from the IEA study, show the main features of the pulverised-coal-fired plants that were
studied and their efficiency, emissions and costs. More information is available in the executive summary (annex 7.1).

Currently, sub-critical coal-fired power plants can achieve efficiencies of up to 40% and supercritical and ultrasupercritical
plants efficiencies of up to 45%. From 2020, coal-fired power plants with an advanced steam cycle (350 bar, 700°C) could
reach efficiencies of above 50%.The challenge is the development of materials.These steam cycle conditions could be made
possible by the use of nickel-based alloys.

Emerging Technologies/Techniques for Large Combustion Plants
18

(1) IEA - Fossil Fuel-Fired Power Generation - Case studies of recently constructed coal and gas-fired plants, 2007
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4.2.1.2 Pressurised Fluidised Bed Combustion (PFBC)

In fluidised bed combustion, coal is mixed with a sorbent and combusted with air in a reaction vessel. The incoming air
stream fluidises the reactor contents. Most of the SO2 produced by the oxidation of the sulphur in the coal is captured by
the sorbent. The resultant ash is a dry, benign solid that can be disposed of easily or used in agricultural and construction
applications.

Techno-economic data on PFBC are reported in table 4.13.
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4.1.2. Combined Cycle Gas Turbine (CCGT)

A detailed expert view of the evolution of Combined Cycle Gas Turbine technology for electricity production is given in
annex 7.2.

Techno-economic data on CCGT from EDIPOWER are reported in table 4.14.

Nowadays, the average efficiency of a 400 MWe CCGT unit is about 58%. In 2008, CCGT plants with an efficiency of 59.4%
are commercially available. In 2015, it is possible to consider that an efficiency of 62% could be commercially available.
According to experts, in 2035 CCGT plants should be able to reach commercial efficiency of 70% by improving component
efficiencies and by using new materials. The efficiencies of CCGT plants should reach a ceiling of about 72% towards 2050.

The increase in efficiency will follow an increase in unit capacity. At present CCGT units (F technology) have a capacity of
430 MWe (in CCGT configuration). Technology of the H generation has a capacity of 530 MWe. Experts foresee that CCGT
units could reach capacities of 600 to 700 MWe in the future.

Natural-gas-fired combined cycle technology is more efficient and less expensive than systems based on coal.The investment
is split 1/3 for the gas turbine and in 2/3 for the steam cycle. Roughly 2/3 of operating costs come from the gas turbine and
1/3 from the steam cycle.

The most recently built plants are able to reach 20 mg/Nm3 (based on a daily average, standard conditions and an O2 level
of 15%) without SCR.

Emerging Technologies/Techniques for Large Combustion Plants
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4.1.3. Impact of increased energy efficiency on CO2 and pollutant emissions

The following results refer to a study carried out in February 2004, “Concept study reference power plant North Rhine
Westphalia (RPP NRW)” and provided by VGB (H. KRUEGER).

The reference efficiency reported for combustion plants in the EU 27 countries is 36%. Improvement due to the application
of several techniques could lead to an efficiency of 50%.As a result of lower energy consumption CO2, NOx and PM emissions
can be reduced.

The impact of increased energy efficiency on CO2 and pollutant emissions is shown in tables 4.15 and 4.16.
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4.1.4. Impact of energy efficiency and plant sizes on costs

The cost increases related to net efficiency of power plants and the impact of plant sizes on the cost of reduction techniques
(SCR, FGD) are presented in the report by Jean-Pierre RIVRON entitled “Technical and economical data on depollution
systems” in annex 7.3.

4.3. Emerging abatement techniques
Several emerging abatement techniques were explored by the LCP2030 sub-group: Flowpac, limestone injection multistaged
burner (LIMB), SOx-NOx-Rox-Box (SNRB), fine particle collector and CO2 abatement techniques.

According to the expert views and the available data, the following emerging abatement techniques were considered by the
LCP2030 sub-group as most promising:

• Flowpac for SO2 abatement

• Fine particle abatement techniques

• CO2 abatement techniques.

4.3.1. Flowpac (Alstom)

Flowpac is a promising end-of-pipe desulphurisation (wet FGD) technology using a bubbling technology instead of circulation
pumps.

Difficulties and power consumption are minimised by the suppression of recycle pumps, spray nozzles, headers, separate
oxidation tanks and thickeners. Power consumption is lower with Flowpac (1.3% of the power capacity) than with classical
wet FGD (1.7/1.75%).

The process has a compact design and achieves high desulphurisation rates (>99%) with high sulphur content fuels (>1.5%).
SO3 abatement efficiency is around 60-70%.

Flowpac has a low capital cost due to elimination of spray pumps and associated equipment. In 2003, the investment for
Flowpac technology for desulphurisation of two 600MWe coal units was 58 €/kWe (70 M€ for 2x600MWe coal units).This
cost was 6% lower than for classical wet desulphurisation (61€/kWe; 74 M€ for 2x600MWe coal units).

The system is currently implemented in oil-fired plants (<340MWe) and needs to be demonstrated with coal-fired plants.

For more information see annex 7.3 “Report on technical and economical data on depollution systems” (Jean-Pierre RIVRON,
March 2008).

4.3.2. Fine particle abatement techniques

COHPAC and TOXECON are technologies developed in the USA to capture emissions such as particulate matter, mercury
and dioxins. COHPAC in combination with TOXECON offers the ability to significantly reduce mercury, sulphur dioxide and
other toxic emissions (dioxins) at a lower investment cost.

The Indigo Agglomerator, developed in the USA, agglomerates fine particles with heavy particles to better capture them.The
particles are then easily collected in an electrostatic precipitator. A reduction of fine particle emissions by a factor of 10 is
achieved. It seems that the agglomerator is used only in plants not equipped with wet FGD.

For more information see annex 7.3 “Report on technical and economical data on depollution systems” (Jean-Pierre RIVRON,
March 2008).
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4.3.3. CO2 abatement techniques

CO2 emissions from fossil-fuel-fired power plants can be reduced by energy efficiency improvement or capture of CO2 that
is released and then stored underground.

CO2 capture processes lead to an efficiency loss estimated to be 8-12 percentage points for existing coal power plants. Due
to the efficiency drop with CO2 capture, increasing the efficiency of fossil-fuel-fired power plants is the first step. In parallel,
a priority is the improvement of the energy efficiency of CO2 capture processes and optimisation of the steam cycle for the
heat demands for CO2 capture.

There are three types of CO2 capture processes:

• Post-combustion processes which consist in extracting the CO2 that is diluted in the combustion flue gas. Post-combustion
is the most advanced technology today. The solvents for CO2 post-combustion capture can be physical, chemical or
intermediate. Chemical solvents, such as amines, are most likely to be used. Other post-combustion capture solutions are
absorption (new solvents, chilled ammonia), adsorption, anti-sublimation, membranes.

• Oxy-combustion processes which consist in burning a fuel in oxygen and recycled flue gas.The gases produced by the oxy-
combustion process are mainly water and CO2, from which CO2 can easily be removed at the end of the process.

• Pre-combustion processes which involves conversion (gasification or partial oxidation) of fuel into a synthesis gas (carbon
monoxide and hydrogen) which is then reacted with steam in a shift reactor to convert CO into CO2.The process produces
highly concentrated CO2 that is readily removable by physical absorbents. H2 can then be burned in a gas turbine. For the
moment, none of the existing coal-fired IGCC plants includes shift conversion with CO2 capture.

The level and nature of impurities in the CO2 stream can affect its transport and storage. The CO2 purity level will impact
the choice of pollutant abatement techniques.

Some CO2 processes are also sensitive to pollutants. For example, NO2 and SO2 from flue gas react with amine (post-
combustion capture) to form stable, non-regenerable salts and so cause a loss of some amine.With amine, SO2 specification
is usually set as <40 mg/Nm3 and NO2 specification as <50 mg/Nm3 (based on a daily average, standard conditions and an
O2 level of 6%).

Limits for SOx can be achieved by some FGD technologies. Experience at the CASTOR(1) pilot plant (post-combustion capture
with amine) shows that limestone gypsum flue gas desulphurisation (FGD) plants can be designed to reduce SO2 emissions
down to 10 mg/Nm3 with an increase in capital costs of about 7% and a 27% increase in operating costs. Limits for NOx

are technically achievable by the use of low-NOx burners and SCR.

Other types of CCS technology are available but not of mature status for application to large combustion plants. For example,
a new technology for CO2 capture by anti-sublimation, was presented by Ms Rima EL HITTI of the Ecole des Mines de Paris
(cf. annex 7.8). It is based on the principle that CO2 anti-sublimates at a cold surface with a temperature of about -110°C.

CO2 capture and storage in power plants is now being demonstrated in a few small-scale pilot plants. Large-scale
demonstration plants with carbon dioxide capture and storage (CCS) are planned by around 2015 with the objective of
developing CCS by 2020.

CCS costs are highly project-specific. Many techno-economic studies give information on performance and costs.
Nevertheless, data on large-scale CO2 capture implementation are not available. The objective is to reduce CCS costs to
below 25€/t of avoided CO2 by 2030.

There is no consensus on which option (post, pre or oxy-combustion) will be least costly in the future, each has pros and
cons and the costs appear to be comparable.

The efficiency penalties of CO2 capture will become lower for future power plants as the trend to higher efficiencies continues,
with efficiencies above 50% now in sight.

(1) Féraud A, Marocco L, Howard T (2006) CASTOR study of technological requirements for flue gas clean-up prior to CO2-capture. In: 8th international
conference on greenhouse gas control technologies, Trondheim, Norway, 19-22 Jun 2006. Oxford, UK, Elsevier Ltd., paper 01_05_06.PDF, 6p. (2006)
CD-ROM
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4.3.4. SOx-NOx-Rox Box (SNRBTM)

The SOx-NOx-Rox Box process combines hydrated lime and ammonia injection upstream of a hot catalytic baghouse (box)
where the solid product – calcium sulphite and sulphate – and particulates (Rox) are removed, and the NOx is reduced to
nitrogen and water.

The SNRB process has proven to be a highly efficient control system for SO2, NOx and particulates.Typical performances are
80-90% SO2 removal, 90% NOx removal and 99.99% particulates removal.

Commercialisation of the technology is expected to develop with an initial larger-scale application equivalent to 50-100MWe.

SNRB was not considered by the experts as promising mainly due to the hazardous waste by-product.

Data on SNRB from IFARE are reported in table 4.17.
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4.3.5. Limestone Injection Multistage Burner (LIMB)

Initially, limestone was injected through staged low-NOx burners. Studies have shown that moderate levels of SO2 emission
control were possible by injecting sorbent within certain windows, according to the boiler's time temperature profile.

Data on LIMB from IFARE are reported in table 4.18.

LIMB was not considered by the experts as promising as it has problems in terms of reliability and mediocre abatement
efficiency.
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4.4. Improvement of existing abatement techniques
No significant improvements in existing abatement techniques have been identified compared to the information already
available in the European BREF document on LCP.The IEA study on fossil-fuel-fired power generation reports some very low
emissions for a few recently constructed coal power plants.

In order to compare existing data with the modelling data and to update them, costs and performances of abatement
techniques at existing installations have been provided by the experts (Tables 4.19, 4.20, 4.21, 4.22).
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4.5. Emerging applications of existing abatement techniques
SO3 injection upstream of a precipitator was the only technology identified as an emerging application of an existing
abatement technique to reduce PM emissions.

For more information see annex 7.3 “Report on technical and economical data on depollution systems” , Jean-Pierre RIVRON,
March 2008.
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Future work

Some technologies/techniques (e.g. catalytic combustion) were considered as outside the scope of the LCP2030 subgroup
which considered only power plants with capacities higher than 500 MWth. Future work by the sub-group could consider
large combustion plants with lower capacities (e.g. >100 MWth).
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ACC Air-Cooled Condenser

AGR Acid Gas Removal

ASU Air Separation Unit

BOOS Burner out of service

BOP Balance of Plant

BREF Reference Document on Best Available
Techniques (IPPC)

CCGT Combined Cycle Gas Turbine

CCPP Combined Cycle Power Plant

CCS Carbon dioxide Capture and Storage

CWS Cooling Water Supply

DCS Distributed Control System

ESP Electrostatic precipitator

FF Fabric Filter

FGD Flue Gas Desulphurisation

GT Gas Turbine

HHV Higher Heating Value

HRSG Heat Recovery Steam Generator

IEA International Energy Agency

IGCC Integrated Gasification Combined Cycle

IPPC Integrated Pollution Prevention and Control

LCP Large Combustion Plant

LIMB Limestone Injection Multistaged Burner

LHV Lower Heating Value

MDEA Methyl Di-Ethyl Amine

PC Pulverised Combustion

PFBC Pressurised Fluidised Bed Combustion

RDF Refuse Derived Fuel

REF Recovered Fuel

RH Re-Heater

SCR Selective Catalytic Reduction

S/C Supercritical

SNRB SOx-NOx-Rox Box

SRU Sulphur Removal Unit

ST Steam Temperature

USC Ultra-supercritical

WFGD Wet Flue Gas Desulphurisation

WWT Waste Water Treatment

WCC Water-Cooled Condenser

Abbreviations and acronyms
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