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Abstract
In this paper the operational experiences of direct and indirect co-combustion of
biomass/ waste in European coal and natural gas fired power plants are addressed. The
operational experiences of mainly Dutch direct co-combustion activities in coal fired
power plants are discussed; whereas an overview of European indirect co-combustion
activities is presented. The technical, environmental, and economic feasibility of
different indirect co-combustion concepts (i.e. upstream gasification, pyrolysis,
combustion with steam-side integration) is investigated, and the results are compared
with the economic preferable concept of direct co-combustion. Main technical
constraints that limit the co-combustion capacity of biomass/ waste in conventional coal
fired power plants are: the grindability of the biomass/coal blend, the capacity of
available unit components, and the danger of severe slagging, fouling, corrosion and
erosion. The main environmental constraints that have to be taken into account are the
quality of produced solid waste streams (fly ash, bottom ash, gypsum) and the
applicable air emission regulations.
1. Introduction
At the start of this millennium the world is standing at the beginning of a new
technological (r)evolution, viz. the switch from a mainly fossil fuel based economy to a
solar based sustainable society, including the use of biomass for energy purposes.
Biomass (organic waste streams and energy crops) potentially can be used as fuels,
replacing fossil fuels, for power production; and as raw material for the production of a
variety of chemicals, products and secondary energy carriers/transportation fuels. Standalone biomass-based technologies that can be used for power or CHP production are
combustion, gasification, pyrolysis, and digestion, coupled to steam boilers, gas
engines, gas turbines, and combined-cycles.
Especially in Northern European countries such as Finland, Sweden and Denmark, but
also in Austria, a large amount of relatively small scale stand-alone biomass-based
combustion steam boiler plants for process and district heating purposes are in
operation. Also a variety of larger scale plants for CHP production are in operation and
under construction in this region. Because these countries have a large amount of
relatively cheap biomass monostreams at their disposal, heat or CHP production can be
accomplished in a technically simple and financially attractive way.
In Central European countries such as Germany, The Netherlands and Belgium
biomass-based energy conversion systems are much less developed and applied. The
main reason for this is that in this region the countries originally had and currently have
large quantities of relatively cheap fossil fuels available for energy purposes, which has
resulted in the realisation of a more or less fully fossil fuel based energy infrastructure.
ECN-RX--01-008
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Further, in this region the availability of biomass monostreams is limited, so that in case
these countries want to use biomass as substitute fuel or raw material, they fully depend
on the use of a variety of relatively cheap organic waste streams, or more expensive
domestic or imported energy crops.
Because of this the implementation of stand-alone biomass-based power or CHP
technologies in this region is more difficult both from a technical and financial
economic point of view. However, as a result of renewable energy policies, CO2
emission reduction targets, tax incentives and new legislation with respect to waste
disposal imposed by the national governments, power and CHP production from
biomass, waste and recovered fuels is a major topic for the power production sector in
these countries. Because of the already existing energy infrastructure in these countries,
and financial economic reasons, the attention is currently mainly focussed on direct and
indirect co-combustion in already existing coal and natural gas fired power plants.
In this paper an overview is given of operational experiences of direct co-combustion,
and the technical, environmental, and economic feasibility of indirect co-combustion, of
biomass and waste streams in European coal and natural gas fired power plants. Special
attention will be given to the specific situation in The Netherlands.
2. Operational experiences direct co-combustion in coal fired power plants
2.1 Introduction
The production of renewable energy in the power production sector should be
considered in relation to the privatisation of the power production and distribution
companies, and the liberalisation of the electricity market in the Netherlands, and for a
large part in Europe. Despite this uncertain future, a large number of initiatives and
projects have been developed to increase the production of renewable electricity and
heat in coal-fired power plants in the Netherlands.
Experience with energy recovery from specific monostreams of biomass/waste, in the
Netherlands, concentrates on direct co-combustion in coal-fired power stations [Beekes
et al., 1998]. In the year 2000 the Dutch coal-fired power plants will be responsible for
producing electricity from 900 kton/annum biomass/waste. At present different routes
for direct co-combustion in coal-fired power stations are in operation or in preparation
(figure 2.1).
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Fig. 2.1 Proven and reviewed types of direct co-combustion in the Netherlands.
The total installed capacity of coal-fired power plants in the Netherlands is about 4,000
MWe, divided over 7 units ranging from 400 MWe to 645 MWe. The main
characteristics of the coal-fired units are listed in table 2.1. The main fuel for all units is
imported bituminous coal. For strategic and commercial reasons the coals are mostly
burned in blends, in such a way that the quality of the blend guarantees a smooth and
economic operation of the plant. However, the dynamics of the coal market, the vast
amount of suppliers and sources, and the intention to buy cheap coals, result in
sometimes substantial variations in quantity as well as quality of the feedstock delivered
to the power plants. Power plant operators are therefore used to frequently changing
coal qualities.
In the Netherlands a 250 MWe coal-gasification plant is located at Buggenum. This
pressurised entrained flow oxygen-blown gasifier, equipped with extensive cold-gas
cleaning, is exceptionally well suited for the co-gasification of relatively contaminated
biomass/waste streams. Several biomass and waste streams have been reviewed
regarding suitability and feasibility.
2.2 Overview of direct co-combustion activities (in The Netherlands)
In the Dutch coal-fired power stations there are a number of co-combustion projects,
some of which are in an engineering phase (see table 2.1). More detailed information on
the individual projects is given in short in the following sections.
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Power plant
Amer-8
Amer-9
Borssele-12

Gelderland
13
Hemweg-8
Maasvlakte
1 and 2

Table 2.1 Co-combustion experiences in the Netherlands.
Plant
Secondary fuel
CoRemarks
capacity
combustion
[MWe]
[% m/m]
645
Paper sludge
3
commercial operation,
max. 10% tested
600
Petroleum cokes
5 and 10
4-week test programme,
slight increase carbon in
fly ash
403
Phosphor oven gas
3% thermal
commercial operation
large-scale demonstrations
Paper sludge,
sewage sludge,
industrial biomass
wastes
600
Demolition wood (A
5
commercial operation
and B quality)
630
Sewage sludge
3 and 6
several large-scale tests
2x518
Liquid industrial
1
commercial operation
organic residue
Biomass pellets
8
commercial operation
Petroleum cokes

5 and 10

4-week test programme,
considerable increase
carbon in fly ash

Citrus pellets

50,000 tons

one-off operation

2.2.1 Amer power plant (EPZ, The Netherlands)
The Amer power plant consists of two units, Amer unit 8 and unit 9. A waste wood
gasifier producing fuel gas that is combusted in unit 9 is in operation from the end of
2000.
Since 1995/1996 both Amer units have been suitable for the direct co-combustion of
paper sludge (150 (wet) ktons per annum), although the paper sludge is mainly
combusted in Amer unit 8. The quality of the type of paper sludge is good with respect
to the level of contaminants. The large amount of moisture (50 wt%) gave some
handling problems during the demonstration tests that were performed in the winter of
1995/96. If more than 150 ktons of wet paper sludge can be contracted, a sludge drier
for drying at least part of the sludge is intended to be built.
2.2.2 Borssele power plant (EPZ, The Netherlands)
The phosphor production plant located near the power station of Borssele, produces
phosphor oven gas (mainly consisting of CO and H2), which was partially used on this
industrial site and partly flared. By creating the possibility of co-combustion in the coalfired power plant a reduction in atmospheric emissions of CO2, SO2 and NOx was
obtained for this industrial region. The gas cannot be stored and must therefore be used
at the power station the moment it cannot be applied at the phosphor production plant.
In practice, this means that co-combustion mainly takes place during night-time, when
the unit is operated at half load. A concern at the start of the project was whether the
6
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quality of the fly ash for concrete production could be influenced by substantial
amounts of phosphate. The residual amounts of phosphor in the delivered gas however,
turned out to be so low that no adverse effects were observed.
The Borssele power plant also has the intention to co-combust 120 ktons per annum of
biomass. Examples of the types of biomass have already been listed in table 2.1 (sewage
sludge and cocoa shells), but paper sludge, clean and untreated waste wood, waste
pellets and charcoal may also be used. Most of the fuels will be blended with the coal
prior to pulverisation, although the possibility of installing separate pulverisers for the
biomass fuels is subject of study.
2.2.3 Gelderland power plant (EPON, The Netherlands)
The main co-combustion activity engaged at the power plant Gelderland-13 (CG13) in
Nijmegen is the co-combustion of waste wood (originating from demolition activities).
The waste wood (chips) is delivered to the plant, stored in large bins on a specifically
designed waste wood storage yard, pulverised in a Pallmann hammer mill and four
Fuller MicroMills, and pneumatically transported with cold air to the wood burners.
Two wood burners are situated in either sidewall of the furnace below the main
pulverised coal burners. The installation has been in operation since 1995 and can
handle about 60,000 tons of waste wood (substitution of 45,000 tons of coal and
reduction of 110,000 tons of CO2 emissions) in its current state.
At present EPON is feeding wood particles directly into the pulverised coal transport
lines after the pulverisers, since the injection with the separate wood burners was
subject to some problems, such as the occurrence of large pieces of unburned wood in
the bottom ash. The first experiences with this method of feeding observed no negative
implications. Recently, the power plant applied for a permit to expand the wood cocombustion activities from 3 to 10 per cent of the coal input, to be done with the direct
feeding of pulverised wood into the pulverised coal transport lines.
In addition, EPON was granted a permit from the authorities to conduct a number of
full-scale test trials with the co-combustion of biomass, such as waste of sunflowers,
olive and apricot kernels, and coffee ground. In this permit it is foreseen to conduct five
tests with 200 tons of biomass and five tests with 50 tons of biomass. When the
experiments have proved successful the co-combustion of the biomass fuels will also be
addressed in the application of the revised permit for the power plant as a whole.
2.2.4 Hemweg power plant (UNA, The Netherlands)
In 1997 Hemweg power plant applied for a license to co-combust 75,000 tons of dried
sewage sludge on a yearly basis. It was intended to blend the sewage sludge with the
coal before the pulverisers, followed by an injection into the boiler through the existing
coal burners. Although the license was granted, the decision to be taken by the new
owner to start co-combustion on a commercial scale is pending.
2.2.5 Maasvlakte power plant (EZH, The Netherlands)
A major activity at the Maasvlakte power plant is the co-combustion of biomass pellets
that are produced from sewage sludge, waste wood (untreated wood) and paper sludge
of the biomass plant in the direct vicinity of the power plant site. The biomass pellets
are transported by conveyor belts to the power plant and are blended with the raw coal
in the raw coal bunkers. In the new Environmental Impact Study many other "fuels"
were also considered. The fuels can be subdivided into three categories:
• biomass (pellets, bone meal, animal fat, coffee ground);
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• carbon waste products (char coal, coal residues);
• fluids (by-products from the chemical industry, low halogen containing solvents).
A total of 288,000 tons of waste/biomass - corresponding to 10 wt% of the annual coal
consumption – is foreseen to be contracted, although a larger amount will be possible.
The solid fuels will be blended with the raw coal and pulverised in the existing
pulverisers, although the use of a separate milling system for some of the biomass
products is also considered. The fluids will be stored in bins and pumped to the boilers.
In both units fluid burners are mounted in two of the four burner boxes.
2.2.6 Biomass pilot project at the St. Andrä thermal power plant (Verbund,
Austria)
The 124 MWe St. Andrä power plant (Austria) has been in operation since 1959. In
1994 this power plant was modified for hard coal operation; whereas also a cocombustion grate (2*5 MWth) for biomass was integratad in the furnace of the coal fired
boiler.

Figure 2.1 Direct co-combustion by integration of a combustion grate at the St. Andrä coal
fired power plant (Verbund, Austria).

3. Indirect co-combustion in coal and natural gas fired power plants
3.1 Introduction
Except direct co-combustion, also indirect co-combustion technologies can be used to
co-combust biomass and waste streams in coal fired power plants. Direct co-combustion
can be used to co-combust substitute fuels, by mixing them with coal, and using
conventional coal based pretreatment, feeding and combustion facilities, available in
existing power plants. Because of technical constraints imposed by the installed
hardware, the total co-combustion capacity is limited. Applicable flue gas emission and
ash quality constraints, further impose restrictions to the type the biomass and waste
streams that can be directly co-combusted. To increase the total co-combustion
capacity, and to make use of the variety of available biomass and waste streams,
application of indirect co-combustion technologies is inescapable. Further, application
of indirect co-combustion technologies is the only alternative to co-combust substitute
fuels in natural gas fired power plants (combined-cycles).
In this paragraph the following items will be discussed: 1) technical concepts for
indirect co-combustion of substitute fuels in coal and natural gas fired power plants,
including current experiences and 2) thermodynamic and economic system analyses of
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the different indirect co-combustion concepts, and comparison with direct cocombustion.
3.2 Indirect co-combustion concepts
3.2.1 Coal fired power plants
The following indirect co-combustion concepts can be distinguished:
1. Separate size reduction, drying, feeding (and combustion)
2. Upstream gasification (with/without additional LT fuel gas clean-up)
3. Upstream pyrolysis (slow/fast)
4. Upstream hydro thermal upgrading (HTU)
5. Separate combustion with steam-side integration
Ad 1.) In this concept the substitute fuel is separately milled and dried in specific
designed equipment. The pretreated fuel can then be: 1) mixed with the pulverised coal,
following the conventional coal based feeding and combustion system or 2) transported
separately to specific designed/installed fuel burners. An example of this concept (2)
could originally be found at the Gelderland-13 power plant of EPON in the Netherlands
(figure 3.1). At this power plant about 60,000 t/a (3% of the total energetic plant input)
demolition wood is co-combusted, substituting 45,000 t/a coal, resulting in a CO2
emission reduction of 110,000 t/a.
Disadvantages of the concept applied at this power plant are: the high sensitivity of the
size reduction equipment for contaminants in the fuel supply, the resulting high O&M
costs, the relatively high additional specific investment costs, and the high energy
consumption of the size reduction equipment. Fortum (Finland) has developed an
alternative concept which does not show the disadvantages mentioned (figure 3.2). With
this new co-combustion concept Fortum claims that it is possible to substitute 5-30% of
the thermal coal input by biomass fuels.

ECN-RX--01-008
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Figure 3.1 Indirect co-combustion by separate size reduction, drying, feeding and
combustion at the Dutch Gelderland-13 coal fired power plant (EPON)
.

Figure 3.2 Indirect co-combustion concept as offered by Fortum (Finland).
Ad 2.) In this concept the substitute fuel is gasified upstream of the coal fired power
plant, after which the produced fuel gas is combusted in specific low calorific (bio)gas
burners. Two concepts can be distinguished, viz. a concept offered by Lurgi (Germany)
and a concept as offered by Foster Wheeler (Finland).
In the Lurgi-concept the substitute fuel is gasified in a CFB gasifer (atmospheric
pressure, 850°C). The fuel to be gasified has to be pretreated (size reduction, drying) to
meet gasifier specifications (particle size distribution: mm range, moisture content <
10
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20%). After gasification the raw fuel gas is cleaned in a low-temperature (LT) gas
clean-up section (baghouse filter, scrubber), after which the clean fuel gas is combusted
in the coal boiler by means of specific designed low calorific gas burners.
An example of this concept can be found at the Amer-9 power plant of EPZ in the
Netherlands (figure 3.3). At this power plant about 150,000 t/a (5% of the total
energetic plant input) demolition wood is co-combusted, substituting 70,000 t/a coal,
resulting in a CO2 emission reduction of 170,000 t/a. Disadvantages of this concept are:
the relatively stringent fuel constraints that have to be met, the relatively high specific
additional investment costs, and the relatively low overall conversion efficiency to
power for the substitute fuel. The last two disadvantages mentioned are mainly caused
by the LT fuel gas clean-up section. An advantage of this concept is that the larger part
of substitute fuel based contaminants are separated from the fuel gas before it enters the
coal boiler. This means that a variety of fuels can be co-combusted by this concept,
without causing serious problems concerning applicable emission constraints and ash
quality requirements

Figure 3.3 Indirect co-combustion by upstream gasification (Lurgi-concept) at the Dutch
Amer-9 coal fired power plant (EPZ).

Foster Wheeler Oy (Finland) has developed an alternative gasification concept which
does not show the disadvantages of the Lurgi-concept. In the Foster Wheeler concept
the substitute fuel is also gasified in an atmospheric CFB gasifier. The fuel
specifications to be met are however less stringent (maximum moisture content fuel <
60%), by which fuel drying in most cases will not be necessary, decreasing investment
costs. The raw fuel gas is combusted directly, without additional fuel gas clean-up, in
specific (very) low calorific gas burners in the coal fired boiler. This concept results in a
relatively high overall conversion efficiency to power for the substitute fuel; whereas
fuel gas clean-up investments are prevented. A disadvantage of this concept is that the
larger part of the substitute fuel based contaminants enter the coal fired boiler, by which
ECN-RX--01-008
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the variety fuels that can be used will be limited (hardware constraints, potential
slagging/fouling problems, emission constraints, ash quality requirements).
An example of this Foster Wheeler gasification concept can be found at the Kymijärvi
coal and natural gas fired power plant of Lahden Lämpövoima Oy nearby the city of
Lahti in Southern Finland (see figure 3.4). At this power plant about 300 GWh/a (15%
of the total energetic plant input) biomass and REF is co-combusted, substituting 45,000
t/a coal, resulting in a CO2 emission reduction of about 110,000 t/a.

Figure 3.4 Indirect co-combustion by upstream gasification (Foster Wheeler concept) at the
Finnish Kymijärvi power plant (Lahden Lämpövoima Oy).

The Verbund Group (Austria) has developed a gasification concept that is comparable
to the Foster Wheeler concept. This concept is demonstrated at the Zeltweg coal fired
power plant in the Austrian State of Styria (figure 3.5). With 10% of the total fuel
capacity provided by biomass, 3% of the coal input is substituted.

12
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Figure 3.5 Indirect co-combustion by upstream gasification (Verbund-concept) at the Austrian
Zeltweg coal fired power plant (Verbund Group).

Ad 3.) In this concept the substitute fuel is pyrolysed upstream of the coal fired power
plant. In general 3 types of pyrolysis processes can be distinguished, viz.: slow
pyrolysis, fast pyrolysis and flash pyrolysis (see table 3.1).
pyrolysis process
slow
fast
flash

Table 3.1 Main characteristics pyrolysis processes.
heating velocity
residence time temperature [°C]
[°C/s]
[s]
<< 1
300 – 1800
400
600
500 – 100000
0.5 – 5
500 – 650
> 105
<1
< 650
<1
> 650
< 0.5
1000

main product(s)
char
gas, oil, char
oil
oil
gas
gas

For co-combustion purposes especially slow and fast pyrolysis, producing respectively
char and oil as main products, are identified to be the most suitable processes. In case of
slow pyrolysis (simplified Dutch Gibros-Pec technology) the sized reduced and dried
substitute fuel is pyrolysed at relatively mild conditions (atmospheric pressure, 450°C).
The char produced is mixed with the raw coal after which it follows the conventional
coal pretreatment, feeding and combustion infrastructure. Part of the pyrolysis gas is
after tar cracking used to drive the pyrolysis process; whereas the other part is
combusted in specific gas burners in the coal boiler. Depending on the kind of fuel used,
a low-temperature pyrolysis gas clean-up system may be part of the overall process. In
case of fast pyrolysis (Pyrovac technology) the size reduced and dried substitute fuel is
pyrolysed at conditions of 0.15 bar and 500°C. The process produces about 70% oil,
15% char and 15% gas. The gas is used to drive the pyrolysis process; whereas both the
oil and the char are combusted in the coal boiler. Because most of the fuel contaminants
are concentrated in the resulting oil and char fractions, fast pyrolysis as upstream
process for co-combustion is only applicable for relatively clean substitute fuels.
In spite of the fact that pyrolysis processes already are and will be used for stand-alone
waste conversion processes, eventually integrated with a metal melting and recovery
ECN-RX--01-008
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unit and/or a CHP unit (Germany, The Netherlands); and as stand-alone low-efficiency
char production processes (developing countries), the application as upstream process
for indirect co-combustion in a coal fired power plant is, as far as we know, not applied
at present.
In The Netherlands, there were plans to install two Pyrovac pyrolysis units, with a total
substitute fuel capacity of about 120,000 t/a, at the Hemweg-8 coal fired power plant of
UNA. This initiative, however, seems to be blown-off.
Ad 4.) This concept can be used to convert relatively wet substitute fuels in liquid water
at high-pressure (120 – 180 bar) and a relatively high-temperature (300 – 350°C) in a
biocrude. This biocrude, which more or less has the same characteristics as pyrolysis
oil, can be co-combusted in specific burners in the coal fired boiler. An advantage of
this process is that it is able to process wet substitute fuels (sewage sludge, pig manure,
…) without predrying. A disadvantage is that this HTU process is not commercially
available yet, but still in the R&D phase (Biofuel, The Netherlands).
Ad 5.) In this concept the substitute fuel is combusted separately upstream of the coal
boiler in a specially designed combustion system. The heat of combustion is used for
steam production, which is fed to the steam boiler of the coal fired power plant, and
used for relatively high efficiency power production. An advantage of this concept is
that the substitute fuel is co-combusted without significantly disturbing the coal
combustion process.
Examples of the application of this concept can be found already in Denmark, viz.: a 95
MWth straw and wood fired boiler at Aabenraa (start-up 1998, owners: SH, Elsam), a
140 MWth straw fired boiler at the Asnaes power plant (planned start-up: 1999, Elkraft),
and a 110 MWth straw and wood fired boiler at the Avedore power plant (planned startup: 2001, Elkraft). Also in The Netherlands there are plans for the realisation of a
biomass based co-combustion unit based on this concept at the Maasvlakte-1/2 power
plant of EZH.
3.2.2 Natural gas fired power plants
For co-combustion of substitute fuels in natural gas fired power plants (combinedcycles), the following indirect processes seem to be the most promising:
1. Upstream gasification with extensive LT fuel gas clean-up
2. Separate combustion with steam-side integration
For a description of these processes, see paragraph 3.2.1.
Concerning the upstream gasification process (Ad 1.), the fuel gas clean-up system to be
applied has to be more extensive than in case of co-combustion in coal fired power
plants. This is mainly caused by 1) the more stringent hardware constrains in case of
combined-cycles and 2) the absence of an extensive flue gas clean-up system
downstream of natural gas fired power plants.
Therefore, substitute fuel derived contaminants have to be removed from the fuel gas
before it enters the combined-cycle, to prevent corrosion and deposition problems in the
gas fired installation, and to meet applicable flue gas emission constraints. For indirect
co-combustion of substitute fuels by upstream gasification the Lurgi-concept, with an
extensive LT fuel gas clean-up system, seems to be applicable. An example of this
concept is planned to be realised at the 1675 MWe gas fired Eems power plant of EPON
in The Netherlands. At this plant about 200,000 t/a (dry basis) waste materials are
planned to be co-combusted by upstream gasification, producing about 40 MWe,

14
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substituting about 3% of the total natural gas input. Disadvantages of this “advanced”
Lurgi-concept are the relatively high additional specific investment costs (mainly
caused by the LT fuel gas clean-up section and the necessary fuel gas compressor) and
the relatively low overall power production efficiency of the substitute fuel (mainly
caused by the high power consumption of the fuel gas compressor).
An alternative technology potentially could be the use of a pressurised biomass
gasification technology, as offered by for example Carbona Inc. (Finland). By using a
pressurised gasification technology with high-temperature (HT) fuel gas clean-up, the
overall fuel to power efficiency for the substitute fuel is expected to be higher (less
cooling of the raw fuel gas and no fuel gas compressor based power consumption).
Disadvantages of this technology are, however, that: 1) feeding of the substitute fuel to
the pressurised gasifier will be difficult and expensive and 2) it is not sure that all the
system components drawing up the HT fuel gas clean-up system are commercially
available yet, and if they are or they will have a sufficient clean-up efficiency for the
variety of substitute fuel derived contaminants, to clean the fuel gas sufficiently to meet
the hardware and emission constraints.
3.3 Feasibility co-combustion concepts
To analyse the feasibility of the different indirect co-combustion concepts, for the
specific Dutch situation, and to compare these concepts with the preferable (relatively
simple and inexpensive) but minor applicable direct co-combustion concept, ECN has
performed an extensive study in 2000. This study has been performed in the framework
of the in-house R&D-programme “ENergy Generation In the National Environment
(ENGINE) of ECN, and was co-funded by the Dutch Agency for Energy and the
Environment (NOVEM).
3.3.1 Methodology
As starting point for the feasibility study a base-case pulverised coal fired power plant
and a base-case gas fired power plant were defined, that are representative for the type
of power plants present in The Netherlands. The main plant data were taken from
literature and/or direct information from the plant owners (see table 3.2).
Table 3.2 Main data base-case coal and natural gas fired power plants.
capacity [MWe]
net electrical plant
operation time [hr/a]
efficiency [%LHV]
coal fired power plant
600
40
6000
1
gas fired CC
335
55
6000
1

One CC of the 1675 MWe of the Eems Power Plant (EPON, The Netherlands).

For the coal fired power plant substitution of about 10 and 40% of the energetic fossil
fuel input was assumed, with the condition that the net overall electrical plant output
remained constant.
The following co-combustion concepts were considered: 1) direct co-combustion and
indirect co-combustion by: 2) separate size reduction, drying, feeding and combustion
(Dutch Gelderland-13 concept), 3.1) upstream gasification with additional LT fuel gas
clean-up (Lurgi-technology), 3.2) upstream gasification without additional LT fuel gas
clean-up (Foster Wheeler concept), 4.1) upstream slow pyrolysis (simplified Gibros-Pec
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technology), 4.2) upstream fast pyrolysis (Pyrovac-technology), 5) upstream HTU
(Bioflow technology) and 6) separate combustion with steam-side integration.
For the natural gas fired combined-cycle substitution of about 5, 10 and 20% of the
energetic fossil fuel input was assumed, with the condition that the net overall electrical
plant output remained constant. Only the following indirect co-combustion concept was
considered: upstream gasification with additional LT fuel gas clean-up (Lurgitechnology).
For all co-combustion concepts steady-state thermodynamic system calculations were
performed, resulting in overall mass and energy balances, and the net overall electrical
conversion efficiency for the substitute fuel. Together with an indication of the
necessary additional investment and O&M costs, that were taken from literature and/or
were provided by technology suppliers, the specific investment costs for the additional
investment for the different co-combustion concepts were calculated.
3.3.2 Results
Table 3.3 Results steady-state integral system calculations co-combustion in base-case coalfired power plant.
Concept
Net electrical efficiency
Specific additional
substitute fuel [%LHV]
investment costs
[Euro/kWe]
Co-combustion percentage (energetic base)
10
40
10
40
1. direct co-combustion
39.5
39.5
40
25
2. separate size red., drying, feeding, comb.
38
38
500
285
35.5
35.5
1120
735
3.1 upstream gasification (Lurgi-technology)
3.2 upstream gasification (FW- technology)
38
38
455
300
32,5
32,5
1240
1240
4.1 upstream slow pyrolysis (Gibros-Pec)
4.2 upstream fast pyrolysis (Pyrovac)
36
36
935
935
5. upstream HTU (Biofuel)
35.5
35.5
620
490
6. upstream separate combustion with steam38.5
38.5
940
575
side integration
Table 3.4 Results steady-state integral system calculations co-combustion in base-case natural
gas fired CC plant.
Net electrical efficiency
Specific additional investment
substitute fuel [%LHV]
costs [Euro/kWe]
Co-combustion percentage
(energetic base)
5
10
20
5
10
20
upstream gasification
44.5
44.5
44.5
1500
1340
1185
(Lurgi-concept)

4. Limitations on co-combustion
4.1 Technical limitations
The technical co-combustion constraints were determined by performing a literature
inventory and consultation of owners of some co-combustion plants in operation.
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The replacement of coal by biomass in existing boilers is not unlimited. The potential
replacement depends on many factors, technical limitations as well as limitations
imposed by the authorities, and financial and legal provisions.
Focusing on the technical limitations it becomes obvious that the potential replacement
of coal strongly depends on the quality (for instance the lower heating value) of the
biomass, if the nominal load of the plant remains the same.
Without intending to cover all aspects and limitations, some examples of technical
limitations are listed below:
• Grindability of the biomass/coal blend. The pulverisation of a coal biomass blend in
the existing pulverisers is primarily limited by the grinding behaviour and the
moisture content of the biomass. Most often biomass is soft or fibrous, whereas
bituminous coal is hard.
• Capacity of the unit components, such as the flue gas fans, bottom ash discharge
system, air heaters and flue gas clean-up equipment. Very often the biomass has a
high moisture content, as a result of which the flue gas flows significantly increase
when a large proportion of coal is replaced by (wet) biomass. Biomass-derived
contaminants potentially results in the following problems: capacity ESP,
accelerated deactivation SCR-catalysts, DeSOx-capacity, tar condensation and heavy
metals emission.
• Severe slagging and fouling. The ash melting temperatures of some types of
biomass may be low because of a high alkali metal, calcium or iron content. This
may cause severe problems with the slagging of the burners, furnace walls and
superheaters. A high sodium and potassium content may result in fouling problems.
• Corrosion of the furnace walls and superheaters. Sulphur and chlorine may enhance
the corrosion rate of the furnace walls. Severe slagging and fouling of the
superheaters may locally result in deteriorating conditions resulting in corrosion.
• Erosion. A high ash content may increase the wear due to erosion, especially if the
flue gas flows are increased because of high moisture content.
Other technical aspects that should be considered when maximising the biomass input
in existing coal-fired power plants are the operating flexibility, the maximum load, and
unavailability. All of these aspects are extremely important in a liberalised electricity
market.
The main technical constraint with regard to co-combustion of substitute fuel derived
fuel gas, especially biomass-derived fuel gas, in relatively new natural gas fired
combined-cycles is the potential flame repercussion in dry low-NOx combustion
chambers. Therefore, the maximum amount of biomass-derived fuel gas to be cocombusted is limited between 0% (GE) and 10%(ABB) on energetic base.
In case more fuel gas has to be co-combusted, the dry low-NOx combustion chamber
has to be replaced by another combustion chamber, that uses water/steam injection for
NOx-emission control, resulting in considerable additional investment costs.
In case pressurised gasification with dry high-temperature fuel gas clean-up (Carbona
technology) would be used as biomass pre-conversion technology, it is insecure or the
fuel gas will be cleaned sufficiently to meet the gas turbine hardware constraints, and or
the resulting flue gas will comply to the applicable air emission constraints. These
aspects need further attention.
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4.2 Environmental limitations
Special attention should be paid to the quality of the by-products, such as fly ash and
bottom ash (and flue gas desulphurisation gypsum). The by-products have to be utilised
in for instance the cement and concrete industry, and cannot be used for landfill. The
quality of the by-products and its application should be according to corporate and civil
laws. European legislation is becoming increasingly stringent in its member countries.
The insufficient affiliation of the European and domestic legislation results in a
complex analysis of the status of by-products from co-combustion activities. At present
in the Netherlands, fly ash from co-combustion activities, which contains less than 10
percent (on a mass basis) of biomass, is still regarded as fly ash from coal.
It is still uncertain what status fly ash from more than 10 percent of co-combustion
activities, will enjoy. Another important aspect is the market’s acceptance of
reutilization of fly ash originating from co-combustion activities.
With respect to the legislation of NOx, SO2, dust and heavy metals emissions, the
situation is very complex, since the regulations, both on a national and a European level,
are currently subject to revision.
The environmental co-combustion constraints, i.e. the European air emission
regulations and the quality of produced solid waste streams (fly ash, gypsum), were
analysed for direct and indirect co-combustion of clean and contaminated biofuels in
coal fired power plants, using a general coal component distribution model [van Ree et
al., 2000].
The following preliminary results concerning the environmental co-combustion
constraints were found:
• Clean biofuels1: exceeding of the EU air emission constraints is not expected; it is
not expected that the quality of produced solid waste streams (fly-ash, gypsum) will
be influenced negatively in such a way, that commercial applicability will be
endangered.
• Contaminated biofuels2: exceeding of the EU air emission constraints is expected
(one or more components) for all the biofuels; it is expected that the quality of
produced solid waste streams (fly-ash, gypsum) will be influenced negatively in
such a way, that commercial applicability will be endangered.
Because a general coal component distribution model has been used in the calculations,
the results shown are very indicatively. To get more detailed insight in these aspects,
specific plant data should be used, concerning both coal and biomass component
distributions, and ash quantities and compositions. From these preliminary results can
be seen that contaminated biofuels can be co-combusted in coal-fired power plants only
in two ways, viz.: 1) by mixing them with clean biofuels and/or 2) by advanced pretreatment (gasification (pyrolysis) with extensive (fuel) gas clean-up).
In case of co-combustion of biomass in natural gas fired combined-cycles, by separate
gasification, an advanced fuel gas clean-up system will be necessary, to clean the
biomass-derived fuel gas to comply with the gas turbine hardware constraints, and the
coal/biomass mixed flue gas to meet the applicable air emission constraints. Further, the
1
2

Clean biofuels investigated: clean (waste) wood, Miscanthus, straw from grains, cacao bean shells, olive stones
Contaminated biofuels concerned: demolition wood, verge grass, chicken litter, pig manure, sewage sludge
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biomass-derived gasifier bottom ash and fly-ash must be of such a quality that it can be
commercially sold, instead of that it has to be landfilled.
5. Discussion/Conclusions
The contribution of biomass and waste to power production in coal-fired power plants is
very rapidly increasing, especially in Central European countries, due to both political
and economic incentives and is stimulated by fiscal measures.
In order to achieve, for example, the 2020 objective of 10% energy supply by
renewables in the Netherlands, stimulation by offering financial and fiscal incentives is
at present crucial due to the current price levels of competing (fossil) alternatives.
In the year 2000 the coal-fired power plants in the Netherlands are producing
sustainable electricity by means of direct co-combustion of more than 900 kton of
biomass and waste. Stand-alone installations (for example Cuyk) and indirect cocombustion activities (Amer-9) contribute a further 400 kton. However, in order to meet
the challenging objectives set by the Dutch government with respect to the contribution
of renewable energy, and the severe regulations concerning for example emissions and
the use of by-products, many technical problems still have to be solved.
These problems include the technical boundaries of increasing direct co-combustion,
and exploring different (in)direct co-combustion concepts, such as upstream
gasification, pyrolysis and combustion with steam-side integration, in order to: 1)
handle less cleaner fuels and 2) to co-combust larger fractions of biomass/waste fuels,
while maintaining to fulfil all the requirements.
Co-combustion of biomass/waste in natural gas fired combined-cycles can only be
realised indirectly by 1) upstream (pressurised) gasification with an advanced hightemperature fuel gas clean-up system and 2) separate combustion with steam-side
integration. Because of avoided CO2-emission capacities/costs, technical and economic
limitations, co-combustion in natural gas fired combined-cycles is expected to be a
longer-term option, compared to direct and indirect co-combustion in coal fired power
plants.
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