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-INTRODUCTION- 

BACKGROUND 
 
The interest for an increased use of renewable energy sources in the European 
Community has grown stronger the last two decades, due to several reasons. One is 
the oil crisis during the seventies and eighties and another is the concern of the 
increasing production of green house gases and its influence on our future climate. 
The problem is the comprehensive use of fossil fuels, which increases the emissions 
of green house gases and thereby enhances the green house effect, known as global 
warming. According to UN’s Intergovernmental Panel on Climate Change (IPCC), 
the global averaged surface temperature is expected to increase by 1.4°C to 5.8°C 
over the period 1990 and 2100. These results cover the full range of 35 Special 
Reports on Emission Scenarios (SRES), based on a number of climate models. [1]. In 
order to reduce the green house effect, it is very important to decrease the use of fossil 
fuels by increased use of renewable energy technologies for heat and electricity 
production. 
 
Another important reason is economy. Import of oil and other fossil fuels for 
electricity and heat production is expensive and a direct loss for the local economy. 
On the contrary, renewable energy resources are often developed in the vicinity of the 
production unit, which means that the money spent on energy production stays 
locally. Many job opportunities can therefore evolve from manufacture, design, 
installation and maintenance of renewable energy products. Furthermore, jobs are also 
indirectly created from businesses supplying renewable energy companies with, for 
example raw material, transports and equipment. The wages and salaries generated 
from these jobs provide additional income to the local economy. 
 
In addition, the benefits with renewable energy sources are not only environmental 
and economical, but also out of the security point of view. Especially for those 
countries that are strongly dependent of foreign oil imports. This energy source is 
vulnerable to, for example, political instabilities and trading disputes. If the country’s 
dependence of foreign oil imports could be reduced, it would strengthen the national 
energy security. Another important benefit is that renewable energy sources will never 
run out. Many other sources of energy are finite and will some day be depleted. 
 
According to the European Commission’s green paper, the ambition is to double the 
use of renewable energy sources for heat- and electricity production up to year 2010. 
A significant share is forecasted to be biomass. [2].  
 
The energy situation in Sweden 
 
The Swedish parliament has decided to create necessary conditions for effective 
energy use and cost-efficient energy supply with low negative effect on health, 
environment and climate. The goal is a future energy system based on domestic and 
non-polluting energy sources to the fullest possible extent.  
 
There has been a radical change in the Swedish energy supply the last thirty years. For 
example, the crude oil and other oil products contributed with 77% of the total energy 
supply 1970, while the current share has decreased down to 33% in 2000. During 
these years, the oil based energy production has been replaced by nuclear power, 
biofuels and an increased hydropower production. The energy supply from coal and 
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coke stands roughly at the same level as 1970, around 4% of the total energy supply. 
[3]. Figure 1 shows the total energy supply in Sweden 2000. 
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Figure 1. Energy supplies in Sweden 2000 [TWh]. 
 
After a referendum 1980, the Swedish Parliament decided to gradually phase out the 
nuclear power, if it was possible to replace it with economically- and environmentally 
sustainable alternatives. Currently, the nuclear power corresponds to around 39% of 
the total electricity production in Sweden. Due to low prices for electricity, low 
installation costs and convenient operation, a large amount of electricity is used for 
heating purposes. To be able to facilitate a nuclear phase out, it is highly necessary to 
reduce the demand for electricity for instance by substitution with other energy 
carriers. One measure in order to reduce the electricity demand could be to convert 
from electrical heating to district heating. This is an activity in progress. In 2000, the 
district heating plants produced over 25 TWh. This is an increase by four times since 
1990 [3]. More than 57% of the heat production in district heating plants originated 
from wood fuels. The total biomass supply for energy production in Sweden 2000 was 
97 TWh, or 17 % of total energy supply, which is a relatively large share compared to 
other countries within the European Community. An important reason for this 
development is that bioenergy for heat production in Sweden is more competitive 
with fossil fuels than before, due to a significant reduction in wood fuel prices the last 
two decades and an increase in fossil fuel taxes. For example, the current tax on oil 
used for heat production is as high as the oil price itself. [4].  
 
Biomass based district heating 
 
Biomass based district heating for larger communities, where typical boiler capacities 
are in the range 20 to 150 MWth, is well established in Sweden. Increasing taxes on 
fuel oil and developments of the distribution network technology has made 
installation of district heating and use of biomass fuel economically interesting also 
for smaller communities, where typical boiler capacities could be about 0.1 to 2 
MWth.  
 
According to Swedish statistics and official reports, there is space for at least 10 GW 
new installed thermal power in small biomass fired district heating networks, which 
could mean over two thousand boilers only in Sweden. Additionally, biomass fired 
plants creates job opportunities in different levels. It has been estimated that an 
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extended use of 1 TWh of biomass fuels can generate between two- and four hundred 
new man-year jobs. The market for small- and middle-sized biomass fired boilers for 
district-heating networks is also expected to grow rapidly in countries with access to 
forestry and agricultural residues.  
 
At present, the dominating techniques for small-scale combustion of biomass for heat 
production are underfeed stokers, grate firing, bubbling fluidised bed (BFB) and 
circulating fluidised bed (CFB) furnaces. [5].  
 
Karlsson et al [6], have studied the best existing technology for biomass fired heating 
plants in the thermal output range of 0.5 to 10 MW, from the emissions point of view. 
Several tests have been performed with different fuels, heat loads and types of 
furnaces. The results show that emissions of unburnt products, like CO and THC, are 
relatively low at higher heat loads, typically below 500 mg/Nm3 and 8 mg/Nm3, 
respectively. However, the study also showed that the plants produced a large amount 
of pollutants in form of products of incomplete combustion during low as well as 
varying thermal output. In smaller district heating networks, this is a common 
occurrence. For example, during summer, the space heating demand can be 
considered very low or non-existent while the demand for hot tap water is 
approximately the same, independent of season. Due to this, the boiler must be able to 
work with a varying thermal output in the range 10 to 100% of the nominal output, 
since the average heat demand during summer is estimated to be around 10% of the 
maximum demand in winter.  
 
NEW BIOMASS BASED CONCEPT FOR SMALL DISTRICT HEATING 
NETWORKS 
 
The work described in this thesis has been performed in a European Community 
project titled Increased Combustion Stability in Modulating Biomass boilers for 
District Heating Networks with partners in Finland, Switzerland, Austria and Sweden. 
Three different boiler concepts have been tested. 
 
The Finnish partner, VTT Energy in Jyväskylä, has designed a boiler based on 
acoustic pulsating combustion. The aim has been to study the possible effects on the 
combustion intensity and emissions when using wet biomass fuels. 
 
Foundation of Appropriate Technology and Social Ecology (FATSE) in Langenbruck, 
Switzerland, has designed a combustion chamber, which creates a standing vortex in 
order to achieve high mass transfer rate also at lower burn rates and investigate 
possible improvements of the stability of the combustion process by acoustic 
stimulation. 
 
Institut für Apparatenbau, Mechanische Verfahrenstechnik und Feuerungstechnik 
(IAMFT) in Graz, Austria, has developed the Glow Guard to detect glowing char on 
the grate in order to control the grate speed and air supply to the fuel bed. 
 
The Department of Technology and Natural Sciences (ITN) at Växjö University in 
Sweden has developed a signal-processing algorithm that will be used for extraction 
of correct information from real time measurements in furnaces. 
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Luleå University of Technology’s part of the project has been to develop a boiler 
design giving stabilised combustion at varying thermal outputs with less emission of 
pollutants over a wide thermal output range. The work has been carried out in close 
cooperation with a local industrial company, AB Swebo Flis och Energi in Boden, 
Sweden.   
The boiler should be suitable for small district heating systems and fulfil the following 
requirements 
 
 The furnace must be able to work with a varying thermal output, covering 10% to 

100% of the maximum heat demand of the network fulfilling the most rigorous 
restrictions concerning emissions of CO, THC and NOx over the entire thermal 
output range. 

 
 The system must be able to handle fast and large heat load fluctuations with 

maintained low emissions of harmful substances. 
 
 The furnace must enable use of wood-chips with high moisture content, at least up 

to 55%.  
 
Larger district heating networks have higher competitive strengths in areas with large 
populations, while smaller networks have more difficulties to achieve the profitability 
demands. Therefore, it is of great importance to have reasonable investments and 
operation cost.  
 
In order to keep down the operation costs it has been chosen to use an unrefined fuel 
in the form of wood-chips, instead of refined fuels like briquettes or pellets. The 
current prices for wood-chips and pellets/briquettes are 104 SKr and 140 SKr per 
MWh respectively. [7]. It can also be mentioned that the prices for unrefined wood-
fuels have decreased by 35% between 1990 and 1996, while the quantity has 
increased by almost 90%. [8]. 
 
The investment will be decreased if the biomass boiler system can handle a broad 
thermal output span. If this is achieved, no supplementary heat source will be needed. 
In addition, if the combustion intensity can be increased, the volume of the boiler can 
be decreased and thereby the production costs. 
 
A number of applications for boilers in the capacity range 0.1-2 MW can be 
identified. Some potential users are heat supply to 
 
 Public buildings, like schools, home for older people, libraries etc.  

 
 Small industries or shopping centres 

 
 Small district heating networks in villages of suitable size 

 
The purpose could be to change from fossil fuels in existing boilers or to build 
completely new installations. Another application is to convert from electric- to 
biomass based heating. 
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Experimental setup 
 
The plant is located in the town of Boden in Sweden and consists of a fuel store, fuel 
conveyors, combustion equipment, a boiler, two cyclones and a water heat store. The 
fuel is stored in two containers, which can supply requisite fuel for at least 96 hours at 
maximum heat load. The local district heating company in Boden, BEAB, has 
supplied the wood-chips during the project. 
A new furnace has been designed, constructed and installed at the test site. Swebo Flis 
och Energi has mainly been responsible for the manufacturing and construction of the 
combustion chamber, but has also contributed with valuable ideas in the design. As 
mentioned earlier, the thermal output span of the furnace should be 10% to 100% of 
maximum heat load. In order to maintain the required combustion temperature at 
lower heat loads, the primary combustion chamber is partitioned where one module is 
operating in the range of 50 kW to 150 kW and the other 150 kW to 350 kW. To 
reach maximum thermal output 500 kW; both chambers are running together. The 
combustion process is performed in two stages, in a primary- and a secondary zone. 
Figures 2a and 2b show sketches of the two zones. 
 

Gases to the secondary zone  
 
 
 
 
 
 
 
 
 
 
 

Gases from the primary zon

Figure 2a. The primary zone                 Figure 2b. The seco
 
Two inclined fuel-feeding screws are connected to the larger combustio
one to the smaller. Two different ways to run the fuel feeding scre
investigated, frequency speed- and on/off control. A hydraulic piston
burning fuel bed forward on the grate. 
 
The primary combustion chamber is designed and constructed in a way
it possible to try different options of supplying the primary air. 
combinations of air supplied through the grate and from above the fuel 
investigated.  
 
The secondary combustion chamber and the secondary air supply system
to get as good mixing between the combustible gases and the sec
possible. The design was developed on basis of CFD simulations
experiments. 
 
A conventional 500 kW heat transfer unit is used to heat up 
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through a heat exchanger. 
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Two cyclones of different sizes are installed after the heat transfer unit. The smaller 
one is used at lower thermal outputs to maintain a high gas velocity in order to secure 
the particle separation.  
 
As one way to handle the heat load variations in the district-heating network, a 35 m3 

water heat store with atmospheric pressure above the water surface is installed. It also 
works as an expansion volume and, in case of failure of the circulation pumps, as a 
self-circulated cooling buffer for the heat recovery unit. The free water surface at the 
top of the store has been covered by a thin foil to prevent diffusion of air into the 
water volume, which would cause corrosion in the water tank and in the whole 
system. Figure 3 shows the exterior of the test facility. 
 

 
 

Figure 3. The test facility in Boden. 
 
Measuring equipment 
 
The analysis of the stack gas composition is carried out immediately after the heat 
transfer unit. A multi-component gas analyser for online measurements of NO, CO, 
CO2 and O2 (Maihak) and a heated THC analyser (JUM) are installed. In addition, a 
NO/NO2 converter (JNOx) is installed to be able to measure total NOx. Figure 4 
shows the installation of the gas analysis equipment.   
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Figure 4. Installation of the gas analysis equipment 
 

 7



-INTRODUCTION- 

The heated probe and the heated gas sample lines are maintained at a constant 
temperature of 120°C. Table 1 shows the measuring methods and ranges for the 
different gas components. 
 
Table 1. Measuring ranges and –methods for different gas components 
 Range Method 
O2 0-25 vol% Paramagnetic O2 cell 
CO 0-1000/10 000 ppm FTIR* 
CO2 0-20 vol% FTIR* 
NO 0-500 ppm FTIR* 
THC 0-10/102/103/104/105 ppm FID** 
*Fourier Transform Infra Red, **Flame Ionisation Detector  
 
Gas temperatures are measured above the fuel bed in the primary zone, before and 
after the secondary combustion chamber and after the heat transfer unit. The 
temperatures are measured by radiation-shielded thermocouples of type N.  
 
Ultrasonic flowmeters and temperature gauges of type PT-100 are used to measure the 
thermal output of the boiler and the thermal output delivered to the district-heating 
network. 
 
The values are recorded every thirtieth second in two loggers. 
 
To determine the moisture content, fuel samples are dried in an electrical oven for at 
least 24 hours at approximately 105°C.  
 
Measuring accuracies  
 
Calculations show that the measuring accuracies for CO, CO2 and NOx are 65.2 % of 
the measured value for a newly calibrated gas analysis instrument and 65.4 % after 
one week of operation. For O2 measurements, the uncertainty is 65.1 % and 65.3 % 
respectively. The uncertainty of the THC measurements is calculated to 62.7 % 
immediately after calibration and 63.4 % after 24 hours of operation. The gas 
analysers have been calibrated at least once a week. 
 
The reason for the small difference in uncertainty between newly calibrated 
equipment and after one week of operation is due to the large contribution from 
interfering substances, which always occurs. The error sources considered are 
presented in paper B. 
 
The accuracies of temperature measurements of the hot gases in the primary- and 
secondary zone are more difficult to calculate. Even if the thermocouples are radiation 
shielded, which severely improves the accuracy, the largest measuring error is 
probably due to the radiation exchange between the thermocouple and the surrounding 
ceramic walls. It is however difficult to calculate the inaccuracies as it strongly 
depends on the surface temperature of the surroundings, which is not measured. 
 
SUMMARY OF PAPERS 
 
In Paper A, the facility, including the design of the combustion chamber is described 
in detail. Furthermore, results from the introductory experiments in the larger 
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combustion chamber are presented. The purpose with these tests was mainly to learn 
how the system works and to study important parameters such as fuel- and air 
supplies. During the experiments, the emissions of CO were used as an indicator of 
the completeness of the combustion.  
 
In Paper B, results from extensive experiments at thermal outputs, in the range 50 to 
500 kW, are presented. One of the main issues was to investigate if it is possible to 
run the boiler down to 10% of its nominal thermal output with maintained low 
emissions of unburnt gases.  
 
Results from several long-term experiments with fluctuating thermal output are 
presented in paper C. The experiments have been performed by either using the 
furnace only or the furnace together with a water heat store. Comparisons between the 
two strategies have been done concerning emissions and performance. Furthermore, 
the plant has been run to match a simulated heat demand during different seasons, in 
order to study the performance of the system during more realistic operation 
conditions. 
 
Results 
 
Figure 5 shows a summary of results obtained during steady state conditions in the 
thermal output range 50 to 500 kW. The emission factors are based on the net heating 
value of the fuel. 
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Figure 5.  Average emissions of CO, NOx, THC and excess air ratios during steady-
state operation 

 
As shown in the figure, the emissions of CO and THC are low in the entire thermal 
output range, below 60 mg/MJ and 2 mg/MJ respectively. The emissions of NOx are 
typically in the range 60 mg/MJ to 100 mg/MJ. 
 
Table 2 shows average emissions of CO, NOx and THC during thermal output 
variations.  
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Table 2. Average emissions during experiments with thermal output variations 
Gas component Unit Heat store No heat store 
  Stepwise thermal output variations 
CO (mg/MJ) 3 30 
NOx (mg/MJ) 80 81 
THC (mg/MJ) 0.2 0.3 
  Winter season 
CO (mg/MJ) 4 5 
NOx (mg/MJ) 91 91 
  Spring/fall season 
CO (mg/MJ) 23 15 
NOx (mg/MJ) 61 83 
  Summer season 
CO (mg/MJ) 16 - 
NOx (mg/MJ) 91 - 
 
The results show that the average emissions of CO were very low in all experiments. 
In general, there are small differences in emissions of NOx, with the exception of the 
spring/fall season tests. Different fuel qualities were used during the different 
experiments, which could have affected the results. 
 
Conclusions 
 
Primary air supplied through the grate yields ineffective combustion in this type of 
combustion chamber design. The gas residence time gets too short due to the very 
intensive gasification above the grate when the piston pushes new fuel over this area. 
However, without air from the grate the amount of unburnt fuel increases. Therefore, 
primary air should be supplied through the sidewalls, and instead of grate air, from the 
front above the fuel bed. 
 
In the present design, it is of great importance to keep the O2 content above 5 vol.% in 
the stack gases, to avoid local deficit of O2 in the combustion chamber. However, this 
limit can probably be reduced due to reasons discussed in paper A.  
 
The gas temperature before the secondary zone must exceed 800˚C to obtain an 
effective combustion process. Otherwise, emissions of pollutants in form of products 
of incomplete combustion occur due to low temperature level in the combustion 
chamber. 
 
Experiments at constant thermal output, in the range 60 kW to 500 kW, show very 
good results considering emissions of CO and THC. The average CO content in the 
stack gases is typically below 20 mg/MJ.  
 
Fuel moisture contents up to around 58% do not seem to affect the combustion 
process negatively, when the large combustion chamber is in operation. The only 
observed difference between using a wet and dry fuel, is the time to heat up the 
furnace. The experiments in the smaller chamber show, on the contrary, that the 
moisture content of the fuel has a strong influence on the combustion process.  
 
The large combustion chamber has a much broader thermal output span than intended. 
The experiment showed that it is possible to operate the furnace between 60 kW up to 
430 kW, with maintained low emissions of CO and THC. However, it is not likely 
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that it is possible to operate at that low thermal output for a longer time, due to a 
decreasing gas temperature. 
 
The smaller combustion chamber does not work as good as the larger module. 
However, the results are anyway satisfactory. The CO concentrations in the stack 
gases are typically below 55 mg/MJ and the NOx content below 95 mg/MJ during 
steady state conditions.  
 
Since only one calculation of the thermal efficiency has been carried out, further 
experiments are required to be able to draw any major conclusions concerning the 
thermal efficiency. 
 
The boiler can handle fast and large heat load variation with maintained low 
emissions of harmful substances, both when using the combustion chamber only and 
when it is used together with the heat store. However, when the heat demand is low, 
the best solution for handling the heat load peaks is to use the heat store together with 
the large combustion chamber.   
 
Concerning the performance of the boiler during different seasons, no problems 
should occur during winter, spring and fall irrespective if the heat store is used or not. 
On the other hand, during summer, when the heat demand is very low or zero a heat 
store is necessary to secure the need of hot tap water and to reduce emissions of CO 
and THC. 
 
The main conclusions are that it is possible to run the boiler down to 10% of 
maximum load with low emissions of CO and THC even when wet wood-chips are 
used. This can reduce both the investment and operating costs for small district 
heating plants. The most appropriate solution for a small district-heating system is 
however to use a water heat store to match the heat load variations, while the furnace 
operates at as constant thermal output as possible. 
 
FUTURE WORK 
 
In the near future at least one new plant will be manufactured by Swebo Flis och 
Energi. Even if the combustion chamber works very satisfactory concerning the 
combustion process, several design improvements of the furnace as well as the fuel 
feeding system are required. 
 
As mentioned in the papers, problems with air leakage into the primary chamber 
occur frequently. In the next version of the furnace, it is of great importance to 
eliminate every possibility for air leakages. 
 
Furthermore, the secondary air path has to be re-designed. At present, unnecessary 
pressure drops occur, which limits the secondary air supply. 
 
Several attempts have been performed in order to control the excess air ratio by 
controlling the secondary air supply. Since the oxygen concentration in the stack 
gases was measured after the heat transfer unit, the control system received the 
measured value too late, particularly at lower loads when the gas velocity through the 
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boiler is low. Therefore, a heat resistant lambda probe should be installed immediately 
after the secondary zone to obtain a faster control system.  
  
Ongoing- and planned projects 
 
A demonstration unit based on the new concept, including a heat store, is planned. It 
will be located in a village near the town of Boden, where it will handle the heat 
demand of a school building. Currently, an oil burner is used for heat production. The 
community of Boden will have the main responsibility for the project, while the 
research group at Luleå University of Technology will evaluate the overall 
performance of the plant.  
Additionally, a pre-study project of a small-scale district heating plant, using the new 
biomass concept together with solar heat power is planned. The intention is to use the 
furnace for 100 % of heat production during winter and the main part during spring 
and fall, whereas solar heat production will be used during summer. The study will 
also include a comparison between a centralised heat store and collectors and 
decentralised heat stores and collectors installed at each customer. This comparison 
will show the most appropriate solution regarding economy and performance of the 
system and will be applied in a future demonstration unit. One problem with district 
heating is that the heat losses during summer are large, calculated as percentage of the 
delivered heat. Thus, one important benefit with decentralised heat stores and solar 
collectors is that the main district-heating network can be closed during summer, 
which reduces the losses radically.  
The pre-study will also identify a suitable location and a plant owner for the 
demonstration unit. Moreover, the possibility to install broadband and include several 
useful services for the customer, for example on-line information about heat 
consumption, costs and statistics will be considered in order to make the concept more 
attractive for the connected customers. 
 
Another project has started, where horse manure is used as fuel to produce heat for 
riding-schools or trotting courses. This far the experimental results, concerning 
emissions of CO, have been surprisingly satisfactory. Typical emissions of CO are 
around 100 mg/Nm3. However, the emission of NOx is significantly higher, typically 
exceeding 320 mg/Nm3. (Standardised to 10 vol% O2). 
 
The potential market for this kind of installations is large. As from January 1st 2002, a 
deposition fee of $25 per ton horse manure will be charged, which will result in 
severe costs for stables and trotting-courses in Sweden. In Sweden, there are 
approximately 300 000 horses, which produce nearly 7.5 million m3 of horse manure. 
This corresponds to approximately 3 TWh equivalent to the electricity consumption of 
150 000 family houses. If this installation will be successful, the stable- and trotting 
track owners will on one hand decrease the cost for heating the facilities and on the 
other hand avoid a large part of the new fee. Project partners are Swebo Flis och 
Energi, Boden and Energy Technology Centre (ETC) in Piteå, Sweden. The study 
focuses on the combustion process and ash related problems that can occur. 
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ABSTRACT 
 
A new bio fuel based boiler concept for small district heating systems has been 
developed. The boiler enables heat load variations from 100% down to 10% of 
nominal heat power output fulfilling the most rigorous environmental restrictions. To 
obtain as low fuel costs as possible, an unrefined fuel in the form of wood-chips with 
moisture content in the range of 35-55% is used. 
  
The primary combustion chamber is partitioned to be able to maintain the required 
combustion temperature even at low thermal outputs. The thermal output span is 50 
kW to 500 kW, with one module operating in the range of 50-150 kW and the other in 
the range of 150-350 kW. The smaller module will operate during summer time when 
heat is demanded only for hot tap water production, which on average amounts to 
about 10 % of the maximum heat demand during one season. Because of the wide 
thermal output span that is possible, the boiler can run continuously without starts and 
stops, which reduces emissions of unburnt gases radically. As another possibility to 
handle fast heat load variations that frequently occur in smaller district heating 
networks, a water heat store has been installed in the system. 
 
The introductory experiments in the larger module are very promising. Initially, the 
primary air was supplied partly through the grate with CO peaks around 2500 
mg/Nm3 as a result. After some modification of the primary air supply system, the 
average CO content in stack gases is now typically below 20 mg/Nm3 during steady 
state conditions. To achieve these results it is necessary to have a combustion 
temperature above 800°C and oxygen content in the stack gases not below 5 vol%.  
 
INTRODUCTION 
 
The Swedish Parliament has decided to restructure the energy supply system. One of 
the objectives in the energy policy decision is to gradually phase out the nuclear 
power and replace it with domestic non-polluting energy sources. The nuclear power 
production was 1999 amounted to 69.5 TWh or 46% of the total electricity production 
in Sweden. 
 
The most common type of heating in detached houses in Sweden is electric heating, 
being the main heating source in approximately 40 % of such dwellings. In 1998, the 
total electricity use in detached houses for heating purposes was amounted to 20.5 
TWh 1. The reason for this high proportion of electric heating is low installation costs 
and convenient operation. In order to make a nuclear phase out possible, the demand 
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for electricity must be reduced and other energy sources must be used to a larger 
extent. 
 
One way to reduce the electricity demand is to convert from electric heating to district 
heating. This is an ongoing activity in areas covered by the main district heating 
networks. However, there are a lot of smaller communities outside these areas in the 
northern, mid- and Eastern Europe and other countries with access to forestry and 
agricultural residues, which are very well suited for smaller district heating networks 
where the heat production is based on bio fuels. It is also expected that the market for 
small and middle-sized biomass fired boilers will grow substantially if the emission 
problems can be mastered.  
 
Due to great load variations in smaller district heating networks, boilers have to work 
with a modulating thermal output of 10 to 100% of their nominal output. A study 
financed by the Swedish National Board for Industrial and Technical Development 
(NUTEK) shows that boilers in the power output range of 0.5-10 MW emit substantial 
amounts of harmful emissions like CO, NOx and THC 2 at low thermal output or at 
fast load changes. 
 
Therefore, Luleå University of Technology together with a local industry company 
has developed a new bio fuel based boiler concept, which will make it possible to 
produce heat in small district heating networks at a competitive price and with little 
impact on the environment. 
 
The emphasis of this paper has been placed on describing the new concept and 
presenting the results of introductory experiments. 
 
PROJECT OBJECTIVITIES 
 
The main objective has been to design a biomass boiler with a maximum thermal 
output of 500 kW.  
 
The boiler must fulfil the most rigorous restrictions on emissions considering CO, 
NOx and THC in the entire thermal output range, which is down to 10% of maximum 
heat power. It must also be able to handle fast heat load variations with maintained 
low emissions. 
 
To keep the operating costs low, the fuel should be unrefined.   
 
DESCRIPTION OF THE TEST PLANT 
 
The test site is located in Boden, about 36 km from Luleå, and is connected to the 
local district-heating network through a heat exchanger. 
 
The plant consists of a fuel store, fuel conveyors, combustion equipment, a boiler, two 
cyclones and a water heat store.  
 
The combustion is performed in two stages, in the primary and secondary zone. After 
the secondary combustion chamber, the flue gas flows to a conventional convection 
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boiler where the heat is transferred to the water. The cooled gases continue through 
one or both of the cyclones to the chimney. (See figure 1). 
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A mixer is installed in the intermediate fuel store to secure the fuel feeding. Wood-
chips have tendency to build caves above the rotating feeding screws in the bottom of 
the store, which decreases the fuel supply radically. Therefore, the mixer is needed to 
destroy the formed caves. 
 
Three feeding screws supply the fuel to the combustion chamber, with two of them 
feeding the larger chamber. Experiments have shown that at least two feeding screws 
are necessary to get a uniform distribution of the fuel in the chamber. Two different 
ways to run the feeding screws will be investigated, frequency speed control and 
on/off control of the electrical engines.  
 
Primary combustion chamber 
 
The primary combustion chamber is partitioned to maintain the required combustion 
temperature even at lower thermal output. The maximum thermal output of the 
chamber should be 500 kW and the lowest about 50 kW. A conventional combustion 
chamber out on the market in Sweden cannot manage a thermal output below 30% of 
maximum without producing large amounts of unburnt gases due to the resulting 
lower combustion temperature. This means that a reasonable way to divide the 
combustion chamber is between one module of about 350 kW and one module of 
about 150 kW. Figure 3 shows a sketch of the partitioned primary combustion 
chamber. 

 
 

Figure 3. Sketch of the partitioned primary combustion chamber 
 
The fuel enters the combustion chamber at a horizontal plane and moves slowly 
towards an inclined plane. The purpose with the two planes is to dry the wood-chips, 
before the combustion, using heat transfer by radiation and convection from the 
combustible gases. Pyrolysis starts in the slope and the beginning of the horizontal 
plane after the slope. Final char combustion takes place on the horizontal plane and on 
the steps shown in the figure. 
 
Two rectangular hydraulic pistons placed in the lower horizontal section, pushes the 
fuel forward towards the steps. It is possible to vary the length and velocity of the 
piston stroke.  
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The primary combustion air is pre-heated in the double wall construction outside the 
ceramics in each module. The air is supplied partly above the fuel bed in the front end 
of the combustion chamber (front air) and partly from pipes along the sidewalls.  
In this prototype, the ash is removed manually. In the final design, the ash will be 
removed by use of a worm conveyor.  
 
Secondary combustion chamber 
 
The design of the secondary combustion chamber is based on previous experiences 
and CFD simulations. It is designed to get as good mixing as possible between the 
secondary air and the combustible gases. The secondary combustion air is pre-heated 
to a few hundred degrees Celsius depending on the actual thermal output. 
 
The partly oxidised combustion gases from the primary zone are mixed with the pre-
heated combustion air, which is supplied in the throat between the primary- and 
secondary stage. The mixture enters the horizontal cylindrical secondary chamber 
above the throat where the combustible gases are completely oxidised if the right 
conditions are achieved. Figure 4 shows the design of the ceramic body of the 
secondary zone. The air supply arrangement is not shown in the picture. 

Figure 4. The secondary combustion chamber 
 
Cyclones 
 
Two cyclones of different size have been installed to separate particles from the 
combustion gases. The gases will pass through one or both of the cyclones, depending 
on the thermal output. For example, at low thermal output the gases will pass only the 
smaller cyclone to maintain the gas velocity and secure the separation. 
 
Water heat store 
 
As one way to handle heat load variations in the district-heating network, an 
unpressurised water heat store is installed. It also works as an expansion volume and, 
in case of failure of the circulation pumps, as a self-circulated cooling buffer for the 
heat recovery unit. The heat store has a water volume of about 35 m3.  
 
Control strategy 
 
The purpose of the introductory experiments was to learn how the system works. 
Important parameters for the combustion process as fuel feeding, primary- and 
secondary air supply needed to be studied. Therefore, all units in the heating central 
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were manually controlled and the set point values adjusted continuously during the 
experiments.  
Two Glow Guards, developed by IAMFT, Graz Austria, are installed to measure the 
intensity of light in the fuel bed. The idea is to use the Glow Guards to control the fuel 
feeding. If, for example, the Glow Guard at the end of the combustion chamber 
registers a high intensity of light, the fuel-feeding rate has to decrease. 
 
As mentioned earlier, heat storage is one way to handle the heat load variations, 
which arises in the district-heating network, especially during mornings and evenings. 
These variations will be simulated with power output from the test site matching these 
demands either with the partitioned combustion chamber only or with the larger 
combustion chamber together with the heat store. Both ways will be compared 
concerning efficiency and emissions. 
 
Measuring equipment  
 
The concentrations of CO2, CO, O2, NOx, THC and gas temperature are measured in 
the stack gas after the boiler. The gas analysing system consists of a multi-component 
gas analyser (Maihak) for continuous measurements of NO, CO, CO2 and O2, together 
with a NO2/NO converter (JNOX) to be able to measure NOx. A heated total 
hydrocarbon (THC) analyser (JUM) is also included. The gas sample probes are 
installed immediately after the convection boiler.  The measuring ranges and methods 
are shown in table 1.  
 

Table 1. Measuring ranges and –methods for different gas components 
 Range Method 
O2 0-25 vol% P.m.c* 
CO 0-1000/10 000 ppm FTIR** 
CO2 0-20 vol% FTIR** 
NO 0-500 ppm FTIR** 
THC 0-10/102/103/104/105 ppm FID*** 
*Paramagnetic O2 cell, **Fourier Transform Infra Red, ***Flame Ionisation Detector  
 
The temperatures in the combustion chamber and temperature of the flue gas are 
measured by radiation-shielded thermocouples. 
 
The data acquisition equipment consists of two loggers, with 24 channels each. Data’s 
are sampled at a frequency of 0.2 Hz and recorded every 30 second. 
 
FIRST EXPERIMENTAL RESULTS 
 
The first tests were carried out in the larger combustion chamber (150-350 kW), since 
this chamber has more measuring equipment than the smaller one. The moisture 
content of the wood chips was in the range of 42-50% during the experiments. 
 
The emissions of CO have been used as an indicator of the effectiveness of the 
combustion and changes of the design have been made with the purpose to minimise 
these emissions without increasing the amount of NOx in the stack gases.  
In the first design of the combustion chamber, the primary air was supplied partly 
through pipes in the sidewalls and partly through the grate in the steps.  
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The first experiments showed that the CO content in the stack gases was high, 
especially after a piston stroke. When the air supply through the grate was closed, the 
emissions of CO were radically reduced. See figure 5. The average CO concentration 
during this run was 506 mg/Nm3. 
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Figure 5. Emissions of CO standardised to 10 vol% O2. The thermal output was 
~140 kW  
 
Several experiments were made with grate- and side air, but the best results were 
achieved when the primary air was supplied only through the sidewalls. However, 
without combustion air fed through the grate, problems with increased amount of 
unburnt fuel occurred. Therefore, it was decided to redesign the primary air system. 
Instead of supplying the air through the grate, the air is, in the present design, supplied 
above the fuel bed in the front end of the combustion chamber, front air. The 
reconstruction resulted in a decrease of the average stack gas content of CO and the 
amount of unburnt fuel. One experiment with front- and side primary air is shown in 
figure 6. The average CO concentration was here 22 mg/Nm3. 
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Figure 6. Emissions of CO standardised to 10 vol% O2. The thermal output was 
~150 kW 
 
It has been observed that the ratio between front- and side primary air affects excess 
air ratio. It seems as the concentration of O2 decreases if more side- than front air is 
supplied, probably due to a more effective use of the primary air. Further experiments 
are however necessary to investigate this dependence more closely.  
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Figure 7 shows the emissions of CO as a function of O2 content in the stack gases. In 
the present design, the O2 content must not be lower than 5 vol.% to avoid local 
deficit of O2 with resulting high peaks of CO.  
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Figure 7. The emissions of CO as a function of O2 content in the stack gases 
 
Emissions of CO also occur if the temperature in the combustion chamber is too low. 
Figure 8 shows that it is important that the temperature before the entrance to the 
secondary zone exceeds at least 800˚C to get as efficient combustion as possible.  
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Figure 8. Emissions of CO standardised to 10 vol.% O2 as a function of the 
temperature before the secondary zone 

 
Very good results have been achieved after the modification of primary air supply. 
The results show that the combustion in the larger chamber is very effective in the 
whole thermal output span. See table 2.  
 

Table 2. Average thermal outputs and emissions (standardised to 10 vol% O2) 
during steady-state conditions in the larger combustion chamber. 

Module 1 (150-350 kW) 
Thermal output 150 kW 250 kW 350 kW 
Moisture content  50.4% 42.8% 44.7% 
O2     (vol%) 7.6 7.5 7.1 
CO    (mg/Nm3) 14 11 11 
NOx   (mg/Nm3) 142 193 191 
THC  (mg/Nm3) 0.3 0.6 0.8 
 

 8



 

The content of CO and THC in the stack gases is extremely low. However, the NOx 
content is increasing with increasing thermal output, which indicates that thermal NOx 
is formed. 
 
DISCUSSION 
 
This far the results seem very promising. However, a lot of work is, of course still 
remaining.  
 
The large combustion chamber works very well in the tested thermal output span. 
However, it is most likely possible to get even better results with some modifications. 
For example, air leaks through the piston inlet. If this leakage could be reduced, it is 
possible to decrease the excess air ratio and thereby increase the total thermal 
efficiency.  
 
CONCLUSIONS 
 
It is possible to obtain very low emissions of CO in the entire thermal output range in 
the larger combustion chamber using fuel with high moisture content. It is known that 
low values of CO also means minimal emissions of VOC and PAH. 
 
The combination of grate- and side primary air yields ineffective combustion in this 
type of combustion chamber design. The gas residence time probably gets too short 
due to the very intensive gasification above the grate when the piston strikes. 
However, without air from the grate the amount of unburnt fuel increases. Therefore, 
primary air should be supplied through the sidewalls, and instead of grate air, from the 
front above the fuel bed. 
 
It is of great importance to keep the O2 content above 5 vol.% in the stack gases, to 
avoid local deficit of O2 in the combustion chamber. However, this limit can probably 
get lower when the air leakage, discussed earlier, is reduced.  
 
A combustion temperature above 800˚C is necessary to completely burn the CO. 
Otherwise emissions of unburnt occurs due to low temperatures in the combustion 
chamber. 
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Abstract 
 
Extensive experiments have been carried out in a newly developed furnace suitable for small district 
heating networks. The fuel is wood-chips with moisture content in the range of 30-58 %. One of the 
unique features of this new furnace is the broad thermal output span, which makes it possible to run the 
boiler down to 10% of maximum heat load, with maintained low emissions of CO and THC. The aim 
of this study has been to evaluate the performance of the combustion chamber during steady-state 
operation in the complete thermal output range. 
 
The experiments show very good results over the entire thermal output range. In the range 60 kW up to 
500 kW, the average CO content in the stack gases is typically below 25 mg Nm-3 (20 ppm) and the 
NOx concentration below 195 mg Nm-3 (95 ppm) during steady state conditions. At lower thermal 
outputs, the average CO content is below 105 mg Nm-3 (84 ppm). (All values standardised to 10 vol.% 
O2).  
 
Keywords: Biomass, combustion, district heating, emissions 
 
 
1.  Introduction 
 
A study, carried out by the Swedish National Board of Industrial and Technical 
Development (NUTEK), shows that biomass boilers in the thermal output range 0.5 to 
10 MW emit a disproportional amount of pollutants in form of products of incomplete 
combustion during low or varying thermal output [1]. Since this is a common 
situation in small district-heating networks, it is important to have a system that can 
handle these types of operation with minimal environmental impact. Large and 
frequently occurring heat load peaks arises in daytime, especially during the summer. 
The heat demand can be considered very low or non-existent while the demand for 
hot tap water is approximately the same, independent of season. Due to this, the boiler 
must be able to work with a modulating thermal output in the range 10 to 100% of the 
nominal thermal output, since the average heat demand during summer is estimated to 
be around 10% of the demand in winter.  
 
A new concept for small-scale heat production based on biomass, described in detail 
by Lundgren et al [2], has been developed by Luleå University of Technology and a 
local industry company, AB Swebo Flis och Energi. The combustion chamber is 
designed for a maximum heat load of 500 kW and for thermal output modulation 
down to 50 kW, using wood-chips, with high moisture content, as fuel. The reason for 
using an unrefined fuel instead of pellets or briquettes is to reduce the fuel costs. The 
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investment can also be reduced if the boiler can handle this wide thermal output span, 
since no supplementary heating source will be needed during summer. 
 
The market for this kind of installation is expected to grow substantially, if the 
emission problems can be mastered. Particularly, in Northern-, Mid- and Eastern 
Europe and other countries with access to forestry and agricultural residues there is an 
increasing use of biomass fuels for central heating systems in small communities.  
 
The aim of this experimental study has been to evaluate the performance of the 
combustion chamber at constant thermal output. Experiments have been carried out to 
verify the wide thermal output span and the furnace’s ability to handle fuel with high 
moisture content, with maintained low emissions of unburnt gases.  
 
The emissions of CO have been used as an indicator of the combustion efficiency.  
 
2.  Test facility and experimental set up 
 
The test plant is located in the northern part of Sweden, around 70 km south of the 
Arctic Circle in the town of Boden, and is connected to the local district-heating 
network. The facility includes, besides furnace and heat transfer unit, a water heat 
store as one possibility to handle the heat load variations. Two cyclones are used for 
stack gas cleaning. 
 
Figure 1 shows an explanatory sketch of the fuel- and airflow in the plant. 

 
Figure 1. Fuel- and air/gas flow path 
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2.1 Fuel 
 
Wood-chips with moisture content in the range of 30% to 58% have been used during 
the experiments. To determine the moisture content, fuel samples were dried in an 
electrical oven for at least 24 hours at approximately 105°C.  
  
An accredited laboratory (SLU, Umeå, Sweden) has performed analysis of the 
chemical composition of the wood-chips on several occasions. The results are shown 
in table 1. 
 
Table 1. Chemical composition of the fuel 
Analysis Method Unit Result 
Sulphur SS 18 71 77:1 % of dry substance <0.01 
Carbon LECO-method 1 % of dry substance 49.5-49.8 
Hydrogen LECO-method 1 % of dry substance 6.1-6.2 
Nitrogen LECO-method 1 % of dry substance <0.1 
Oxygen Calculated % of dry substance 43.5-44.0 
Char residues SS 18 71 77:1 % of dry substance 0.5 
Volatiles  SS-ISO 562:1 % of dry substance 84.1-84.6 
 
According to Hellwig [3], the size of the wood-chips can be divided into fine- and 
rough wood-chips with side-lengths from 5 to 50 mm and 50 to 100 mm respectively. 
The wood-chips used in most of the performed experiments can be classified as rough 
wood-chips with a typical size between 40 to 100 mm.  
 
2.2 The combustion chamber 
 
The combustion chamber, shown in figure 2, is designed in a way that enables use of 
wood-chips with high moisture content, up to at least 55%, and to have a wide 
thermal output span, 10 to 100%, still fulfilling the most rigorous emission 
restrictions. It should also be able to handle large and fast heat load variations. It is 
however known that a conventional biomass boiler out on the market in Sweden can 
not manage a thermal output below 30% of its nominal without producing large 
amounts of pollutants like CO and THC. One of the main reasons is the difficulty to 
keep the required combustion temperature at lower heat loads. Therefore, the primary 
combustion chamber is divided in two modules, where one of them is designed to 
handle the thermal output span 50-150 kW and the other 150-350 kW. For operation 
over 350 kW, both modules are running together. 

 
Figure 2. The primary combustion chamber 
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The fuel feeding system consists of three feeding screws, where two of them are 
connected to the larger module and one to the smaller. Experiments have shown that it 
is necessary to have at least two feeding screws to get a uniform distribution of the 
fuel. The fuel feeding system also includes a hydraulic piston inside each chamber, 
which is used to transport the burning fuel bed forward. The displacement and the 
speed of the piston stroke can be chosen freely.  
 
The wood-chips enter the back of the primary chamber on the upper horizontal plane 
and are pushed slowly towards a slope. The intention with the plane and the slope is 
to dry the fuel before the combustion starts using heat transfer by radiation and 
convection from the burning gases. Pyrolysis takes place at the end of the slope and 
on the beginning of the lower horizontal plane. Final char combustion takes place on 
the lower horizontal plane and at the steps shown in figure 3.  

 
Figure 3. The combustion chamber 

 
The primary air is pre-heated in a double wall arrangement outside the ceramics in 
each module. Primary air is introduced partly through slotted steel pipes in the 
sidewalls and partly through a pipe in the front of the furnace. (See figure 3). In the 
present design, no air is supplied through the grate, due to problems with large peaks 
of CO in earlier experiments when this was tried, see Lundgren et al [2]. The ratio 
between front- and side primary air can be set manually. Experiments with different 
settings of this ratio and the ratio between total primary- and secondary air have been 
performed in order to study the effects on emissions and excess air. The results are 
shown in this paper. 
 
The combustible gases produced by the combustion process continue to the 
cylindrical ceramic secondary chamber. The design was developed on basis of CFD 
simulations and results from previous experiments. The secondary air is pre-heated 
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partly outside the cylinder and partly between the two primary chambers to a few 
hundred degrees depending on the desired thermal output. CFD simulations were used 
to find the best possible way to supply the secondary air in order to obtain as good 
mixing between secondary air and combustible gases as possible. The design is 
described in detail in a paper written by Lundqvist et al [4]. 
 
2.3 Measuring equipment 
 
The analysis of the stack gas composition is carried out immediately after the heat 
transfer unit. A multi-component gas analyser for online measurements of NO, CO, 
CO2 and O2 (Maihak) and a heated THC analyser (JUM) are installed. In addition, a 
NO/NO2 converter is installed to be able to measure total NOx.    
 
The temperatures are measured by radiation-shielded thermocouples of type N. 
Temperatures in the primary zone are measured in the larger module, but not in the 
smaller one. The only temperature measured when the smaller module is in operation, 
is the temperature after the secondary combustion chamber.  
 
The values are recorded every thirtieth second in two loggers. 
 
2.4 Measurement inaccuracies  
 
Calculations show that the measurement inaccuracies for CO, CO2 and NOx are 65.2 
% of the measured value for a newly calibrated gas analysis instrument and 65.4 % 
after one week of operation. For O2 measurements, the uncertainty is 65.1 % and 65.3 
% respectively. The uncertainty of the THC measurements is calculated to 62.7 % 
after calibration and 63.4 % after 24 hours. The gas analysers have been calibrated at 
least once a week. 
 
The reason for the small difference in uncertainty between newly calibrated 
equipment and after one week of operation is due to the large contribution from 
interfering substances, which always occurs. The error sources considered are 
presented in table 2. 
 
Table 2. Measuring methods, source of errors and its inaccuracy for different 
measuring methods 
Gas 

Method 

CO,CO2,NOx 
FTIR 

O2 
P.m cellc 

THC 
FID 

Source of errors Inaccuracy 
Calibration (reference gas)a

 62% 62% 62% 
Zero point drifta <1%/week <1%/week <1.5%/24 h 
Span gas drifta <1%/week <1%/week <1.5%/24 h 
Noisea <1% <0.2% - 
Residual moisture in gas sampleb <1% <1% - 
Interfering substancesb <4% <4% - 
Linearity deviation  <2%b <2%b <1%a 
Pressure- and temperature changesb <1% <1% - 
Oxygen synergisma - - <1.5% 
Data logger (analog input)a 60.03% 60.03% 60.03% 
a According to the manufacturer b Maximal acceptable deviations according to the 
Swedish Environmental Protection Agency  c Paramagnetic O2 cell 
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3. Experimental results 
 
3.1 The larger combustion chamber (150-350 kW) 
 
Most of the experiments have been performed in the larger combustion chamber, 
mainly because it has more measuring equipment than the smaller module. 
 
The introductory experiments showed that it was possible to obtain very low 
emissions of CO and THC in the complete thermal output span of the larger chamber. 
The results, presented by Lundgren et al [2], showed that primary air supplied through 
the grate caused a more inefficient combustion than when the primary air is supplied 
from above the fuel bed. It was also found that to obtain a good combustion process, 
the gas temperature must exceed at least 800°C before the entrance to the secondary 
zone. 
 
The larger combustion chamber is designed to handle thermal outputs in the range of 
150 kW to 350 kW. It is, however, of a great interest to find the absolute minimum 
and maximum thermal output with maintained low emissions.  
 
The results presented in figure 4 show that it is possible to run the combustion 
chamber between 430 kW down to around 60 kW. However, it is most likely difficult 
to run the boiler at such low thermal output for a longer time with low emissions, due 
to the resulting temperature decrease in the combustion chamber. 
 
Noticeable is that the combustion process is more sensitive for piston strokes at lower 
thermal outputs considering CO peaks, see figure 4. At lower thermal outputs, the 
temperature of the combustible gases decreases, which reduces the combustion 
intensity in the secondary combustion chamber.   
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The moisture content of the fuel during the experiment was 50%. The average CO and 
NOx concentration in the stack gases were 20 mg Nm-3 and 138 mg Nm-3 respectively. 
The average O2 content was 10 vol%. 
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Several tests have been performed at different thermal outputs with different moisture 
contents of the wood-chips. Figure 5 and 6 show the results from two test runs at 350 
kW with moisture contents 35% and 58% respectively.  
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Figure 6. Temperature before the secondary zone, O2 content and CO emissions @ 10 

vol% O2. Moisture content 58% 
 
As shown in figure 5 and 6, the start up phase is significantly longer when using a fuel 
with higher moisture content. However, during steady-state conditions, the heat 
transfer rate from the ceramics is high enough in both cases to cause an efficient 
drying process. It is therefore possible to keep the gas temperature level above 800°C 
and thereby obtain an efficient combustion process. Noticeable is that the start up 
phase in the experiment with the drier fuel shown in figure 5 is very fast.  
 
However, other experiments show that emission problems can occur if the wood-chips 
are fine and at the same time wet. In this case, the fuel bed gets very compact, which 
makes it difficult for the primary air jets to penetrate into the fuel bed. This results in 
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a lower combustion temperature, higher emissions of CO and an increased amount of 
unburnt fuel.  
 
Three different distributions of primary- and secondary air supplies at two different 
thermal outputs have been studied. The studies also included three different ratios 
between front- and side primary air with the total volume flow of primary air kept 
constant. 
 
The moisture content of the wood-chips was 45 % during the experiments. Each 
experiment lasted for at least one hour during steady state conditions. Table 3 shows 
the average excess air ratio and emissions for different settings. 
 
Table 3. Results of the air supply study at two different thermal outputs 
Thermal output 150  kW 
Secondary air % 20 % 30 % 40 % 
Front/Side ratio 0.7 1.0 1.3 0.7 1.0 1.3 0.7 1.0 1.3 
Excess air ratio λ 1.65 1.69 1.61 1.73 1.73 1.78 1.5 1.59 1.63 
CO   mg Nm-3 10 10 10 11 16 13 8 5 6 
NOx   mg Nm-3 144 146 136 142 142 146 127 134 131 
THC mg Nm-3 0.05 0.1 0.2 0.8 0.5 0.8 0.3 0.3 0.3 
Thermal output 350  kW 
Secondary air % 40 % 50 % 55 % 
Front/Side ratio 0.7 1.0 1.3 0.7 1.0 1.3 0.7 1.0 1.3 
Excess air ratio λ 1.41 1.48 1.6 1.35 1.47 1.47 1.47 1.55 1.54 
CO   mg Nm-3 19 19 26 16 24 21 16 17 23 
NOx  mg Nm-3 166 162 168 160 160 160 156 156 156 
THC mg Nm-3 0.6 0.6 0.8 0.2 0.2 0.2 0.3 0.5 0.3 
 
The study shows that the NOx content can be slightly reduced if the amount of 
primary air is reduced. It also shows that the excess air ratio decreases if more side- 
than front primary air is supplied, due to a more effective use of the primary air. The 
content of CO is not considerably affected. 
 
It can be discussed whether the levels of primary-/secondary air ratios should have 
been chosen with larger difference to be able to draw any definitive conclusions. 
Therefore, further investigations are necessary. 
 
Table 4 shows a summary of performed test runs in the whole thermal output span of 
the larger module during steady-state conditions. The emissions of CO are very low in 
all test runs, while the content of NOx is relatively high at higher thermal output. 
 
Table 4. Average thermal outputs and emissions during steady-state conditions in the 
larger combustion chamber 
Module 1(150-350 kW) 
Thermal output  150 kW 200 kW 250 kW 350 kW 
Moisture content % 46.2 48.0 42.8 44.7 
Excess air ratio λ 1.55 1.53 1.55 1.51 
CO (mg/Nm3) 14 8 11 11 
NOx (mg/Nm3) 142 115 193 191 
THC (mg/Nm3) 0.3 1.9 0.4 0.5 
 
It is, however, very difficult to draw any major conclusions concerning the NOx 
content, since the fuel quality is varying largely. Sometimes the fuel contains a lot of 
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bark, sticks and twigs, which automatically increases the NOx concentration in the 
stack gases. 
 
3.2 Experiments in the smaller combustion chamber (50-150 kW) 
 
A number of experiments in the complete thermal output span of the smaller 
combustion chamber with different moisture contents of the fuel have been 
performed. Table 5 shows typical results in the small combustion chamber during 
steady state conditions. 
 
Table 5. Average thermal outputs and emissions @ 10 vol% O2 during steady-state 
conditions in the smaller combustion chamber 
Module 2 (50-150 kW) 
Thermal output  50 kW 100 kW 125 kW 150 kW 
Moisture contenta - - - - 
Excess air ratio λ 2.15 1.87 1.64 2.1 
CO (mg/Nm3) 104 97 44 101 
NOx (mg/Nm3) 160 181 172 167 
THC (mg/Nm3) 0.3 - 1.0 - 
a The moisture content of the fuel was not measured during these experiments, but was estimated to be 
between 30-40%.  
 
A comparison of the results between the two modules shows that the excess air ratio, 
CO and NOx concentration in the stack gases are significantly higher in the smaller 
chamber, see table 4 and 5.  
 
The main reasons are severe air leakage through the grate and lack of primary air 
distribution control. In this design, it is unfortunately not possible to control the front-
/side air ratio. Most of the air is supplied through the front pipe, due to less pressure 
drops than in the side pipes. The velocity of the front air gets so high, that the fuel is 
blown away. When the piston strikes and pushes new fuel to the empty part of the fuel 
bed, the gasification gets too intensive, which causes large CO peaks. The excess air 
ratio increases since the primary air is not efficiently used.  
 
Air leakage through the grate appears in several locations in the furnace causing 
considerably larger peaks of CO when the piston strikes. In addition, higher NOx 
content occurs when the air is blown through the fuel bed.  
 
It also seems like the smaller combustion chamber is more sensitive to the fuel 
moisture content than the larger module. Figures 7 and 8 show the temperature after 
the secondary combustion chamber and the CO- and O2 contents in two different 
experiments at a thermal output of approximately 150 kW. The fuel moisture contents 
were 52% and 35% respectively. 
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The CO content is considerably higher in the experiment with high moisture content. 
It is observed that a CO peak occurs at the same time as an O2 peak. This means that 
the combustion temporarily stops in the secondary zone, due to too low temperature 
level. As mentioned earlier, the temperature before the secondary combustion 
chamber must exceed at least 800°C to achieve as good combustion as possible. 
(Provided that the air supply is sufficient). When the fuel is wet, this temperature is 
more difficult to retain.  
 
The average CO contents in the experiments were 242 mg Nm-3 and 39 mg Nm-3, 
respectively. 
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3.3 Summary of results in the complete thermal output span 
 
Several experiments at different levels of constant thermal output, during at least three 
hours of steady state, have been performed. The complete thermal output span has 
been tested, that is between 50 kW and 500 kW. Some typical results are shown in 
figure 9. 
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Figure 9. Emissions of CO, NOx and THC in the complete thermal output span.  
(All values standardised to 10 vol% O2) 

 
The average O2 level at different thermal outputs is overall acceptable. The O2 content 
in the stack gas is decreasing at higher thermal outputs due to better mixing between 
the combustible gases and the secondary air. The combustion intensity in the 
secondary zone is reduced at lower heat loads, which means that the secondary air 
partly dilutes the stack gases. The results also show that at higher thermal outputs, 
above 350 kW, it is possible to decrease the content of O2 below 5 vol % without 
producing higher emissions of CO.  
 
The overall CO concentration level is very low in the complete thermal output span. 
The test run at 50 kW was carried out in the smaller combustion chamber, and as 
discussed before, this chamber does not work as good as the larger combustion 
chamber. The best results are obtained from 60 kW up to 350 kW when the larger 
combustion chamber is in operation. Good results are also achieved when the two 
chambers operate together at 500 kW. Low emissions of CO also mean low emissions 
of THC, which is confirmed in the performed experiments. 
 
3.6 Fuel burnout 
 
An analysis of the amount of unburnt in the solid residue from the furnace has been 
performed by an accredited laboratory (SLU, Umeå). The result show that the amount 
of unburnt is below 0.1 % of dry substance. This result is valid for both combustion 
chambers. 
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3.7 Thermal efficiency 
 
Only one calculation of the thermal efficiency has been performed since the fuel 
consumption is not measured continuously. Therefore, calculations can only be 
performed when a new fuel container with a known weight is delivered. Then, when 
the container is empty and the boiler has been running continuously, it is possible to 
calculate the efficiency. Unfortunately, the surface temperature of the furnace is not 
measured, which makes it impossible to perform a complete heat balance.  
 
The calorific heat value of the fuel can be calculated as 
  

[kWh/kg]  27801007212219 .)**(f/.-.(  
 
where f is the moisture content of the fuel in percent. 
 
During the experiment, the larger combustion chamber was operating with a 
modulating thermal output in the range 150 kW to 350 kW. The moisture content of 
the fuel was 50.4%, which gives the calorific heat value 2.3 kWh kg-1. Totally, 8500 
kg wood-chips was consumed during the test corresponding to 19550 kWh. 
 
The total energy production, calculated by integrating the measured thermal output 
delivered to the district-heating network over the time of operation, amounted to 
16192 kWh. The thermal efficiency calculated as the ratio between delivered- and 
supplied energy, amounts to near 83%. 
 
Calculations show that the stack gas losses amount to 11%, assuming an ambient 
temperature of 25°C. The loss due to CO emissions is calculated to 0.02%. The losses 
from unburnt in the fly ash, unburnt in the solid residue from the furnace and THC 
emissions are however not considered.  
 
4. Discussion 
 
The results of the experiments at constant thermal outputs in the complete heat load 
range are very satisfactory. It has been shown that the furnace can operate at thermal 
outputs around 10% of maximum load, without producing large amounts of unburnt 
gases. Experiments with fast and large heat load fluctuations will also soon be 
performed. Need for capacity to cope with large load fluctuations can arise, for 
example during summer seasons, when the heat demand is equal or close to zero and 
only peaks for hot tap water occur. The boiler has then to be started during the peak 
period and then stopped until next peak arises. In this case, it will take a while for the 
furnace to heat up and when it finally has reached steady state, the peak is most likely 
over. The solution could be to use the heat store for the load variations. It will allow 
the furnace to run at an almost constant thermal output, while the heat store takes care 
of the hot tap water peaks. Experiments where the furnace operates together with the 
heat store will be performed. 
 
It has been observed that when the combustion chamber is started and stopped, that is 
heated up and cooled down, air leakages appear in new places. The steps after the 
ceramic fuel bed are made out of steel to facilitate tests with different arrangements 
for the primary air supply. The steel steps have a high coefficient of thermal 
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expansion, which results in dimensional changes during starts and stops. This affects 
the air leakage between the steel steps and the ceramic fuel bed as well as the 
sidewalls, which gets larger at every new start up. 
 
The smaller combustion chamber appears to be more sensitive for high moisture 
contents of the wood-chips than the larger module, which indicates that the smaller 
combustion chamber is not optimally dimensioned. For example, the distance from 
the primary- to the secondary zone is too large and should be reduced in order to 
decrease the cooling rate of the combustible gases.  
 
Furthermore, as shown in table 5 and 6, the NOx content is often higher in the smaller 
chamber than in the larger. It is very difficult to give a reasonable explanation for this 
observation and it is therefore necessary to carry out further experiments in both 
chambers with exactly the same fuel quality to be able to eliminate the effect of 
differences in fuel bound nitrogen in the experimental results.  
 
5. Conclusions 
 
Experiments at constant thermal output, in the range 60 kW to 500 kW, show very 
good results considering emissions of CO and THC. The average CO content in the 
stack gases during the presented tests is below 25 mg Nm-3.  
 
Moisture contents of the fuel up to around 58% do not seem to affect the combustion 
process negatively, when the large combustion chamber is in operation. The only 
observed difference between using a wet and dry fuel, is the time to heat up the 
furnace. The experiments in the smaller chamber show, on the contrary, that the 
moisture content of the fuel has a strong influence on the combustion process.  
 
The large combustion chamber has a much broader thermal output span than it was 
designed for. The experiment showed that it is possible to operate it between 60 kW 
up to 430 kW, with maintained low emissions of CO and THC. It is however not 
likely that it is possible to operate at that low thermal output for a longer period, due 
to a decreasing gas temperature. 
 
The smaller combustion chamber does not work as good as the larger module. 
However, the results are anyway satisfactory. The CO concentrations are typically 
below 105 mg Nm-3 and NOx content below 182 mg Nm-3 (standardised to 10 vol% 
O2) during steady state conditions.  
 
Further experiments are necessary to be able to draw any major conclusions 
concerning the thermal efficiency. 
 
The main conclusions are that it is possible to run the boiler down to 10% of 
maximum load with low emissions of CO and THC even when wet wood-chips are 
used. This can reduce both the investment and operating costs for small district 
heating plants. 
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ABSTRACT 
 
Several long-term experiments at fluctuating thermal outputs have been carried out in 
a newly developed biomass based fuelled boiler suitable for small district heating 
networks. The experiments have been performed by either using the furnace only or 
the furnace together with a water heat store. Comparisons between these two 
operation strategies have been done concerning emissions and overall performance. 
Furthermore, the plant has been run to match a simulated heat demand during 
different seasons, in order to study the performance of the system during more 
realistic operation conditions. 
 
The results are very satisfactory concerning both performance and emissions, using 
any of the control strategies. Typical emissions of CO and NOx during the 
experiments are in the range 10 to 50 mg Nm-3 (5 to 25 mg MJ-1) and 130 to 175 mg 
Nm-3 (60 to 90 mg MJ-1), respectively. However, during summer when the heat 
demand is low or zero, operational problems will occur if the heat store is excluded. 
Therefore, the main conclusion is that the most appropriate solution for a small 
district-heating system is to use a water heat store to match the heat load variations, 
while the furnace operates at as constant thermal output as possible. 
 
INTRODUCTION 
 
In order to decrease the dependence of electrical power for heating purposes, 
conversion from electric heating to district heating based on biomass is an ongoing 
activity in Sweden in areas covered by the main district heating networks. Due to a 
referendum 1980, it was decided to phase out the nuclear power, if it is possible to 
replace it with economical- and environmental sustainable alternatives. Currently, the 
nuclear power production contributes approximately 55 TWh or 39% of the total 
electricity production in Sweden. The most common type of heating in family houses 
in Sweden is electric heating, being the main heating source in approximately 33 % of 
such dwellings. In year 2000, the total electricity use in detached houses for heating 
purposes was amounted to 14 TWh [1]. Therefore, conversion to district heating is 
one important measure to be able to facilitate the planned nuclear phase out.  
 
Biomass based district heating for larger communities, where typical boiler capacities 
are in the range 20 to 150 MWth, is well established in Sweden. Increasing taxes on 
fuel oil and developments of the distribution network technology has made 
installation of district heating and use of biomass fuel economically interesting also 
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for smaller communities, where typical boiler capacities could be about 0.1 to 2 
MWth. There are a lot of smaller communities, located outside the areas covered by 
the main district heating networks that are well suited for smaller district heating 
networks, where the heat production could be based on biofuels. Small-scale district 
heating is however associated with some problems. Karlsson et al [2] have shown that 
smaller biomass boilers in the range 500 kW up to 10 MW emit unacceptable amounts 
of pollutants in form of products of incomplete combustion during low or varying 
thermal output. In smaller district heating networks supplied with only one boiler, 
such load situations cannot be avoided. For example, during summer, the space 
heating demand can be considered very low or non-existent. The demand for hot tap 
water is approximately the same, independent of season, but the variations of the 
demand over the day are large. The resulting load variation for the boiler can however 
be reduced by use of a hot water heat store. Even then, the boiler must be able to work 
with a varying thermal output in the range 10 to 100% of the nominal output, since 
the average heat demand during summer is estimated to be around 10% of the 
maximum demand in winter. Most existing biomass fuelled boilers would give very 
high emissions when operated at the low end of the output range. 
 
In order to eliminate this problem, Luleå University of Technology and a local 
industry company, AB Swebo Flis och Energi, have developed a 500 kW biomass 
fired boiler, aimed for small-scale district heating systems and designed to give low 
emissions of pollutants also at low and variable loads. A water heat store is installed 
to provide one way to handle the load fluctuations down to zero. Previous 
experiments at constant thermal output in the heat load range 10% to 100% of the 
nominal output have been performed, see Lundgren et al [3]. The results show that the 
combustion process is very effective in the entire load range with average CO 
concentrations typically below 105 mg Nm-3. In the thermal output range, 60 kW to 
500 kW, the average CO concentration is even lower, below 20 mg Nm-3 (All values 
standardised to 10 vol% O2).  
 
The aim of this study has been to evaluate how the system performs under large and 
fast thermal output variations, by either using the furnace only or the furnace together 
with the heat store. A comparison of the overall performance and emissions for the 
different operational strategies has been made to find the most appropriate solution for 
small district heating networks. 
 
DESCRIPTION OF THE TEST FACILITY 
 
The test site is located in the town of Boden in northern Sweden close to the Arctic 
Circle. It is connected to the local district-heating network through a heat exchanger. 
The plant consists of a fuel storage, fuel conveyors, a new type of furnace, a 
conventional biomass convection boiler and, as mentioned earlier, a heat store. Two 
parallel cyclones of different sizes are used for stack gas cleaning. The small one is 
used at low thermal outputs, in order to maintain a high gas velocity to secure the 
particle separation. 
 
The combustion chamber 
 
It is known that conventional combustion chambers on the market in Sweden emit 
disproportional amounts of unburnt gases at thermal outputs below 30% of their 
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nominal output, due to difficulties to maintain the required combustion temperature 
level. Therefore, to enable good combustion at heat loads down to 10% of the 
maximum, this furnace is partitioned in two modules, where one is operating in the 
thermal output range of 50 kW up to 150 kW and the other in the range of 150 kW to 
350 kW. To reach the maximum heat load of 500 kW, both modules are operating 
together. The combustion process is performed in two stages, in a primary- and a 
secondary zone. The design is described in detail by Lundgren et al. [4]. Figure 1 
shows a photo of the exterior of the combustion chamber. 
 
The fuel feeding system consists of three on-/off controlled feeding screws, where 
two are connected to the larger module and one to the smaller. Experiments have 
shown that it is necessary to have at least two feeding screws to the larger module in 
order to get a uniform distribution of the fuel. The feeding system also includes a 
hydraulic piston inside each chamber, which is used to transport the burning fuel bed 
forward. The length and the speed of the piston stroke can be chosen freely.  
 
 

 
 

Figure 1. The combustion chamber 

 
Water heat storage 
 
As one way to handle heat load variations in the district-heating network, an 
unpressurised water heat store is installed. The heat store has a water volume of about 
35 m3 and a height-to-diameter ratio of 2.6. The storage capacity is about 1.4 MWh. 
 
The installation of a heat store results in several important benefits, 
 

• It can be used to cover temporary heat load peaks, instead of starting an 
eventual back-up heat source. 
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• It can be used to counter-balance the thermal output of the boiler and thereby 
improve the combustion efficiency, due to less operation starts and stops [5].  

 
• Smoother operation decreases the emissions of pollutants like CO and THC. 

 
• The heat store serves as a heat reserve source in case of service interruptions 

or breakdowns  
 

• In case of failure of the circulation pumps, the heat store will serve as a self-
circulated cooling buffer for the heat recovery unit. 

 
A well-insulated water heat store can however be relatively expensive. The 
investment for an insulated heat store of this size is approximately $15000 in Sweden. 
 
Control of the plant 
 
The fuel-feeding rate is controlled by adjusting the time between the piston strokes. 
When the piston strikes, the feeding screws start and run for a pre-set time found by 
experience. The running time of the feeding screws is only dependent of the length 
the piston strokes. Both have fixed values, 60 seconds and 10 cm, respectively. 
 
Furthermore, it can be assumed that the thermal output of the furnace is proportional 
to the ratio between the running time of the feeding screws and the time between 
piston strokes. The time between the piston strokes (∆tpiston) (Eq. 1.) is a function of 
space heating demand (Pd), the moisture content of the fuel (f) and running time of the 
feeding screw (tscrew).  

 (1)                                                 ),,(                                               ftPft screwdpiston =∆  
 
The required set points for the fuel feeding system, primary air- and secondary air 
supply and stack gas fan are calculated by the control system, where the calculated 
space heating demand and fuel moisture content are the input parameters. 
 
To be able to match the space heating demand with the actual delivered thermal 
output from the boiler, a special control program has been written. The average 
difference (Pdiff) between the resulting boiler thermal output (Pb) and the space 
heating demand (Pd) is calculated every hour. (Eq. 2). Since changes of the outside 
temperature are slow, one hour between the calculations seemed reasonable.    

(2)                                                                                                        
n

)P(P
P db

diff
∑ −

=  

New values of the thermal output and the heat demand are received every fifth second, 
which means that n=720.   
 
The average difference (Pdiff) is used to calculate a constant C to adjust the time 
between the piston strokes and thereby the delivered thermal output according to 
equation 3 and 4. 
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(4)                                                                                               ,, oldpistoninewpiston tCt ∆⋅=∆  
 
This means that since the running time of the feeding screws is fixed and the moisture 
content of the fuel is known, the only parameter controlling the thermal output of the 
furnace is the time between piston strokes. This control parameter is corrected every 
hour to match the calculated space heating demand. The set points for the primary air-
, secondary air- and stack gas fan are calculated from the time between piston strokes 
and are adjusted every hour as well. 
 
Measuring equipment and measurement accuracies 
 
On-line measurements of the gaseous products O2, CO, CO2, NOx and THC have been 
performed during every experiment. The gas analyses were made with conventional 
gas analysers in the flue gas duct after the heat transfer unit.  
 
Gas temperatures were measured above the fuel bed in the primary zone, before and 
after the secondary combustion chamber and after the heat transfer unit. The 
temperatures were measured by radiation-shielded thermocouples of type N.  
 
The thermal output of the heat transfer unit and the thermal output delivered to the 
district-heating network were measured by ultrasonic flowmeters and temperature 
gauges of type PT-100. 
 
The data acquisition system consisted of two loggers, where the values were recorded 
every thirtieth second. 
 
Table 1 shows the measuring methods and calculated measurement accuracies for the 
different gas components.  
 
Table 1. Measuring methods and measurement accuracies 
Gas Method                     Accuracies 

     Calibrated          After one-week operation 
CO2, CO, NOx FTIR ±5.2% ±5.4% 
O2 Paramagnetic cell ±5.1% ±5.3% 
THC FID ±2.7% ±3.4%a 

a After 24 hours of operation 
 

To determine the moisture content of the fuel mixture, fuel samples were dried in an 
electrical oven for at least 24 hours at approximately 105°C.  
 
EXPERIMENTS 
 
Extensive experiments have been carried out in order to study the performance of the 
plant during heat load variations, using either the furnace only or the furnace together 
with the heat store. Initially, one experiment with stepwise thermal output variations 
between 50 kW and 500 kW, was carried out followed by experiments where 
simulated heat demands of different seasons were matched.  
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The average emissions are shown both in [mg Nm-3] and [mg MJ-1] based on the net 
heating value of the fuel. 
 
Stepwise thermal output variations 
 
Procedure 
 
Figure 2 shows the intended variation of the thermal output during the experiments 
with stepwise output variations. 
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Figure 2. Experimental procedure. Stepwise thermal output variations 

 
The tests were carried out both with the furnace alone and with the furnace together 
with the heat store. Each thermal output level was maintained for at least one hour 
during steady state conditions. 
 
The large combustion chamber together with the heat store 
 
During the test, the combustion chamber was running at a constant thermal output of 
around 250 kW. For thermal outputs higher than 250 kW, the heat store was 
discharged and for lower outputs, the store was charged. The experiment started when 
steady state conditions were achieved at 250 kW. At this point, the heat store was 
almost completely charged. After one hour of steady state, the thermal output was 
increased to 350 kW by discharging the heat store. After another one hour of steady 
state, the thermal output was increased to 500 kW in the same way. To reduce the 
thermal output down to 350 kW again, the discharging rate was decreased. The three 
final levels of thermal output were obtained by controlling the charging rate of the 
heat storage.  
 
The combustion chambers without heat storage 
 
During this experiment, both combustion chambers were in operation. The larger 
module was started at 250 kW, and to increase the thermal output, the small chamber 
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was put in operation. At thermal outputs below 150 kW, only the smaller module was 
running. 
 
Results 
 
Larger combustion chamber together with the heat store 
 
The moisture content of the fuel during the experiments was 41-43 %. The results are 
shown in figure 3. 
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Figure 3. Thermal output variations and emissions when running the large module 
together with the heat store. (Emissions standardised to 10 vol% O2) 

 
The operation of the furnace worked smoothly. The variations of the boiler thermal 
output is mostly due to fluctuations of the differential pressure in the district-heating 
network, causing a varying return temperature. 
 
The average emissions of CO during this test were extremely low, only 6 mg Nm-3 (3 
mg MJ-1). It can also be mentioned that the maximum registered CO value was 15 mg 
Nm-3. The average NOx and THC emissions were 154 mg Nm-3 (80 mg MJ-1) and 1.2 
mg Nm-3 (0.2 mg MJ-1) respectively. 
 
The combustion chambers without heat store 
 
During the experiment, the moisture content of the wood-chips was 49-51 %. The 
results are shown in figure 4. 
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Figure 4. Thermal output variations and emissions using the combustion chambers. 

(Emissions standardised to 10 vol% O2) 
 

The results show that the emissions of CO are low at thermal outputs above 150 kW, 
when the larger combustion chamber is operating. When the smaller combustion 
chamber was put into operation to reach maximum load, a smaller peak of CO was 
registered. However, the emissions of CO were low during steady-state conditions, 
when both chambers operated together. In order to decrease the thermal output down 
to 50 kW, the larger combustion chamber had to be shut down. This caused higher 
emissions of CO due to the glowing phase in the large chamber when it was stopped. 
The average content of CO during the complete test run was anyway low, 61 mg Nm-3 
(30 mg MJ-1). 
 
The average emissions of THC and NOx were 1.3 mg Nm-3 (0.3 mg MJ-1) and 144 mg 
Nm-3 (81 mg MJ-1) respectively. A comparison of the results obtained when the heat 
store is used, shows that stopping one combustion chamber leads to significant peaks 
in the CO emission. 
 
To be able to make an accurate comparison of the average emissions between the two 
cases, the operation time and the thermal output variations should have been equal. 
This was however not possible to obtain due to problems with too high differential 
pressure in the district heating network. 
 
Experimental simulations of heat load variations during different seasons 
 
Procedure 
 
Three different seasons have been experimentally simulated; winter, summer and 
spring/fall. The space heating demand has been assumed to vary linearly with the 
outside temperature with minimum (0 kW) at +17°C and maximum (300 kW) at         
-30°C. The experimentally simulated heat load peaks, due to increased hot tap water 
use during morning, lunch, dinner and evening, had to be set manually. It is, however, 
very difficult to foresee the exact size of the heat load peaks in a real network, when it 
depends on type of consumers and size of the network. Therefore, it was of a greater 
interest to study how fast the system responded to a load change. The heat load peaks 
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was intended to last for approximately one to two hours and to be in the range of 150 
to 200 kW. The experiments have been carried out both with the furnace alone and 
with the furnace together with the heat store. 
 
It was not possible to measure THC in any of the experiments, due to failure of the 
measuring equipment. However, it has been shown that low concentrations of CO also 
mean low concentrations of THC, see figure 5. 
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Figure 5. Emissions of THC as a function of emissions of CO when the larger module 

was operating 
 
The results show that an increased emission of THC occurs when the emissions of CO 
exceed about 200 mg Nm-3.  
 
During the experiments with the furnace only, the simulated load peaks have been 
induced manually by decreasing the time between piston strokes and increasing the air 
supply to reach the desired thermal output.   
 
When the furnace was used together with the heat store, the set points for the fuel 
feeding and air supply were calculated in the same way as described earlier. However, 
50 kW was added to the setpoint for the thermal output of the furnace in order to 
charge the heat store during the time between heat load peaks. This was done to 
secure that there was sufficient amount of energy in the heat store to cover the peaks. 
Automatic control of charging or discharging the heat store has not yet been 
developed, which means that the discharging rate when load peaks occur was set 
manually. 
 
Results 
 
Simulation of winter season 
 
During the experiments, wood-chips with moisture content in the range 45-48 % were 
used. Results of the experiment, where the large combustion chamber operated alone, 
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are shown in figure 6. The figure shows the delivered thermal output, the calculated 
space heating demand and emissions of CO and NOx. 
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Figure 6. The large combustion chamber in operation during simulation of winter 

season 
 
The operation of the furnace worked well. Occasionally, small peaks of CO and a 
slight increase of NOx emissions occurred when the thermal output of the combustion 
chamber was increased. The average CO- and NOx in the stack gases content were 13 
mg Nm-3 (5 mg MJ-1) and 175 mg Nm-3 (91 mg MJ-1), respectively. 
 
Figure 7 shows the results, when the heat store was used to handle the induced 
thermal output peaks. The furnace was running at a thermal output of approximately 
50 kW above the calculated space heating demand. 
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Figure 7. The large combustion chamber in operation together with the heat store 
during simulation of winter season 
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The operation of the combustion chamber during this experiment worked smoothly as 
well. Since the heat store handled the heat load peaks, no peaks of CO or NOx 
occurred due to changes of the furnace thermal output. The average CO- and NOx 
content were slightly lower than in the case without heat store, 9 mg Nm-3 (4 mg MJ-1) 
and 173 mg Nm-3 (91 mg MJ-1) respectively. 
A comparison of the two cases shows no major differences in emissions of CO or 
NOx. The results also show that the response time of the thermal output when heat 
load peaks occur is fast in both cases. When using only the combustion chamber, the 
thermal output increases around 10 kW per minute and when using the heat store 
around 40 kW per minute. One possible explanation of the fast response time in figure 
6 is that the heat transfer unit can be used as a smaller heat store, which means that it 
could be charged or discharged for shorter periods of times. 
 
Simulation of spring/fall season 
 
The spring/fall season has been simulated in an identical way as the winter season. 
However, due to lack of time for the experiments, both the measuring period and the 
time between the peaks had to be decreased. The moisture content of the fuel during 
both experiments was 50%. 
 
Results of the experiment, where the large combustion chamber operated alone, are 
shown in figure 8. The figure shows the delivered thermal output, the calculated space 
heating demand and emissions of CO and NOx. 
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Figure 8. The large combustion chamber in operation during simulation of spring/fall 
season 

 
The average space heating demand during the test run was 115 kW, which is below 
the minimum thermal output intended for the larger combustion chamber. This makes 
the furnace more sensitive for temporary temperature drops, which can result in peaks 
of CO. Figure 8 shows that when the thermal output is increased, the emission of CO 
decreases. The average CO- and NOx content in the stack gases were anyway low, 31 
mg Nm-3 (15 mg MJ-1) and 156 mg Nm-3 (83 mg MJ-1), respectively. 
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Figure 9 shows the experiment where the combustion chamber operated together with 
the heat store. 
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Figure 9. The large combustion chamber in operation together with the heat store 
during simulation of spring/fall season 

 
The same problem with a too low thermal output level occurred during this test run. 
Even if 50 kW was added to the thermal output setpoint of the boiler in order to 
charge the heat store between the load peaks, the thermal output of the combustion 
chamber was below the intended minimum output. The most appropriate solution in 
this case would have been to run the smaller combustion chamber instead, but since 
earlier results have shown that it is possible to run the larger furnace at lower thermal 
outputs with low emissions and that the smaller one does not work that well, the 
larger chamber was used. The quality of the fuel was very bad in both experiments, 
which caused frequent problems with the fuel-feeding system. The fuel contained 
large amounts of larger pieces of wood, which tend to obstruct the fuel supply. This 
resulted in temporary temperature drops and therefore higher peaks of CO.  
 
During this experiment, the average CO- and NOx content in the stack gases were 50 
mg Nm-3 (23 mg MJ-1) and 131 mg Nm-3 (61 mg MJ-1), respectively. 
 
A comparison between the two test runs shows very small differences in emissions of 
CO. However, the content of NOx in the stack gas is lower in the case where the heat 
store was used. A possible explanation for this is that a new batch of fuel was 
delivered before the test run and the new fuel might have contained a higher content 
of fuel bound nitrogen. 
 
Simulation of summer season 
 
The heat demand during summer season is very low and can be assumed zero when 
the outside temperature is +17°C or higher. However, the demand for hot tap water is 
independent of season. Especially during daytime, when the customers need hot water 
for showers, laundry and other housework, large heat load fluctuations will occur [5]. 
In the case where no heat store is included, the boiler has to be started when the 
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demand for hot tap water increases and stopped when the demand decreases. This will 
cause large problems concerning the ability to meet the demand and emissions of air 
pollutants. Furthermore, the start up time of the boiler is most likely longer than the 
duration of the hot tap water peak, which means that the demand cannot be matched.  
 
The solution of the problems is to use the water heat store. The boiler is then running 
to charge the heat store and stopped when the store is fully charged. The heat store is 
discharged when the hot tap water demand increases. Therefore, only one simulation 
of the summer season has been performed using the large combustion chamber 
together with the heat store. The larger module was used because of the good results 
also at lower thermal outputs. 
 
In addition, the boiler should be operated at as low thermal output as possible, with 
maintained low emissions, to reduce the number of starts and stops. However, this 
only works if the total heat demand over 24 hours is higher than or equal to the lowest 
possible amount of energy that the furnace can deliver to the heat store during the 
same time.  
 
The average thermal output of the boiler during the experiment was 145 kW, but 
should have been lower in a real case, due to the reasons discussed above. The 
moisture content of the wood-chips was 51%. Figure 10 shows the results of the test. 
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Figure 10. The large combustion chamber in operation together with the heat store 

during simulation of summer season 
 

During this test run, problems with larger pieces of wood obstructing the fuel feeding 
occurred as well, which occasionally caused peaks of CO. 
 
The average CO- and NOx content in the stack gases were 33 mg Nm-3 (16 mg MJ-1) 
and 156 mg Nm-3 (91 mg   MJ-1), respectively. 
 
The first and second thermal output peaks were unfortunately disproportionately 
large, only due to the human factor. The peaks were induced by opening the valve to 
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the heat store and if the operator opens it too much, this will occur. However, this 
does not affect the combustion process in any way. 
 
DISCUSSION 
 
The experiments where the thermal output was varied by stages showed that the 
emissions were very low independent of operation strategy. However, letting the 
combustion chamber operate at constant thermal output and using the heat store for 
load variations and thereby avoiding start- and stop phases gives extremely low 
emissions of CO. The response time for changes of the heat demand was very fast for 
both operation strategies. Nevertheless, the use of heat store for handling the heat load 
variations also gave the fastest response of the thermal output.  
 
Table 2 shows a summary of the experimental results. 
 
Table 2. Summary of results. Average emissions during different experiments 
Gas component Unit Heat store No heat store 
  Stepwise thermal output variations 
CO (mg/MJ) 3 30 
NOx (mg/MJ) 80 81 
THC (mg/MJ) 0.2 0.3 
  Winter season 
CO (mg/MJ) 4 5 
NOx (mg/MJ) 91 91 
  Spring/fall season 
CO (mg/MJ) 23 15 
NOx (mg/MJ) 61 83 
  Summer season 
CO (mg/MJ) 16 - 
NOx (mg/MJ) 91 - 
 
The results show that the average emissions of CO are very low in all the performed 
experiment. In general, there are small differences in emissions of NOx, with the 
exception of the spring/fall season tests. Different fuel qualities were used during the 
experiments with and without heat store, which could have affected the results. 
 
There are at least four different alternatives for small district heating systems based on 
this concept, 
 

• Two combustion chambers without heat store 
 

• Only the large combustion chamber with heat store 
 

• Two combustion chambers with heat store  
 

• The larger combustion chamber with heat store combined with solar heat 
power 
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Due to the situation during summer, the alternative without heat store is not 
appropriate. To be able to meet the demand for hot tap water during summer, a heat 
store must be included. As mentioned before, there are no possibilities to start the 
furnace when the heat demand increases and stop it after a short time when the load 
peak is over, mainly due to two reasons. One is that the start-up time of the furnace is 
too long, approximately three hours depending on the moisture content of the fuel, 
and the other is that the emissions of pollutants in form of products of incomplete 
combustion will be unreasonably high, both during start up and stop. 
 
Previous experiments have shown that the smaller chamber does not work as 
satisfactory as the larger module, due to several reasons, Lundgren et al [3]. The 
results also show that the larger chamber has a much broader thermal output span than 
expected. Therefore, it could be possible to use the large combustion chamber during 
every season, even summer, but then only for charging the heat store when it is 
necessary. In this case, if the total heat demand over 24 hours during summer is 
higher than or equal to the minimum amount of energy the furnace can deliver, no 
starts and stops are required. This also means that small combustion chamber can be 
excluded, which results in a reduction of the production cost.  
 
If the average heat demand of the community during summer is lower than the 
minimum amount of energy that the larger combustion chamber can produce, an 
improved smaller module can instead be used during summer, to avoid start and stop 
phases.  
 
In other words, the chosen solution depends on the heat demand situation of each 
community of interest and, of course, the economy, which is of crucial importance for 
the chosen strategy. 
 
Another idea could be to use solar heat power together with a heat store for hot tap 
water production during summer, which means that the boiler does not have to 
operate during this time. The solar heat could also contribute to heat production 
during spring and fall.  
 
CONCLUSIONS 
 
The boiler can handle fast and large heat load variation with maintained low 
emissions of CO, NOx and THC, both when using the combustion chamber only and 
when it is used together with the heat store. However, when the heat demand is low, 
the best solution for handling the heat load peaks is to use the heat store together with 
the large combustion chamber.   
 
Concerning the performance of the boiler during different seasons, no problems 
should occur during winter, spring and fall irrespective if the heat store is used or not. 
On the other hand, during summer, when the heat demand is very low or zero a heat 
store will be necessary to secure the need of hot tap water and to reduce emissions of 
CO and THC. 
 
The main conclusion is that the most appropriate solution for a small district-heating 
system is to use a water heat store to match the heat load variations, while the furnace 
operates at as constant thermal output as possible. 
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