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1 Introduction 
 
As part of the review of Contract: TREN/04/fp6EN/S07.31099/503068 BIO-ETOH, the 
European Commission Directorate-General Energy and Transport has asked 
Ducente to carry out a review of the subject Large scale CFB gasification of Biomass 
for Biofuels and Power for dissemination purposes. This report is mainly based on 
experiences gained during the operation of the Värnamo Demonstration Plant during 
1993 – 2000 and is an attempt to briefly point out what kind of efforts that need to be 
addressed in a future demonstration of the technology. 
 
The report consists of a description of the Värnamo Demonstration Plant, 
experiences from previous operation and recommendations for future demonstration 
and some comments on necessary modification of the plant for the production of 
biofuels.  
 

2 Värnamo Demonstration Plant 

2.1 IGCC development during 1991 – 2000 
 
Sydkraft AB, today E.ON Sweden, constructed the Värnamo Demonstration Plant (6 
MWe/9 MWheat) during the period September 1991 to June 1993 as a part of the co-
operation with Ahlstrom Corporation, today Foster Wheeler Energia OY. The plant 
was unique at the time, and still is, since it is the first time that a biomass based 
pressurised gasifier has been integrated into a combined gas turbine and steam 
turbine cycle for electric power and heat generation. 
 
The plant was used for experimental and development purposes, until the test 
programme was concluded in October 1999. The demonstration programme in its 
entirety was completed in the year 2000. 
 

2.2 IGCC plant description  
 
A simplified process description is included in this section aiming to give an idea of 
the original plant mechanical completed in 1993. 
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Figure 1,  Process diagram 
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F
system. This consists of a day silo, and a fuel discharged system which transfers th
fuel to a lock hopper system. The material is pressurised here by an inert gas before 
being fed via a pressurised vessel to the gasifier. Just before it is fed into the gasifier, 
the fuel flow has bed material mixed into it. The task of the bed material in a 
circulating fluidized bed is to convey the heat of combustion from the bottom 
gasifier to the upper part of the gasifier. 
 
T
discharged to a storage silo by means of a pneumatic conveyor system. A closed 
pneumatic conveying system is used for discharging the bed material from the silo
Dosing equipment is used for feeding the bed material in together with the fuel.  
 
T
cooler, hot gas filter, fuel feed system, etc. 
 
A
extracted air is cooled, compressed and reheated before being supplied to the 
bottom of the gasifier at a temperature of around 200 – 250oC. 
 
T
water jacket to ensure a uniform temperature of the pressure vessel. 
 
S
which the bed material/coke is returned through a return pipe to the bottom of the 
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reactor. The product gas leaves the gasifier through the cyclone and then flows to the 
cooling system and filtration system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 
 
Control valves provide the gas system with pressure relief to a flare system. In 
addition, a safety valve, including a rupture diaphragm, is provided for pressure relief 
for the gasifier vessel. 
 
The bottom of the gasifier is equipped with an ash discharge system. The bottom ash 
leaving the gasifier is cooled and is discharged through a lock hopper system to an 
external bottom ash handling system. 
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The air inlet of the gasifier is also provided with a separate start-up burner system 
consisting of a light fuel oil burner used for starting up the gasifier. Scope is also 
available for cooling the bed, if necessary, by injecting nitrogen. 
 
A nitrogen system is used for the pressurised lock hopper system and for pulsed 
cleaning of the hot gas filter, as well as for various inerting requirements, e.g. when 
shutting down the gasifier. 
 
Before the product gas is supplied to the gas turbine combustion chamber, it must be 
cooled and its dust content must be reduced. Cooling takes place in two stages, i.e. a 
radiant cooler and a convection cooler, and saturated steam at approximately 40 bar 
(abs) is then generated. 
 
The cooled gas flows to a hot gas filter in which the dust is collected. The hot gas 
filter consists of a number of filter elements located in a filter casing divided by a tube 
plate into a raw gas side and a clean gas side. Dust from the filter is discharged 
through a lock hopper system to the fly ash handling system of the plant. 
 
The low calorific value gas produced is supplied to the fuel system of the gas turbine. 
The gas turbine has two fuel systems, one of which is for the low calorific value gas 
and the other for the light fuel oil used for start-up. The low calorific value gas is 
supplied to the combustion chamber at a temperature of 350-400oC. The light fuel oil 
system is rated for full load when the plant is fired only with light fuel oil. 
 
In order to avoid surging in the gas turbine compressor and to supply the gasifier with 
air, about 10% of the air mass flow is extracted from the compressor. The extracted 
air is cooled in a recuperator, a district heating water heat exchanger and an 
additional cooling system at a lower temperature, before being compressed in a 
piston-type booster compressor the necessary pressure. A compressor is necessary 
for overcoming the pressure drop across the gasifier and the equipment downstream 
of it, up to the gas turbine combustion chamber. Downstream of the compressor, the 
air is heated in the recuperator to a temperature of 200-250oC. The air then flows via 
the start-up burner system to the gasifier air nozzles. 
 
The exhaust gases leave the gas turbine at a temperature of around 470oC. They are 
then cooled to 120oC in a following heat recovery steam generator, before being 
discharged to the stack. 
 
The heat recovery steam generator is of single-pressure type, with a feed water 
pressure of about 40 bar (abs), and is designed for horizontal gas flow and natural 
circulation on the steam/water side. The gas from the gas turbine exhaust flows 
through the superheater, evaporator and economizer, in the order stated. 
 
The economizer transfers heat via heat exchangers also to the condensate system 
and the district heating water system. 
 
Saturated steam is generated both in the heat recovery steam generator and in the 
product gas cooler. Steam from the gas cooler drum flows to the steam generator 
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drum and then to the superheater. In the latter, the steam is superheated to a 
temperature that depends on the incoming gas temperature which, in the base case, 
is around 450 oC.  
 
The high pressure steam generated in the heat recovery steam generator and in the 
product gas cooler expands through a steam turbine. The steam turbine is on back-
pressure operation and exhausts into the district heating heat exchanger, and air 
cooling has been arranged so that full turbine output can be obtained even when 
there is no heat demand in the district heating system. The steam turbine output is 
around 1.8 MWe. 
 
Condensate at around 70oC is pumped from the condenser, through the ejector 
condenser and the feed heater in the steam generator to the feed water storage tank. 
In the latter, the condensate is deaerated thermally by means of low-pressure steam 
generated in the steam generator. The necessary make-up water is supplied to the 
condenser from the demineralization plant. The plant is provided with facilities for 
ammonia injection. 
 
From the feed water storage tank, the feed pumps deliver the water through the 
economizer in the steam generator to the steam drums. 
 
The latent heat of the steam exhausted by the steam turbine is used for supplying 
heat to the district heating system. In addition, minor quantities of heat are supplied 
by the booster compressor air cooler and from the heat recovery steam generator. To 
enable the plant to be operated when the heat demand is low, a closed-circuit cooling 
system has been installed for the condenser, using a recooler with air cooling fans. 
These are rated for full-load operation of the plan at an ambient air temperature of up 
to +20 oC. 
 

3 Experiences from previous operation and 
recommendations for future demonstration 

 
The amount of experiences from the commissioning and test runs is huge and is 
based on more than 8600 hours of gasification tests including about 3600 hours of 
integrated operation when the gas turbine was operated entirely on product gas. The 
number of hours is not very impressive in comparison with a production plant or a 
commercial plant, but considering that the plant was operated in campaigns, typically 
one to two weeks, and then stopped for inspections, modifications and preparation 
prior to new tests the number of hours has to be seen in another light. On the other 
hand, this also implies that no long term experience of the technology exists and that 
fact has to be considered when the risk assessment is made. 
 
Many results from the Demonstration Programme have been reported earlier by 
E.ON Sweden (Sydkraft), but below follows a review of areas which are of special 
interest. There is no priority between the different areas; it is just a list of important 
issues which have to be addressed when the next demonstration is discussed. 
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Ducentes main experience is based on pressurised gasification but many of the 
comments made, also applies to atmospheric CFB gasification. 
 
Fuel flexibility 
 
The Värnamo plant proved to have much higher fuel flexibility than was originally 
expected. The design fuel was dried wood chips based on forest residues with a 
rather narrow fuel size specification. However, different fuel mixes with wood and 
bark, wood chips based on SRF, pelletised straw and to some extent pelletised RDF 
was successfully tested. This fact shows that it is possible to handle rather difficult 
fuels with relatively high content of e.g. Cl, K and Na in the gasifier, gas cooling and 
gas clean up system with respect to agglomerations, deposits and fouling as long as 
the design of the equipment is suitable for the operating conditions. Long term 
experience of operation with these fuels is necessary before any conclusions on e.g. 
corrosion are made. 
 
Another aspect of fuel flexibility is the fuel handling and feeding. Wood chips are 
rather simple to handle while other biomass fuels are more difficult. It is hard to feed 
voluminous biomass fuels like straw, especially when pressurising the fuel as in 
Värnamo. A possibility is to pelletise the material. Even if pellets are very uniform 
they easily breaks into smaller fractions if not handled with care and are also 
sensitive to moisture which can create problems in the handling system. Further 
when feeding pellets, especially when low load is required, the feeding system is 
more sensitive compared to wood chips. 
 
Gas turbine selection 
 
When designing an IGCC its necessary to start with the gas turbine since it decides 
the pressure level in the plant. Pressurised gasification does always have a higher 
efficiency compared to atmospheric gasification when using air extraction from the 
gas turbine compressor in the process configuration. It has for a long time been a 
debate on whether atmospheric or pressurised gasification is the most promising 
technology, having a fully optimised plant in mind. There is no definitive answer to 
this question, but it seems like the atmospheric gasification is more favourable in 
small sizes while pressurisation gets more and more important when the plant size is 
increasing. 
 
The gas turbine used in Värnamo is a standard engine that has been only slightly 
modified. The modifications made, i.e. air extraction, modified burners and 
combustion chambers, proved to perform extremely well and no pilot flame was ever 
needed for maintaining a stable combustion. The gas turbine did not appear to be 
adversely affected by the product gas and no deposits or chemical attack was 
observed during the operation in Värnamo. The conditions are very good for larger 
turbines being able to use gas with the low calorific value. However, it is not certain 
that all bigger machines would be able to handle the increased mass flow through the 
turbine without surging occurring in the compressor. 
 
Of course, a high efficiency is important when selecting the gas turbine for an IGCC, 
but it should be noted that in general the biomass fuelled IGCC process efficiency is  
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less sensitive to the efficiency of the gas turbine compared to a natural gas fired 
combined cycle. One reason for this is that the steam turbine is relatively bigger 
because steam is not only produced in the HRSG but also in the gas cooler. 
 
Some important factors that have to be considered when selecting a suitable gas 
turbine for the bio IGCC process are: 
 

• High efficiency 
• As low pressure ratio as possible while still maintaining a reasonably efficiency 
• A high turbine exhaust temperature 
• Possibility for about 10-15% air extraction 
• Operation on both product gas and reserve fuel 
• Reliable design 
• Suppliers willingness and interest to develop the gas turbine 

 
Fuel handling 
 
In order to have a product gas with a reasonable heating value it is necessary to 
have the biomass dried to a moisture content of about 15%. The integration of a flue 
gas dryer has never been demonstrated and it will be necessary in a large scale 
plant, if not prepared fuel like pellets is used. It is probably optimal to have an inlet 
gas temperature of around 140°C in order to minimise the risk of fire and also the 
emissions of terpenes from the fuel.  
 
At Värnamo, a lock-hopper system was used to pressurise the fuel with very good 
technical performance. Nitrogen was used as inert gas to pressurise the fuel in the 
lock-hopper, which was costly but maybe affordable in a test facility with limited 
operation time. In a commercial plant this will be far too expensive and has to be 
solved in another way. Different alternative solutions should be evaluated. Examples 
of such alternative are to use a cheaper inert gas or a piston feeder which minimises 
the consumption of gas. It should be noted that the nitrogen consumption is higher 
when using wood chips compared to pelletised fuels due to the lower energy density. 
 
Finally, it is important that the fuel feed into the gasifier is even; otherwise will the 
product gas quality variate and make the process unstable. The risk to suddenly get 
too high air to fuel ratio will also increase. In the Värnamo gasifier, it was sufficient to 
have one fuel feeder, but in a large scale plant it will be necessary to introduce the 
fuel at different locations.  
 
Inert gas 
 
Inert gas is one of the most costly consumables in a biomass IGCC. It is used for 
several purposes of which the largest consumers are fuel pressurisation, ash 
discharge system and pulsing of the hot gas filter. A possibility can be to use 
combusted product gas for inert gas, but the requirements on the inert gas production 
is high. It has to be a pressurised combustion; sufficient buffer stock has to be 
arranged and the remaining oxygen content in the flue gas has to be sufficiently low. 
Catalytic combustion might be a possibility to generate the inert gas required. 
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Another way to minimise the problem could be to decrease the inert gas consumption 
by e.g. to use piston feeders for pressurisation and to use clean product gas to pulse 
the hot gas filter. 
 
Gasification and gas cooling systems 
 
The gasifier in Värnamo performed very well, especially considering the operating 
conditions it had to withstand. The operation periods were typically 1-2 weeks and 
the number of start-ups and shut-downs were extremely high. This corresponds to 
several years of operation with respect to e.g. refractory linings. Consequently, the 
refractory lining in Värnamo had to be changed during the test programme. Without 
discussing any details of the refractory lining, it is important to carefully design the 
refractory lining as well as choosing a suitable material. 
 
Several bed materials were initially tested in the Värnamo plant. Since bed material 
consumption is one of the major operating costs the intention was to use a relatively 
cheap material like e.g. dolomite or limestone. These materials also have a 
documented catalytic tar cracking effect when they are in a calcinated form. So far so 
good, but the problem occurs when the material recarbonates, which it does, during 
cool down. The consequence of this is fouling and deposits on different locations in 
the gasifier system and in downstream systems. 
 
At Värnamo this was solved by using magnesite as bed material. Operation on 
magnesite is much easier but also more costly. The recommendations for future 
plants are to minimise bed material consumption, further investigate the 
recarbonisation process and carefully design the gasifier and gas cooling system with 
respect to bed material recarbonisation. 
 
The operating temperature of around 950 °C proved to be sufficiently high to control 
the amount of tars in the product gas. Tar condensation should not occur as long as 
the downstream temperature exceeds 300-350 °C. 
 
It should be noted that contaminants in the fuel e.g. alkalines, chlorine will affect the 
operation of the gasifier and downstream systems. Especially when it concerns fuels 
with high content of contaminants it has to be considered already in the design of the 
plant. 
 
Hot gas filtration 
 
Hot gas filtration at a temperature level of around 350 °C was used in the Värnamo 
plant. From efficiency point of view it is desired to have a higher temperature level in 
the hot gas filter, but in the case of Värnamo the gas turbine fuel system (e.g. 
sealings) was the limiting factor. Furthermore, most of the alkalines in the product 
gas is collected in the filter and will not cause any problems downstream the filter. 
 
The original design of the filter included ceramic filter elements, but these were 
changed into sintered metal candles during the test programme. It should be 
emphasised that the quality of the gas downstream the filter was perfectly 
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satisfactory and the problems that occurred did not have anything to do with product 
gas quality or the filtration capability. The problems were related to the mechanical 
stability of the ceramic candles. At several occasions a number of candles broke 
during operation and the reason was mechanical fatigue. The cause of the fatigue 
was never clarified, but nothing indicated that it was related to vibration or noise in 
the gas stream. 
 
Attempts to eliminate the problem by a supporting grid to the candles were made, but 
other kind of problems like bridging occurred. In order to continue the test programme 
it was decided to replace the ceramic candles with sintered metal candles. These 
were found to deliver gas of equally high quality and any filter breakdown or failure 
was never experienced. 
 
However, this experience urged another issue; How to protect the downstream 
equipment in case of a filter failure? There are different ways to deal with this, but 
they have to be further investigated and optimised. It is difficult to measure or detect 
an increased dust load in the gas stream, especially if it is a small increase. One 
proposal is to install fuses in the candle, but this will most likely increase the 
consumption of inert pulse gas. Another proposal is to install a safety filter immediate 
down stream the main hot gas filter which prevents further operation if the dust load 
is increasing. The negative consequence of the latter proposal is that operation will 
be stopped if a single candle fails. 
 
Emissions 
 
Due to the low calorific value of the product gas, the generation of thermal NOx is 
very low. Virtually the nitrogen oxide originates from mainly ammonia formed from the 
fuel bound nitrogen in the gasification process. The emission is thus highly 
dependent on the nitrogen content of the fuel used. In the gas turbine combustion 
chamber, part of the ammonia content of the product gas is converted into nitrogen 
oxides, whereas the remainder is emitted as molecular nitrogen. The degree of 
conversion from ammonia into nitrogen oxides can be affected, at least to a certain 
extent by combustion engineering measures. However, selective catalytic reduction 
is always an option to be used. An alternative could be selective oxidation of 
ammonia, which has been tested in Värnamo with quite encouraging result. 
 
The sulphur emissions are entirely dependent on the sulphur content of the fuel. The 
hydrogen sulphide formed in the gasification can be separated from the product gas 
but requires lower temperatures than desired. Several methods are in the course of 
development for doing this at a high temperature. 
 
The emissions of carbon monoxide are dependent on how complete the product gas 
combustion is. Gases with low calorific value place new demands on the design of 
the combustion equipment. This question should be raised with the gas turbine 
supplier. 
 
The quantity of unburned hydrocarbon in the flue gases is also dependent on the 
combustion process. The experience from Värnamo was that no unburned 
hydrocarbons were detected in the flue gas at loads above 75% in the gas turbine. 
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The heavy metal content of the fuel varies with the type of fuel. In gasification most of 
the heavy metals are bound to the ash streams and only a very small part is emitted 
with the flue gases. 
 
Finally, the dust emission is very low since most of the particulates are separated 
from the gas in the hot gas to avoid damage of the gas turbine. The content of very 
small particulates, sub microns, were not investigated during the test programme at 
Värnamo. 
 
Availability 
 
A key issue of the bio IGCC technology is what availability could be expected in a 
commercial plant. The experience and knowledge gained from the Värnamo plant 
can serve as a base for more detailed availability analysis, but the plant was built for 
a limited demonstration. It has not been operated in longer periods which would be 
required for collecting relevant statistic data. Many start-ups and shut downs in the 
plant has worn the plant more than expected for a commercial plant which will have 
another operation characteristic. 
 
An availability analysis ought to be made in conjunction with the design phase of an 
up-scaled IGCC demonstration. Strategies must be analysed for preventive and 
corrective maintenance, redundancy and stock-keeping of spare parts. Particularly 
sensitive or important systems can be designed with certain amount of excess 
capacity and also redundancy. 
 
The starting sequence is a rather time consuming phase and a special study should 
be devoted to this. The starting times differ widely between cold and hot start-ups. 
The shortest restarting period will be achieved if the pressure and temperatures can 
be maintained within certain limits. As much maintenance work as possible should 
preferably be feasible to carry out under hot or at least warm conditions in order to 
minimise shut down time and time for restart. 
 
The handling of biomass fuels is normally difficult. The fuel handling equipment, 
including the fuel dryer and fuel feed equipment, should therefore be designed on the 
basis of the fact that the fuel varies in particle size and composition. It should 
preferably be possible to carry out maintenance and cleaning without necessitating a 
stoppage. This can be achieved by introducing buffer stocks of ready-treated fuel in 
the vicinity of the feed equipment. For capacity reasons, the fuel drying system for 
larger plants will probably consist of parallel lines. 
 
In view of the good performance of the hot gas filter in Värnamo, it is doubtful 
whether any redundancy is needed. However, for larger plants parallel filters are 
foreseen for capacity reasons. The fly-ash discharge system should be designed with 
a certain amount of excess capacity. The quantities of ash will be affected by both 
operating conditions and the fuel type. No redundancy will presumably be required. 
 
In spite of new systems being included, operating experience from the Värnamo plant 
indicated that it ought to be possible to achieve a satisfactory availability in 
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commercial operation. Verifying this will be one of the most important objectives for 
the next up-scaled demonstration. 
 

4 The gasification process for production of Biofuels 
 
The Värnamo plant is now used in a new R,D & D project i.e. CHRISGAS. The 
project started in 2004 and is financed by the collaborating industrial partners, the 
European Commission and the Swedish Energy Agency. During the Chrisgas project, 
the Värnamo plant will be modified in order to produce clean hydrogen rich synthesis 
gas from biomass fuels. 
 
Synthesis gas, mainly consisting of hydrogen and carbonmonoxid can then be used 
to produce different liquid or gaseous biofuels such as e.g. FT-diesel, methane, 
methanol, dimethylether, hydrogen and ethanol. However, the present available 
ethanol processes are not commercial viable and more research and development 
are needed to improve the efficiency and yield. 
 
The major changes or modifications that have to be made to the Värnamo plant are 
with regard to the gasifier, gas cooling and hot gas filtration. Furthermore, a reformer, 
water gas shift and hydrogenation have to be added to the process and oxygen 
supply has to be arranged. 
  
The gasifier has to use oxygen/steam as gasification agent in order to produce a 
medium calorific value gas. Nitrogen is not desired to have in the gas since it dilutes 
the gas and makes the downstream systems more costly. A catalytic reformer is 
introduced to crack all hydrocarbons including methane in the process. The reformer 
reactions are mainly endothermic and the inlet temperature should preferably be 
around 900 °C and oxygen/steam has to be added to maintain the temperature. 
 
Ideally, the product gas from the gasifier should be cleaned from particulates without 
cooling the gas and then fed directly to the reformer at full temperature. The hot gas  
filters available on the market is not proven for this high temperature in reducing 
atmosphere and a cooler have to be installed upstream the filter. 
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