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Abstract

The goal of this article is to chart and analyse the development and economical performance of fluidized bed combustion

(FBC) and its derivates circulating fluidized bed (CFB) and bubbling fluidized bed (BFB). A descriptive overview is given

of the technology and the market penetration is discussed. To make further analysis possible a database is constructed.

This database comprises technological and economical data on 491 FBC projects. Analysis of these projects shows that the

technology variants (CFB and BFB) diffused differently over time. Drivers, which influenced the market diffusion and

technological development are market regulation, environmental legislation and RD&D programs. Important drivers for

FBC technology are fuel availability, required applications in the market, innovation spill over and competing

technologies. In this article technical characteristics are charted, which show improvements in fuel diversification, technical

availability, efficiency and emissions. In terms of economical performance the results show a decline in specific investment

cost. Finally, the effect of technological learning and experience on the economical performance of FBC technology is

analysed using the experience curve method and theory on economies of scale. A problem with applying the experience

curve method is that it is not used often for large power plants like FBC plants and with it lacking a methodological

standard. A method is therefore suggested. The analyses yielded progress ratios (PR) from 0.42 to 0.93 for different groups

of projects (new plant, repower, retrofit, add-on and conversion) and different parts of the capital breakdown (total project

price, engineering, procurement and construction price and boiler price). This means that the specific investment prices (in

$/kWe) decline with, respectively, 58% and 7% with every doubling of cumulative installed capacity (in MWe). The

progress ratio found for new FBC plants lies between 0.90 and 0.93. These values correspond with the average PR of 0.90

found for power plants in the literature. Further results show that economies of scale have a significant influence on the

investment price. Scale factors are found in the range of 0.62–0.81 for different groups of projects. According to these scale

factors specific investment price decreases, respectively, between 25% and 12% with every doubling of plant capacity (in

MWe).
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1. Introduction

‘Getting rid of waste’ was the ultimate goal when
the fluidized bed combustion (FBC) technology was
introduced. This goal evolved over time to ‘clean
energy for the future’. Since its introduction in the
1970s the technology has gained acceptance in
various industrial applications. It is known for its
ability to burn low-grade fuels with low calorific
value, high ash content and high moisture content.
Other advantages are fuel flexibility, emission
performance, re-use of non-hazardous by-products
(e.g. gypsum) and the possibility of the technology
to be implemented in an existing plant (retrofit).
As the technology evolved, three variants of this
technology were developed. The bubbling fluidized
bed (BFB) was the first version of FBC technology.
Practical experience over the past three decades
confirms that BFB technology can be well suited to
the utilisation of ‘difficult’ fuels such as high-
moisture fuels (e.g. wastes and sludge’s), high-ash
fuels (e.g. some types of municipal solid waste and
refuse-derived fuel) and low volatile fuels (including
anthracite, culm and petroleum coke). Although
BFB technology has faced increasing competition
from the circulating fluidized bed (CFB) variant in
recent years, it has maintained an important
position in the market. BFB technology is well
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Nomenclature

B&W Babcock and Wilcox (manufacturer)
BFB bubbling fluidized bed
BOP balance of plant
C&I capital and investment
CCGT (NG) combined cycle gas turbine (natural

gas fired)
CCT clean coal technology program
CER cost-estimating relationships
CFB circulating fluidized bed
CHP combined heat and power
CIBO the council of industrial boiler owners
COE cost of electricity
CYMICs cylindrical multi-inlet cyclone
DOE department of energy (USA)
DTI department of trade and industry (UK)
EPA environmental protection agency

(USA)
EPC engineering, procurement and construc-

tion
EPI energy products of Idaho (manufac-

turer)
EPRI electric power research institute (USA)

(1973)
ESP electrostatic precipitator
EU European union
FBC fluidized bed combustion
FBHE fluidized bed heat exchanger
FW Foster Wheeler (manufacturer)
GDP gross domestic product
GNI gross national income
GT NG gas turbine natural gas fired

IEA international energy agency
IGCC integrated gasification combined cycle
IR-CFB internal re-circulating circulating flui-

dized bed
IT information technology
MW capacity in mega watts ( ¼ 1 million J/s)
MWe net net electrical capacity of an installation

in mega watts
MWe electrical capacity of an installation in

mega watts (gross)
MWth thermal capacity of an installation in

mega watts
NERC North American electric reliability

council
NETL national energy technology laboratory
O&M operation and maintenance
OECD organisation for economic co-operation

and development
PC pulverised coal
PFBC pressurised fluidized bed combustion
PR progress ratio, quantifies relationship

between cumulative production (as a
proxy of experience) and cost/price

PURPA public utility regulatory policy act
(USA) (1978–1983)

P-value tests for trend in the data versus
random dispersion

SF Scale factor
R&D research and development
R2 coefficient of determination: R2

RDF refused derived fuel
S(N)CR selective (non) catalyc reduction
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suited to smaller industrial applications as well as to
the combustion of waste materials. The CFB variant
is derived from the BFB technology and surpasses
its predecessor in terms of sulphur removal,
efficiency and scale. The application of CFB has
changed over time, as the capacity of the installation
steadily increased. The result is that it has developed
from industrial applications to utility applications.
The third variant is a hybrid type of the BFB and
CFB. It was developed to combine the advantages
of both BFB and CFB and thus found its
application to be in medium-scaled (industrial)
capacity range. In terms of total installed capacity,
the hybrid variant has a small market share
compared to BFB and CFB. Because of this, the
hybrid variant is excluded from detailed analysis in
this study. In the past, numerous companies have
built fluidized bed boilers. Each of these firms has
developed his own variety of FBC boilers [1]. The
number of technology producers has declined due to
mergers, takeovers and shakeout. Watson [2] has
given an extensive overview of the development of a
community of manufacturers of FBC technology.
Charting these developments is a novelty, which
would be dealt with in this article.

Many improvements have been made to the FBC
technology and its derivatives. As the technology
matured, the drivers (regulatory, market and
technological) for further development changed in
nature or by impact. Also the different variants
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developed differently as they were specifically
suitable for different applications (power, cogenera-
tion or steam generation). The main developing
areas up to now have been scale-up, environmental
compliance and fuel flexibility in design and use.
These efforts will be important in the future
development of FBC. Further efforts are set to
improve plant construction and operation,
increase efficiency and reduce capital and operating
costs [3].

Gaining experience by learning from the technol-
ogy often results in the improvement of economic
performance. One way of quantifying technological
learning and associated cost reductions is the
experience curve approach [4–6]. Empirically, it has
often been observed that investment costs tend to
decline with a fixed percentage with every doubling of
cumulative produced units. This cost reduction is
expressed in the so-called progress ratio (PR). This
concept is widely accepted and used for energy
technologies like PV-solar cells, wind power, natural
gas combined cycle (NGCC) and supercritical coal
power plants [6,7]. A good overview of the results of
determining the experience curve concept for energy
technologies is given by McDonald and Schratten-
holzer [8]. However, for power plants like FBC with
such variety in application and fuel use, this concept
is not used often. As a result no methodological
framework exists for analysing the experience curve
concept on these technologies. Claeson Colpier and
Cornland [4] determined the effect of experience on
the capital and generating cost of combined cycle gas
turbines (CCGT) and with it provided some possibi-
lities for applying the concept. De Visser [9] and
Junginger [7] applied the concept, respectively, on
biofuelled combined heat and power (CHP) plants in
Sweden and Danish biogas plants to estimate the
effect of experience on capital and production cost.
For FBC technology, Scherr and Fuller [10] studied
and quantified the effect of cost influencing factors
(fuel type, size and completion date) on fuel,
operating and capital cost with the use of a small
dataset. The US Department of Energy (DOE) [11]
has presented the relationship between the develop-
ment of the FBC technology over time and the capital
cost. However, the empirical effect of experience on
unit capital cost of FBC has not previously been
quantified in the form of a PR.

The PR can be used in energy modelling exercises.
Models can create a partial foresight for an energy
technology with the use of the estimated relation-
ship between experience and cost and an assump-
tion on experience growth. Roughly there are two
model approaches: top down and bottom up. The
top-down model (e.g. GEMA) generally is based on
macro-economic relationships assumed in the area
under investigation. Models based on the top-down
approach may neglect the underlying factors for
cost development in the past and in the future. The
approach for the bottom-up models (e.g. Markal)
focuses on assessing future structures of the energy-
system by describing cost, performance and tech-
nology mix in such a way that a detailed description
of energy technologies in a system is presented. The
latter inherently needs a better understanding of
factors influencing cost, e.g. a estimation of the PR.
An advantage of the method suggested in this study
is that a range of PRs can be estimated for such
modelling exercises to address uncertainty in the
cost development of energy technologies.

Research on the development of FBC is certainly
not new. However, the approach of charting and
quantifying of the development of technological,
economical and market state of FBC is a novelty.
The goal of this article is first to review the
development in FBC technology since its introduc-
tion. Secondly, technological, economical and mar-
ket developments are charted and the drivers behind
these developments described. Thirdly, the goal is to
analyse cost reductions and provide an indication
for future prospects for FBC in terms of perfor-
mance and cost. The perspective on the develop-
ments and trends is based on theory of technological
learning and innovations, which includes the
experience curve and theory of economies of scale.
Subsequently, the methods for analysing and
explaining possible cost reductions are derived from
this theory.

To achieve this, a database was constructed which
includes techno-economical data on almost 500
FBC installations. Technical databases for FBC
installations are already available through SFA
Pacific [12–14] and CRE Group Limited [3]. These
databases were combined and economical data
was added. Finally, by combining the separate
research goals mentioned above, a more detailed
insight on the past, present and future development
of FBC and the mechanisms, which cause it, can
be given.

2. Technology overview

The technology is named after the state of
the matter within the fluidized bed boiler and
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determines the way in which the combustion process
is managed. The fluidisation process begins when a
bed of inert material (usually sand), which is a solid
granular particle, is suspended by a flow of air or
gas (air). This flow is injected into the boiler from
the bottom and from the side. When the velocity of
the gas stream increases, the flow suspends the
individual particles in the bed. At this stage, the fuel
with a (optional) sorbent (mainly limestone or
dolomite) can be injected into the boiler. All bed
particles are now in a ‘liquid state’ [15].

The base principle has been utilised in two major
variants of the FBC technology (BFB and CFB).
Although they share the same principle, design
parameters of the installations vary considerably.
The design of the FBC installation depends mainly
on the fuel and required steam conditions, though
also influenced by emission requirements, manufac-
turer and site conditions. The main differences in
design parameters are summarised in Table 1. A
more detailed overview of design, operating and
economical variables of FBC installations is given in
the Appendix in Fig. 18. In this section the main
components and design parameters of the major
variants of FBC, being BFB and CFB, are
discussed. Further reading is suggested for detailed
insight into the design considerations of the FBC
technology (e.g. [17–19]).
2.1. Fuel preparation

Before feeding the fuel into the boiler some
preparation might be required. Several techniques
Table 1

Design parameters BFB and CFB [3,12–14,79,80,81]

Design parameter BFB

Combustion temperature (1C) 760–870

Fuel particle size (mm) 0–50

Fluidization velocities (m/s) 1–3

Solids circulation Noa

Particle concentration High in bottom, low in

Limestoneb particle size (mm) 0.3–0.5

Average steam parametersc

Steam flow (kg/s) (range) 36 (13–139)

Steam temperature (1C) (range) 466 (150–543)

Steam pressure (bar) (range) 72 (10–160)

aCirculation of (large) unburned particles is possible in the case of bad

a less integrated part of the combustion process.
bApplicable in the case when limestone is used for in bed sulphur re
cData on steam parameters is collected for ca. 400 FBC installations
are available to process the fuel between storage and
combustion. The main functions of these techniques
are sizing of the fuel, drying of the fuel and
separation of non-combustibles from the fuel. The
two last-mentioned functions are mostly necessary
when firing waste-like fuels and biomass [19]. CFB
generally requires smaller (o25mm) fuel particles
than BFB (o50mm).
2.2. The combustor

In the BFB combustor, the majority of fuel
particles, which are fed under, into or onto the bed,
react in the bed with the oxygen in the upward
airflow (primary air). The lower combustion zone
contains a high density of the mix of fuel, sorbent
(optional when firing coal with high sulphur
content) and ash. Refractory protects this part of
the furnace from high temperatures as well as
erosion and corrosion. The bed acts as a heat buffer
enabling high heat transfer between the particles.
Due to this, the BFB combustor is less sensitive to
variations in the fuel moisture content, and is very
suitable for biomass and waste firing, with a wide
variation of moisture content. This characteristic
along with a lower fluidisation velocity (see Table 1)
and high residence time of bed material (inert and
fuel particles) in BFB systems, allows larger fuel
particles and fuels with lower calorific value.

The combustion can be staged in different parts
of the furnace. Secondary air is fed above the
combustion zone in order to improve the fuel to
oxygen ratio and thus the combustion efficiency.
CFB

800–900

0–25

3–10

Yes

freeboard Gradually decreasing along furnace height

0.1–0.2

60 (12–360)

506 (180–580)

103 (10–275)

burnout. However, solid circulation in BFB is compared to CFB

moval.

. The data is as mentioned in Section 4 derived from [3,12–14].
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The zone above the combustion zone is called
freeboard. In the freeboard the density of solid
particles is low. When the furnace operates under
substoichiometric conditions, non-oxidized fuel
particles are burned in the freeboard after addition
of secondary air. Combustion above the bed with
the use of secondary air is common when firing fuels
with high volatile contents (e.g. biomass).

The basic difference between BFB and its
successor CFB is the fluidisation velocity, which is
higher for CFB compared to BFB. As a result the
solids are entrained in the air flow more equally
along the combustor height. The mix is fluidized
with primary and secondary air (see number 13 and
14 in Fig. 1). These higher velocities and vigorous
mixing in CFB results in a different heat transfer
pattern of the flue gas. The heat transfer and
particle concentration gradually decreases along
with combustor height. It is however more equally
distributed with combustor height compared to
BFB. This results in a more homogenic temperature
distribution in a CFB compared to a BFB
combustor.
Fig. 1. Schematic representation of a coal-fired
The combustion temperature in a BFB, compared
with CFB, is often lower due to poor fuel quality,
greater particle size and high moisture content.

2.3. Particle collection and circulation

With BFB technology the need for collecting ash,
bed material or non-combustible solids (glass, rock
etc.) under the bed is high, while conglomeration of
these solids could prevent the combustor from
working properly. Solids entrained in the flue gas
can be collected in a cyclone or similar collection
device typically at the end of the convective pass.
Unburned fuel particles collected here can be fed
back into the combustor to improve overall
combustion efficiency. The gas is led to an electro-
static precipitator (ESP) (no. 8 in Fig. 1), bag house
or other solid collection device to collect remaining
fine particles before the gas is emitted by the stack
(no. 9).

Due to the higher fluidisation velocities in CFB
high concentrations of particles are also found in
the upper part of the combustor. The solids (mainly
CFB plant (courtesy Lurgi Lentjes) [16].
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unburned fuel and bed material) must be separated
from the flue gas before the hot gas enters the
convective pass. The solids are collected in a cyclone
(no. 5) or other solid collecting device. In the
cyclone up to 100%1 of the solids are separated
from the gas by centrifugal force.

Collected solids can be cooled with the use of an
external fluidized bed heat exchanger (FBHE) (10)
and fed back into the combustor for a new cycle.
Especially when burning low calorific fuel, the bed
temperature has to be kept at operational condi-
tions. This can be controlled by adjusting the solids
circulation rate and flue gas recirculation rate
among others. The name CFB is derived from this
circulation of solids.
2To prevent corrosion of the in-bed heat exchanger when firing
2.4. Heat transfer surface

Heat transfer surface in FBC combustors are used
for evaporative, superheating and reheating duty.
Evaporative duty is performed by the wall of the
combustor, which consists of bundles of pipes,
which are horizontally or vertically arranged. This
enclosure of the furnace is comparable for both
BFB and CFB design. Also comparable is
the convective pass located downstream of the
combustor. The hot flue gas that exits the combus-
tor or cyclone enters the convective pass section
(no. 6), where heat can be transferred in super-
heater/reheater and economiser to raise, respec-
tively, the steam and feed water temperature. When
the gas leaves the convective section, the heat
in the flue gas is generally used for pre-heating
of primary and secondary air. Additionally, heat in
the flue gas can also be used for fuel drying
purposes.

The steam or hot water produced is fed into the
steam drum (19). In the steam drum water and
steam are separated. The steam is send to the
superheater(s) and reheater and water to evapora-
tors. From there the steam is superheated and
expanded in a high-pressure steam turbine and
(optional) reheated in the convective pass before it is
expanded in a low-pressure steam turbine. The
steam can also be used as process steam or for
district heating. The simultaneous production of
electricity and useful thermal energy is referred to as
cogeneration.
1The velocity of the stream (positively), particle size (positively)

and size of the cyclone (negatively) influences the collection

efficiency of a cyclone.
The heat in a BFB combustor is mainly trans-
ferred in the lower part of the combustor. Heat is
exchanged for production of steam and is necessary
in order to control the temperature in the combus-
tor. In the lower part of the furnace an in-bed heat
exchanger2 is often placed. This heat exchanger is
used to control the bed temperature and has
evaporative duty. Another way of controlling the
bed temperature is by flue gas re-circulation into the
furnace. For low calorific fuels, it is possible to omit
the in-bed heat exchanger and use a heat exchanger
in the upper part of the furnace. This heat
exchanger is often used to superheat steam.

Next to the enclosure, in-combustor panels and
the convective pass two other locations are available
for heat transfer surface. Additionally for CFB
technology, the cyclone or other solids collection
device may be cooled with steam or water in order
to reduce wear of materials. If this is the case,
(superheated) steam or hot water is produced.
Optional heat transfer surface for CFB is the
FBHE3 (10) into which the collected stream of
solids from the flue gas is fed and where internal
heat from the solids is transferred to water or steam.
This FBHE offers high heat transfer rates and
makes it possible to control the heat transfer.

Due to high temperatures in the lower part of
FBC combustors, the bed bubble caps (nozzles
which distribute primary air in the bed) must be
cooled in order to prevent failure. Heat is trans-
ferred to the working fluid (water or steam) in the
bundles that lie next to or under the bubble caps.

The components mentioned above have to endure
high temperatures and pressures. In order to protect
them, refractory is added to the surface.
2.5. Design variants of CFB technology

The main manufacturers, Foster Wheeler, Als-
tom, Lurgi Lentjes, Babcock & Wilcox and Kvaer-
ner, all share a similar basic configuration of the
components found in CFB technology mentioned
above. Though, there are substantial differences in
the design. The different design variants of the CFB
technology offered by the manufacturers are sum-
marised in Table 2. The main design differences are
fuels with, for example, high alkali contents, the in-bed heat

exchanger can be omitted; however, the bed temperature must be

controlled otherwise in such a case.
3The FBHE can have evaporative and or superheater duty.
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in the external heat exchanger, grid design (the grid
of nozzles for feeding primary air into the combus-
tor) and solid collecting systems. The Lurgi Lentjes
and Alstom design usually features an external heat
exchanger, whereas the second generation Foster
Wheeler design has an INTREX internal FBHE
[20]. Kvaerner offers the CYMICs (CYlindrical
Multi-Inlet Cyclone) combustor, which does not
feature a FBHE. The need for a FBHE is absent as
the solids are internally circulated by a cyclone,
which is integrated in the combustor. A similar
philosophy is materialized in Babcock & Wilcox’s
version called Internal Recirculating CFB (IR-
CFB). This version of CFB features in-combustor
beams, called U-beams. Fluidized solids collide with
the U-beams and fall back to the bottom of the
combustor. Smaller particles, which remain in the
gas flow, may collide with a second set of U-beams
placed outside the combustor. The fine solids
fraction passing the U-beams are collected in the
secondary stage of the solids separation system by a
mechanical dust collector (MDC) or ESP.

3. History of FBC

In general, the rate of adoption of a new
technology often follows a standard pattern. When
the rate of adoption is plotted cumulatively against
time, the resulting distribution is often S-shaped
(which is also termed a logistic substitution or
diffusion curve [21]). According to Rogers [22], this
rate of adoption and curve are found for most new
technologies (see Fig. 2). This curve can be divided
into different stages. In the invention stage no
physical applications have been introduced into
the market. The time lag between invention and
innovation can range between 10 and 60 years [21].
The rate of adoption in the innovation phase is low
Table 2

Design variants of CFB technology

Manufacturer Solid collection

Lurgi Lentjes Traditional cyclonea

Alstom Traditional cyclone

Foster Wheeler Traditional cyclone; compact CFB

(square cyclone)

Kvaerner Traditional cyclone; CYMICs

Babcock and Wilcox Traditional cyclone; IR-CFB

aTraditional cyclones may be steam/water cooled or uncooled depend

design criteria [82].
and confined to the ‘innovators’. Next to adopt are
the ‘early adopters’ and then the late majority. The
technology has entered the commercialization phase
and is now fully commercial. The technology
diffuses rapidly until the market is saturated and
the rate of adoption declines. The technology is
matured and market growth is often marginal.

The diffusion of the technology is discussed below
according to this conceptual framework. The
elaboration on historical market development will
include some drivers, barriers and important
milestones (see Table 3). For further reading the
authors would like to refer to extensive publications
on the development of FBC by Watson [2] and
Minchener et al. [3]. Also, Banales-Lopez and
Norberg-Bohm [23] performed an analysis on
policy-induced drivers and barriers for FBC in-
novations in the USA.

3.1. From invention to innovation

In 1922, the development of the FBC started with
the Winkler patent for gasification of lignite. The
technology has been used for different applications
since then. Efforts in the 1960s ultimately resulted in
Features

External FBHE

External FBHE

Compact CFB: cooled solids separator placed directly next to

the combustor, internal FBHE (INTREX)

CYMICs: internal hot cyclone, no FBHE

IR-CFB: two staged internal recirculation by U-beams (impact

separator) and MDC, no FBHE

ing on load schedule, fuel properties, steam parameters and other
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Table 3

Important events in the history of fluidised bed combustion

Year Event

1922 Winkler patent

1965 Start of the Atmospheric Fluidized Bed Combustion Program (between 1965 and 1992) [23]

1965 First BFB test facility commissioned [2]

1972 First contract awarded for Rivesville

1973 EPI provided the first fluidized bed combustion (FBC) system in the US capable of converting waste biomass into

usable energy

1976 BFB Rivesville industrial scale demonstration project

1976 Start of large scale R&D program by ERDA (USA)

1978 European Commission starts supporting FBC technology with demonstration projects until 1990 [3]

1979 First CFB industrial scale power plant by Foster Wheeler

1981 First coal fired commercial CFB boiler supplied by Alstrom (now Foster Wheeler)

1981 First commercial BFB fired with biomass as main fuel type supplied by EPI

Mid 1980s First HYBEX (BFB), Kvaerner

1982 First Lurgi Lentjes CFB is commissioned

1983 First commercial CFB fired with biomass as main fuel type by Foster Wheeler

1986 The Clean Coal Technology (CCT) Demonstration Program started (USA). Ended in 1993.

1988 Large scale (142MWe net) BFB demonstration project in the USA.

1988 First commercial CIRCOFLUID by Babcock

1990 EU THERMIE (RD&D) programme includes 3 CFB projects, ends 1996

1992 First commercial operation INTREX by Foster Wheeler (CFB)

1994 Model project on CFB implemented in 1994 under Green Aid Programme for Asia-Pacific countries

1994 First CYMICs Kvaerner (CFB)

1996 First IR-CFB B&W (CFB)

1999 International Energy Agency (IEA) FBC implementing agreement started, now 12 countries are member

2003 First supercritical CFB boiler Lagisza Poland Foster Wheeler with Siemens OTU (once through unit) design. Start-

up is planned in 2009

4‘The forest and paper, metal and engineering and chemical

industries represent about 80% of Finland’s industrial production.
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the design of three coal firing test units. The first
BFB test facility was commissioned in 1965. This
test unit was used to conduct experiments to
establish the potential for controlling emissions of
sulphur dioxide [2]. In that same year the Atmo-
spheric FBC Program started in the USA. Subse-
quently, the USA founded the Environmental
Protection Agency (EPA) in 1970, which gave the
FBC technology with lower emissions the advantage
over conventional coal combustion technologies.
FBC could meet the new SO2 and NOx emission
restrictions without the use of auxiliary equipment.
The new restrictions concerning environmental
control in the USA were regulated by the Clean
Air Act issued in 1971 [24].

The development of FBC was not limited to the
USA. Other countries like the UK, Finland,
Germany and China also started programmes to
develop FBC, as they wanted to establish a
technology, which was able to burn low-grade fuels
with low emissions. Indications for these incentives
may be the rising research and development (R&D)
budgets for coal technologies in USA and Germany
in the period between mid-1970s and early 1980s [25].
R&D of circulating FBC type began in Europe,
funded mostly by private industry. The first devel-
opment work on circulating CFB began in Germany
in the mid-1970s, soon followed by work in Sweden,
Finland and the USA [26]. However, CFB devel-
opment was more a product of R&D in Europe
than in the USA, where the emphasis was still on the
BFB version.

Along with the UK and the USA, China and
Germany are the countries, which have abundant
quantities of low-grade coals with high sulphur
content; this was a main driver for starting the
development programs of FBC. Finland differed
from the other countries in the early stage of
development, as they were especially interested in
the technology for burning low-grade fuels like peat,
wood waste and sludge. These fuels were by-
products of the large domestic pulp and paper
industries. FBC is an attractive solution in this
industry for two reasons. First this sector has a
high-energy demand4 and therefore autonomous
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produced energy is favourable. Second, waste
combustion reduces waste disposal and can replace
more expensive fuels used for energy production.

3.2. From innovation to commercialization

BFB installations (o100MWe) are used in the
aluminium and paper manufacturing industry since
1970. Several pilot and demonstration plants have
been built by various manufacturers in the power
segment in the period 1976–1986. The first applica-
tion of the BFB technology in the utility
(4100MWe) segment was in 1986, when a
117MWe net demonstration plant started in Burns-
ville5 (USA). Despite that, since then most BFB
installations continue to fall in the small-to-medium
(25–100MWe) capacity range. Only a small number
of large capacity plants have been built in e.g.
Finland (110MWe), USA (142MWe) and Ireland
(117MWe). The BFB technology is thus mainly
commercialised for industrial applications and not
in the utility segment.

The first commercial small size CFB boiler
(5MWe net) started in 1979 and was manufactured
by Foster Wheeler [28]. In the utility segment the
first use of the CFB technology started in 1985 with
the operation of a 90MWe CFB boiler in Duisburg
(Germany).

3.3. From commercialization to diffusion

Fast diffusion of BFB boilers occurred in China,
which claimed to have over 2000 BFB boilers
operating in the early 1990s. However, the greatest
part has a capacity of less than 10MWth and
detailed information is not available. The other
countries where BFB technology diffused are Fin-
land, Sweden, India and the USA. In Finland and
Sweden, single relatively large-scale (up to 50MWe)
BFB boilers are being used in the pulp and paper
industry. The diffusion of BFB started in Finland in
the 1980s and for Sweden in the 1990s. The region
Scandinavia differs from India and USA in terms of
installed units (�60 vs., respectively, �20 and �20)
and in the type of fuel used. The installations in
Scandinavia are mainly fired with biomass or
(footnote continued)

These industries are very energy-intensive, and the forest and

paper industry alone accounts for 63% of industrial energy

consumption [27].’
5Northern States Power Company owns the installation, which

was built by Foster Wheeler.
industrial waste and those placed in India and the
USA are primarily coal-fired.

CFB boilers gained acceptance for non-utility size
applications in the USA in the early 1980s. A
driving force for that was the fear for oil crises as
they occurred in 1973 and to a lesser extent in 1979/
80. As a consequence, research was performed on
the possibility to produce power with alternative
fuels. A major R&D effort on FBC by the US
government follows initiated by the Energy Re-
search and Development Administration (ERDA)
in 1976 [29]. The introduction of Public Utility
Regulatory Policy Act (PURPA) in 1978 in the
USA formed a driving force for the penetration of
FBC for industrial use. This act mandated utilities
to purchase electricity from particular types of
small-scale (up to 80MWe) power producers, called
qualifying facilities (QFs), which included industrial
co-generators and renewable sources. The utilities
must purchase electricity at avoided cost rates [24].
According to, Banales-Lopez and Norberg-Bohm
[23] this act resulted in a growth of installed
capacity of FBC in the non-utility sector in the
USA, 90% of which was CFB. In the same period
only six units were installed in the utility sector. The
use of FBC was to be promoted by the Clean Coal
Technology (CCT) program. This program was set
up in 1986 with the demonstration of a utility scale
CFB installation. The CFB technology reached
commercial utility scale in the USA in the 1990s
but a breakthrough in the utility section was not
reached. A total of approximately 30 units have
been installed in the utility segment (4100MWe).
Instead the CFB emphasised its niche market in
industrial and cogeneration.

3.4. Maturity and prospects

The FBC technology can be considered as a
mature technology for cogeneration and industrial
sized applications. Possible R&D areas for the
future have been indicated by some FBC operators.
The three most important areas (in order of
importance) for FBC used in industrial applications
are materials handling, environmental control
technology and boiler reliability. The operators of
FBC technology for utility applications indicated
boiler reliability, fuel flexibility and environmental
control technology as the most important R&D
areas [30].

Future technology development of BFB is likely
to be limited to ensuring fuel flexibility on existing
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designs for the increasing use of biomass and/or
waste as feedstock with, or instead of, coal.
Ensuring a firm market share in the niche market
of small and cogeneration units seems to be the
most viable option for BFB technology. Contrary to
CFB, there are no major industrially focused
international R&D projects under way for BFB.

For CFB, several opportunities remain to support
further development of (supercritical) CFB and the
pressurised version (PCFB) (6 units operating at
present) [31]. Further development in efficiency
improvement, fuel flexibility, effective scale-up and
reducing capital cost is needed for CFB to remain a
competitive technology (see also Scale-up section)
and gain market share in the utility segment.

The total installed capacity of BFB worldwide is
surpassed by the capacity of CFB. This is mainly
due to the rapid diffusion of CFB, which started at
the end of the 1980s. According to Minchener et al.
[3] 1130 CFB installations were operating world-
wide in the year 2000 with a total thermal capacity
of 65.5GWth. The largest share is installed in China
with 830 CFB units (�25GWth). The installed units
in Asia represent 52% of thermal capacity. North
America is second with 26%, followed by Europe
with 22%. Hupa [32] reports that in 2003 the
cumulative number of worldwide installed BFB and
CFB boilers is, respectively, about 200 (�15GWth)
and 360 (�50GWth). Engstrom and Pai [28] report
that about 300 CFB projects were in operation or
under construction in 1999 and for BFB, approxi-
mately, 200 in the year 2002.

On a worldwide basis, a potential market up to
2020 of some 150GWth is estimated [3]. This
additional capacity is expected to be primarily
coal-fired and localised in China (125GWth), North
America (17GWth) and India (6GWth)6. Scott and
Darling [33] add that China is planning to install
about 15GWe (�40GWth) per year of new
generating capacity (not FBC specific).

The OECD7 and IEA8 [34] estimate the demand
for additional coal-fired electricity generating capa-
city to be as high as 1400GWe for the period
2003–30. The majority is expected to be built in Asia
with 150GWe in India and 550GWe in China.
These figures all indicate a large growth potential
6This estimate is based on the assumption of 5% market

penetration of FBC technology in India. Total coal fired capacity

addition of �120GWth is estimated by Minchener et al. [3] for

India.
7Organisation for Economic Co-operation and Development.
8International Energy Agency.
for coal fired CFB if it is possible to obtain a share
of the total required additional capacity. The same
holds for BFB technology. The additional required
capacity for electricity generating from biomass and
waste is possibly 70GWe [34]. The suitability of
BFB for firing these types of fuel can result in the
addition of BFB capacity worldwide.

4. Trends in development quantified

In this article a techno-economical database is
constructed using technological databases from
SFA Pacific [12–14] and CRE Group Limited [3]
supplemented with reference lists from some man-
ufacturers (Alstom, Babcock & Wilcox, Babcock
Borsig, Bharat Heavy Electricals, Energy Products
of Idaho, Foster Wheeler, Kvaerner Pulping and
Lurgi Lentjes). The reference lists are provided by
the companies or derived from conference proceed-
ings and industry journals (e.g. Modern Power
Systems).

Economical data was derived from the following
sources:

Trade journals: Modern Power systems, Power
Engineering and other trade journals connected
with the Gale Group were used as source for
contract prices.

Conference proceedings: Conference proceedings
on FBC have been used. Data is collected from
proceedings from 1970 to 1999. The proceedings
mainly consist of publications from manufacturers,
research institutes or reports on (demonstration)
projects. The emphasis in those reports is on
technological information. Detailed cost break-
downs are given for hypothetical projects and
demonstration projects. The publications from
manufacturers comprise experience overviews and
occasionally contract prices.

Manufacturers: Price data for FBC projects were
found in press releases on awarded contracts and
their (rough) values. These press releases were
gathered through Internet search.

Governmental programs reports: As governmental
funded programs are often obligated to publish the
cost of the project, the quality of the data is very
detailed and comparable. The CARNOT program
of EU, Altener program of EU and CCT program
by DOE (USA) provided some data9 for the
database.
9The disadvantage of this data lies in the fact that sponsored

programs are often pilot or demonstration (RD&D) projects.
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Table 4

Variables included in techno-economical database

Variable Type Scale of

measurement

Unita

Technology String Nominal CFB, BFB

Location String Nominal

Country String Nominal

Region String Nominal Asia, Australia, Eastern Europe, Mid/South America,

North America, Scandinavia and Western Europe

Manufacturer String Nominal

Year of commissioning Numeric Interval

Number of boilers Numeric Ratio

Capacity Numeric Ratio MWe net

Steam pressure Numeric Interval Bar

Steam temperature Numeric Interval Degrees Celsius

Steam flow Numeric Ratio Kilogram per second

Main fuel type String Nominal

Fuel characterisation

(see Fig. 9)

String Ordinal Standard design, no challenges, some challenges, multiple

challenges

Application String Nominal Power generation, cogeneration, district heating

Project price Numeric Ratio USD (2003)

EPC price Numeric Ratio USD (2003)

Boiler price Numeric Ratio USD (2003)

Type of project String Ordinal New plant, add-on, retrofit, repower, conversion

aFor ordinal and nominal scales of measurement the categories are given in which installations are subdivided.

J. Koornneef et al. / Progress in Energy and Combustion Science 33 (2007) 19–5530
Existing databases: like Coal’s Resurgence in
Electric Power Generation Database [35] and
GADS database from the North Electric Reliability
Council [36], respectively, provided data about cost
and reliability.

The developed database includes 19 variables (see
Table 4), which provide techno-economical infor-
mation on 491 FBC projects, in the time frame
1976–200610, of which CFB represents 311, BFB
146 and HYBRID 34 projects. Based on figures
from literature [3,28,32], our estimate is that the
collected sample covers �70% of worldwide in-
stalled capacity excluding endogenous FBC tech-
nology installed in China11. It was not possible to
(footnote continued)

These projects are partially designed to test various operating

conditions rather then for economical optimized operation. The

economics details may thus not be representative for other

(commercial) FBC installations.
10For projects under constructing the estimated start-up date is

used.
11This number does not take into account ca. 830 CFB

installations with a combined capacity of ca. 25GWth in China

(Minchener et al., 2000) as detailed data is lacking. In China

relatively small capacity units are installed. According to

Minchener et al. ca 250 units of 450MWth, 180 units of

�25MWth and 400 units of o15MWth are built. FBC projects

in China are only included if build by the manufacturers

mentioned.
integrate these Chinese installations as detailed data
on both economical and technical characteristics is
lacking. Due to data limitations on the Hybrid
variant, detailed analysis was not possible and this
variant was excluded from the analysis. Regarding
the technological data almost all variables are
covered with data; although data for the steam
parameters for installations build by Alstom (70
projects) are mostly lacking.

4.1. Diffusion of FBC variants

The diffusion of the FBC technology and its three
variants are shown in Fig. 3. The figure shows an S-
curve for the cumulative number of installed boilers
for both variants. BFB shows a more steady growth
of installed units than CFB, which shows exponen-
tial growth rates from 1986 to 2003. Rapid increase
of installed BFB units starts in the early 1990s.

4.1.1. BFB

The diffusion of BFB started in North America
(see Fig. 4) with the use of fuels, which did not
require major alterations12 in the basic components.
Diffusion of BFB in North America declined in
12In Fig. 9 the design of FBC installations for various coal

ranks is characterized as ‘no challenge’ and ‘standard design’.
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Fig. 3. Diffusion of FBC technology by variant [3,12–14].
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Fig. 4. Diffusion of BFB for different regions [3,12–14].
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1990, when CFB became the technology of choice,
until 2000 when the last BFB was installed in North
America. In the same period when addition of BFB
capacity in North America slowed, Asia and
Scandinavia started to increase their capacity in
BFB. Scandinavia focused primarily on BFB
installations for burning mainly biomass. A possible
driver for this is a tax based on the carbon content
of the fuel which accelerated the use of biomass
(used in BFB) in Sweden [37].

In Asia BFB shows somewhat the same trend as
in North America, where first low grade coals were
used as fuel and later on biomass took over the
majority in installed capacity. For all regions the
trend is that since 1992 almost only biomass-fired
BFB installations are added, most of them in
Scandinavia.
The application of installed BFB technology was
first focussed on power generation, but after 1983
cogeneration took over the largest part in installed
units. However, in terms of cumulative installed
electricity generating capacity (in MWe net), power
and cogeneration are equal.

Fuel used in BFB technology started with
industrial waste and coals. Biomass is commercial
fired since 1985 and is now the dominant fuel (see
Fig. 7 for further details).

4.1.2. CFB

Rapid diffusion of CFB technology also started
in North America where the largest part of
cumulative capacity is installed (Fig. 5). Western
Europe followed with the diffusion of coal fired
plants, but it levelled out in the early 1990s. Since
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then little capacity has been added. The levelling
was probably caused by the anticipation of plans for
economic restructuring of the coal industry in
Germany13. The execution of these plans in
1994–96 and during the second restructuring in
1997–98 led to a decrease in subsidies to indigenous
hard coal production [38]. The CFB capacity, which
is added in Germany since, consists of mainly small
(o20MWe) biomass fired and small (o50MWe)
bituminous coal fired plants. This is due to a
regulation, which only provides remuneration for
small biomass fired plants (IEA) [1]. Another
example of regulation influencing size of capacity
is the PURPA in the USA. This law resulted in
keeping the average size of installed CFB technol-
ogy below 100MWe until 2000 (see Fig. 14) while
the technology was already available above
400MWe net.

Scandinavia and Asia started the diffusion with
steady growth of capacity in the mid 1980s and
Scandinavia continued that growth. However, CFB
technology diffused rapidly in Asia from the
beginning of 1990s. In the same period Eastern
Europe, especially Poland and the Czech Republic,
emerged. There, new coal-fired plants were built and
old installations were retrofitted with CFB technol-
ogy.

CFB started with installations build mainly for
cogeneration and this is still the main application.
CFBs build for power generation started in 1985
and although fewer units compared to cogeneration
were built, the growth in installed capacity in MWe
net was almost equal until the end of the 1990s. In
1998, the cumulative capacity of power generating
13Germany has the largest installed capacity in Western

Europe.
CFB became dominant over cogeneration and
currently almost doubles the capacity (in MWe) of
cogeneration.

The fuel used in CFB technology was already
diversified in the beginning of the diffusion. First,
main fuel types used (in MWe net installed capacity)
were lignite and bituminous coals. Later, also
anthracite, sub-bituminous coal, petroleum coke,
and biomass were used.

In North America, at first coal was the dominant
fuel type used. In Asia and Eastern Europe it still is.
Western Europe recently focussed more on biomass
and waste materials as fuel type like Scandinavia did
from the beginning of the diffusion process. North
America also recently installed some biomass and
waste-fired CFB installations. Although the trend
seems to go towards (co)firing more biomass and
waste materials, the dominant fuel is still coal and in
particular bituminous coal (for further details see
Fig. 8).

4.2. Manufacturers and competition

In the figure below an overview is given of the
development of the manufacturer industry (Fig. 6).
It clearly shows a series of take-overs and mergers
as companies adjusted their strategies. This was
necessary due to the pressure on the market by
competing manufacturers as well as by competing
technologies such as CCGT and traditional boiler
technologies. Extensive research on this topic has
been done by Watson [2]. He presents a very
detailed overview of the development of the market
since the introduction of FBC, focussing on the role
of events and actors and their decisions. The
competition has narrowed the field of FBC manu-
facturers significantly resulting in four major
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Table 5

Overview of installed technology, capacity and market entry for the selected manufacturers included in the database

Manufacturer Technology Installed capacity in Mwe # of boilers # of installations Start up year

Minimum Maximum Total

Alstom BFB 17 142 355 12 7 1988–99

CFB 2 520 8229 75 51 1986–2005

Babcock and Wilcox CFB 3 76 580 25 22 1982–2002

Babcock Borsig BFB 0 35 88 7 5 1982–2000

CFB 9 120 408 13 10 1989–99

Bharat Heavy Electricals BFB 5 50 392 28 18 1987–98

EPI BFB 10 45 185 10 9 1981–93

Foster Wheeler BFB 0 117 1229 57 51 1976–2002

CFB 0 460 10648 199 161 1981–2006

Kvaerner Pulping BFB 6 117 1762 59 56 1985–2005

CFB 0 240 1375 41 32 1984–2002

Lurgi-Lentjes CFB 9 225 2182 43 35 1982–2004

Totals for selected manufacturers BFB 0 142 4011 173 146 1976–2005

CFB 0 520 23422 396 311 1981–2006

Data is derived from manufacturers reference lists and [3,12–14].
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Fig. 6. Overview joint ventures, takeovers and mergers in BFB and CFB manufacturing industry 1985–2003.
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market players Alstom, Foster Wheeler, Lurgi-
Lentjes and Kvaerner Pulping.

Alstom and Foster Wheeler are now the two
largest producers of CFB technology (see Table 5).
Both are active in various regions worldwide and
have their largest part of installed capacity placed in
North America. Foster Wheeler is market leader in
5 of the 7 defined regions. It also was first-to-market
in both CFB and BFB technology.
Kvaerner is market leader regarding BFB tech-
nology followed by Foster Wheeler. Both have their
capacity primarily placed in Scandinavia. In that
region, Kvaerner is by far the market leader, as it is
in Western Europe. Foster Wheeler is further active
and market leader in Asia and North America. BFB
manufacturers that are only active in their own
region are Bharat Heavy Electrical (India, Asia) and
EPI (North America).
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The table also shows that not all manufacturers
are active in both technology types and when they
are, they seem to have focussed on one type: Alstoms
main product is CFB; Kvaerners main product is
BFB but has built an almost equal number of CFB
boilers; Foster Wheelers main product is CFB, but
also has a large market share in BFB.

4.3. Fuel flexibility

A development, which makes FBC an attractive
technology for burning solid fuel, is its fuel

flexibility. During the past three decades, FBC
(BFB and CFB) in its various forms has been used
to burn all types of coals, coal wastes and a wide
variety of other fuels, either singly or co-fired with
coal (see Figs. 7 and 8). One of its main advantages
is that the technology can burn a wide variety of
low-grade fuels; however, variations in design are
necessary to obtain fuel flexibility or optimise the
technology for a certain fuel.
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Design varies with the fuel used in the installation
due to a number of fuel quality factors. The main
factors are: heating value, ash content, corrosion
potential of combustion by-products (i.e. the fuel’s
chlorine content) and the preparation the fuel
requires [39]. A categorisation of fuels regarding
the associated challenges on the design of the
installation is shown in Fig. 9 following [40].

Experience with firing difficult fuels started early in
the development of FBC. The first biomass fired FBC
is claimed by EPI in 1973. Though the first unit was
built in the USA, most of the development took place
in Finland and Sweden. The majority of FBC
installations (mainly BFB) burning biomass are placed
in these two countries. The lessons learned from firing
biomass and other difficult fuels led to modifications
in design and operation parameters. These include:
�

99

pin

95
1

rt up

in
Fuel feeding and preparation: larger fuel particles
can block the fuel preparation and feeding parts,
which results in a non-homogeneous fuel feeding.
5
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Coal waste
Other
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BFB technology [3,12–14].
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Anthracite coal
Subbit. coal
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CFB technology [3,12–14].
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left the fuel characteristics cause more challenge for multi-fuel operation and boiler design (courtesy Hämäläinen) [40].

J. Koornneef et al. / Progress in Energy and Combustion Science 33 (2007) 19–55 35
�

1

Coarse removal: large particles in the boiler can
negatively influence fluidisation of the bed, which
results in problems with combustion and heat
transfer.

�
 Preventing agglomeration (sintering or slagging)

of bed material or ash in order to maintain proper

fluidisation: the agglomeration of particles in the
boiler depends on the fuel used. If agglomeration
occurs it can cover the nozzles, which provide the
air for fluidisation, cover the furnace wall or
affect homogeneous fluidisation. These problems
affect the combustion process and heat transfer.
Research on the mechanism of agglomeration,
learning on site and proper maintenance reduced
down time caused by agglomeration [17,18].

�
 Alkali14 removal to prevent corrosion of the

furnace wall.

Modifications in fuel preparation and feeding
were necessary to maintain the combustion process,
and subsequently emission control and efficiency,
at the desired operating conditions. The other
4Biomass fuels often contain alkali metals.
three modifications had impact on the mainte-
nance—or if not carried out failure—of the installa-
tions, which in its turn influences the reliability and
availability.

4.4. Availability

A commonly used performance indicator for
power plants, known as availability, is calculated
by dividing the number of hours a plant is able to
generate output by the total number of hours for a
given period of time [2]. The availability can be used
to measure the reliability of a design or the
effectiveness of operation and maintenance
(O&M). However, it is difficult to measure them
independently as information on availability and
O&M is often not given. Down time can thus not be
allocated to the scope of problems or the effective-
ness of maintenance as they are related to each
other. A poor design would lead to high main-
tenance, but this can be compensated or fortified by
(poor) maintenance. If maintenance is carried out
effectively the planned outage is shortened and
forced outage can be reduced.
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The availability is reduced due to forced outage
(problems) and planned outage, together called down
time. Major problems that caused down time were
problems with the boiler section and fuel feed and
preparation section [19]. Problems in the boiler are
caused by erosion and corrosion of the furnace walls,
agglomeration of ash and bed particles and tube
failure in the steam production section. Early problems
with erosion and corrosion were dealt with by adding
refractory to exposed parts. Development in the
material used for refractory and boiler design reduced
the thickness of the material and overall failure rates.

Regardless of maintenance and design, the avail-
ability in the first year of operation is often low.
Testing, minor modifications and fine-tuning are
responsible for this down time. A study on the
effects of learning-by-doing on nuclear power plant
operating reliability revealed that capacity factors15

increased with 5% for each year of operation.
Another result from this study was that new plants
showed higher first year capacity factors as they
learned from previous gained experience [41].
Analysis of the database provided by NERC [36]
showed that the average availability16 of fossil-fired
15Capacity factor is dependent on availability factor as a plant

can not produce when it is not available.
16Availability is defined as: available hours/ period hours. This

factor does not take into account the planned outage, forced

outage and maintenance outage.
power plants in the USA increased from 80% in
1982 to 87% in 2002. These numbers show a steady
increase over time as more experience is gained.

No specific database as NERC exists for FBC
technology. Therefore, an attempt is made to chart
the development of availability of FBC technology
by combining data of various sources (see Fig. 10).
It includes data for 12 FBC plants and is
supplemented by 2 data points which reflect the
average of 9 unidentified FBC plants (derived from
Watson [2]). The used data sources did not always
specify the used calculation method to obtain the
availability values presented may thus not be
optimal for comparison between installations. The
figure does however provide indications for trends
within a installation and rough industry trends.

Fig. 10 shows an increase of availability of FBC
technology over time as well as for individual
plants. In the period 1985–90 the availability ranges
from 50% to 70% and since then availability did
not fall below �80% and averaged �90%.

The trend in availability can be explained with the
concept of technological learning (see Box 3,
Section 5.2). Learning from a technology can
improve the availability for an individual plant.
The employees learn from problems, which caused
failure and thus downtime. The operating and
maintenance of the plant can then be adjusted or
improved to prevent downtime and increase
availability. Learning-by-interacting may give an
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Table 6

Thermal efficiency of FBC technologies

Technology Size (in MWe) Fuel Thermal efficiency (in %) HHV or LHVa Source

CFB 20 Biomass 33 Unknown [83]

150 Coal and biomass 37 LHV [61]

160 Lignite 41 LHV [61]

250 Coal 39 HHV [84]

297.5 Coal 36 HHV [47]

2� 233 Coal 37 LHV [61]

460 supercriticalb Coal 443 Unknown [51]

600 supercritical Coal 46 LHV [61]

BFB 25 Biomass 30 LHV [85]

aHHV ¼ higher heating value. LHV ¼ lower heating value. The latter does not account for the enthalpy in water vapour remaining in

flue gas, as this is often not converted into useful energy. HHV does account for this enthalpy and efficiencies are subsequently lower when

HHV of fuel is used.
bTo be build by Foster Wheeler in Poland, expected start-up in 2009 [51].

17Biomass and wood often have high moisture content (up to

60%).
18Ash cooling heat exchangers can be used to reduce this heat

loss.
19In both figures the steam parameters of a supercritical unit,

which is to be build by Foster Wheeler, are included with the start

up year 2006. This unit is actually planned for commissioning in

2009.
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explanation for the general increase of availability
for multiple plants. The interaction between man-
ufacturer and plant owner may result in knowledge
transfer about problems causing downtime. The
manufacturer can then improve the design of the
installation to prevent this downtime. Knowing the
problem, the manufacturer still must have the
means to overcome these problems. For example,
these means can be provided by innovations in
building techniques, design, materials (refractory)
and operating equipment (IT spill over). These
innovations can be the result of fundamental and
applied R&D.

4.5. Efficiency

In literature on FBC technology, the most
published data are those of combustion-, boiler-
and thermal efficiency.

The combustion efficiency is the ability of a
furnace to burn carbon. For CFB, this is generally
higher (up to 499%) than for a BFB boiler. Better
mixing of bed mixture and smaller fuel particles are
the main factors, which contribute to that difference
[15]. An indicative experiment, which studied the
combustion of three biomass fuels revealed that the
combustion efficiency varies with the type of fuel
used [46]. The combustion efficiency is typically
higher for reactive fuels (e.g. biomass) than for less
reactive fuels (e.g. coal) [19].

The boiler efficiency is defined as the amount of
heat energy absorbed by the working fluid (water/
steam) divided by the total amount of heat energy of
the fuel entering the boiler [19]. The boiler efficiency
for FBC boilers ranges from 75% to 92% (HHV)
[19,47]. The characteristics of the fuel, primarily the
moisture content17, have significant negative impact
on the boiler efficiency. Other heat losses which
contribute to the reduction of boiler efficiency are
radiation and convection, heat losses due to the
moisture from the combustion of hydrogen, exit
temperature of flue gas, sensible heat losses from
residues18 and the temperature of the combustion
air (primary/secondary air) [48]. Also, other factors
like steam parameters and capacity influence the
boiler efficiency. With increasing the capacity of a
boiler (by scaling-up) the boiler efficiency increases.

Thermal efficiency is defined as the amount of
electricity generated minus endogenous electricity
requirement divided by the energy input. An over-
view of thermal efficiencies of FBC technologies is
given in Table 6.

The thermal efficiency can be improved by,
among others, raising the superheated steam pres-
sure (towards supercritical conditions), raising
superheated steam temperature and adding a steam
reheat cycle.

In Figs. 11 and 1219 the development of steam
characteristics (pressure and temperature) of both
variants is shown. For the CFB variant a trend of
increasing main steam pressure and temperature
towards supercritical conditions can be seen. The
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same graphs show also for BFB a gradual improve-
ment of steam conditions, albeit that both the
maximum main steam pressure and temperature are
lower for BFB than for CFB. These graphs indicate
an improvement of thermal efficiency over time by
raising the steam quality and show that typically the
thermal efficiency of BFB is lower compared to that
of CFB.

The steam cycle for CFB and BFB is comparable
to that of pulverised coal (PC) installations. They all
use a Rankine steam cycle; the main difference lies
in the steam parameters, which are often super-
critical for PC. These supercritical PC installations
are commercially available, where the commerciali-
zation of the supercritical version of CFB is yet to
come. The efficiency of this supercritical CFB can
be as high as 43% according to Foster Wheeler [49].
Alstom claims that 41% efficiency (HHV) is feasible
[50]. Although CFB can achieve efficiencies com-
parable to that of PC, the higher endogenous energy
use (for fluidisation) limits CFB reaching higher
thermal efficiency then PC installations. Knowledge
gained in the development of PC installations,
which are developing towards ultra supercritical
steam parameters (700 1C/388 bar) can be used to
increase thermal efficiencies even further up to
50–55% [51]. The development of improving steam
quality was and is dependent on R&D in metallur-
gical industry. High steam quality requires materi-
als, which can withstand high temperatures and
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pressures [52]. Thus, development of coal-fired CFB
efficiency is expected to improve, but parallel to that
of PC installations.

4.6. Emissions

The need for energy technologies with low
emissions of NOx and SO2 boosted the development
and adoption of FBC in the 1970s and 1980s.
Especially in the USA, the advantage was given to
FBC technology over conventional coal-fired tech-
nologies by changing emission levels for NOx and
SO2. This driver was and is not present in all regions
as emission limits were absent or not a challenge for
energy technologies [53]. The concern about climate
change boosted the use of biofuels in the 1990s as
they are considered to be CO2 neutral. This trend is
mainly seen in Western Europe and Scandinavia. In
North America also efforts have been made to use
biomass as primary fuel in BFB installations and for
co-firing in coal-fired CFB plants [54].

Low primary emissions are intrinsic to FBC. The
emission of SO2 are much lower for FBC compared
to PC installations without gas cleaning (flue gas
desulphurization) facilities. Sulphur dioxide re-
moval can be achieved by injecting limestone into
the furnace. The sorbent and the sulphur in the fuel
react through a series or reactions20 to a solid by-
product, gypsum.

Advantages in emission performance also resulted
in the change from BFB to CFB as CFB outper-
forms BFB when burning fuels with high sulphur
content. The CFB is more effective in in-bed
sulphur removal, while the mixture in the bed is
more homogeneous than in BFB. In a CFB bed, the
chance of a limestone particle colliding with a
sulphur particle therefore is higher then for BFB,
resulting in better sulphur removal. The current
state of the technology is such that in a CFB boiler
more than 95% of sulphur can be removed with the
use of in-bed sorbent injection.

NOx emissions in FBC are mainly dependent on
the nitrogen content in the fuel used21. A second
source of NOx formation is the oxidation of
nitrogen in the combustion air (thermal NOx).
20S+O2-SO2 and CaCO3-CaO+CO2 to SO2+1/

2O2+CaO-CaSO4 (solid).
21N can form NOx in stoichiometric conditions. In substoichio-

metric conditions less NOx is formed, N particles form the

harmless N2 in that condition. Staged combustion in CFB boilers

with substoichiometric O2 in the bottom section leads to less NOx

formation.
Thermal NOx increases with rising temperature,
nitrogen concentration in the flame, oxygen con-
centration and gas residence time [55]. CFB and
BFB operate at relative low temperatures resulting
in virtually no formation of thermal NOx. When
regulations require lower NOx emissions, SNCR22

(selective non-catalyc reduction) can be used to
reduce the emissions with 50%. If further reducing
(up to 90%) is required, SCR23 (selective catalyc
reduction) is the appropriate measure. However,
this is often not necessary due to the low NOx

formation in FBC boilers.
Contrary to NOx, low combustion temperatures

enhance the formation of N2O (nitrous oxide).
Other important factors influencing the formation
of N2O are excess oxygen, sorbent addition and fuel
characteristics. Especially, low volatile content in
the fuel (e.g. with petcoke) contributes to higher
N2O emissions. The formation of N2O when firing
biomass fuels is subsequently less as these fuels
often contain high volatile contents. Reduction of
N2O can be achieved by increasing the volatile
content of the fuel, air staging, NH3 injection and
sorbent addition (e.g. limestone) [3,55,57,58].

Next to the gaseous emissions, solid emissions
(e.g. ash and gypsum) are also formed. The solid
emissions are collected under the bottom of the bed
and in a CFB boiler additionally at the end of the
cyclone. Another point where solids are collected
for both CFB and BFB is in the bag house or ESP.
Fine particles are removed from the flue gas in that
section. The collected solids can often be re-used. In
2002, 77% of the produced ash by FBC technology
in America was re-used. This ash is used in the
cement industry. Gypsum is used as building
material. A problem is that the solids are collected
simultaneously and separation of ash and gypsum is
difficult. Compared to a PC installation, where the
streams are collected separately, the economical
value of the solids derived from CFB or BFB is
lower [59].
4.7. Cost of electricity

The cost of generating power has three compo-
nents—the capital and investment cost (C&I) of the
facility, the operating and maintenance cost of the
facility (O&M) and the cost of the fuel (F). In the
22SNCR uses ammonia inserted into the boiler to cut NOx

emissions up to 70% [56].
23SCR uses a catalyst to reduce NOx emissions up to 90%.
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form of a formula:

COE ¼
C&IþO&Mþ F

annual production of electricity
, (4.1)

where COE is the cost of electricity ($/kWh), C&I
the annualised cost of Capital & Investment ($),
O&M the operating & maintenance cost per year
($), F the fuel cost per year ($), annual production
the total produced kWh per year (

P
kWh).

An overview of breakdowns of coal power plants
into the three components is given in Table 7. The
table shows that the breakdowns vary. This is due to
various factors, which influence the three compo-
nents of COE. These three components and the
factors, which influence them, will be discussed in
the following section.

4.7.1. Cost of fuel

An overview of fuel prices is given in Table 8. The
efficiency of the plant determines how much MJ of
fuel is needed to produce a functional unit (kWh or
steam). Low-grade fuels often are cheaper but can
result in lower efficiencies (lower combustion
efficiency, energy needed for preparation (see
Section 4.5), higher O&M cost and higher capital
cost (fuel preparation, lower availability). The fuel
choice has also influence on the choice of technol-
ogy and subsequently efficiency. The fuel, which is
Table 7

Breakdown of COE for coal fired power plants

Description Fuel

(%)

C&I

(%)

O&M

(%)

Source

Coal fired power plants (no

technology specified)

41 32 27 [86]

Coal fired power plants

(pulverized coal)

29 52 19 [87]

100MWe net CFB retrofit 26 61 13 [45]

Average for 5 standard grade

coal fired FBC plants

generating electricity

25 57 18 [10]

Average for 8 scrapa coal fired

FBC plants generating

electricity

15 56 29 [10]

Coal fired FBC 31 50 19 [2]

Average is calculated with average cost data (mills/kWh) for

capital (for determination of capital cost see [10]), fuel and

operating, maintenance & disposal cost (OM&D) from Scherr

and Fuller.

Note that assumptions used for determining this breakdowns

may vary per study and as a consequence this data must be

approached with caution. For further elaboration the authors

would like to refer to the original publications.
aScrap anthracite coal or scrap bituminous coal.
chosen to be fired determines cost of fuel directly
and also the part it represents in the breakdown of
COE as it influences also O&M and C&I cost.
4.7.2. O&M cost

Operation cost is the compound of labour cost for
keeping the plant running and the variable operat-
ing cost. Variable operating cost comprises the cost
of disposal (solid and gas emissions), limestone and
bed material and is related to the production of the
plant. Maintenance cost is the aggregation of labour
cost and construction material cost which can be
allocated to prevention or reparation of failures in
the production process.

O&M as a component of COE varies with each
plant as the factors, which influence it vary. The
cost of the construction materials, emission disposal
and labour are different for each plant. The region
where a plant is located can also have an impact on
labour cost and labour efficiency.

In general, labour efficiency, automation (influ-
ences capital cost) and cost of labour interrelate
with each other, while in low labour cost regions
automation is less implemented and less necessary
due to the low cost of labour. In regions with high
labour cost, the efficiency of labour should be high
in order to reduce cost, hence more automation [59].
Next to labour cost, automation and efficiency, the
region can also have influence on the emission and
Table 8

Minimum, maximum and average fuel prices (including taxes) in

18 European countries in 1999 [88]

Fuel type Min. h/GJ Max. h/GJ Average h/GJ

Forest residues 1.02 8.33 3.42

Industrial by products 0.58 9.07 2.38

Firewood 1.01 14.00 5.26

Wood wastes �4.00 3.31 0.97

Refined wood fuels 3.24 18.22 8.37

Other biomass resources 0.83 12.00 4.68

Peat 2.10 3.75 2.83

Heavy fuel oil 1.40 12.00 4.26

Light fuel oil 3.10 14.30 6.74

Natural gas 1.10 16.21 5.80

Coal 1.19 12.78 4.53

Note that the maximum and average prices of natural gas and

coal are somewhat high. For comparison: the coal prices for

industrial users in the Netherlands ranged between 1.4 and 3.3h/

GJ in the period 1969–2004. In that same period the natural gas

price ranged between 0.5 and 6.4h/GJ [89]. In Europe during the

first half of 2005 the price ranges between 2.85 and 8.65 h/GJ for

natural gas [90].



ARTICLE IN PRESS
J. Koornneef et al. / Progress in Energy and Combustion Science 33 (2007) 19–55 41
corresponding regulation and with that cost of
disposal (see Box 1).

Another factor, which has an impact on the O&M
cost, is the availability. As stated before the
availability of a plant is dependent on the design.
Weinstein [60] suggested a relation between avail-
ability and maintenance cost. The maintenance cost
is expected to grow with improving availability.
They add that the perfect balance of maintenance
and availability varies per case.

Technological learning (see Box 3) can be
incorporated in this balance. Experience in main-
tenance and operating the plant can lead to better
planning of maintenance and with it improves
availability and reduce maintenance cost. By
improving the availability the share of O&M cost
in COE can decrease as the production of the plant
increases.

In the sections above, an indication has been
given for the contribution of O&M to total cost of
power. Factors have been mentioned which can
influence that contribution. However, the actual
cost of O&M has not been investigated. The actual
cost of O&M for commercial FBC plants is not well
documented. Some estimations and governmental
funded R&D programs may provide some insight
Table 9

Annual O&M cost for FBC plants

Plant (capacity, technology, location) Start up year Annual O&

percentage

investment

200MW CFB boiler USA 1984 2.5

5MW FBCa boiler 1986 2.5

100MWe net CFB boiler Nucla (USA) 1989 2.6

97.5MWth BFB Nykoping 1994 1.7

50MWe CFB 1997 5

34MWth (8.3MWe) 1999 6.6

25 MWe net BFB boiler Cuijk 1999 o2

112.5MWe net CFB boiler 2000 2.5

aTechnology variant undefined.

Box 1
Example of labour efficiency and automation.

The FBC installations in Cuijk in the Netherland
an operating staff of ca. 3 people, who mainly
process is highly automated and is monitored re
employees of a FBC installation (100 MWe net) in
into the relative O&M cost. The annual cost of
O&M for these projects or estimates have been
summarised in Table 9.

As far as conclusions can be drawn from this
small sample, it shows that O&M cost have not
changed much over time in terms of share of total
investment. Annual O&M cost at a level of 2.5% of
total investment cost should be a good estimate.
4.7.3. C&I cost

The breakdown of C&I cost into three sections
comprises: engineering, procurement and construc-
tion (EPC) cost, capital cost and financing cost. The
three summed up form the total project cost. EPC
forms the largest part of the total project cost (for
an example of the breakdown of EPC see Table 10).
In a recent publication [61] the total overnight
construction cost of CFB power plants, which is
comparable to EPC cost, ranged between 1208 and
1351 $/kWe (2003$). Cost of capital and financing
together make up for the remaining part. The
variation in capital and financing cost is caused by
the variation in the scope of the project and
economical situation of the future owner.
M cost as

of total

cost (%)

Remarks

Hypothetical project [91]

Hypothetical project [92]

Coal fired [45]

Total investment 45 Million ECU, O&M+fuel

estimate of 1.5–2ECU/MWh (380GWh/ year)

Waste-to-energy facility [93]

Waste-to-energy facility

O&M budget is o1 Million Euro, investment is 50

Million Euro [42], biomass fired

Hypothetical project [94]

s (25 MWe net, commissioned in 1999) have
guide the fuel acceptance. The combustion
motely [42]. This staff size contrasts the 43
the USA (commissioned in 1989).
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4.7.3.1. Comparing breakdowns. A problem occurs
when comparing cost breakdowns as a consistent
method of presenting the different subsections of
the breakdown seems to be lacking. Constructing a
consistent breakdown of C&I cost component is
more complex than for the former discussed
components of COE (O&M and Fuel). This is due
to various factors, which influence the components.
Scherr et al. [10] identified that the type of fuel,
plant size and year of completion affects the cost of
C&I. Factors which can also affect C&I but not
Table 10

Breakdown of total project cost of FBC plants [19,44,45,56,95–102]

Component of

total investment

Subcomponent Ranges for conversion, retro

add-on and new plants

Range of

percentages of total

investment (%)

Range

investm

Boiler section 28–82 144–1

Fuel handling 4–23 61–61

Steam turbine

section

7–15 90–24

Instrumentation

and control

equipment

2–5 10–75

Emission control 2–6 30–60

Balance of plant 21–23 317

General plant

facilities

10–15 141–4

Total EPC 70–94 186–3

Initial working

capital

1

Contingency 6–12

Development fee 3–7

Start-up 1

Owner’s cost

Initial debt reserve

fund

9

Total capital

cost

86–94

Interest during

construction

10

Financing fee 2

Total project

cost

100 1400–

Note: The presented ranges found in literature are collected separately

100% or to the totals for each sub section (total EPC, total cost of ca

different project types (conversion, retrofit, re-power, add-on and new

for specific investment cost for each component and emphasize the varia

columns from the right represent the plants.
aForssan Energia Oy, Finland, 1996, main fuel: biomass [103].
bBorås Energi AB, Sweden, 2005 main fuel: biomass [104,105].
cManitowoc Public Utilities, USA, 1991 main fuel: bit. coal [106].
dAES Puerto Rico Guayama, Puerto Rico 2002, main fuel: bit. coal
included in Scherr’s study are type of combustion
technology and project type (retrofit, re-power and
new plant). These factors are already mentioned in a
report from the US DOE [11], which adds the region
as an important factor as it determines environ-
mental regulations and labour cost and techniques.
The DOE also emphasises the effect of the factor
‘project type’ on capital cost. The project type
determines the scope of work, which should be
carried out. A report from the Electric Power
Research Institute [26] adds supplemental factors
fit, re-power, Examples for new plants ($/kWe)

of specific

ent ($/kW)

13MWe

BFBa
40MWe

BFBb
18MWe

CFBc
500MWe

CFBd

436 538 1111 212

8

3

86

045 1000 1500 1046

3200 1769 1300 1667 1692

for the different components; therefore they might not add up to

pital and total project cost). Moreover, the data is collected for

plants). Both columns should thus be considered as an indication

tion of investment cost for different plants and projects. The four

[13,107,108].
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to the already mentioned factors above. EPRI states
that comparison of capital cost is not adequate
unless accompanied by a detailed comparison of
power plant efficiency and environmental perfor-
mance, reliability, O&M cost, and financial/eco-
nomic assumptions. Compromising on one or more
of the above design requirements can potentially
reduce the capital cost requirements by a few
hundred $/kW. The empirical effects of most factors
mentioned above on C&I cost has not been
previously investigated.

4.8. Scale-up

FBC installations are currently available com-
mercially in the capacity range 1MWth–500MWe
net. From both versions of FBC technology, CFB
has the highest maximum capacity (520MWe). The
BFB version follows (142MWe) with typically
lower-maximum capacity in MWe net per boiler
and per plant. Scaling-up can be accomplished by
two means. The first is scaling-up through the use of
multiple boilers, thus the boiler capacity remains
equal. The second is scaling-up by increasing boiler
capacity. As the scale-up of the different versions of
FBC developed, this process will be discussed for
both versions.

4.8.1. BFB

The capacity of bubbling bed installations man-
ufactured during the past three decades has varied
significantly [3] over time (see also Fig. 13). In the
early 1980s boiler capacity remains low and
virtually no scale-up occurred until 1986 when the
CCT program started with the utility scale BFB
installation. This scale-up was followed by a BFB
boiler of 142MWe net, built in 1988 by ABB
Combustion Engineering, which is now Alstom.
After that the trend of scaling up BFB towards
utility size stopped. This is due to the increasing
competition with CFB, which had at that time
surpassed the scale of BFBs.

The BFB version then obtained a market position
in niche markets as the technology is well suited for
smaller industrial applications as well as for the
combustion of waste-type materials. Scale-up re-
occurred in the 1990s, when relative large-scale BFB
units were supplied, although not in large numbers,
primarily to large northern European pulp and
paper mills and power producers.

Comparing Figs. 13 and 14 reveals that less scale-
up occurred in BFB technology compared to CFB.
The largest BFB installation in 1986 was a scale-up
of an earlier build pilot plant. Problems with
operating this installation can probably be allocated
to the scale-up. The problems, which compromised
performances, were mainly the result of the under-
sizing of several components. For example, the fuel
preparation and feeding systems jammed and could
not maintain a homogeneous flow. The sorbent use
was also higher than expected which led to problems
in sorbent feeding and waste disposal. Another
problem was that the temperature in the freeboard
was higher than anticipated and as a consequence
the design lacked enough heating surface. In
general, the main problem when scaling-up BFB is
the geometry of the boiler.

With increasing capacity of a BFB boiler the cross
section of the boiler must be enlarged. This leads to
problems in fluidisation of the combustion mix and
a shortage of heat transfer surface between bed and
working fluid. The need for further scale-up of BFB
was also absent as the CFB technology was easier to
scale-up [59].
4.8.2. CFB

Scaling-up the CFB version from pilot scale to
500MWe took approximately 20 years (Fig. 14). As
can be seen in the figure, the technology scaled up
steadily over time, though only minor scale-up was
achieved in the 1990s.

The main driver for increasing capacity was to use
CFB for power production in the utility sector (e.g.
CCT program). In order to achieve scale-up,
problems in design and operation had to be
conquered. Main considerations with increasing
boiler capacity were [28,62]:
�
 Fluidisation in large cross-sectional areas.

�
 Separation efficiency of large hot cyclone collec-

tors.

�
 Distribution of fuel and air flow in lower furnace.

�
 The placement of heat transfer surface (steam

cooled).

In the development phase scale-up without
experience or extensive knowledge occurred and
led to problems in fluidisation, fuel feed, sorbent
feed and solid circulation which were followed by
problems in controlling emissions and combustion
[63]. All problems can be divided in technical
challenges comprising two major components of
the CFB technology.
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24It is not possible to calculate scale factors using data from a

larger time frame, as this would intermingle the scale effect with

the other learning effects.
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The boiler geometry affects the mixing and
fluidisation of fuel, air and sorbent. When increasing
the boiler capacity the geometry changes and thus
effecting earlier-mentioned factors. Another problem,
which occurred by changing the geometry was the
ratio of heating transfer surface to volume. Scaling up
is typically achieved by increasing the height and the
width of the boiler [64]. This means a decline in the
ratio; therefore, heating transfer surface had to be
added in order to retain the same heat transfer
performance. A way of increasing heating surface is
by adding in-furnace heating transfer surface and, for
large CFB boilers, an external FBHE.

The cyclone efficiency decreases when cyclone size
is increased, due to a reduction in centrifugal force.
When scaling-up the size of the boiler, the cyclone is
increased accordingly up to a point where the size
negatively impacts gas velocities and solid circula-
tion. To cope with this problem more smaller
cyclones are placed when increasing boiler size [65].

The back pass section has not been a limiting
factor in scaling-up. Larger back pass sections were
already available for other technologies such as PC
combustors.

Further scaling-up in the 700–1000MWe range is
difficult because of the large number of fuel-feeding
points; such sizes requires to ensure uniform
distribution of the fuel in the bed [66]. A non-
technical factor which can influence further scale-up
of CFB is that utilities are risk avoiding. In a
liberated energy market utilities are not likely to
choose for one large boiler for which operating
experience is absent. Failures in such a large boiler
will result in significant loss of income and thus
affect profits. As a consequence, according to Lurgi
Lentjes, 250MWe will remain the size ceiling for a
while. Babcock Borsig stated that advanced tech-
nologies like CFB have a small role in near future
added generation capacity and states that improve-
ments in these technologies are hindered due to lack
of investment capital. Alstom on the other hand
continues to work on scaling-up towards
400–600MWe and is developing a supercritical
CFB boiler of 550MWe [67]. The first supercritical
boiler is expected to be commissioned in 2009 in
Poland. It has a rated output of 460MWe net and is
supplied by Foster Wheeler [68]. Further research is
done by VTT in co-operation with Foster Wheeler
to scale-up further into utility applications with a
capacity up to 800MWe [69].

Scale-up of both CFB and BFB technology is
primarily limited to the installations that are used
for power generation and have no fuel challenges
(see Fig. 9). Further, the largest installed size of
technology is different per manufacturer. Alstom
and Foster Wheeler are the only two manufacturers
who installed (or are planning to) capacities above
400MWe net. This is almost double the size of the
maximum installed capacities of the other manu-
facturers.

5. Further analysis of cost development

One of the goals of this article is to analyse cost
reductions and provide an indication for future
prospects for FBC in terms of performance and
cost. The perspective used in the analysis for
quantifying developments and trends is based on
theory on technological learning and innovations,
which includes the experience curve and theory on
economies of scale. Using the concept of the scale
factor and the experience curve, a relationship
between development and cost can be estimated.

5.1. Economies of scale

According to the theory, economies of scale can
induce cost decline and with that a decrease in price
can be expected. One form of achieving economies
of scale is by scaling-up individual plants (see
Figs 13–15). An analysis is made to estimate the
price reduction with doubling the size of the plant,
by estimating the scale-up factor (SF) for FBC
technology (see Box 2).

The dataset is split in both technology types and
only new plants are taken into account to reduce
some price variations. Then only samples were used
which provided multiple data points within 1 year24.
These selection criteria resulted in two usable
samples (first two rows in Table 11). Next to
estimating the scale factor with the use of informa-
tion in the database, another data source is used
(last two rows in Table 5-1). This source presented
price indications from manufacturers for both BFB
and CFB boilers of different size [19].

The estimated scale factors presented in Table 11
(last two rows) show that the reduction in boiler
price is somewhat higher when scaling-up CFB
plants than BFB plants. This can be explained by
the fact that scaling-up of CFB technology is easier
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Fig. 13. Maximum-installed capacity of BFB installations and boilers over time [3,12–14].

1981

1983

1985

1987

1989

1991

1993

1995

1997

1999

2001

2003

2005

Year

0

100

200

300

400

500

600

C
ap

ac
it

y 
(M

W
e)

Max capacity per boiler MWe

Max capacity in MWe net

Mean capacity in MWe net

BFB Max

Fig. 14. Maximum-installed capacity of CFB installations and boilers over time [3,12–14].
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and has given more attention in the development as
mentioned in Section 4.8. Further, the results
indicate that the scale factor declines (improves)
when the boiler price represents a larger part of the
price (EPC and boiler price) (see Table 11). This
suggests that the price reduction due to scaling up is
mainly accomplished in the boiler section. Earlier
performed research on the scaling-up of biomass
fired moving grate boilers yielded a scale factor of
0.62, which is very much comparable with the
results found here [70]. Another comparable scale
factor is found for coal-fired installations by Joskow
and Rose [71]. Their findings suggest a decrease in
engineering and construction cost of 20% with each
doubling of unit size (350–700MWe). This equals a
scale factor of 0.68.

For the category ‘project price’ no SF was
estimated due to data limitations. However,
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Fig. 15. Relationship between capacity and the boiler price of new CFB plants commissioned in 2002.

Box 2
Economies of scale and the scale factor.

Economies of scale
A common theory in economics is the theory of economies of scale or returns to scale.

Mainly, there are three ways of achieving economies of scale:

1. Scaling-up production units (increasing capacity in the case of energy installations) The
learning effect of scaling-up can be quantified in the formula:

Cost 2

Cost 1
¼ Size 2

Size 1

� �SF

, (5.1)

where Cost 1 is the cost of installation, Cost 2 the cost of scaled up installation, Size 1 the size
of installation, Size 2 the size of scaled up installation and SF the scale factor.

2. Consecutive repetition or mass production. According to Tassey [76], standardisation makes
this type of learning possible.

3. Continuous operation, which combines scaling-up and mass production in a plant.

Learning or experience is needed in order to achieve above-mentioned developments. For a
more detailed description of the effect of experience or learning on the economic performance
of a technology see Section 5.2 Experience curves.
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the scale factors for project price would pro-
bably be higher than that of EPC. Indications
for this assumption are: first, the scale factor is
lower (i.e. better) for boiler price than for EPC
and second, the theory suggests that economies of
scale are hard to achieve for large power plants
as these plants require extensive on site pro-
duction. This negative economy of scale will affect
project price to a larger extent than EPC and boiler
price.
5.2. Experience curves

One way of measuring technological learning or
experience in a technology is by defining the
economical performance of a technology. The IEA
states that price is the most important measure of
performance in a new technology [6]. The measuring
of learning and experience (see Box 3) can be a
useful tool to analyse the trend of cost reduction of
new energy technologies.
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Table 11

Scale-up factors for new plants for two cost categories and the technology variants BFB and CFB

Selection steps (price

component, technology)

Component Scale factor R2 p-value Sample size Year Price

reduction (%)

Source

EPC CFB 0.81 0.99 0.11 4 2002 12 Database

Boiler CFB 0.74 0.98 0.01 6 2002 16

BFB 0.64 0.98 0.01 5 1994 22 [19]

CFB 0.62 0.99 0.02 4 1994 23

Note: The scale factors calculated with the use of data from (Tennessee Valley Authority 1994) are based on MWth (X-variable) and

US$(1994)(Y-variable). The scale factors calculated with data from the database have MWe net (X-axis) and US$(2003) (Y-axis) as

variables. Price reduction is calculated with equation 5.1 assuming doubling of the size.

R2 is used as an indicator for the goodness-of-fit measure for the used equation.

p-valuep0.05 is considered significant (see Box 3 for more details).
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A problem with applying the experience curve
method on FBC is that there is no methodological
standard for large power plants like FBC plants.
The capital cost of these plants and cost of
electricity vary strongly due to a number of price
influencing factors, such as scope of contract, fuel
used, technology variant, application, region, and
manufacturer (see also Junginger [7]).

The goal was to analyse the experience effect on
comparable plants. To cope with the variations, the
collected data is categorized (see Table 12) accord-
ing to these factors in the following order: type of
project-fuel characterization (see Fig. 9)-appli-
cation-region (see for categories Table 4). The
relationship between globally gained experience
(cumulative installed capacity in MWe net) and
the specific investment price (in $/kWe net) is
analysed.

The larger samples (typically larger than 5),
derived from the constructed database, are used
for regression analysis. This analysis was performed
with the use of curve estimation in a statistical
software system [72]. Dependent variable ‘price’ (in
$/kWe net) and independent variable ‘cumulative
installed FBC technology’ (in MWe net)25 were used
in the equation. The value for factor ‘b’ in the
experience curve equation was estimated by the
analysis and was used to calculate the PRs (2b) for
categories of plants. The PRs of the curve estima-
tions are given in Table 12. Examples of estimated
relationships are given in Figs. 16 and 17.
25Cumulative installed FBC capacity is the cumulative sum of

installed capacity (in MWe net) of the BFB, CFB and hybrid

variants.
The results in Table 12 show that in general R2

improves when accounting for more price influen-
cing variables. This suggests that the defined price
influencing variables have an effect on the invest-
ment price. An example of that can be seen in
Fig. 16 where categories of installations with some
fuel challenges seems to have a higher investment
price than installations with a standard design.

Further the results show that PRs with acceptable
R2 lie in a range between 0.42 and 0.93. The PR for
the project price of BFB plants is 0.90. This value
corresponds with the PR for large plants found in
the literature [5,6,8,73,74]. The same trend as in SFs
is seen for the PRs: the PR declines (improves) when
the boiler price represents a larger part of the price.
An example is the very low PR found for the boiler
price of new CFB plants with standard design (see
Table 12). This suggests that a large part of the price
reduction is due to price reduction in the boiler
section.

This can be explained by assuming that scaling-up
is the main factor for price decline and experience.
This assumption is based on the theory that
experience is needed to scale-up installations. PR
and scale factor are thus interrelated. The prove for
that is seen in the steady scale-up of CFB
technology and the problems which had to be
overcome and the tendency for technologies in
general to increase scale over time [75].

The low PR for the boiler price can partially be
explained by the scale effect (see Tables 11 and 12).
The fast price reduction of the boiler is achieved in
the period between 1990 and 2000. In that period
the maximum boiler capacity scaled up from 100 to
300MWe net (see Fig. 14). Another part can be
explained by innovations in process or product. In
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Box 3
Experience curve concept.

Experience curve
Learning in terms of everyday experience and activities of engineers, sales representatives,

and other employees can according to Lundvall [77] be summarised under three types of
learning:

� Learning by doing: increasing the efficiency of production operations.
� Learning by using: increase the efficiency of operating complex systems.
� Learning by interacting: the interaction between users and producers for example can result

in product innovations.

By analysing this trends, prospects of future energy cost, the potential and commercializa-
tion of a new energy technology can be made [73]. A well-established and documented method
for quantifying technological change, with the use of economical factors as measuring tool, is
the experience curve.

The general experience curve equation is often expressed as [73]

C cum ¼ C0 � CUMb, (5.2)

where Ccum is the output of the equation which represents the cost of a unit after a number of
cumulative units are produced. The element C0 represents the cost of the first unit. CUM is the
cumulative number of units produced. The most important element in this equation is the
experience index called b; it defines the steepness of the curve and thus determines the
reduction of cost. This can be calculated for each doubling of cumulative production with
(1�2b). This value is called the learning rate (LR). The value 2b is called the progress ratio (PR).
A progress ratio of 0.9 means that the cost to produce a unit (Ccum) after one doubling of
cumulative production is 90% of that of the first unit produced (C0). Experience curves are
mainly expressed in log–log diagrams. When plotting in a log–log diagram equal relative
changes in X and Y parameters are expressed linear. The main advantage is that the line
(experience curve) is then in the form of a linear equation, hence, the decline of cost can easily
be seen and compared with other technologies.

The estimation of the experience curve can be done with a regression analysis. The analysis
yields estimations for the parameters. It also yields two valuable indicators for the ‘quality’ of
the estimated relationship. First, the Coefficient of determination (R2), which is used as an
indicator for the goodness-of-fit measure for the (experience curve) model. It quantifies the
portion of variation in the dependent variable explained by the regression model. Small values
indicate that the curve estimation does not fit the data well. Second, the p-value represents the
probability that a relationship as strong as the one observed in the data would be present by
random chance and is an indicator for whether the suggested equation, as a whole, is valid
[78].
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that same period new product innovations were
commercially introduced, for example the Compact
CFB in 1992 built by Foster Wheeler and the IR-
CFB by B&W in 1994. The manufacturers claim
that the new boilers are less expensive and perform
better than their predecessors. A third explanation
can be that standardisation in building the boiler
section has led to some kind of mass production. In
the theory is already suggested that in the stages of
development, where standardisation occurs, learn-
ing effects (cost decline) up to 40% can be found.
The last explanation could be that in the period, due
to heavy competition, a shake out phase occurred.
The number of mergers, joint ventures and take-
overs in that period (see Section 4.2) are an
indication for such a phase. In a shake out phase
the prices can decline much faster than the actual
decline of production cost.
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Table 12

Results of experience curve estimation for FBC technology

Categorization method PR R2 p-value Sample size

Project price BFB 0.90 0.77 * 6

CFB 1.02 0.00 15

BFB, new plant (pilot plant excluded) 0.91 0.77 * 5

CFB, new plant 0.91 0.06 11

CFB, new plant, standard design 0.94 0.09 8

CFB, new plant, standard design+no challenge 0.90 0.19 10

CFB, new plant, standard design, power 0.93 0.61 7

EPC price BFB 1.40 0.23 * 23

CFB 0.93 0.09 * 56

BFB, new plant 0.90 0.10 * 16

CFB, Re-power 0.89 0.25 14

CFB, add-on 0.90 0.31 9

CFB, new plant 0.62 0.17 * 29

BFB, new plant, some challenges 0.78 0.26 14

BFB, new plant, some challenges, Scandinavia, Cogeneration 0.79 0.48 7

CFB, new plant, standard design 0.78 0.13 16

CFB, new plant, some challenges 0.49 0.67 ** 11

CFB, new plant, no challenges+standard design, North-America 0.82 0.96 ** 5

CFB, Re-power, standard design 0.93 0.29 11

CFB, Re-power, no challenges+standard design, North-America 0.90 0.95 ** 5

Boiler price BFB 0.91 0.04 14

CFB 0.86 0.07 29

BFB, new plant 0.71 0.16 7

CFB, new plant 0.98 0.01 16

BFB, new plant, some challenges 0.71 0.16 7

BFB, new plant, some challenges, Scandinavia 0.52 0.42 5

CFB, new plant standard design 0.42 0.85 ** 10

R2 is used as an indicator for the goodness-of-fit measure for the used equation.

**p-valuesp0.01, *p-valuesp0.05 (see Box 3).

Good PR ¼ R2 (X0.70) and p-values (p0.05) [78] are highlighted bold.

Marginal PR ¼ R2 (X0.35–0.70) and p-values (40.05) are highlighted bold and italic.
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(footnote continued)

in various regions. The chosen currency converter may even have

a larger effect on the results.
27When using for example regional installed capacity of a

technology as experience index, this would lead to the exaggera-

tion of the PR. The PRo1 would decline and PR41 would

incline. This is due to the fact that the same price development

occurs with less increase in capacity. The results derived from the

constructed database should be considered the same, while the
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5.3. Discussion of the methodology

The data used for constructing the database is an
important factor in determining if the experience
curve theory can be applied to FBC technology. All
data about economic performance of the technology
is price data derived from mainly secondary sources
in the form of contract values, thus no cost data is
derived from the manufacturers or databases with
cost data. The quality of the data thereby differs
highly from case to case. This adds up to the
inherent heterogeneity of the installations and with
it the breakdown of cost, which makes it very
difficult to categorize and compare installations.

Attempting to categorize the data in the sample to
eliminate the variation in cost and installations
brings another problem: data availability. The result
is that the selected data samples were often too
small to analyse the experience curve effect or scale
factor. Even for the data samples, which were
relative large, the poor data availability (especially
of old plants) had a large and undesired effect. An
example of this can be seen in Fig. 17, where one
data point has large influence on the estimated
experience curve and thus the PR and R2. In Fig. 17
the price of the oldest plant determines the slope of
the curve very strongly.

Data preparation can also have influence on the
PR. Junginger [7] found that the PR can vary with
the chosen deflator26, geographical boundary and
26The chosen GDP-deflator (averaged for the OECD countries)

should be appropriate, as in this article the technology is installed
time frame. However, no sensitivity analysis for
these factors has been performed in this study.

The experience index27 ‘cumulative installed FBC
capacity worldwide in MWe net since introduction’
is used, because the main manufacturers operate
worldwide and thus makes it likely that learning is
not bounded to a region. Conferences on FBC,
which are held since the 1970s, and cooperation
between institutions are an example of worldwide
knowledge transfer (which implicates learning).
6. General conclusion and recommendations

The results show that the technology variants
diffused differently over time. Drivers, which
influenced the diffusion and technological develop-
ments were different for the selected regions. These
drivers were market regulation, environmental
legislation and RD&D programs. Specific drivers,
which can be added for FBC technology are fuel
availability (quantity and quality), required applica-
cumulative capacity of this database does not cover the whole

installed FBC technology worldwide. This means that the PR’s

presented here are somewhat exaggerated.
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tion in market, innovation spill over and competing
technologies.

The drivers together resulted in the development
of BFB towards a technology, which is primarily
used for cogeneration with the use of an increasing
variety of low-grade fuels with high moisture
content. Biomass is the dominant fuel for BFB
and seems to be the dominant choice in expected
market growth in Scandinavia, Asia and North
America. The availability of the fuels and capacity
requirement in the niche market of industrial
application are limited. These markets set limita-
tions as well as technological limitations made
scaling-up of BFB towards utility size capacity
undesirable.

Innovation spill-over from the materials industry
and IT market made it possible to reach higher
steam parameters and improve the O&M of the
installation. Consistent scaling-up of boilers as
well as total plant capacity made it possible for
CFB to reach utility size installations. This trend
of changing application from cogeneration to
power generation set a different market niche
for CFB technology, namely burning low-grade
fuels, primarily low-grade coals with high ash
contents, in the industrial and utility size range.
Potential growth markets for CFB technology
are Asia (especially India and China), Eastern
Europe and North America where bituminous coal,
anthracite coal and lignite are the dominant fuel
choices.

The results presented in this article show econo-
mies of scale have a significant influence on the
investment price. Applying the experience curve on
FBC technology is difficult due to data limitations
and the variety of other price influencing variables.
The used method seems a viable option for dealing
with those variables. More in general, as the
experience curve method is up to now primarily
applied on modular energy technologies (photo
voltaic solar cells and wind turbines), the method
used in this article seems to be an option for
applying the experience curve on complex and large
power plants. However, data quality and availabil-
ity are expected to remain a limitation for this
application.

Although the experience effect on investment
price was statistically proven for some categories of
installations, the results should be handled with
care, especially regarding the possible application of
the results. Using the results in modelling or other
form of forecasting exercises, specific attention is
recommended on the method and results. When
using the results of this article, for example, the
scale factor and PRs, they should not be used
without paying attention to the method used. That
is to say that the results may only be valid for
groups of installations.

In general, the recommendation is that more
attention should be given to the drivers, which
influence and explain cost/price variations. The
method of reducing variations by averaging cost/
price can result in neglecting these drivers and with
it reducing the accuracy of the forecast. The method
of categorizing data can give a better explanation
for the development in a niche of the technology,
but it is more difficult to generalise the results to the
whole technology. The recommendation becomes
thus to set an uncertainty interval for the PR when
using the PR in forecast exercises. Based on the
results, a PR between 0.90 and 0.93 for new FBC
plants is suggested with an uncertainty interval
between 0.80 and 0.95.

Further research is suggested by repeating the
applied method with use of a larger dataset with
more detailed cost/price data. Such a research can
yield a better estimation of the PR in order to
narrow the uncertainty interval for the PRs. Also
determining the PR for the generating cost/price for
FBC technology per unit output (e.g. $/kWh) would
be desirable. The advantage of such a study is that
technological development and learning is better
incorporated in the PR. Such a PR would incorpo-
rate and quantify increasing efficiencies, better
availability, emission cost and change in fuel cost
in the form of declining or increasing generating
cost/price.
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Appendix

For a more detailed overview of design, operating
and economical variables of FBC installations see
Fig. 18.
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Operatingvariables
• Fuel used 
• Sulphur absorbent
• NOx control
• Bed temperature 
• Pressure
• Gas velocity
• Excess air
• Particle size
• Particle flow
• Bed height
• Steam parameters

Design variables
• Furnace

configuration
• Arrangement of

boiler functions:
o Economizer
o Superheater
o Regenerator
o Solids removal
o Heat exchanger

(for solids)
• Heat transfer surface 
o Tube size 
o Arrangement
o Orientation

• Air distribution
Location of draft
fans
o Primary air 
o Secondaryair

• Solids handling
• Working fluid cycle

(e.g. once through)
• Sulphur absorbent

regenerator
• Refractory
• Fuel preparation 
• Fuel feeding 
o Locations
o Number of points

Operatingeffectiveness
• Pollution control
• Combustion efficiency 
• Sorbent utilization
• Fluidization
• Heat transfer
• Elutriation
• Attrition
• Corrosion
• Erosion
• Agglomeration ash
• Control
• Turndown
• System efficiency
o Thermal 
o Electrical

• Solids distribution
• Air distribution
• Particle diffusion
• Reliability
• Pressure drop
• Heat release

Economics
• Tubing and fabrication
• Structures
• Controls
• Auxiliaries
• Water circulation
• Maintenance
• Steam headers
• Construction time
• Solids preparationand 

distribution
• Air preparation and

distribution

Operatingvariables OperatingeffectivenessDesign variables EconomicsSite specific variables

Emission requirements

Fuel availability
• Type
• Quality
• Quantity

Site specific components
in case of:
• Repower
• Retrofit
• Add-on
• Conversion

Application:
• Combined Heat and

Power
• Power generation
• District heating 
• Process heat

C
hoice of technology 

Fig. 18. Overview of variables influencing economical and technological performance.
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