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Emission production from small-scale bio heat production of less than 1 MW is poorly 

regulated in Finland. Wood is widely used for energy production in Finland, and the growing 

share of the demand for renewable energy production from total energy production pushes 

the use of biomasses further. One trend in energy production is the shift to smaller, more 

decentralized units that use local raw materials for energy. Heat entrepreneurship has been 

an increasing trend as a business and a way of offering renewable heating energy locally in 

different parts of Finland. 

This research reviewed the sustainability and efficiency, mainly from environmental but also 

from practical operations’ development perspective, of the use of bio heating boilers in 

northern climate conditions and according to local heat demand. The major task was to discuss 

fuel quality and the role of boiler operators in boiler efficiency and produced emissions, and 

to provide relevant information to the experts and operators. The research was carried out by 

studying both numerical data from laboratory tests for combustion of different quality fuels 

as well as qualitative data collected from experts operating with bio heating systems in the 



field. The information was gathered through literature search, interviews, and analyzing the 

data collected via previous questionnaires and combustion tests in Central Finland. The 

research reviewed the state of the steering mechanisms for the use of bio heating boilers, 

solid biofuels used in Finland, bio heating systems in use in the scope, applications and users 

of the boilers, and the state of environmental technology and emission control used in the 

systems. 

The data was analyzed from two sets of combustion tests conducted in the JAMK boiler testing 

laboratory for wood chips with different moisture levels in 2014 and 2017. The combustion 

tests were performed with a 500 kW bio heating boiler, which represents the average output 

boiler in use by heat entrepreneurs. The results consolidated the understanding of the 

correlation between the moisture content of the fuel and boiler efficiency, showing that dry 

fuel enables higher boiler efficiency than moist fuel. In addition, correlation between the 

carbon monoxide and particle emissions in flue gases were also confirmed. The combustion 

tests have a large number of variables, which makes the analyzing of the results quite 

challenging. The partial output-level tests showed the increasing need for boiler controls to 

balance the combustion process. In boiler controls, optimal combinations for the fuel feed, 

combustion air feed, and grate moves are the key issues for enhancing the boiler efficiency 

and to cut down on emissions. Rapid changes in terms of the heat demand of the boiler and 

changes in fuel quality bring about great challenges in terms of adjusting boiler settings. 

According to collected data, boiler users are interested in enhancing boiler efficiency and the 

maintenance of their equipment. However, a lack of awareness and technical expertise in 

proper boiler use exists, even with guidance manuals supplied from the manufacturers. Some 

equipment in use is old and is ill-equipped with modern and efficient technology. Tightening 

regulations will boost the implementation of flue gas purification technology in small-scale 

energy production. Automation technology provides opportunities for controls and 

monitoring of the state of the system. Maintenance and measurement services are utilized in 

a varied manner, but in some respects, an increased need for services in terms of guidance 

and adjustment can be predicted. 
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1 INTRODUCTION  

1.1 Background to the research 

National mitigation of climate change in Finland, as part of the European Union, is guided by the 

Kyoto Protocol to the United Nations Framework Convention on Climate Change (UNFCCC), the 

Paris Agreement, and the climate policy of the EU. The Paris Agreement recognizes that restricting 

the increase in the average global temperature would significantly reduce the risks and impacts of 

climate change (Paris Agreement 2015). The European Union has set targets for all Member States 

to improve energy efficiency, cut emissions, and obtain more of their energy from renewable 

sources (Motiva 2017a). 

According to the Ministry of Economic Affairs and Employment (2015), Finland is one of the world’s 

leading users of renewable sources of energy. In addition to striving for the use of renewable 

energy, Finland responds to set targets in energy efficiency as well as reductions in fossil carbon 

emissions through various national and international climate and energy policies. The country’s 

most important renewable sources of energy include bioenergy, essentially wood and wood-based 

fuels, hydropower, wind power, ground heat, and solar energy. 

Due to its northern location and cold climate, Finland has a great need for heating energy. It also 

has an extensive amount of energy-intensive industry. In larger population centers, such as in the 

larger cities, heat and electricity are traditionally produced in combined heating and power (CHP) 

plants using fuels like peat, wood, waste, fossil coal, or natural gas. The used technology and the 

use of fuels are strongly influenced by availability, price, and the logistics of the fuel. Solar energy, 

being an emission-free and renewable source of heating, will be of increasing interest in the future. 

However, a challenge in Finland is seasonal heat demand during the cold and dark winters, when 

sunlight availability is minimal. Solar energy is more usable for heating domestic water, which still 

requires an energy source during the summer (Motiva 2017a). 

Bioenergy is also widely produced in different energy production scales in Finland, from big forest 

industry power plants to various sized heating networks and further to small-scale use. Small-scale 

energy production usually refers to stoves and boilers used for individual buildings and houses, 

farms, or small industry. Boilers can be connected to local district heating networks. Biomasses can 

be converted and processed into many types of solid fuels but also gases and liquid biofuels. 

(Motiva 2017a.) Companies are already producing bio-oil based on pyrolysis, and the further 

processing of pine oil created in the pulp production process into second-generation biodiesel. In 



5 
 

addition, the planning of other processing plants for wood-based fuels are on their way. (Finnish 

Bioeconomy Strategy 2014.) In Finland, biomasses are collected from various sources: Forests, 

fields, and agriculture, industrial side products, and waste. 

The share of renewable energy use from total consumption in 2014 in Finland was 33% (442,2 PJ) 

(Motiva 2017a). However, 38% of the EU’s renewable energy use target (for 2020) had already been 

achieved by 2014. This is explained by different indicators for the end use of the energy, which has 

its own statistics separate from total consumption. The statistics of total consumption differ from 

the end use of energy, when also taking the transmission and conversion losses of the energy into 

account, so it is the actual energy used by business, industry, households, and other users. The end 

use of renewable energy amounted to a share of 38.7% of the total use (Energy Authority 2017). 

The use of wood-based fuels in energy production has been about quarter of the total energy 

consumption during recent years. Wood is the most significant raw material in Finnish energy 

production. In 2015 the use of wood-based fuels was in total 93 TWh, in which heating in power 

plants shared 35 TWh, the use of black liquor from pulp and paper process 39 TWh, small-scale 

combustion of wood 16 TWh and other wood-based fuels 2 TWh. (Ministry of agriculture and 

Forestry 2017.) 

Finland has the most extensive forest resources in the world: almost three quarters of the total land 

area is covered by forest (Forest Europe 2015). The availability of energy wood is strongly linked to 

the forest industry and the levels of cuttings of industrial wood. As a result, a 66% share of energy 

wood is generated from cutting residues and stumps. Finnish forest industries’ timber procurement 

organizations have actively been involved in forest chip production and the development of 

technology. Integration of the procurement of wood fiber and fuel simplifies the transaction of 

residual forest biomass within the traditional timber trade. It also promotes the achievement of 

economic advantages, the application of new technology, and the reduction of overheads. The 

utilization of forest energy also brings silvicultural advantages to private forest owners, even though 

the direct price paid to them is low. (Hakkila 2006, 285.) 

Bark constitutes the biggest share of energy use from solid side products in the forest industry; it is 

utilized in the forestry industry’s own large-scale power plants. In 2016, forest chip use provided 15 

TWh (7,6 million m3) of heating from power plants. During recent years, over half of all forest chips 

have been produced from small-diameter trees, pruned or non-pruned stems, which are collected 

specially via silvicultural measures and first thinning in forests. Small-scale combustion in houses 
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and farms, for example, use wood logs, chips, and some waste wood for heating. (Ministry of 

Agriculture and Forestry 2017.) 

Bioenergy is energy produced from biogenic raw materials, i.e. biomass. Biomass is processed into 

a variety of biofuels to serve many types of energy production needs. The use of biomass (often 

from a local origin, as a local energy source supports energy self-sufficiency) helps to tackle GHG 

emission load and other negative environmental effects on air and water quality. Bioenergy 

currently equals for two thirds of renewable energy in Europe, and it is the only renewable energy 

source able to provide green fuel for many types of energy applications. Applicable use for 

bioenergy include heating and cooling, power generation and transport applications (European 

Biomass Association 2016, 12). The global potential from agriculture is still largely underexploited, 

and this sector is expected to grow. The global potential of agricultural and forestry residues as well 

as organic waste in bioenergy production will be essential in the coming decades. (International 

Energy Agency 2012.) 

Despite the traditional understanding of what constitutes renewable, ongoing discussions and 

debate has emerged related to the carbon neutrality of wood-based energy production on both 

political and scientific levels. Globally, it is seen that the development of wood-based bioenergy 

production is strongly linked to the final result of this discussion (Salokoski 2017, 9). Whether linking 

closely to carbon neutrality or not, wood-based energy will play an important role in Finland being 

essentially a domestic and local resource as well as offering a livelihood and employment in rural 

areas of the country. 

The performance of a bio heating boiler is strongly related to the ability to produce heat to meet 

energy demand, managing to stay within pre-determined energy efficiency and emission limits, and 

maintaining the functions during its useful life. From a sustainability point of view, the efficiency of 

energy production and emission control should be pushed and developed in terms of ensuring 

security in energy supply, the efficient utilization of the existing technology base, as well as the 

consideration of the ecological and economic perspective of wood-based energy production. 

International and national legislative incentives apply to large-scale bio heating systems, but a 

technology range of under 1 MW (small district heating plants, apartment blocks and heating 

boilers for individual buildings) is still under-regulated. 

Combustion-based energy production always produces GHG emissions and environmental 

pollution, which weakens air quality and may cause harm for the environment and human health. 

Large energy production plants are strictly regulated and they use efficient air pollution control 
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systems to cut down on emissions substantially. In addition, units have continuous measuring 

systems and reporting obligations. Decentralized energy production1, traditionally using low-rise 

chimney shafts, may essentially increase local pollution levels (Vihanninjoki 2015, 2). Fine particles 

(PM2,5)2 resulting from the combustion process are generally considered the most essential 

pollution that has an effect on human health. Black carbon particles, also generated in combustion, 

are estimated to be the second most impactful emission component in the warming of the climate, 

after carbon dioxide. (Savolahti et al. 2015; 3, 8.) 

According to the Finnish National Institute of Health and Welfare, wood use in small-scale energy 

production has increased by almost 50% since 2000. Technology used today in the small-scale 

combustion of wood accounts for 40% of all PM2,5 particles and 55% of black carbon emissions 

produced annually in Finland. The second most important source of PM2,5 and black carbon 

particles in Finland is traffic. Other essential harmful emissions from wood combustion are PAH and 

VOC compounds and carbon monoxide. (National Institute of Health and Welfare 2017.) In Finland, 

small-scale wood combustion will clearly be the most significant sector of particle emissions in the 

future, hence fixed interventions in this field have the greatest potential for emission reductions 

(Savolahti et al. 2015, 7). The range of the emission rate per produced energy amount varies widely, 

depending on the technology and age of the equipment, for example. 

The greatest potential for cutting down on emissions from small-scale wood combustion is in the 

use of batch-type combustion appliances like open fireplaces, sauna stoves and manual-feed 

boilers. Thus, automatic heating boilers as part of small-scale wood combustion offer less potential 

for emissions reduction according to statistics and previous research. However, it is known that old 

technology in use, the varieties of boiler types, choosing poor quality or the wrong type of fuel, or 

negligence in upkeep and maintenance all bring diversity to causing emissions and local 

environmental effects. Taking modern technology into use should help to tackle the amounts of 

emissions. However, the renewal period of appliances is longer for boilers than for fireplaces or 

stoves (Savolahti et al. 2015, 6). Suggestions for emission reduction means for all existing small-

scale wood combustion systems include adapting to new eco-design regulations, emission limits for 

new equipment in the future, requirements for installing a separate emission control device, 

prohibiting old and inefficient technology, and information campaigns for public. (ibid., 3-4.) 

                                                           
1 Decentralized energy production refers to small or medium-sized energy production units up to a 
maximum of 10 MW. Produced energy is mainly used locally. 
2 Small particles (PM2,5) refers to less than 2,5 μm diameter-sized particles and breathable particles 
 (PM10) of less than 10 μm in diameter. 
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Before new regulation comes into force, and also after, emissions from and the performance of 

small-scale heating boilers for solid biofuels can be affected by influencing the quality of the fuel 

used, controlling the conditions of combustion using technological options, regulating the process, 

and introducing dust removal technologies to the system. Principally, the sizing of the equipment 

should be correct in order to ensure the best efficiency of the system. The presumption is that the 

selected technology type and functionality should match closely with the used fuel base as well as 

energy demand. In use, the operator of the plant or boiler plays an essential role in choosing and 

handling the fuel, adjusting the process, and taking care of the cleaning and maintenance of the 

equipment. 

In Finland, small-scale boilers are used for the heating of individual houses, farms and small 

commercial and industrial properties. City blocks, district areas and neighborhoods may also have 

a common heating plant and a small district heating network, operated by a heat entrepreneur. In 

Finland, some of the boiler technology has been in use for as long as 20-30 years (Knuuttila et al. 

2014). Thus, old equipment is in use, possibly with poor efficiency. 

Depending on the combustion technology, various forest and agro-based biomasses are in use in 

energy production in Finland and the rest of Europe. Currently in Finland, bioenergy relies heavily 

on wood-based biofuels that are generated as side products in the forest industry. Other 

lignocellulose-based biomasses in Finland and around Europe are agricultural crops for non-food 

production, waste from agricultural production, and combustible waste from municipalities. 

Globally, the energy conversion potential from agricultural waste includes coconut, coffee, corn, 

cotton, nuts, peanuts, rice, and sugar cane-based residues (UNEP 2009, 13). In addition to energy 

recovery, waste utilization introduces the potential for nutrient recycling from reject flows in the 

processes. 
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1.2 Research objective and outline 

In this thesis, the objective is to review the environmental and sustainability aspects of the use of 

bio heating boilers in northern climate conditions and heat demand scenarios. A Nordic climate 

equates to high demand for heating energy per person and long traditions of using wood fuels in 

decentralized energy production. The focus is on a continuously used type of commercialized bio 

heating boiler with effective technology tested with the use of standards. It is known that older and 

less efficient boilers are in use. The objective is not so much related to technology development, 

although the technological solutions employed and future use aspect are reviewed. Legislation-

based steering and stricter guidance affecting the choice of technology and emission control advice 

have developed in recent years, and regulation has spread and been applied to large and centralized 

scale plants as well as smaller ones. Eco-design requirements are included in new regulations that 

are coming into force in Europe. These regulations will also have an impact on the use of smaller 

scale boilers, fireplaces and stoves. 

The major task in this research is to discuss fuel quality and the role of boiler operators in boiler 

efficiency and produced emissions. These two aspects are supposed to be the key elements 

affecting the true and realized performance of boilers in a cold northern climate, along with the 

produced emissions, which are not required to be monitored or measured currently. Thus, statistics 

related to efficiencies or emissions are not available for small-scale heating boilers. The hypothesis 

is that boiler operators may possibly lack the necessary awareness and information about how the 

choices in design, routine use and maintenance relate to the economics and feasibility of operations 

and the effects on the environment. In this study, the state of the combustion appliance 

development and purification technologies of flue gases are reviewed. Tightening legislation may 

require the use of emission control technologies in small-scale energy production appliances in the 

near future. 

In addition to carrying out a Nordic review of the current situation in the development of aspects 

affecting the performance and emissions of small-scale bio heating boilers, the aim is to provide 

relevant information to manufacturers, experts, and operators in order for them to gain an 

advantage in tackling economic and environmental challenges in providing energy services in 

decentralized systems. The unavoidable background to this research is the need to understand 

practical conditions and problems without any proven data or statistics on performance or 

emissions. 
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According to the literature and practical experiences from boiler testing, the low performance of 

the boiler and the amount of emissions are closely connected to each other. When combustion is 

not complete and the amount of losses increase, boiler efficiency decreases and unburned particles 

and carbon monoxide escapes to the air from the system. This is the base assumption for this 

research, and the phenomena is more thoroughly discussed later on. 

The research questions in this thesis are presented below, and are related to the present situation 

and for technology in use in small-scale bio heating: 

 How does wood-based fuel quality affect the combustion process? 

 How do other variables in the technology and in operation influence the emissions of a 

common small-sized bio heating boiler? 

 What is the boiler operators’ awareness for affecting the control of emissions from 

combustion? 

The focus of bioenergy production here is on heating systems in Finland. The discussion and results 

may also apply in some other northern parts of Europe, such as Sweden, with a similar EU regulation 

base, raw material base, climate conditions and same type of technology in use. The discussion 

deals with heating, but also small-scale CHP is also briefly reviewed. The interest is in commercial 

technology in solid biomass using stoker burners and heating boilers with an output range of less 

than 1 MW. Some information is presented from the output range of 1-10 MW, due to the similar 

type of technology used and the same operational environment in distributed energy production 

models as smaller units. Combustion engines and gas turbines are outside the scope of this study, 

and the focus is on those boilers where solid biofuels are oxidized and which produce thermal 

energy used for heating purposes. 

It is common to transfer produced heat to the heating target via water distributing networks. Thus, 

a warm air generator type of system is not covered here, even though they are in use in heating, 

e.g. in some industrial halls. The further development of combustion or heating technology is not 

the main case in this research, rather the operation and variables depending on human decisions 

relating to the use of most common bio heating systems. 

The fuels in use are mainly common wood-based fuels and other biomass-based fuels, which are 

locally available in Finland to boiler operators. Local vast forest resources offer the possibility for 

energy recovery of side products via silviculture and various forest industries. Standards concerning 

biomass-based fuels and small-scale heating appliances are covered on the European scale. 
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The economics of the bio heating business is both a steering factor and the aim of activity, but no 

feasibility, cost-effectiveness, or economic calculations are conducted as part of this research. 

However, the aspect of costs of heating technology, upkeep or biofuel price is always in the 

background, even when emphasizing the technical-environmental aspect. Economics, in addition 

to politics, is seen as a strong incentive for decision-makers when making choices about investing 

in and using bioenergy production systems. 

The most interesting fuel in the scope of this study is wood chips. It is widely in use in bio heating 

boilers, but there is a lot of variety in terms of quality, depending on the raw material, processing, 

weather conditions, etc. In addition, pellets are used in the same range of output level appliances, 

but their quality is more constant. Batch-type boilers using mostly logs are not in the focus of this 

study, but the technologies are briefly reviewed. The batch type is a technology that produces large 

amounts of emissions in varying stages, peaking at the time of boiler start-up. In this research, 

examples are presented of recent tests on boilers using wood chips with varying moisture levels. 

Pellet boiler studies have been carried out in Finnish research facilities in recent years, such as at 

VTT and the University of Eastern Finland, concentrating on generating small particles. There seems 

to be less research into the complex production mechanisms of emissions of small-scale wood chips 

using boilers in recent years, although some research has been published in Finland and in Sweden 

about the special northern operational environment and the unique challenges it faces. 

The emissions that are focused on the most in discussions about small-scale bio heating boilers are 

carbon monoxide and particle emissions. These are measured in boiler testing standards in addition 

to organic gaseous compounds, and relate closely to boiler performance and combustion efficiency. 

In the new regulation for 1-5 MW-sized boiler plants, the acknowledgement of NOX emissions and 

related effects is also relevant. This research does not cover emission measurement systems, 

technologies in use or research in this field, or any common practices in use in larger energy 

production facilities. 

Some of the research material is based on research work conducted in a boiler testing laboratory 

at the JAMK Institute of Bioeconomy in Saarijärvi, Finland. The JAMK laboratory is accredited by 

VTT Expert Services Oy for bio heating boilers up to 500 kW (standard EN-303-5 measurements). 

Two sets of EU project-funded tests have been carried out on the combustion of chips with many 

different moisture levels using a 500 kW heating boiler. The first project was the 

“Biolämpöliiketoiminnan laatu ja kannattavuus” project (The quality and feasibility of the 

bioheating business) which took place between 2011 and 2014, and the second “Lähienergialla 

omavaraisuuteen” (Self-sufficiency through local energy) is running from 2016 to 2019. The latter 
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project is still ongoing, with the combustion test in the analyzing phase taking place in March 2018. 

Both projects are coordinated by the Finnish Forest Centre and financially supported by the Rural 

Development Programme for Mainland Finland.   



13 
 

2 STATE OF THE ART 

2.1 Steering mechanisms for bio heating 

2.1.1 Selected statistics and objectives in Europe and in Finland 

Biomass utilization for a multitude of products is growing in the rapidly developing bioeconomy. 

Biomass-based raw materials provide a vital source of renewable energy, fuels, chemicals, and 

materials for replacing fossil raw materials that are responsible for a large part of the carbon 

emissions produced. 

Heating and cooling represents around 50% of total EU energy consumption, of which 82% is 

powered by fossil fuels. Renewables are becoming a key priority for EU policy, specifically in 

buildings. Bioenergy’s share in heating and cooling is 16% of Europe’s gross final energy 

consumption. (European Biomass Association 2016, 12.) 

Bioheating constitutes the largest share of bioenergy use in Europe, even though transport fuel 

production is expected to grow more quickly during the coming years in relative terms (see Figures 

1 and 2). 

 

Figure 1. EU-28 gross final energy consumption of bioenergy. (Source: European Biomass Association 2016, 

15) 
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Figure 2. EU-28 gross final energy consumption of bioenergy per market segment. (Source: European 

Biomass Association 2016, 16) 

 

According to the European Biomass Association (2016, 16), biomass is the largest renewable energy 

source in the EU-28. The high contribution of bioenergy in the national energy mix is led by 

countries like Sweden (60% share of renewable energy consumption) and Finland (90%) with a large 

resource base and sustainable forest management, along with Lithuania (80%), which focuses on 

energy security and reducing fossil fuel dependency. Bioenergy accounts for more than 50% of the 

renewable energy share in 23 out of the 28 EU countries. 

In the bioheat sector, residential consumption remains a strong driver, accounting for half of all 

consumption (50,1%). The residential sector consists of individual heating appliances such as stoves 

and boilers using logs, woodchips, or pellets. This sector may decrease in volume for biomass 

consumption in the near future due to energy efficiency measures. For instance, the eco-design 

legislation will impact on consumption as new domestic heating appliances that come onto the 

market will have to comply with a minimum energy efficiency threshold. (European Biomass 

Association 2016, 17.) 

Industry (26,6%) and district heat (15,8%) together represent about 40% of all biomass 

consumption in the heating sector. These sectors, together with medium-scale installations in 

services such as schools, hospitals, and hotels, still have great potential for development, increasing 

efficiency and introducing bio heating applications. (European Biomass Association 2016, 17.) 
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In Finland, wood accounts for 80% of our renewable energy and in the future, most of the growth 

in the renewable energy production and consumption will be based on wood biomasses. Most 

renewable energy is produced using the side products of wood-based industries. In the future the 

energy fractions of the side streams of the agriculture and food industries will also be even more 

efficiently used for energy production. (Finnish Bioeconomy Strategy 2014.) 

According to statistics on the energy use of wood in Finland (Natural Resources Institute Finland 

2017), consumption of wood fuels reached its historic peak in 2016, in total 96 TWh, corresponding 

to 26 million solid cubic meters of wood. Heating and power plants used 37 TWh, black liquor 

combustion 41 TWh, small-scale wood combustion 17 TWh, and other wood fuels 2 TWh. 

In Finland, security of supply is a key issue in energy production and use schemes (Figure 3). Finland 

has long, cold, and dark winters and lots of energy-intensive industry. This relates closely to a great 

need for heating energy per person, and high demand for process energy and electricity. In sparsely 

populated areas with long distances to services, power shortages and problems in energy 

distribution may take more time and effort to resolve. Technology has to be reliable and possible 

back-up systems for heating should be in hand. Local self-sufficiency with energy relates closely to 

security of supply, while reliable and modern technology is more efficient and produces less 

emissions and incurs lower operating costs. Low efficiency in energy production leads to higher 

consumption of fuel per produced amount of energy, and equals insufficient combustion producing 

pollution, thus lowering local air quality. 

Finland follows the common goals of the European Union for climate protection and energy 

production. These objectives for 2020 include reducing GHG emissions by 20% from 1990 levels, 

increasing energy efficiency by 20% (from the development path set in 2007), and increasing the 

share of renewable energy sources to 20% of total energy consumption. In addition, the share of 

liquid biofuels should be increased to 10% of total consumption by 2020. The national obligation 

for the total renewable energy share of energy end use energy is set to be 38%. In 2016, renewable 

energy already represented 34% of the final energy consumption in Finland (Energy Statistics 2017). 

In addition, the following EU goals are already set for the following decade (to 2030): GHG emissions 

should be reduced by at least 40% from 1990 levels, energy efficiency increased by 27% (from the 

development path set in 2007), and the share of renewable energy sources increased to 27% of the 

total energy consumption. 
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Figure 3. Security of supply is the key issue for local energy production followed by other incentives. 

 

According to climate and energy strategies, energy efficiency and security of supply are essential in 

terms of heating – in cities but also in rural areas where wood-based distributed energy systems 

are more widely used in Finland. To achieve climate and energy objectives regarding heating, the 

use of wood-based fuels, utilization of waste, heating pumps, biogas, and other renewable energy 

production should be strongly increased. 

 

2.1.2 Legislation and guidelines  

In Finland, emission control for bio heating boilers with an output of below 1 MW is still poorly 

regulated. However, at the EU level, new legislation is also under preparation for small-scale 

heating boilers and other combustion units for solid biofuels. Current regulation still focuses mainly 

on boilers and gas turbines above 50 MW output level3. Finnish legislation adopts EU level 

regulation according to a set timetable, and new legislation will take effect over the next few years. 

New legislation is a challenge but also an important incentive for the development of boiler systems 

as well as emission control devices suitable for small-scale energy production. 

                                                           
3 Regulations related to energy production plants are part of the air pollution control legislation of the 
Ministry of Environment of Finland: http://www.ym.fi/en-
US/The_environment/Legislation_and_instructions/Climate_protection_legislation 

http://www.ym.fi/en-US/The_environment/Legislation_and_instructions/Climate_protection_legislation
http://www.ym.fi/en-US/The_environment/Legislation_and_instructions/Climate_protection_legislation
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Emissions are monitored in large-scale (above 50 MW) bioenergy production plants by two 

directives: the Large Combustion Plant directive 2001/80/EC, and the Waste Incineration directive 

2000/76/EC. The Large Combustion Plant directive has requirements for continuous measurements 

of SO2, NOX and dust (with few exceptions) when the thermal input is of at least 100 MW. This has 

been adopted into Finnish legislation4. However, continuous measurements of sulfur dioxide 

emissions are not required for energy production units burning biomass if the operator can show, 

in a manner approved by the permit authority, that these emissions never exceed the relevant 

emission limit value. The Waste Incineration directive requires continuous measurement for NOX, 

CO, total dust, TOC, HCl, HF, and SO2. The directive also requires continuous measurement for 

oxygen, pressure, temperature, and water vapor content. Heavy metals, dioxins, and furans are 

also measured twice a year. 

The Finnish emission limit values of new energy production units (boilers) in the 5 to 50 megawatt 

range are presented in the “Government Decree on the environmental protection requirements of 

energy production units with a rated thermal input below 50 megawatts (750/2013).” This 

regulation also applies to the output range of 1-5 MW if the energy production unit is located within 

the same installation with other energy production units and their combined rated thermal input 

exceeds 5 megawatts, or if the energy production unit is otherwise part of activities subject to an 

environmental permit. The combustion performance of these small installations must be monitored 

on a continuous basis: Installations must have controlled measurement systems for O2, CO (this 

applies only for > 5 MW installations), and temperature. Calibrations performed annually are 

required for the quality assurance of the measurements. 

The Official Journal of European Union presented a new directive “on the limitation of emissions of 

certain pollutants into the air from medium combustion plants” (Directive (EU) 2015/2193, the so-

called “MCP directive”) in November 2015. This new directive was adopted into Finnish legislation 

at the beginning of 2018, and new emission limits and monitoring obligations come into force at 

the end of 2018. The MCP directive requirements are executed by amendment of Decree 750/2013, 

which applies to 1-50 MW combustion plants. The new directive sets emission limits for biomass 

using 1-5 MW output combustion as presented in Table 1. It can be seen that these output range 

plants benefit from a transition period for new emission limits up to 2030. 

 

                                                           
4 Finnish Government Decree on Limiting Emissions from Large Combustion Plants 936/2014 
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Table 1. MCP directive and present emission limits for biomass using plants of 1-5 MW output level. 

(Modified from: Tuohiniitty 2016; Directive (EU) 2015/2193.) 

Existing biomass using plants, 1-5 MW, O2 = 6 %  

 Dust [mg/m3n] NOX [mg/m3n] SO2 [mg/m3n] 

New directive 50 1) 650 200 (300 for straw) 

National Degree 

750/2013 now 

300  

(375 for auxiliary 

plants)  

450  

(500 for auxiliary 

plants) 

200 

New biomass using plants, 1-5 MW, O2 = 6 % 

 Dust [mg/m3n] NOX [mg/m3n] SO2 [mg/m3n] 

New directive 50 2) 3) 500 200 

National Degree 

750/2013 now 

200 375 200 

1) 1-5 MW plants can use until 1.1.2030 the national limit of 150 mg/m3n  
2) Less than 500 h operating time plants (3 year floating average) can be 100 mg in maximum 
3) In good air quality areas the limit can be 150 mg/m3n until 1.1.2030 for solid biomass is the main fuel   

 

Small-scale combustion systems with an output range of below 1 MW have no discharge limits yet 

in Finland. The MCP directive presented does not bring any restrictions or guidance to this output 

size range. The health authorities have the opportunity to restrict combustion activity according to 

Valvira guidelines5. Discharge limits vary between different countries within the European Union. 

Measurement techniques and practices in particular differ by country, and national regulations do 

not necessarily set the methods of measurements. 

Directive 2009/125/EC of the European Parliament and of the Council establish a framework for the 

setting of eco-design requirements for energy-related products. The objective of this regulation is 

to enhance energy efficiency and decrease the environmental effects of products during their life 

cycle. 

Eco-design requirements concerning solid fuel boilers up to 500 kW nominal output: 

“Commission Regulation (EU) 2015/1189 of 28 April 2015 implementing Directive 2009/125/EC of 

the European Parliament and of the Council with regard to eco-design requirements for solid fuel 

boilers” (EUR-Lex 2017.) 

                                                           
5 Document ”Puun pienpolttoa koskevat terveydelliset ohjeet” (Health guidelines of small-scale combustion 
of wood; in Finnish), https://www.valvira.fi/documents/14444/22511/Puun_poltto-opas.pdf 

https://www.valvira.fi/documents/14444/22511/Puun_poltto-opas.pdf
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The requirements of eco-design regulation for solid bio boilers will come into force on January 1, 

2020. The regulation sets guidelines for energy efficiency and emissions (particles, organic gaseous 

compounds OGC, CO, and NOx) for boilers per heating period. 

The eco-design regulations set the following specific eco-design requirements: (EUR-Lex 2017) 

(a) seasonal space heating energy efficiency for boilers with a rated heat output of 20 kW or 

less shall not be less than 75%; 

(b) seasonal space heating energy efficiency for boilers with a rated heat output of more than 

20 kW shall not be less than 77%; 

(c) seasonal space heating emissions of particulate matter shall not be higher than 40 mg/m3 

for automatically stoked boilers and not be higher than 60 mg/m3 for manually stoked 

boilers; 

(d) seasonal space heating emissions of organic gaseous compounds shall not be higher than 

20 mg/m3 for automatically stoked boilers and not be higher than 30 mg/m3 for manually 

stoked boilers; 

(e) seasonal space heating emissions of carbon monoxide shall not be higher than 500 mg/m3 

for automatically stoked boilers and not be higher than 700 mg/m3 for manually stoked 

boilers; 

(f) seasonal space heating emissions of nitrogen oxides, expressed in nitrogen dioxide, shall 

not be higher than 200 mg/m3 for biomass boilers and not be higher than 350 mg/m3 for 

fossil fuel boilers; 

These requirements shall be met for the preferred fuel and for any other suitable fuel for the solid 

fuel boiler (EUR-Lex 2017). The directions for calculations and measurements, such as seasonal 

space heating emissions, are given in Annex III of the Commission regulation. According to the 

regulation: “Emissions of particulate matter, organic gaseous compounds, carbon monoxide and 

nitrogen oxides shall be expressed standardized to a dry flue gas basis at 10% oxygen and standard 

conditions at 0 °C and 1 013 mill bar.” 

Energy labelling requirements concern solid fuel boilers up to 70 kW nominal output: 

“Commission Delegated Regulation (EU) 2015/1187 of 27 April 2015 supplementing Directive 

2010/30/EU of the European Parliament and of the Council with regard to energy labelling of solid 

fuel boilers and packages of a solid fuel boiler, supplementary heaters, temperature controls and 

solar devices”. (EUR-Lex 2017.) 
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Both regulations apply to the assembling of a solid fuel boiler, additional heaters, heat control, and 

solar energy appliances. 

The regulation does not apply to: 

 boilers that are used only for the heating of domestic water 

 boilers that are used for the transfer and supply of gaseous heating mediums, e.g. steam 

or air 

 solid fuel combined heat and power boilers, the highest capacity or power production of 

which is 50 kW or above 

 non-woody biomass using boilers. 

In addition, the following transitional method standard exists: 

“Commission communication in the framework of the implementation of Commission Delegated 

Regulation (EU) 2015/1187 supplementing Directive 2010/30/EU of the European Parliament and 

of the Council with regard to energy labelling of solid fuel boilers and packages of a solid fuel boiler, 

supplementary heaters, temperature controls and solar devices - Publication of titles and references 

of transitional methods of measurement and calculation for the implementation of Commission 

Delegated Regulation (EU) 2015/1187, and in particular Annexes VIII and X thereof - Official Journal 

C 76, 10.3.2017, p. 1–3” (EUR-Lex 2017). 

Heating boilers are also regulated by special safety regulations and guided by standards in Finland, 

reviewed in the following (Tukes 2017, 19): 

1. Regulations 

a. Pressure Equipment Act 1144/2016 

b. Decree of pressure equipment 1548/2016 

c. Pressure equipment directive 2014/68/EU 

d. Decree of pressure equipment safety 1549/2016 

e. Rescue Act 379/2011 

f. The chimney sweeping decree of the Ministry of the Interior 539/2005 

2. The National Building Code of Finland 

a. Guideline E9. Fire safety of boiler rooms and fuel storage. 2005. 

b. Decree E1. Fire safety of buildings, regulations and guidelines. 2011. 

3. Standards 
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a. SFS-EN 15270. Pellet burners for small heating boilers - Definitions, requirements, 

testing, marking. 

b. SFS-EN 303-5. Heating boilers for solid fuels, manually and automatically stoked, 

nominal heat output of up to 500 kW. Terminology, requirements, testing and 

marking. 

The set standards steer manufacturers toward developing their equipment to meet the 

requirements set by the international regulations. In practice, manufacturers need to test their new 

equipment according to standards before introducing it to the market. Different markets in 

different countries have varying limits for emissions or requirements for efficiency. After the 

procurement of heating appliances, a standard has no effect on the use and efficiency level of the 

equipment. 

Hence, standard SFS-EN 303-5 presents details of requirements and testing protocols for heating 

boilers for solid biofuels. Table 2 presents the emission limits set for boilers that have to be reached 

by manufacturers. Emission limits are set for CO (carbon monoxide), OGC (organic gaseous 

compounds), and dust. In this research, the example boiler is 500 kW with automatic stoking using 

biofuel, which indicates the following emission limits: 

 CO: 500 mg/m3 at 10% O2 

 OGC: 20 mg/m3 at 10% O2 

 Dust: 40 mg/m3 at 10% O2 

These figures indicate class 5, which is the highest and most stringent class in the standard for 

meeting the set desired limit values. These emission limit values meet the eco-design regulation 

requirements presented above. 
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Table 2. Emission limits for small-scale boiler testing in standard EN 303-5 (table 6 in the standard) 

(Source: EN 303-5:2012, 38).  

Stoking Fuel 

Nomal 

heat 

output 

Emission limits 

CO OGC Dust 

mg/m3 at 10 % O2 a  

kW 

class class class 

3 4 5 3 4 5 3b 4 5 

manual biogenic ≤ 50 5000 1200 700 150 50 30 150 75 60 

> 50 ≤ 150  2500 100 150 

> 150 ≤ 500 1200 100 150 

fossil ≤ 50 5000 150 125 

> 50 ≤ 150  2500 100 125 

> 150 ≤ 500 1200 100 125 

automatic biogenic ≤ 50 3000 1000 500 100 30 20 150 60 40 

> 50 ≤ 150  2500 80 150 

> 150 ≤ 500 1200 80 150 

fossil ≤ 50 3000 100 125 

> 50 ≤ 150  2500 80 125 

> 150 ≤ 500 1200 80 125 

NOTE 1  

The dust values in this table are based on the experience of the gravimetric filter method. The method 

used needs to be referred to in the test report. The particulate matter emission measured according to 

this European Standard does not include condensable organic compounds which may form additional 

particulate matter when the flue gas is mixed with ambient air. The values are therefore not directly 

comparable with values measured by dilution tunnel methods. Neither can they be directly translated 

into ambient air particulate concentrations. 

NOTE 2  

Additional test methods and emission limits which apply in some countries are given in the A-Deviations 

in Annex C (of the standard EN 303-5:2012). 
a Referred to dry exit flue gas, 0 °C, 1013 mbar. 
b Boilers of class 3 for type E-fuels according to 1.2.1 or e-fuels according to 1.2.3 in this Table and 

marked with the classification E-fuels and e-fuels do not need to fulfil the requirements for the dust 

emissions. The actual value shall be stated in the technical documentation and shall not exceed 200 

mg/m3 at 10 % O2. 
 

 

The standard EN-303-5 also represents the classification of fuels for heating boilers, which are 

referenced at the bottom of Table 2. The fuels classifications are: 

 A-fuel: log wood with moisture content w ≤ 25%, according to EN 14961-5; 

 B1-fuel: chipped wood (wood chipped by machine, usually up to a maximum length of 15 

cm) with moisture content from w 15% to w 35%, according to EN 14961-4; 

 B2-fuel: chipped wood as under B1, except with moisture content w > 35%; 
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 C1-fuel: compressed wood (e.g., pellets without additives, made of wood and/or bark 

particles; natural binding agents such as molasses, vegetable paraffin and starch are 

permitted), pellets according to EN 14961-2; 

 C2-fuel: compressed wood (e.g., briquettes without additives, made of wood and/or bark 

particles; natural binding agents such as molasses, vegetable paraffin and starch are 

permitted), briquettes according to EN 14961-3; 

 D-fuel: sawdust with moisture content w ≤ 50%; 

 E-fuel: non-woody biomass, such as straw, miscanthus, reeds, kernels, and grains 

according to EN 14961-6; 

 e-fuel: such as peat or processed fuels, according to EN 14961-1. 

 

Standardized tests determine the heat output, boiler efficiency, combustion period, composition of 

the combustion gas, exit flue temperature, draft, and emission properties. The boiler is operated 

throughout the tests within the heat output range. The minimum heat output on boilers shall be 

regulated automatically by a control device without manual intervention (EN 303-5:2012, 44). 

During official testing as well as during R&D testing following the official standard, the following 

measurements are conducted (EN 303-5:2012, 45): 

One-time measurement - Water content of the fuel 

- Net calorific value of the fuel 

- Fuel mass added 

- Combustion period during manual stoking 

- Surface temperatures (at nominal heat output in a typical  

  operating condition). 

Continuous measurement - Heat output 

 - Flow temperature 

 - Return temperature 

 - Temperature of the entering cold water  

   (according to Figure A.2 of EN 304:1992+A1:1998+A2:2003) 

 - Ambient temperature 

 - Flue gas temperature 

 - Draft 

 - Oxygen (O2) or carbon dioxide (CO2) content 
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 - Carbon monoxide (CO) content 

 - Organic gaseous substances THC (total hydro carbon) 

 - Dust content (intermittent measurement) 

 - Auxiliary energy demand. 

 

The efficiency of the boiler shall be determined using the direct measurement method on the basis 

of the net calorific value (EN 303-5:2012, 48). The boiler efficiency is calculated as follows (ibid., 

13): 

𝜂𝐾 =
𝑄

𝑄𝐵
∙ 100 % 

 

where  ƞK is boiler efficiency 

Q is usable heat to water output delivered by a boiler per unit time 

QB is amount of heat in unit time, which is supplied to the furnace of the  heating 

boiler by the fuel based on its net calorific value. 

 

To calculate QB, the measurement information of the weight of the used fuel is needed.  

In addition, the indirect method allows an additional check of test accuracy of the test rig to be 

made by means of a heat balance (EN 303-5:2012, 48). The indirect method requires determination 

of variety and amounts of losses in the boiler and the combustion. 

The standard divides the boilers into three different classes (3, 4, and 5) according to the level of 

the performance and produced emissions. The efficiency requirement for boilers with output above 

100 kW in class 4 is a minimum of 85% and in class 5 the minimum is 89%. The required efficiency 

of boilers with an output of above 300 kW is a minimum of 82% in Class 3. The calculation formulas 

for the determination of efficiencies according to the heat output are presented in the standard 

(EN 303-5:2012, 35). Heat output can be calculated using the information of the mass flow of the 

heated water, the specific heat capacity of water, and the temperature difference of incoming and 

outgoing heated water. 

The requirements of the test fuels in standard EN 303-5 are presented in Annex 1. For the testing 

of combustion of chipped wood fuel, ash content (measured as received) should be below 1,5% and 

net calorific value (on dry base) over 17 MJ/kg. The water content (measured as received) should 

be between 20 and 30% for B1 class wood chips and 40 to 50% for B2 class. 
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For installing and maintenance work requirements, the Finnish association of heating energy, 

Lämmitysenergia Yhdistys ry, has published the following technical recommendation documents on 

their website (Lämmitysenergia Yhdistys 2017): 

 TS-2 Lämmityslaitteistojen sähköasennukset. (Electrical installations of heating 

equipment6) 

 TS-3 Lämmityslaitteistojen asennus-, korjaus- ja huoltotöiden edellytykset ja 

vastuupätevyydet. (Requirements and responsibility competences of installations, 

repairs, and maintenance work on heating equipment) 

 TS-4 Öljylämmityslaitteistojen määräaikaishuoltotyöt, lämmitystekniikan mittaukset 

ja energiatehokkuustarkastukset. (Regular maintenance work, measurements of heat 

technology, and energy efficiency inspections of oil heating equipment) 

 TS-5 Pientalon öljylämmityslaitteiston perusparannus. (Fundamental improvement of 

small-house oil heating systems) 

 TS-7 Säiliöiden tarkastus ja huolto – Nestemäiset polttoaineet lämmityskäytössä. 

(Inspections and maintenance of fuel tanks – liquid fuels in heating use) 

 TS-9 Pientalon lämmönjakojärjestelmän kuntokartoitus. (Condition mapping of 

small-house heat distribution system) 

 TS-10 Puupellettiä käyttävien lämmityslaitteistojen asentaminen ja paloturvallisuus. 

(Installation and fire safety of heating equipment using wood pellets) 

 TS-11 Kondenssikattiloiden hormit ja kondenssiveden käsittely. (Air chimneys and 

condensing water for condensing boilers) 

 TS-12 Biolämmityslaitteistojen määräaikaishuoltotyöt, lämmitystekniikan mittaukset 

ja energiatehokkuustarkastukset. (Regular maintenance work, measurements of heat 

technology and energy efficiency inspections of bio heating equipment) 

TS-12 relates closely to bio heating equipment maintenance, measuring, and energy efficiency 

inspections.  

 

 

 

                                                           
6 Note: These are not official translations (and not from the source). 
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2.1.3 Other steering aspects of bio heating 

In terms of the big picture, bioenergy is energy produced from a variety of biomass-based materials. 

Biomass feedstock can either be directly combusted for energy production, or processed into 

energy products or carriers such as bioethanol, biodiesel, biogas, and product gases. Converted 

product applications include use as transportation fuel or for the production of steam, heat, and 

electricity. 

Bioenergy production is strongly linked and promoted by different drivers and sustainability-related 

legislation, and economic and environmental perspectives (see Figure 4). In addition to 

environmental related incentives, which lead to regulations and rules, a functioning and reliable 

energy supply system has to meet expectations such as undisturbed availability and competitive 

price. (Honkanen & Kataja 2017, 48.) Renewable energy is supported around Europe via various 

national initiatives. Countries have different mechanisms behind this support, and they can support 

production or investment based subsidies or tax reliefs. In addition, obligations relating to the share 

of renewable elements in the traffic fuel material base, for example, boosts the bio business. 

Costs of produced biomass-derived energy are expected to decrease over time. This is due to both 

steady technology development and economies of scale in larger commercial plants. The social and 

cultural aspects of sustainability (the “human factor”) refers to consumers’ influence and 

acceptance, labor, local decision-making, and wellbeing. It can be stated that he human aspect plays 

an important role in the bioenergy business in accordance with the implementation of new 

technology and processes. (Honkanen & Kataja 2017, 48-49.) 

Local supply of feedstock, processing of fuels, and bioenergy offers income for rural and primary 

industries. This may also boost local and national manufacturers of related equipment, thus 

creating income and employment, which is a commonly known occurrence in the biomass 

production chain and small-scale bioenergy production in Finland. The development of business in 

the bioenergy field also generates a need for different services, such as engineering and training. 

Even though traditional thinking about bioenergy is related to the countryside and small-scale 

processes, new refinery investments have boosted volumes, expanded the operating range, and 

integrated processes within the forest and chemical industries and related businesses. Whereas 

long distance transportation reduces the attractiveness of biomass in economic and environmental 

perspective, conversion into a higher energy density product, such as bio-oil, could also facilitate 

international trade. (Honkanen & Kataja 2017, 49.) 
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Figure 4. The use of biomasses from primary production to energy with drivers and incentives.  

 

From a bio heating perspective, Finland has a financing support system for taking renewable 

systems into use and replacing fossil fuel heating systems and electric heating. This promotes the 

increase of decentralized renewable energy production and low-carbon solutions. According to the 

Bioenergy Association of Finland (2017), the Finnish approach to financially supporting electricity 

production with forest chips is one of the most feasible ways to increase renewable energy sources 

in electricity production. The competitiveness of the use of forest chips is seen as a result of 

incentives like the price and taxation of competing fuels such as peat and fossil fuels, and the price 

of emission allowances (Ranta et al. 2016, 1556). Feed-in tariffs are allocated to power production 

from wind, biogas, and wood fuel. 

In Finland, financial support can be also granted for investment and clearing ventures relating to 

renewable energy production or use, energy savings, or enhancing energy efficiency in generation 

or use, as well as other measures promoting low-carbon solutions in the energy system. 

Furthermore, renewable fuels benefit from tax relief.   
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2.2 Solid biofuels used in heating  

2.2.1 About the use and variety in Finland 

Wood fuels are the most important renewable energy source in the EU and especially in Finland; 

they account for 26% of all energy consumption. In the EU-28, the share of wood use as an energy 

source is also high in Latvia, Estonia, Lithuania, and Poland (Eurostat 2016, 174). Finland has a long 

tradition of developing the forest energy product chain, and one essential partner has been 

Sweden. Sweden and Finland are known to be forerunners in the development of technology and 

systems for the production of forest fuels (Hakkila 2006, 283). 

Figure 5 presents energy consumption in Finland by energy source. The small-scale combustion of 

wood produces 16 TWh, and the largest share of the used fuels was chopped firewood. The 

decentralized heating sector is mainly seen in the statistics of used wood fuels, covering part of 

heating and power plants and the small-scale combustion of wood. These plants and boilers use 

mainly small-diameter trees from silviculture, residues from timber harvesting, industrial chips, 

sawdust, and bark. The share of the use of energy-intensive pellets and briquettes is still quite low. 

According to the compilation of national official statistics related to renewable energy (Alm 2017, 

45), in 2016 the use of forest chips increased in heating plants by 14% and in small houses by 4% 

from the previous year. Even though the use of chips in large-scale CHP has declined by 6% over 

the same period, the trend for the whole use of solid wood has been increasing constantly since 

2000 (see Figure 6). The use of forest chips has seen an upward trend over the last 16 years, peaking 

in 2013. The use of bark and sawdust have remained at largely the same level, but the use of 

industrial chips and recycled wood seems to have increased. Firewood use in small houses has 

increased 9% over the last seven years (ibid. 48). 

In Finland, pellet production was 270 000 tons in 2016; the amount is around 100 000 tons less than 

the figure for the peak year, which was 2008. However, domestic consumption has increased in 

recent years, while export has decreased. Some pellets are imported to Finland, mainly from Russia. 

Pellet use has stayed largely the same in small houses, but it has been increasing in power and 

heating plants and in the heating of larger properties. Statistics clearly show the increase in 

investments in pellet systems by small and medium-sized entrepreneurs. (Alm 2017, 48-49.)  
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Figure 5. Energy consumption in Finland by energy source in 2015. (Modified from: Natural Resources 

Institute Finland 2016) 
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Figure 6. Solid wood fuel consumption in heating and power plants from 2000 to 2016. (Source: Natural 

Resources Institute Finland 2017) 

 

Table 3 shows the range of bio-based fuels used in Finnish heating plants, mainly in the distributed 

energy production scale of below 10 MW. The largest share are forest-derived fuels, with smaller 

shares of side products, waste from industries and agriculture, and field crops. As shown above, the 

amount of forest-derived chips have been increasing in total over the last 15 years. In addition, the 

share of processed wood fuels like pellets and briquettes have also increased. Although mentioned 

in Table 3, the use of field crops remains very low in Finland. Bark is used mainly in larger scale 

plants in centralized energy production. Sod peat is also a fuel that can be used in many heating 

systems designed for wood chips, but use has also been very low. Therefore, the following 

discussion is primarily based on the use of forestry-based biomass. Statistics on fuel used by heat 

entrepreneurs is presented below in Figure 20. 
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Table 3. Examples of solid bio fuels used in Finnish heating plants operated by heat entrepreneurs. 

(Modified from: Brofeldt et al. 2009, 75.)  

Forest derived 

fuels 

Side streams from 

woodworking 

industry 

Recycled fuels Materials from 

agricultural 

primary 

production 

Field crops 

Whole tree 

Delimbed stem 

wood 

Forest residues 

(incl. trunk wood 

from cuttings) 

Stumps 

Wood from first 

thinnings 

Improvement of 

young stands 

Cutting surface 

residues from 

portable sawmills 

Shavings and 

sawdust from 

carpentry industry 

Side streams from 

timber and timber 

panel industries 

Cutter chips, 

sawdust 

Shavings from log 

carving 

Used building 

timber 1) 

Packing board 

Agricultural 

plastics 2) 

Plastic waste 2) 

Unsaleable grain 

Screenings from 

biomass 

processing 

Pre-refining waste 

from grain drying 

Rapeseed, 

camelina; also 

groats 

Grain 

Straw 

Energy 

willow 

Energy 

poplar 

Canary grass 

1) Only clean, untreated wood 

2) Requires permit for waste incineration 

 

The driving force and the main motives behind choosing domestic renewable energy production in 

decentralized heating is reported to be economics (Laihanen et al. 2012, 311). In use, the availability 

of alternative forest biomass varies regionally. Fuel use and competitiveness is affected by transport 

distances and supply costs. (Ranta et al. 2016, 1556.) In large energy production plants, forest chips 

are typically blended with bark and peat to homogenize and standardize the fuel flow (Hakkila 2006, 

285). 

The origin of the raw material influences the price of biofuel in different countries. For example, 

the price of forest chips is traditionally lower in Finland than in Sweden or Denmark. In Denmark, 

the origin has mainly been whole or stem tree, which has increased the price. In Sweden, the price 

of forest chips and wood production chain costs are reported to be higher than in Finland. 

(Alakangas et al. 2007, 18.) 
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2.2.2 Fuel characteristics 

The quality of biomass differs between species, and biomass-based fuels can be influenced during 

the growth and supply phase. Biomass chemical composition, growing yield, and quality can be 

influenced by plant breeding, genetic improvements, and fertilizing. Other factors relevant to the 

growing phase are climate, soil type, and the harvesting time and age of the plant when harvested. 

During the harvesting and logistics phase, the influencing factors include harvesting method, 

transport, storage, processing, and upgrading. These supply and pretreatment actions affect 

physical parameters such as particle size, moisture content, and energy density. (van Loo & 

Koppejan 2010, 56-58.) 

Some examples of solid wood-based fuels are presented in Figure 7. Different types of wood-based 

fuels have different compositions, including typical moisture content and share of bark matter with 

features other than wood fiber. A higher bark share increases the share of inorganic material 

compounds. One essential quality factor in practice is density and bulk density, which relate to costs 

in logistics as well as behavior in storage, conveyors, and feeding systems. 

Wood is composed of cellulose, hemicellulose, lignin, and extractives contents. The composition 

differs according to the species of tree. The cellulose part of the wood consists of glucose molecules 

(C6H12O5) forming long-chain molecules. Furthermore, hemicellulose chain molecules consist of 

several different sugars. Lignin part of wood offers trees the mechanical durability with binding 

fibers together. Lignin contains high volumes of carbon and hydrogen carrying high calorific value. 

In general, wood has high volatile matter content (Figure 8). A tree’s biomass can be divided into 

many parts: stem, bark, branches, and leaves or needles. The biomass division of these parts varies 

considerably, depending on the tree species and the age of the tree. (Alakangas et al. 2016, 52.)  

 

 

 

Figure 7. Examples of solid bio fuels used in heating plants: (a) chips (available in many qualities), (b) saw 

dust, (c) bark and (d) pellets.  
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Figure 8. Composition of wood. (Source: Alakangas et al. 2016, 53.) 

 

The following is a review of the quality issues of solid wood fuels used in Finland. Basic guidance is 

presented in the document Quality guidelines for wood fuels in Finland 7. 

The classification of wood fuels is based on the classification of a raw material's origin, and wood 

biomass (Class 1) can be divided into three main groups: (Alakangas & Impola 2014, 5) 

 Woody biomass from forests, plantations, and other virgin wood; 

 By-products and residues from the wood processing industry; 

 Used wood. 

Wood fuel characteristics are determined according to the standards presented in Table 4. An 

elementary analysis of fuel is: “determination of the carbon (C), hydrogen (H), nitrogen (N), and 

sulfur (S) content of fuel by means of complete combustion. Oxygen can be measured, but typically 

oxygen (O) content on a dry basis is calculated as follows: 100% – CHNS and ash content on a dry 

basis (w-%).” (Alakangas et al. 2016, 12.) 

 

 

 

 

 

                                                           
7 VTT-M-04712-15. Bioenergy Association of Finland, Finnish Energy, Finnish Forest Industries Federation. 

 

Eija Alakangas, VTT 
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Table 4. Standards related to the determination of wood fuel characteristics. (Modified from: Alakangas & 

Impola 2014, 7.) 

Property  

 

Standard  

Moisture content as received 

(Mar)  

Solid biofuels. Determination of moisture content. Oven dry 

method (EN ISO 18134-1 parts 1, 2 and 3:2015) Part 1: Total 

moisture. Reference method. Part 2: Total moisture. Simplified 

method. Part 3: Moisture in general analysis sample  

Ash content (Ad)  Solid biofuels. Method for determination of ash content (EN ISO 

18122)  

Calorific value (qp, net, d)  Solid biofuels. Method for the determination of calorific value (EN 

ISO 18125)  

Particle size distribution (P) 

and fines (F)  

Solid biofuels. Determination of particle size distribution for 

uncompressed fuels - Part 1: Horizontally oscillating screen using 

sieve for classification of samples with a top aperture of 3.15 mm 

and above (EN ISO 17827-1)  

Solid biofuels. Determination of particle size distribution for 

uncompressed fuels - Part 2: Vertically vibrating screen using sieve 

for classification of samples with a top aperture of 3.15 mm and 

below. (EN ISO 17827-2)  

Bulk density (BD)  Solid biofuels. Determination of bulk density (EN ISO 17828:2015)  

Carbon (C), Hydrogen (H) and 

Nitrogen (N) content  

Solid biofuels. Determination of total content of carbon, hydrogen 

and nitrogen - Instrumental methods (EN ISO 16948:2015)  

Sulphur (S) and Chlorine (Cl) 

content  

Solid biofuels. Determination of total content of sulphur and 

chlorine (EN ISO 16994:2015)  

Water soluble chloride (Cl), 

sodium (Na) and potassium 

(K) content  

Solid biofuels. Determination of the water soluble chloride, sodium 

and potassium content (EN ISO 16995:2015)  

Major elements (Al, Si, K, Na, 

Ca, Mg, Fe, P and Ti)  

Solid biofuels. Determination of major elements, (EN ISO 16967)  

Minor elements (As, Ba, Be, 

Cd, Co, Cr, Cu, Hg, Mo, Mn, 

Ni, Pb, Se, Te, V and Zn)  

Solid biofuels. Determination of minor elements, (EN ISO 

16968:2015)  

 

According to a guideline document, the following standards apply in quality classification, and the 

application of quality assurance, sampling, and sample preparation: (Alakangas & Impola 2014, 8.)  

 EN 15234-1:2011. Solid biofuels. Fuel quality assurance. Part 1: General requirements 

(referred to as "quality assurance standard part 1" in the text). 

 EN 15234-4:2012. Solid biofuels. Fuel quality assurance. Part 4: Wood chips for non-

industrial use (referred to as "quality assurance standard part 4" in the text). 

 EN ISO 18135. Solid biofuels. Sampling (referred to as "sampling standard" in the text). 
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 EN ISO 14780. Solid biofuels. Sample preparation (referred to as "sample processing 

standard" in the text). 

 EN ISO 17225-1:2014. Solid biofuels. Fuel specifications and classes. Part 1: General 

requirements. (referred to as "grading standard part 1" in the text). 

 EN ISO 17225-4:2014. Solid biofuels. Fuel specifications and classes. Part 4: Graded wood 

chips (referred to as "fuel specification standard part 4" in the text). 

In practice, use, combustion technology, and emissions are influenced by the following 

characteristics of the fuel: 

 Calorific or heating value (chemical composition) 

 Moisture content 

 Ash content, composition and melting behavior and slag formation 

 Density, grindability, viscosity and other technical features 

 Particle size 

 Amount of volatile components (chemical composition) 

According to Alakangas et al. (2016, 186), “the net calorific value of fuel on a dry basis is a measure 

of the amount of energy released in the combustion of a completely dry fuel, assuming that the 

latent heat contained in the water vapor formed from the hydrogen in the fuel cannot be 

recovered.” However, latent heat of water vapor can be recovered in the boiler via flue gas 

condenser. The net calorific value as received refers to taking the moisture contained in the fuel 

into account. 

Moisture is the most essential quality of wood-based fuels. In combustion, lots of energy is needed 

to vaporize the water content of the fuel. Fresh tree moisture content is around 50-60 w-%, and 

usually fuel raw material needs to be dried by natural or artificial methods to work as fuel for energy 

production. Calorific values and other qualities of wood, e.g., ash and chemical contents, essentially 

in Finnish tree species are comprehensively presented in the VTT report “Properties of indigenous 

fuels in Finland”8. A comparison of the net calorific values, moisture contents, bulk densities, and 

ash contents of different fuels are presented in the table in Annex 2. 

For developing the use of forest energy in Finland, one important thing is to improve the quality 

and reduce the moisture content of the fuel supplied to users to an average level of 30 - 35%. The 

                                                           
8 Alakangas, E., Hurskainen, M., Laatikainen-Luntama, J. & Korhonen, J. 2016. Properties of indigenous fuels 
in Finland. VTT Technology 272. VTT Technical Research Centre of Finland Ltd, 2016. 
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quality of the forest biomass is seen as being very important for the profitability of the operation 

of the plant. (Laihanen et al. 2012, 311-312.) 

As mentioned above, biomass-based fuels have a high amount of volatile matter (Figure 9). These 

fuels have a lower carbon content than fossil fuels but a high share of hydrogen. Net calorific values 

show lower values than for fossil fuels.  

Figure 10, modified from Finnish Forest Institute research about the prediction of the moisture 

content of forest fuel (Jahkonen et al. 2012, 5), shows the ratio of wood fuel moisture to calorific 

value. Variations in the energy density is also presented in the figure. 

The combined number of use of energy wood, logging residue, stumps and by-products from forest 

industry presents significant share of wood use in Finland (Sokka, Koponen & Keränen, 2015; 13-

14). The raw material for forest chips can be the whole tree, stem wood chips, logging waste, or 

other waste wood. The feedstock is processed using chipping equipment. Hog fuel is wood-based 

fuel that is produced with either a mobile or stationary crusher at a power plant. Recovered wood, 

plywood residues and stumps are processed typically in a crusher, usually called a grinder. The 

target length of wood chips is usually 30-40 mm, in average. An important variant in chip quality, in 

addition to moisture content, is solid volume content (solid/loose m3 ratio). This quality is affected 

by the production and transport of the fuel, and it indicates the ratio between particle density and 

bulk density. Particle size is influenced by tree species, impurities, share of fresh material like 

branches or leaves, or frozen material, for example. (Alakangas et al. 2016, 65-67.) 

 

 

Figure 9. Carbon and hydrogen contents and volatile matter shares as percentages, and calorific values of 

different types of fuel on a dry basis. (Source: VTT; Alakangas et al. 2016, 187.) 
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Figure 10. Calorific value of wood (MJ/kg) as received and energy density (MWh/m³) related to moisture 

content. For calculation of energy efficiency, 350–450 kg/m3 is used for dry bulk density. (Modified from: 

Jahkonen et al. 2012, 5.) 

 

Sawdust and cutter shavings are used in some of the distributed heating plants in Finland. Sawdust 

is a side product of timber sawmills and cutter shavings from mechanical planing mills. Sawdust 

moisture content may vary from completely dry wood to 70%. Cutter shavings are usually too dry 

and lightweight to be burned on their own, so it is mixed with some other more moist fuel. 

(Alakangas et al. 2016, 86.) These fuels may be converted into pellets or briquettes to gain a higher 

energy density. Drying and compressing biofuel into pellets enables controlled moisture content, 

offering also fuel a form that is less biodegradable and less susceptible to mold (Kuokkanen 2013, 

53). 

Wood pellets are produced mechanically from sawdust, grinding dust, and cutter shavings. Pellets 

are usually cylindrical shaped with a diameter of 6-10 mm and a length of 10-30 mm; Typical 

diameter in Nordic Europe is 8 mm (Kuokkanen 2013, 15-16). The moisture level for the raw 

material has to be 10–15% before pressing. According to Alakangas et al. (2016, 96), softwood is 

seen as a better raw material for wood pellets than hardwood due to its higher share of lignin. 

Wood pellet production requires no additives, which keeps it as eco-friendly to the environment as 
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wood chips (Bio heating guide 2014, 2). Wood pellets can be used as additional fuel in many wood 

chip boilers and feeder types (Luoma & Aalto 2006, 80). The pellets’ properties are governed by an 

international standard, EN ISO 17225-2:2014 (Alakangas et al. 2016, 97). 

Dried wood residues can also be converted into briquettes. Usually lignin is an adequate natural 

component to keep the briquettes in their shape. The shape of the briquette could be round or 

cubical, and the length is usually 50–75 mm at minimum. Compared to other fuels, the typical 

properties of briquettes are high weight and dryness. The properties of briquettes are also 

standardized; the quality classes set the requirements for the shape and dimensions, moisture and 

ash content, and elementary composition. (Alakangas et al. 2016, 94-95.) 

Recovered wood has its own quality guidelines in Finland. Recovered wood refers to chemically 

treated industrial wood residues, wood residues from construction and waste management, and 

roadside trees. The quality of this biomass is influenced by impurities, which may be categorized 

into mechanical and chemical impurities. Mechanical impurities include soil, stones, plastic, metals, 

concrete, and glass, which can typically be separated by means of sorting or with a separating 

device like a magnet or sieve. Used chemicals like paint or glue do not prevent energy recovery, but 

chemically treated wood with more halogenated organic compounds and heavy metals than virgin 

wood are within the scope of the Government Decree on Waste Incineration. (Alakangas et al. 2016, 

105-107.) Wood with preservatives is considered hazardous waste. Consumers are guided not to 

burn creosote-impregnated wood in residential small-scale heating appliances (Wood impregnated 

with creosote 2016). 

The development of the forest fuel product chain has attracted significant interest in research 

during the last few decades in Finland. One important research area has been the effects of the 

different parts of the chain on the quality of the fuel. Different processing, transport, and storage 

methods and the impacts of stages on the fuel characteristics are still not covered in this study. The 

focus is on the plant environment and the aspect is the operator of the energy production system. 
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2.3 Bio heating technologies and systems 

2.3.1 Principals and commercial technology in use in heating in research scope 

In large-scale power plants using biomass, fluidized bed combustion is currently state-of-the-art 

technology. This technology, based on a bubbling sand bed moved by pressurized air, has become 

more common as it is efficient for flexible and multi-fuel use. The scale of these systems are usually 

tens or hundreds of megawatts, including both production heat and electricity production. The two 

main types of fluidized bed boilers are bubbling fluidized beds (BFB) and circulating fluidized beds 

(CFB). The smallest fluidized bed technology boilers in Finland still have an output of less than 5 

MW and produce primarily district heat. These plants mainly use wood chips and sod peat as fuels. 

Fluidized bed boilers have become more common because of their flexibility in fuel use, tolerating 

also low quality fuels, as well as their high efficiency. One interest in fluidized bed technology is the 

constant and relatively low temperature of the furnace, which leads to low NOX emission levels. 

In small-scale Finnish bio heating, grate technology is commonly used in combustion. Stoker 

burners (see Figure 11) are common for smaller boilers capable of using many varieties of fuels. 

Nonstandard bio fuels are often in use in small-scale combustion in Finland, which requires system 

design for flexibility in feedstock use (Korpela 2017, 12). Stoker burners are automatic wood chip 

combustion devices placed inside the combustion space of the boiler. Burners fed horizontally or 

from below are also common. Horizontal stoker burners have been designed for smaller scale 

heating, mostly within the output range of 20-40 kW, but also higher heat output combinations up 

to 1 MW. Suitable fuels include wood chips, sod peat, and pellets. The system includes a screw 

feeder and cast iron, refractory-lined, or water-cooled horizontal cylinder. The fuel is fed into the 

burner according to the heat demand. The combustion air is fed by one or several air blowers to 

ensure efficient combustion. (van Loo & Koppejan 2010, 129.) 
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Figure 11. Horizontal stoker burner in small-scale heating unit. (Source: van Loo & Koppejan 2010, 130.) 

 

One technology option is a separate front chamber (or pre-oven, see Figure 12), where fed fuel 

particles combust or partly gasify. The gas is led from the front chamber to the main combustion 

chamber. The advantage of this separate front chamber is the option to use higher moisture 

content fuel. In small-scale stoker-fired and grate combustion systems, many types of wood chips, 

wood pellets, sod peat, or straw may be used. Automatic wood chip-fired systems range in size 

from 20 kW heating boilers to large power plant scale. 

 

 

Figure 12. Wood chip combustion system with pre-oven. (Source: van Loo & Koppejan 2010, 128.) 
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On a small heating scale, common log boilers and fireplaces use firewood or wood briquettes for 

heat energy production. The output size range in log boilers is usually up to 60 kW. Over-fire boilers 

are the most common types of log boilers, as they are simple and affordable for the user. The 

combustion is not so well controlled in this solution, and incomplete combustion results in 

emissions. Other technological models are under-fire (see Figure 13) and down-draft types, which 

are more modern with better controllability and efficiency, and lower emissions. In the down-draft 

boiler type, chips and peat briquettes can also be used. Log boiler systems usually require an 

accumulator for warm water to stabilize the ratio of the heat energy production and heating need, 

particularly in traditional over-fire boiler types. Simultaneously, they cut down on start-ups and 

lengthen heating cycles, which increase the total efficiency of the system and reduce emissions. 

The most modern type of log boiler is the technology where combustion gases are conducted via 

the grate to a separate ceramic combustion chamber and are burned at a high temperature. In 

addition, dual fuel boilers are used, the traditional type in Finland being one with separate 

combustion chambers for oil and log wood. The market currently also offers dual fuel boiler models 

for the joint use of two different biofuels, e.g., logs and pellets. 

Wood pellets are used in small-scale bio heating in both in pellet boilers and special fireplaces. 

Figure 14 shows a pellet stove that is heating air for the surrounding space. The idea of the stove 

differs from the appliances used for heating water for the circulation system around the heated 

space. Pellet boiler outputs usually range from 10 kW to 1000 kW. Individual houses are equipped 

with 10-20 kW systems. Pellet heating systems include a pellet boiler and usually a specific burner, 

storage silo, feeding equipment, and a control automation system. Pellet burners are quite similar 

to stoker burners. The system may be equipped with a heat accumulator if the need for hot 

domestic water is high. 

Pellet systems are effective and produce low emissions as a result of homogeneous quality, higher 

energy density, and low-moisture fuel. The efficiency of a well-designed pellet system can reach 

above 80 percent. Although good pellet burners show very low emission levels of hydrocarbons and 

carbon monoxide, NOX emissions are significant despite the rather low nitrogen content in the fuel. 

From an operator’s perspective, pellet systems require a minimal amount of maintenance. (van Loo 

& Koppejan 2010, 122-123.) Pellet fuel has the disadvantage of being sensitive to becoming moist 

when stored, which breaks down the shape of the fuel particle and may create problems in 

conveyors and feeding systems. 
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Figure 13. Under fire boiler using wood logs. (Source: van Loo & Koppejan 2010, 119.) 

 

A modern bio heating system is built to be easy to manage and highly automated (Figure 15), which 

also minimize the effort required for the maintenance (Bio Heating Guide 2014, 2). This type of 

boiler is used in bio heating tests carried out at the JAMK University of Applied Sciences laboratory 

in Saarijärvi and analyzed in this research (see Chapter 4). 

 

 

Figure 14. Schematics of pellet stove. (Source: van Loo & Koppejan 2010, 127.)  
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Figure 15. Typical bio heating boiler in Finland with different parts and auxiliary components. Fuel 

storage and conveyors are missing from the illustration. (Source: Bio heating guide 2014, 7.) 

 

The main types of grate technology are fixed flat grate, fixed diagonal grate, mechanical diagonal 

grate, chain grate, and special types of grates (Maskuniitty 1995, 399). Some common types of 

mechanical grates are presented in Figure 16. Moving grates usually have an inclined grate 

consisting of fixed and movable rows of grate bars. Moving bars enable the mixing of unburned and 

burned fuel particles as well as primary air meeting the alternating fuel bed more evenly. Different 

special mechanical grate types move by traveling, rotating, or a vibrating movement. Grate boilers 

are appropriate for biomass fuels with a high moisture content, varying particle size, and high ash 

content. Mixtures of wood fuels are applicable, but current technology does not usually allow the 

use of mixtures of wood fuels and straw, cereals, and grass. This is due to the different combustion 

behavior, low moisture content and low ash melting point of these fuels than those for wood. 

However, some special grate types, such as vibrating grates or rotating grates, may cope with 

woody and herbaceous biomass fuel mixtures. In addition, water cooling in the grate system is 

recommended to prevent sintering of certain types of biomass with a low ash-sintering point. (van 

Loo & Koppejan 2010, 135; 140.) 
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Figure 16. Examples of mechanical grates in bio heating boilers. (Source: Finnish Forest Centre 2016) 

 

Fixed grates are usually used in smaller boilers with no need for the mixing of fuel. Bigger boilers 

need a mechanical grate to stabilize the greater fuel mass flow burning with mixing the fuel with 

air and automatizing ash removal. The smallest grate boilers are 15-40 kW in individual houses, 40-

400 kW sizes are used in bigger properties, whereas district heating boilers are usually from 400 

kW to 2000 kW in size. Industry grate boilers are commonly larger than 1000 kW (Maskuniitty 1995, 

393). 

Based on the flow directions of the fuel and flue gas, there are three systems of operation for grate 

combustion: Counter-current, co-current, and cross-flow. Counter-current combustion is suitable 

for low heating values. Drying and vapor transport from the fuel bed is increased via conduction 

when hot flue gas passes over the fresh biomass fuel. Then again, co-current combustion is applied 

for dry fuels like waste wood or straw with preheated primary air. This system increases the 

residence time of unburned flue gases. Cross-flow combustion is a combination of the two previous 

systems and is specially applied in combustion plants with vertical secondary combustion 

chambers. To control the temperature in the furnace, flue gas recirculation and water cooling may 

be used in the combustion chamber. (van Loo & Koppejan 2010, 137.) 

Ragland & Bryden (2011) present two types of special grate stokers for the industrial output range: 

Travelling grate spreader stokers and vibrating grate spreader stokers. In the spreader stoker model 

(see Figure 17), fuel is fed into the grate from the hopper. Different sized particles are spread out, 

flung and dropped in the furnace according to their weight, which then head to the rear part of the 

grate. Spreading helps mixing the non-homogenous fuel (like biomass) and avoiding e.g. bridging 

and uneven distribution over the grate surface (van Loo & Koppejan 2010, 139). The smallest 

particles are carried up by the upward motion of the gases and burn in suspension rather than on 
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the grate. The grate constantly moves slowly forward, at speeds of up to 12 m/h, adjusted so that 

the fuel burns out before reaching the end of the grate. For the demand of the heat load or changes 

in fuel quality, fuel feed, grate speeds and airflow rates are adjusted. Primary air is supplied from 

beneath the grate and secondary air from the nozzles in the sidewalls to complete the combustion. 

In biomass combustion, the ratio of primary and secondary air is typically 40/60. (Ragland & Bryden 

2011, 388-389.) Advantages of the traveling grate systems are uniform combustion condition for 

woodchips and pellets and low dust emissions (van Loo & Koppejan 2010, 139). 

The vibrating grate spreader stoker is similar to a traveling grate spreader stoker system except that 

the grate vibrates intermittently instead of moving continuously in a horizontal direction and is 

sloped at about 6 degrees. The fuel slides down along the grate as it burns, and the ash falls into 

the ash hopper. The advantage of the vibrating grate, compared to the travelling grate, is that it 

requires less maintenance due to fewer moving parts. (Ragland & Bryden 2011, 389.) 

 

 

 

Figure 17. Spreader stoker with an air-cooled traveling grate for coal or biomass based fuels. (Ragland & 

Bryden 2011, 388.)  
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2.3.2 Review of the development of combustion appliances 

Manufacturers develop their products according to market needs and legislative steering. 

Manufacturers conduct official tests required by standards in laboratory conditions for new 

products but also many types of product development tests. Tests are also made in field conditions 

on equipment in use. 

Small-scale boilers manufactured in Finland differ quite a lot from those manufactured in Central 

Europe. Central European boilers use bricklaying in the furnace walls, and heat is recovered in a 

horizontal tube-type convector. Finnish boilers are usually water-cooled and do not have 

bricklaying, so the structure is simple and less expensive to build. This has been due to not having 

strict emission control regulations. The main development steps have been taken to enhance bio 

burners and combustion control devices. (Alakangas et al. 2007, 52-53.) 

Research has been carried out in Finland to test lambda sensors for controlling and optimizing the 

combustion air feed to the burner and the furnace. The lack of reliability and the high price of 

sensors for measuring flue gas composition have shown challenges in wood combustion appliances. 

In addition, combustion control according to furnace temperature distribution has been studied in 

Finland. Mathematical models of combustion may help to discover the state of efficiency, fuel 

moisture content, and the content of CO and oxygen in flue gas flow. Increasing automation in the 

combustion controls of small-scale bio heating boilers has been considered more feasible when the 

levels of regulation units and sensor costs decrease. (Alakangas et al 2007, 53-54.) 

Korpela et al. (2009) have studied control strategies for small-scale wood chip combustion. The 

research group has developed active control actions to compensate for the fuel feed fluctuations. 

The fuel feed should be in balance with the air feeds for confirming the temperature levels and 

clean combustion. The correct type of control system aims to maintain the energy efficiency and 

output level, even with fluctuations in the fuel feed. The aim was to keep the instrumentation at a 

reasonable level to maintain both inexpensiveness and good controllability. In addition, sensors 

have to be durable in a challenging combustion environment. One conclusion was that the air 

staging played a major role in the performance of the control system, so suitable staging of air feed 

is required. (Korpela et al. 2009, 119-124.) 

Lundgren et al. (2004) studied heat load fluctuations in a wood chip-fired boiler in Sweden. The aim 

was to find solutions for stabilizing the thermal outputs of biomass using small district heating 

networks. Small 0,5-2 MW-sized district heating networks have increased and suit smaller 

communities as well as in dispersed populated areas. These smaller district heating units emit 
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unacceptable amounts of pollutants resulting from incomplete combustion during low or varying 

thermal output. The continuing variation in heat requirements cannot be avoided in single boiler 

networks, and the heat demand is low, especially during summer. A new boiler type has been 

developed and tested to answer this problem more effectively, with aim of lower emissions even 

at low and variable loads. The solution was to divide the furnace into two different furnaces 

operating at three different thermal output levels. Also, the combustion process was performed in 

two stages, in a primary and a secondary zone. Heat storage may be used to answer some of the 

head load variations of the district heating network. To prevent the increase in emissions, a boiler 

should be operated at as constant a thermal output as possible. (Lundgren et al. 2004, 255-267.) 

Ruusunen (2009, 75) has also done research in Finland, modeling and controlling for small-scale 

biomass combustion for emission reduction. The fluctuating conditions in the combustion process 

and the lack of cost-effective sensors and automation set high challenges for controlling the system. 

Combustion control is usually applied to achieve targets such as even heat output and a constant 

oxygen level in flue gas. Steady-state conditions are generally favorable for achieving lower 

emissions. Automatic controls show potential for small-scale biomass combustion, with 

interventions into versatile changes in combustion conditions influenced by fuel, the environment, 

the device, and the user. (Ruusunen 2009, 75-78.) 

In general, a review of recent research on small-scale wood combustion showed results on wood 

combustion for certain moisture level fuels. New technologies have been tested on low-moisture 

chips or pellets optimized for quality. The background has been the requirements of the valid 

standards. Some tests have also been reported around the world on exotic and waste-based 

materials with varying technologies. Different combustion technologies combined with different 

fuels and their respective quality levels are not comparable. 
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2.3.3 Aspects for future and other heating technologies 

In general, the increase in renewable energy production also increases the amount of decentralized 

production and variety of hybrid production systems. Currently, energy markets are at a total 

turning point: Energy production and technologies are changing from centralized to distributed 

systems, which affects the business logic (Alm 2017, 83). The significance and amount of 

decentralized energy production will grow in the future in Finland (Vihanninjoki 2015, 24). In future 

systems, energy will be produced through a combination of different production technologies, and 

automation is choosing the right form according to availability or profitability. Future development 

of distributed technology is established through increased flexibility of systems, enhanced 

scalability, and increased price competitiveness of renewables. (Salokoski 2017, 9.) 

In Finnish conditions, different hybrid systems serve small-scale heat energy production well, since 

the heat supply relies on many types of energy sources supporting each other. In hybrid heating 

energy systems, solar heating can be combined to heat a pump, fireplace, or sauna stove with water 

circulation, bioenergy unit, an oil-based system, or district heat. (Salokoski 2017, 22.) Even with the 

growing demand for renewable and energy efficient solutions serving local heating needs, a more 

notable development is seen to arise in new electric systems. The future will feature intelligent 

systems, better utilization of digitalization, a flexible power grid with smart production and use, and 

an increased use of batteries. 

Table 5 presents different scales of hybrid solutions, including bioenergy on the market and in the 

development stage. In addition to traditional district heating, district cooling networks are under 

development for warm season requirements. According to Hakkarainen (2016, 72), it is predicted 

that district heating and cooling networks will be the most promising applications for bioenergy 

renewable energy system (RES) hybrids. 

In large-scale bioenergy systems research, the focus has been on bio-based transport fuel 

production and use. In Finland, the development has concentrated on second-generation wood-

based biofuels. The phase has already moved on to demonstrations. In addition, biofuels replacing 

fossil-based oil in heating has been developing quite rapidly. Wood-based pyrolysis oil is already 

produced in Finland at a demonstration plant, and pyrolysis oil has undergone combustion tests as 

fuel in heating plants. (Salokoski 2017, 23.) 
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Table 5. Summary of existing and developed bioenergy renewable energy hybrid solutions in Finland. 

(Modified from: Hakkarainen 2016, 71) 

 Domestic scale Utility-scale and 

district heating and 

district cooling 

networks 

Industry Farm-scale 

On market/ 

Implemented 

 Biomass + solar 

thermal 

 Biomass + ground-

source heat 

 Biomass + waste 

heat recovery 

 Biomass + electric 

heating 

 Biomass + district 

heating 

 Biomass + photo 

voltaics 

 Biomass + waste heat 

recovery 

 Biomass + passive 

solar energy 

 Co-combustion of 

biomass and coal 

 Biomass + 

ground-source 

heat 

 Biomass + 

waste heat 

recovery 

 Biomass + 

photo voltaics 

 Biomass + 

ground-source 

heat 

 Biomass drying 

 Biomass + 

photo voltaics 

 Biomass + 

wind 

 Biogas 

production 

Ongoing 

developments 

 Two-way district 

heating connection 

 Biomass + solar 

thermal 

 Biomass + geothermal 

 Hydrogen boosted 

biofuels 

 Waste heat utilization 

from new sources 

 Biogas related 

networks 

 Biomass + 

solar thermal 

 Liquid biofuel 

production 

 

The greatest potential for the use and development of distributed energy production and small-

scale CHP is in low-processed solid biofuels, as well as small-scale plants producing gaseous 

biofuels. The raw materials for these production processes are relatively readily available 

throughout the whole of Finland. The new production of gaseous biofuels increase the introduction 

of more extensive technology to bio-based distributed energy production. The agro biomasses offer 

a much higher potential for use than current use. Even though the potential could be substantial in 

small-scale energy production, the properties of the most commonly used agro biomasses, canary 

grass and straw, favor co-combustion mixed with other fuels in large-scale energy production 

plants. (Vihanninjoki 2015, 18-19.) 

Small-scale biogas production indicates wet bio waste processing units commonly found on farms. 

The number of small biogas plants has been increasing over the last 20 years, but the feasibility of 

energy production in small plants is still quite poor. In general, the incentive for using renewable 

energy on farms is to reduce the consumption of oil and grid power. The storage of biogas is 

challenging, but its utilization is beneficial if the gas can be constantly used. Suitable use could be 
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for the drying of chips or grain, or refining the biogas into transport fuel. (Hannula & Hakkarainen 

2017, 30.) Cost efficiency increases from extending the raw material base to available plant- and 

animal-based biomasses, e.g. manure, fodder, bio waste, biodiesel production by-products, and 

waste from the food industry (Vihanninjoki 2015, 19). 

Small- and micro-scale bio CHP development is still in the research stage in Finland, as it is across 

the rest of Europe. Low electricity prices have not promoted the building of new plants or achieving 

reference targets for Finnish manufacturers. International markets are unreachable without 

domestic references. At present, the research is focused on the development of cost efficiency for 

many types of operational conditions. (Salokoski 2017, 23.) The small-scale CHP technologies with 

the biggest potential are gas and diesel engines, micro turbines, Stirling engines, steam engines and 

turbines, ORC processes, and fuel cells.  

Nevertheless, gasification processes for small-scale CHP have still to tackle some technical 

problems, with tar compounds present in the product gas, for example. Tar shares in gasification 

product bring on challenges in further use such as in gas turbines or combustion engines. Syngas 

quality may suffer also from ammonia and sulphidric or chloridric acids. Biomass has to be pre-

treated to ensure that feedstock material is homogeneous by size and composition. (Molina et al. 

2016; 15, 23.) 

ORC technologies and Stirling engine technology have emerged internationally for small- and 

medium-scale CHP energy production, in the range of 10-1000 kWe, based on biomass combustion. 

Development needs still prevail, for example to achieve increased electrical efficiency of ORC and 

process control in Stirling engines. CHP solutions in the early stages of development include directly 

or indirectly fired gas turbines and pressurized biomass combustion systems. (van Loo & Koppejan 

2008, 394.) 

Figure 18 shows the thermochemical process routes of biomass from primary production. The 

choice of the process will depend on the economics of biomass availability and the aim of the end 

product. The end product can either be power and/or heat, transportation fuel or chemical 

feedstock. Intermediates of the processes include hot gases, low or medium energy gas, char, or 

hydrocarbons. Intermediates can be turned into steam, process heat, and electricity. Low and 

medium energy gases can be used in internal combustion engines and converted to fuel gases, 

methane, syn liquids, methanol, and gasoline. Hydrocarbons are intermediates for fuel oil and 

distillates. (Jameel et al. 2010, 447.) 
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Figure 18. Energy conversion routes of solid biomass from primary production.  

 

To estimate European trends through statistics, the consumption of renewable energy within the 

EU-28 increased by 66% between 2005 and 2014. Some renewable energy sources grew 

exponentially; for example, the consumption of solar energy grew by 1349% during that period. In 

addition, the consumption of more established renewable energy sources, such as biomass other 

than wood (including municipal waste utilization) also increased substantially (+ 184%). Total 

biomass (wood and other biomass including municipal waste) played an important role, accounting 

for just under two thirds (64%) of the gross inland energy consumption of renewables in the EU-28 

in 2014. (Eurostat 2016, 174.) 
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2.4 Applications and operators of small-scale heating boilers 

2.4.1 Individual households and properties 

Heating houses and properties is one of the most important energy use sectors in Finland. In 

housing, energy consumption includes the heating of spaces, domestic water and saunas, cooking, 

lighting, and other electrical equipment. Heating of residential buildings consumed 41 TWh of 

energy in total in 2015. Space heating covered 66% of total energy consumption, which is presented 

in Figure 19. The most common sources of energy for heating indoor spaces were district heat, 

wood, and electricity. (Official statistics of Finland, 2017.) 

Around 950 000 detached and semi-detached houses exist in Finland, of which 10% have a wood 

boiler as the main heating system. In addition, 80% of these houses have a fireplace or furnace for 

heating or for other use. Wood is also used for the heating of holiday homes and some agricultural 

and service buildings. Row houses less commonly have fireplaces or furnaces. In addition to heating, 

wood is used a lot in sauna stoves, ovens and for decoration and creation of atmosphere. (Savolahti 

et al. 2015, 2.) 

District heating is common method of heating in Finland, especially in population centers and cities. 

About 45% of the building stock is within the sphere of district heating networks. The use of heat 

pumps is on the rise in population centers (Prime Minister’s Office Finland, 2017; 33). Investment 

and operation costs, ease of use of the system and location of the property are the key issues 

affecting the choice of heating system. Even with the clear increase in popularity, geothermal heat 

pumps incur a relatively high investment cost, and the operational cost of a low investment cost 

air-to-water heat pump is linked to the price of electricity. A geothermal heat pump may even lose 

some of its attraction in the future, since its feasibility suffers at times of low energy demand. (ibid., 

62.) 

District heating is considered an affordable investment if it is available in the location, but the 

operational costs are second highest after the option of electric heating. In small houses, bio heat 

production is concentrated in pellet boilers, the investment cost of which is expected to decrease 

in the future. (Prime Minister’s Office Finland, 2017; 40.) The price of a pellet-fueled heating system 

is considered competitive compared to other renewable energy solutions like heat pumps and 

district heating in 2030 in individual, row, and also block houses. Recent national research 

conducted on the potential, feasibility, and the future of decentralized renewable energy focused 

separately on converting existing buildings into renewable heating use, and new buildings (ibid.). 
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Figure 19. Energy consumption in households in Finland in 2015. (Source: Official statistics of Finland 

2017.)  

 

When considering renewable energy systems, solar energy has to be acknowledged as an additional 

heating source. Even though the utilization of solar energy is still quite low both in electricity and 

heating, solar energy can be used for heating domestic water, process water for industry, and 

building space (Salokoski 2017, 21). It is expected that by 2030 it will be feasible to use solar energy 

for supplementing all other main heating technologies except district heating (Prime Minister’s 

Office Finland, 2017; 46). Due to the varying northern climate, the heating system should have 

flexibility in use with many different elements. During Finnish summer time, the requirements for 

space heating is low, but the need for warm domestic water remains. 

Forest chips are mainly used for the heating of buildings on farms. The share of building-specific 

use of forest chips for heating was 8% in 2015 (Salokoski 2017, 64). Farms usually have forest-based 

low-market value biomass available for energy production from their own activities and forests or 

from neighboring areas. When heating load demand grows and is required to be automatized, 

farms shift to using wood chip heating instead of using logs (Luoma & Aalto 2006, 77). The 

advantages of using wood chips instead of logs or firewood include automatic operation and lower 

emissions. This is because of the use of feed rate rather than air supply to control the heating rate. 

However, the use of wood chips requires bigger investments for production and storing the fuel as 

well as possible artificial drying. (van Loo & Koppejan 2010, 128.) 
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2.4.2 Heating plants and small district heating networks 

In Finland, one essential owner group of bio heating boilers are heat entrepreneurs. Also, some 

smaller heating plants are municipally owned. According to the Heat Entrepreneurship Register9 of 

Finland, the amount of heating destinations owned by heat entrepreneurs was 618 in 2015. The 

number has been increasing since 2000, when the amount was around 100 plants. Some 

information is still lacking in the updated register, so the current real amount may be higher. The 

register holds approximately 300–350 different companies/actors. The scale of the heating boiler 

output of these entrepreneurs varies from 20 kW to 6000 kW, while the median output value of 

the plants is 500 kW. Individual actors own between 1 and 31 plants, with the average being around 

two. (Korri 2016, 3-5.) The heat entrepreneur-operated plants’ annual solid wood-based fuel use 

was 1,6 million m3 in total in 2016 (Alm 2017, 50). 

Heat entrepreneurship is a line of business providing heating services to customers. The business 

model for heat entrepreneurship can be a limited company, cooperative society, entrepreneur, or 

a cooperating group of entrepreneurs. The fuel is usually acquired from the operators’ own forests 

or bought from local sources. The entrepreneur is responsible for the whole process: Fuel supply, 

energy production, responsibilities for the operational condition of the plant, and management of 

the cost of providing the service. Usually, the customer only pays for the energy used. This 

arrangement has low risks and predictable pricing for the customer as long as the plant and heating 

network is optimally sized and the back-up system is reliable. Plant performance and security of 

energy supply should be prioritized in the decision-making process and planning phase before the 

investment cost is made. (Brofeldt et al. 2009, 74.) 

Some 150 of the plants belonging to heat entrepreneurs are district heating networks or urban area 

locations. Separate targets include around 140 schools or teaching facilities and around 30 

retirement homes or corresponding service centers. A notable share of these customers are 

companies, with the largest users of the services traditionally being municipalities. (Korri 2016, 3.) 

The increase in the use of forest chips at the plants belonging to heat entrepreneurships is 

presented in Figure 20. The amount was around 1,39 million i-m3 /10 in 2014. This share accounts 

for 7% of the total consumption of forest chips in energy production in heating and power plants in 

Finland. (Vuorio 2016, 2.) Other fuel includes e.g., bark, recycled wood and peat. In addition, small 

                                                           
9 Maintained by TTS (Työtehoseura ry). 
10 Refers to loose volume. 
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amounts of cereal waste and canary grass are used (Alm 2017, 50). Usually fuel comes from a local 

source, at a maximum of 50 km distance from the plant. 

New legislation (the EU’s MCP directive, as previously presented) sets stricter emissions limits on 

1–5 MW-sized bio heating plant owners and will require registration in the coming years. When 

establishing a new boiler plant, an operator may need to include electrostatic precipitators or 

scrubbers (at a cost of EUR 100 000 – 300 000) to reach the particle emission targets. In old plants, 

new regulation may also require actions and investments, thus adding further costs. (Tuohiniitty 

2016.) 

 

 

Figure 20. Used wood fuels of heat entrepreneurs in Finland 2002-2014. (Modified from: Vuorio 2016.) 
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2.5 Efficiency and emission control in bio heating systems  

2.5.1 A variety of ways to control performance and emission output in bio heat 

production 

According to general assumptions, dry, good quality fuel, correctly maintained equipment, correct 

adjustments in operation, and functioning and reliable technology guarantee the efficient and clean 

energy production process without stress to the environment or hazardous emissions. This 

situation seems quite simple with only few variables. The reality is different, with a large number 

of questions affecting efficiency levels and emissions generated in bio heating boilers. In heating, 

at least in small-scale appliances, the performance is closely connected to the efficiency and losses 

of the system, the costs of energy production, and the produced emissions. According to Tissari 

(2008, 55), residential wood combustion appliances have a high probability of incomplete 

inefficient combustion, producing fine particles and hazardous organic compounds. 

In recent decades, boilers have been actively developed by boiler producers. In Finland, boilers are 

developed to use available biomasses that are quite heterogeneous in terms of quality. The 

moisture, energy content, and size, as well as other quality criteria, vary. For that reason, the boiler 

producers need to develop their boilers to ensure the efficiency and to meet the environmental 

requirements. (Knuuttila et al. 2014.) 

In practice, there has been very little research information available about the factors affecting the 

energy efficiency of small-scale bio heat boilers in Finland. Furthermore, foreign experiences cannot 

be applied to domestic boilers due to differing technology in use and operational conditions and 

practices having an influence on efficiencies. Various types of boiler technology, accommodating 

large age ranges, are in use. These different types of boilers have versatile maintenance needs and 

the quality of the fuel impacts in different ways. (Tuomi 2013; 10, 20.) 

Emissions from energy production include emissions gases, particulate matter, fine particles, and 

odors. Emissions are mainly developed when a combustion process is not working properly, 

otherwise complete combustion of carbon would result mainly in CO2. Emissions also include 

sulphur and nitrous oxides depending on the chemical composition of the fuel and reaction 

conditions, as well as particles of fly ash. Small particles and black carbon particles are produced 

and included in escaping flue gas in an incomplete oxidation process.  

Fine wood combustion particles also originate from the inorganic content of the fuel. Some non-

combustible ash components partly vaporize during combustion, and subsequently condensate to 
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particles when cooled down. Organic gases also condensate on the surface of the black carbon and 

ash particles, which create the end-products of the incomplete combustion. Condensated 

substances include e.g., polyaromatic hydrocarbons (PAH), which are hazardous for human health. 

The formation and conversion processes take place in the furnace, flue gas duct, and instantly after 

being released from the chimney, when the temperature decreases to outdoor levels. In research, 

these particles are called primary particles. Secondary particles are formed later in the atmosphere, 

when sulfur and nitrogen compounds as well as non-methane volatile organic compounds 

(NMVOC) condensate. Part of these secondary particles are in the form of transboundary pollution 

from other regions such as Russia. (Savolahti et al. 2015, 2.) 

In general, the use of bio-based fuels instead of fossil fuels decreases the production of carbon 

dioxide, sulfur, and heavy metal emissions. According to the present definition, carbon dioxide 

released in the combustion of biofuels into the atmosphere is calculated to take up to growing 

biomass. In respect of a pollution control, the thermal conversion of biomass to energy can be 

divided into three stages (Figure 21) (Honkanen & Kataja 2017, 56): 

1. Measures taken before combustion: Fuel quality and management 

2. Combustion technology and controls 

3. Measures taken after combustion: Pollution control equipment (e.g. air pollution control, 

ash management). 

 

 

Figure 21. Influencing performance and emission control of small-scale bio heating boilers. 
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Ohlström et al. (2005, 35-36) separate emission formation and control influencing factors in small-

scale wood combustion as follows: 

 Fuel 

o wood species and particle size 

o moisture content 

o feeding method 

 Combustion mode of operation 

o batch or continuous type of combustion 

o fuel amount 

o rate of combustion 

o air feed 

 Combustion appliance 

o size and shape of the furnace 

o air feed placement 

o heating surfaces 

o storage capacity 

 Combustion conditions 

o combustion temperature 

o air-fuel rate 

o combustion time 

o draft 

 Emission control methods in the appliance 

o afterburning 

o structure of the flue stack system 

o post-purification method 

 Emission control methods outside of the appliance (in the surroundings) 

o location of the appliance 

o location of the plant. 

The following chapters address the details of the three above-mentioned aspects of influencing 

performance and emission control in small-scale bio heating systems under the prevalent 

approaches. The discussion focuses separately on fuel quality, combustion, and emission control 

technologies. In addition, a discussion about the operator’s role is included in the fourth chapter. 
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2.5.2 Affecting the system with fuel quality 

Overall, biofuel characteristics have an essential link to technical, economic, and ecological aspects 

of bioenergy production. The characteristics have a great impact on biomass conversion to energy, 

and the efficiency of the process depends strongly on the quality of used fuel. The most important 

properties of the fuel include moisture content, calorific value, chemical composition, bulk density, 

and alkali metal content. The amount of volatile matter determines how completely the biomass is 

gasified. Thus, the shares of volatile matter and fixed carbon relate closely to oxidation reactions 

and stages of burning, linking to the design of the furnace, and controlling of the fuel and 

combustion air feed. The ash content of the biomass, composition of inorganic share and its melting 

behavior relate to temperature rise restrictions and controls in the combustion process, and 

maintenance requirements of the equipment. (Honkanen & Kataja, 55.) 

Fuel chemical and physical properties set requirements for boiler structure, and relate closely to 

combustion process, emissions and boiler operation (Korpela 2017, 11). Biomass moisture content 

can be controlled before supply using natural or artificial methods. In addition, the production chain 

and the storing of the biomass relates to influencing to the moisture content and the prevention of 

quality losses. Drying technologies, processing such as crushing or chipping, removal of impurities, 

or screening unwanted types of particle sizes are used. The energy density of the biomass can be 

manipulated with processing such as pelletizing or briquetting. In storing, packing solutions such as 

bundling or baling can be used. Optimization of the combustion, pollution control and efficiency 

can be promoted through blending and mixing of different types of biofuels. (Honkanen & Kataja 

2017, 57.) 

Fuel moisture content reduces the calorific value, and the moisture also increases the volume of 

flue gas and reduces the thermal efficiency of the boiler. Higher moisture content fuels are also 

easily exposed to freezing in the winter, which can cause problems in the conveyors and fuel feeding 

equipment. Energy density refers to energy content per unit of volume and it mostly affects the 

sizing and designing of capacities of fuel transport, storing, handling, and feeding equipment. 

(Alakangas et al. 2016, 186.) Energy density is considered in the design of the boiler and auxiliary 

equipment. 

In grate combustion, the moisture content of the fuel influences the sizing of fuel handling 

equipment. The moisture has to be vaporized before proper combustion, which needs to be 

considered in the design of the grate surface and furnace dimensions. (Maskuniitty 1995, 396.) The 

bulk density of the fuel is affected by the moisture content, impurities, particle form distribution, 
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and particle density (Alakangas et al. 2016, 187). Narrow particle size distribution is set to an 

objective in bio based combustion systems and especially in small-scale applications (Korpela 2017, 

12). 

In use and in practice, evaporating water in the boiler incurs costs for the operator. When stored, 

wet chips decompose more easily and generate heat. These results decrease in caloric value, 

spontaneous ignition, and microbial and fungal growth. Moisture can also cause disturbance in 

optical sensors. (Puolamäki 2013.) In small-scale systems, high moisture content increases the 

consumption of the fuel compared to the produced energy (Luoma & Aalto 2006, 80). This indicates 

a decrease in energy efficiency. 

The ash content of the fuel lowers the calorific value and affects the capacity required of the 

systems’ ash handling equipment. Existing impurities, such as soil particles, glass material, stones, 

and metals, increase the inorganic content of solid biofuels and waste-derived fuels. Unplanned 

substances in the fuels are connected to ash melting behavior in the furnace, for example. The 

wood ash melting point is considerably high (> 1400 °C), which does not usually bring about 

problems. However, peat has lower ash melting points, so challenges have been noted in the 

combustion of dry sod peat. Control solutions of ash melting include water cooling in the grate and 

the use of unheated combustion air. (Maskuniitty 1995, 398.) 

Combustion techniques may require a certain particle size. The even form of a particle can have a 

bearing on the performance of the combustion. Particle dimensions and size distribution affects 

also the operation of transport and handling equipment. Bridging behavior is one example of the 

problems of certain particle size distribution. (Alakangas et al. 2016, 187.) Occasional larger 

particles or sticks or splinter-type particles may cause blockages, as well as disturbance to sensors. 

(Puolamäki 2013.) 

Smaller particles are usually burned faster and more efficiently in the furnace. However, 

combustion air penetrability to the fuel layer and fine particle take-off with gases set low limits to 

the particle size. The high share of volatile compounds mainly set requirements for dimensioning 

on the furnace and secondary air feed system (Maskuniitty 1995, 396-397) 

Selected solid biofuels with specific challenges: 

Forest chips may experience challenges in boilers with high temperatures, resulting in fouling and 

corrosion. This is particularly the case in large-scale boilers and super-heater materials. The 

problems are resulted by the chlorine and alkalis, in practice potassium. These react in the boiler 

and result in alkali chlorides, which are salts that vaporize at low temperatures. Salts formulate a 
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sticky coating on the surface of boiler heat surfaces, resulting in problems. Even though potassium 

and chlorine levels are relatively low in forest chips, they cause problems. This is due to lacking of 

the kinds of compounds in wood that are found in peat and coal, for example, that protect boilers. 

If coal or peat is mixed with wood, the problems can often be eradicated altogether. Coniferous 

trees’ needles contain high levels of alkali and chlorine, so the current understanding is to avoid 

combustion of these fractions in feedstock. (Alakangas et al. 2016, 190.) 

Bark has higher ash content than stem wood, including higher potassium levels. Wood chips contain 

different shares of bark depending on the wood species, age, and utilized parts of a tree for energy 

production. In research by Sippula (2010, 51-52), the conclusion was that bark material generates 

clearly higher fine particle emissions than stem materials in small and medium-sized biomass 

boilers. Fuel properties were found to have a significant influence on the fine particle formation 

and its chemical composition. 

Straw has many similarities as a fuel to wood: Its elementary composition (C, H, N, O, S) and net 

calorific value on a dry basis are close to those of wood, and it also has a high level of volatile 

compounds. However, straw represents higher char and dust content than wood based biomass 

(Molina et al. 2016, 13). Straw has also a lower energy density and a higher ash content. These 

qualities make it a more challenging fuel compared to wood. Straw contains high levels of alkalis 

and chlorine, which indicate the same ability to cause fouling and corrosion. The chemical 

composition of straw also results in a low ash melting temperature. In general, growth conditions 

(fertilization, soil, weather conditions), harvesting time, and even weather conditions affect the 

composition of herbaceous agro biomasses and may have an impact on combustion. (Alakangas et 

al. 2016, 190.) 

If side streams from the woodworking industry or recycled wood fuels are used, they may always 

contain impurities. Demolition wood can contain inorganic materials such as concrete and nails, 

and toxic substances from paints, for example (Alakangas et al. 2016, 190). Bigger parts may bring 

problems to the feeding system: Nails have sometimes blocked the ash removal screw if present in 

the fuel. If the impregnated wood is mixed with the fuel, it contains high levels of arsenic, 

chromium, and copper. (Ibid., 190.) 

Table 6 presents the most important quality requirements of solid fuels for different user groups 

and for different technologies in decentralized scale energy production. The data is collected by 

VTT. The most interesting size range in this research is below 1 MW, but some requirements for up 

to 10 MW-sized plants are presented for comparison. In large plants, including heat and CHP plants 
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and industrial process kilns, technologies include fluidized bed and grate combustion, fluidized bed 

gasification, and pulverized combustion. Gasification requires dry fuel, as large-scale combustion is 

not so sensitive to moisture content. The moisture level should be less than 50%. In general, large 

units have boiler-specific quality requirements. 

 

Table 6. The most important quality requirements of solid fuels for different user groups and for different 

technologies in decentralized scale energy production (< 10 MW). (Modified from: Alakangas et al. 2016, 

194.) 

User group  Fuel  Technology  Most important fuel quality 

requirements 

Households  

(< 50 kW) 

Wood pellets Pellet boilers and 

fireplaces 

Good mechanical durability and low 

ash content (< 0,7 w-%) 

Firewood, wood 

briquettes 

Fireplaces, log boilers Low ash content (< 0,7 w-%) for 

briquettes and low moisture content 

(15–20 w-%) for firewood 

Delimbed stem 

wood chips 

Stoker-fired boilers Low moisture content (< 35 w-%) and 

homogeneous particle size (30–45 

mm) 

Farms, large 

properties  

(< 1 MW) 

Whole-tree or stem 

wood chips, sod peat 

Stoker-fired boilers 

Grate combustion 

Low moisture content (< 35 w-%) and 

homogeneous particle size (30–45 

mm) 

Straw bales Grate combustion, 

including whole bales 

Homogeneous bales, low moisture 

content (< 18 w-%) 

Wood pellets Pellet boilers and 

stoker-fired boilers 

Good mechanical durability (97,5 w-%) 

and low ash content (< 0,7 w-%) 

District 

heating 

plants 

(< 5 MWth) 

or small CHP 

plants 

Forest residue or 

whole-tree chips, 

sod peat 

Grate combustion 

Fluidized bed 

combustion 

Moisture content < 40 w-% for grate 

combustion and fluidized bed 

combustion 

Extremely good, 

clean fuels 

Downdraft gasification  

(< 2 MW) 

Moisture content < 25 w-%, particle 

size 10–100 mm, ash content < 1 w-%, 

high ash melting temperature, high 

bulk density (> 200 kg/m3) 

Heat and 

CHP plants  

(5–10 MW) 

Forest residue, 

whole-tree or stem 

wood chips 

Grate combustion 

(Fluidised bed 

combustion) 

Moisture content < 50 w-%, (alkalis 

and chlorine) 

Relatively wide fuel 

base 

Updraft gasification 

(< 10 MW) 

Particle size 10–100 mm, moisture 

content < 50% 

Wood and straw 

pellets 

Stoker-fired 

combustion, pulverized 

combustion 

Boiler-specific quality requirements 

Straw bales or e.g. 

agrobiomass bales 

Grate combustion 

(Fluidised bed 

combustion) 

Large bales, moisture content < 20 w-

%, ash melting properties and high 

alkali and chlorine contents to be 

taken into account in boiler design. 
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Bio heating equipment is designed and sized firstly according to the heating energy needed in the 

target, and secondly to the suitability of use of the selected fuel. In farm-scale heating systems, 

moisture content is recommended to be maximum 30 % w/w (Luoma & Aalto 2006, 80). The 

amount of gases produced from the combustion is constant when the device is run with the fuel of 

designed quality at nominal efficiency. Higher moisture levels of the fuel increase fuel consumption 

and the amount of combustion gases, which should be taken into consideration when designing the 

chimney and flue gas fan. (Bio Heating Guide 2014, 2-4.) 

Figure 22 presents the ratio of moisture of wood chips to produced energy levels and flue gas 

temperature. According to the boiler manufacturer, the curve has been generated via burning 

wood chips. However, the 10% curve may correspond to the use of wood pellets in practice. For 

example, at 100% power output, if the moisture level of the fuel rises from the 20% level to 40%, 

the flue gas temperature escaping from the chimney increases from around 200 °C to close to 300 

°C. At the same time, the amount of burned fuel increases significantly. 

 

Figure 22. Effect of wood chip moisture on output power level and flue gas temperature. (Source: Bio 

heating guide 2014, 4.) 
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In farm- and large property-scale bio heating plants, fuel quality has an impact on the efficiency and 

disturbances in production. Essentially, during winter, moisture control may bring challenges. Fuel 

flow should not contain any impurities, e.g., stones, larger items, or soil. Impurities may induce 

damage in conveyors or rotary feeders. Foreign objects, which may end up in the grate, may also 

cause the whole plant to stop. 

Practical experience show that the quality demands of solid biofuel for different sized heating 

boilers can be categorized as in Table 7. Figure 23 also presents aspects of solid biofuel-related 

effects on different boiler parts and in the plant environment. If the quality of the used fuel is low, 

the amount of fuel required for the same amount of energy increases. Quite quickly, this affects 

the fuel supply and maintenance cost. As presented above, low quality fuel may cause different 

problems in the feeding system and in conveyors and silos such as blockages and bridging behavior. 

The wrong type of chemical composition and impurities may result in ash melting in the grate at 

lower temperature levels. Foreign objects may even block the moving grate machinery and disturb 

the air supply. Inconsistent quality of fuel brings challenges to the controls of combustion with the 

fuel and air feed. Incomplete combustion increases losses, reduces boiler efficiency, and produces 

more emissions, e.g. carbon monoxide and particle emissions. The amount of ash increases and 

contains unburned fuel. The next section discusses the effects of the combustion process in more 

detail. 

 

Table 7. Quality demands of solid biofuels in different size heating boilers. (Modified from: Puolamäki 

2013.) 

Boiler output scale Quality demands for solid biofuel 

20 – 200 kW - Highest demand for the quality of the fuel, very open for disturbance and 

interruptions in the process 

- Uniform quality needed 

- Low moisture content (moisture content preferably below 25 %) 

- Fuel selection: Saw dust, pellets, stem chips, whole tree chips (from drum 

chipper) 

200 – 1000 kW - In addition to previous: whole tree chips and logging residue chips 

- Uniform particle size, may have bigger particles than in small scale 

- Moisture content below 40 % 

Above 1000 kW - Technology enables also chip batches with higher moisture content 

- The aim is to get uniform quality batches, minimization of manual controlling 

of  the process 
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Figure 23. Poor quality fuels effects to the boiler system. (Modified from: Puolamäki 2013; Vesanto 2006, 

31.) 

 

To control the quality of the fuel, the application of appropriate fuel quality assurance systems at 

the point of fuel delivery to the combustion plant is essential. A very important step is having fuel 

supply contracts with the respective fuel suppliers, in which fuel specifications including particle 

size, moisture content, ash content, type of fuel, and other important quality parameters are clearly 

defined (van Loo & Koppejan 2010, 59). It is already common practice to assess and pay according 

to the energy content of the fuel instead of its volume or mass. 

Visual inspections of the delivered biomass-based fuels should be performed in the plant before 

taking examples and determining the moisture content of the fuel. Furthermore, random tests 

regarding defined quality parameters should be conducted. Fuel deliveries that do not comply with 

the specified quality needs should be rejected and not used in the plant. (van Loo & Koppejan 2019, 

59-60.) 

   



66 
 

2.5.3 Performance and combustion control 

The combustion process is dependent on the right conditions being prevalent: A combustible 

substance is present, the temperature is high enough, and oxygen is available. The combustion 

process requires an undisturbed chain reaction in order to progress. In grate-type combustion (see 

Figure 23 above), primary air passes through a fixed fuel bed, in which drying, gasification 

(pyrolysis), and charcoal combustion takes place. In the fuel layer, all of the previous phases of 

burning take place simultaneously among particles. Pyrolysis gases like carbon monoxide, 

hydrogen, and methane burn in the furnace space with secondary combustion air support. 

Small-scale boilers are more sensitive to the varying process conditions than large boilers. More 

unstable conditions are due to lower heat storing capability, and alterations in fuel feed, air feed, 

and temperature changes in the furnace influence the combustion rapidly. Changes in combustion 

performance affect the efficiency and the produced emissions from the boiler. Technical solutions 

for enhancing the mixing of the fuel and combustion air include the right type of burner and moving 

grates, as mentioned above. An insufficient amount of combustion air leads to incomplete 

combustion in the furnace, and too abundant a mass flow of fed air causes a cooling effect and 

flow-through losses. In addition, incomplete combustion may result from poor mixing of 

combustion gases and air or too low a residence time of gases in the furnace. The measurement of 

oxygen in flue gases, with lambda sensors, also offer possibilities for small-scale applications for 

adjusting combustion air. 

The solid fuel burning rate depends on the chemical, structural, and physical properties. Chemical 

properties include reactivity, pyrolysis temperature, and calorific value. Structural properties are 

bulk density, particle size, and porosity, while physical quality depends on fuel specific heat and 

thermal conductivity. (Saastamoinen. 1995, 139.) Also, Horttanainen (1999) demonstrates the most 

important properties affecting the ignition and progress of burning in the fuel: Moisture content, 

share of volatile compounds, calorific value, particle size and shape, and porosity of the fuel layer. 

Higher moisture content raises the energy and ignition temperature required for inflammation. The 

higher share of volatile components promotes ignition, even at lower temperatures. Higher calorific 

value accelerates ignition and the progression of the flame spread. Reaction spread is also increased 

by higher porosity of the fuel layer. (Horttanainen 1999, 115-116.) Furthermore, dryness of the fuel 

may increase the tendency of channeling in the fuel bed, when highly porous zones develop in the 

bed or alongside the furnace wall. This seems to lead to unbalanced primary air flow inside the bed 

and further to non-uniform combustion in primary stage. (Buchmayr et al. 2015, 360.)  
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Particle size distribution seems to be a more complex issue determining the effects of aiming for 

higher energy efficiencies. Air flow channeling, especially in fuel layers consisting of small particles 

causes irregularity in ignition and burning. Varying burning alters over time with the motion of fuel 

mass in the grate, with flowing, collapsing, and falling in consequence of combustion. (Horttanainen 

1999, 114.) 

Even though the smaller particle size increases the surface area reacting to the combustion air and 

promotes the heat transfer and ignition of the particle, small particles may have some other 

drawbacks in terms of their behavior in the furnace. In practice, small particles in biomass material 

may easily collect moisture when stored and end up separating from bigger fuel particles. A large 

number of small particles with moisture result in a high density mass that can pack into the grate. 

Small fuel particles may also break away with flue gas flow, resulting in incomplete combustion and 

losses, thus reducing boiler efficiency. 

Combustion and ignition is also affected by some external conditions like the density of the 

radiation heat flux, air flow in the fuel layer, temperature of the combustion air, and presence of 

the flame. The fuel ignites rapidly when density of the incoming heat flux is high. Convective heat 

transfer results from flowing air, pyrolysis products, and flue gases in the fuel layer. (Horttanainen 

1999, 116.) Radiation heat flux can be influenced in small-scale systems with measures keeping the 

furnace and boiler temperature conditions at the desired level and as stable as possible by using 

brickwork, for example, and optimizing the use of combustion air. Distribution of the temperature 

levels can be also affected by structural options, dimensions of the furnaces, placing of the fuel 

feed, and the placing and staging of combustion air. 

The boiler manufacturer lists the features of a good bio burner (Bio Heating Guide 2014, 5): 

• High flame temperature = pellet 1100˚C, wood chip 1000˚C 

• Low excess air ratio, e.g., less than 1,4 (a high excess air ratio weakens the efficiency) 

• Low carbon monoxide (CO) emissions, values less than 500 ppm (or 0,05%) 

• Low emission of nitrogen oxides (NOX) 

• Wide range of use (e.g. 20–100% of the maximum nominal output level) 

• Sufficient burn back protection (safety). 

Similarly, the features of a good boiler are (Bio Heating Guide 2014, 5): 

• Vertical convection structure (needs less maintenance) 

• Easy to clean 

• Low final flue gas temperature (150–180 °C at nominal output) 
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• Sufficient fire surface (prerequisite for efficient transmission of heat into boiler water) 

• Sufficient pressure class (enables the use of sufficiently high temperature) 

• Weight of the boiler (relates to fire surface measures, structural sturdiness and the life 

expectancy of the boiler). 

Clean and efficient combustion requires the burner to be matched correctly with a boiler that can 

transfer the heat produced by the burner’s hot combustion gases to the boiler water as efficiently 

as possible (Bio Heating Guide 2014, 5). 

State of the art of process control of a biomass combustion plant includes the following control 

loops: Load control, combustion control, furnace temperature control, and furnace pressure 

control. The load control is guided by the produced heat and determines fuel and primary air feed. 

For every boiler and fuel moisture content a specific excess ratio exists, resulting in minimal carbon 

monoxide emissions. In biomass combustion applications with unstable conditions, a fixed set point 

for the excess air ratio can cause dramatic increases in CO emissions. Control of CO and excess air 

ratio should be combined in order to reach good results both in combustion control and CO 

emission reduction. (van Loo & Koppejan 2010, 163.) 

In general, the aim in combustion is to achieve the lowest possible share of oxygen in flue gases 

and to minimize the share of unburned gases. Good quality combustion is made possible with 

sufficient levels of turbulence, time, and temperature (Korpela 2017, 14). The performance of the 

combustion can be optimized with base information gathered by observing the concentration of 

carbon monoxide in flue gases. Flue gas temperature should be optimized at certain level to both 

prevent heat losses and avoid the condensing of vapors. In 500-2000 kW output boilers, flue gas 

temperatures are recommended as < 180 °C and > 120 °C with partial head load. (Flyktman et al. 

2012, 33.) 

Carbon monoxide’s share in flue gases has a clear correlation to the efficiency of combustion. CO 

can be reduced by enhancing the proper mixing of fuel particles and combustion air and adding a 

sufficient amount of combustion air to the furnace (increasing the excess air ratio). Staging of the 

air feed results in advances like longer residence time for burning, a more constant temperature in 

the furnace, and higher combustion efficiency. Bio fuel combustion is made favorable by providing 

distinct primary and secondary combustion zones with their own air supplies (Korpela 2017, 13). 

Two staged combustion systems can be very effective for pollutant emission reduction in small-

scale biomass combustion (Buchmayr et al. 2015, 357). 
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When NOX emissions are left out of the speculation, lowering the CO concentration in flue gases 

helps to simultaneously tackle other emissions hazardous for the environment. In large plants, the 

CO concentration of flue gases can be adjusted to quite a low level without increasing the excess 

air ratio and efficiency losses substantially. For small-scale boilers, lowering the produced CO 

requires the excess air ratio to be increased, which usually weakens the boiler efficiency more than 

gaining a reduction in losses. Decreasing the average concentration of CO and managing the 

fluctuation are the most important factors influencing the emissions in a boiler of less than 5 MW 

in output range. Development has been achieved by introducing frequency converters in blowers 

and fuel feeding equipment, which still do not eradicate the need for CO measurements in small 

boilers. (Flyktman et al. 2012, 33.) 

Figure 25 presents an example of the correlation of unburned compounds with nitrogen oxide. The 

measurement has been done for pellet combustion. The result is that even with clean combustion 

with low levels of hydrocarbons and carbon monoxide, nitrogen oxide emissions can be high despite 

the low share of chemical nitrogen in the pellets. The challenge is to balance efficient NOX reduction 

with low emissions of hydrocarbons. (van Loo & Koppejan 2010, 123-124.) However, not all 

nitrogen reaction products from biomass combustion are present in flue gases as NOX; Volatile 

nitrogen can form reactive compounds such as NH3, HCN and tar-nitrogen. These can react in the 

presence of oxygen and produce mainly NO. Parts of both volatile and char-nitrogen converts to 

N2. (Konttinen at al. 2013, 245.) 

Emissions from the combustion can be divided into the emissions originated from the chemical 

composition of the fully combusted fuel and the emissions resulted from incomplete combustion. 

To affect to the performance of the boiler and the rate of combustion, the optimization of 

combustion conditions is needed, including the use of an insufficient amount of combustion air. 

Dust particles in flue gas originate from soot, char, unburned hydrocarbons and ash particles 

escaping with the flue gas flow. According to Buchmayr et al. (2015, 358) wood combustion 

produces particles, mainly salts, via nucleation, coagulation, and condensation during temperature 

decreases in the furnace.  
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Figure 25. Correlation between unburned compounds (CO and OGC) and NOX in pellet combustion. 

(Source: van Loo & Koppejan 2010, 125.) 

 

Boiler efficiency is affected by losses occurred in the combustion process. Unburned fuel escapes 

with the flue gas and remains as part of the ash removed from the bottom of the boiler. The most 

significant loss is heat loss being released from the chimney in the form of hot flue gases. Flue gas 

temperature drops from 180 °C to 130 °C and may increase medium-sized bio heating boilers’ 

efficiency from 87% to close to 91% (Flyktman et al. 2012, 34). In addition, a small amount of heat 

leaves the furnace with warm ash, and the boiler experiences some heat radiation losses. 

As biomass combustion is a multivariable process, it is difficult to design or improve control systems 

by practical experiences. Some more advanced process control technologies have been developed 

to serve the needs to control these complex processes. The technologies are model-based and 

model predictive, and they may include fuzzy control and advanced censoring. (van Loo & Koppejan 

2010, 164-166.) 
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2.5.4 Flue gas cleaning systems 

Variety and efficiencies of flue gas cleaning technologies  

Flue gas purification for bio combustion systems include technical applications for cleaning the flue 

gases and measuring instrumentation. Air pollution control equipment for biomass boilers consists 

mainly of dust separation technologies such as electrostatic precipitators (ESP), dynamic 

separators, scrubbers, or fabric filters. Nitrogen and sulfur oxides and other compounds harmful to 

the environment can also be separated with specific separation technologies required by the use 

of challenging fuels or combustion conditions. As presented above, the combustion of biomass-

based fuels produce significant amounts of small-diameter dust particles, which indicate the need 

for efficient particle separation technology. 

Particle control technology should respond to the specific needs caused by the variety of 

combustion technology and used fuels. Determining factors for functioning emission control are 

the particle’s size, required collection efficiency, gas flow size, permitted time between cleaning, 

the detailed nature of the particles, and the appearance of tars in flue gases. (van Loo & Koppejan 

2010, 318.) Table 8 presents the particle control technologies particularly suitable for the collection 

of larger particles. 

 

Table 8. Summary of typical sizes of particles removed by various particle control technologies. (Modified 

from: van Loo & Koppejan 2010, 320) 

Particle control technology Particle size (m) Efficiency (%) 

Settling chambers > 50 < 50 

Cyclones  > 5 < 80 

Multicyclones  > 5 < 90 

Electrostatic filters  > 1 > 99 

Bag filters  > 1 > 99 

Spray chambers  > 3 < 80 

Venturi scrubbers  > 0,5 < 99 
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In medium- and large-scale biomass combustion, the use of ESPs and baghouse filters for fine 

particle emission control has been state of the art for many years (Brunner et al. 2017, 2). According 

to measurements performed in Finland, these are the most common dust removal technologies for 

large-scale bio boilers with high separation efficiencies reaching 98-99,9% for the total mass of dust 

particles. Fabric filters also separate the fine particles efficiently. Measurements have shown that 

separation efficiency for fabric filters for fine particles < 1 m is above 99%. ESP peaks separation 

efficiency between 90–99% for 0,1-1 m-sized dust particles. It should be acknowledged that old 

ESPs do not achieve as high separation efficiencies as new ones. Other influencing factors for the 

function of the ESP include the properties of the used fuel, operation conditions, and maintenance 

actions. (Ohlström et al. 2005, 27-29.) 

The advantages of ESP include low pressure loss and energy consumption compared to other 

efficient particle separation systems. In addition, ESPs have less need for maintenance, fewer 

moving parts, and the ability to function at high temperatures (up to 480C). (Ohlström et al. 2005, 

29; van Loo & Koppejan 2010, 324.) The downsides for ESPs are relatively high initial costs and a 

large required space. ESPs are also sensitive to variable dust loads and flow rates. (van Loo & 

Koppejan 2010, 324.) 

In scrubber technology, particles are scrubbed out from the flue gas by water droplets of various 

sizes. Different types of scrubbers include counter-current or cross-flow spray chambers, venture 

scrubbers or cyclone spray chambers. The efficiency of the scrubber depends on the size and 

velocity of the sprayed droplets. Smaller droplets increase the separation efficiency of the dust 

particles from the flue gas, but pressure drop also increases. Scrubber-condensers contribute to 

lower emissions of particles and simultaneously higher energy efficiency of the plant. Besides dust 

removal, the advantages of scrubber emission control technology include simultaneous gas (SO2, 

NO2, HCl) adsorption when needed. Scrubbers also work well at high temperatures and with flue 

gases with a high moisture level. Disadvantages include the need to manage the effluent, possible 

corrosion and erosion problems, and low separation efficiency of fine particles. Scrubbers are too 

expensive for most small biomass combustion systems, so they are not widely in use. (van Loo & 

Koppejan 2010, 329-330; 338.) In Finland, scrubbers are uncommon in dust removal, but their use 

has increased in the recovery of heat from flue gases and enhancing the total efficiency of power 

plants (Ohlström et al. 2005, 26). 

The most simple low-cost dust removal technologies are settling chambers, cyclones, and 

multicyclones. Other advantages of settling chambers include low pressure, simplicity of design and 

maintenance, high capacity, and the ability to extinguish the flame. Disadvantages of settling 
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chamber are large required space and low collection efficiency. Furthermore, the advantages of 

cyclones include simplicity of design and maintenance, little floor space required, low to moderate 

pressure loss, the fact that they deal with large particles and high dust loadings, their temperature 

independence, and their ability to extinguish flames. Cyclones have the following disadvantages: 

need for height space, low collection efficiency of small particles, sensitivity to variable dust 

loadings and flow rates, and possible problems with tar condensing in the cyclone. (van Loo & 

Koppejan 2010, 321-322.) 

Particle separation in a cyclone is based on the combination of gravity and centrifugal forces. The 

latter may be increased through a reduction of the cyclone diameter. To prevent loss of capacity, 

several cyclones can be used in parallel, like in a multicyclone. The principle of multicyclones is 

presented in Figure 26. Multicyclones have higher investment costs than single cyclones, and 

further, multicyclones cause higher pressure drops resulting in higher energy consumption. (van 

Loo & Koppejan 2010, 322-323.) In addition, multicyclones feature a risk of getting clogged up with 

high dust and moisture concentration in flue gases, low temperature levels, and sticky dust 

compounds (Ohlström at al. 2005, 28). 

 

 

Figure 26. Principle of a multicyclone. (Source: van Loo & Koppejan 2010, 323) 
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As presented above, nitrogen oxide emissions are closely linked to combustion conditions. The 

formation of NOX in combustion is a complex reaction chain, and the amount of emissions are 

influenced by fuel nitrogen content, fuel moisture content, and the distribution of oxygen and 

temperature in the combustion chamber (Flyktman et al. 2012, 28). 

NOX emissions originate either from the nitrogen content of the fuel or nitrogen from the 

combustion air. The formation of NOX in combustion can be influenced by optimizing the 

combustion process through staging the combustion air in the furnace or staging the fuel 

combustion. Influencing factors of reducing NOX emissions include initial fuel nitrogen content, 

temperature in the combustion chamber, excess air ratios in combustion air feeds, and residence 

time. (van Loo & Koppejan 2010, 313-314.) Boilers with nitrogen oxide emissions under 30 MW can 

also be affected by the recirculation of flue gases (Flyktman et al. 2012, 28). 

Secondary NOX emission reduction measures involve chemical treatment of the flue gas aiming at 

converting NOX to N2. For biomass combustion, applicable methods are mainly selective catalytic 

reduction (SCR) or selective non-catalytic reduction (SNCR). Both applications use a reducing agent, 

usually ammonia or urea, which is sprayed into the flue gas. Catalytic converters are commonly 

used in motor vehicles for NOX control, and the same type of catalytic converters can be used for 

small-scale biomass combustion, which optimizes the reduction of many types of emissions from 

incomplete combustion. Catalytic converters may achieve good reduction efficiencies for CO, CH4, 

other hydro carbons, PAH, or tar, e.g., in wood stoves, but the system needs a forced draft to tackle 

the pressure drop over the catalytic converter. Usually wood stoves and fireplaces are used with 

natural draft. (van Loo & Koppejan 2010, 317; 333-334.) 

Particle removal in small-scale bio heating units, research and practice 

The usual applicable dynamic separators for dust removal are either settling chambers, cyclones, 

or multicyclones, which are affordable solutions for smaller scale boiler plants. In Finland, 

decentralized biomass boilers include particle emission technology in a nominal output scale of 

above 500 kW. The typical technology used in local district heating boilers is cyclone or 

multicyclone. 

The Bioenergy Association of Finland and Motiva Ltd conducted research in 2014 (Lundgren 2014a, 

Lundgren 2014b) about the emissions of boilers using solid biofuel in the output range of 110-4000 

kW. Measurements were performed on 54 plants around Finland. The combustion technology used 

was grate combustion, except for one with a fluidized bed. The fuels used were wood chips, wood 

pellets, peat, sawdust, grain dust, and common reed. The measurements showed the values of 
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thermal power, flue gas temperature, flue gas composition (O2, CO, NO, NOX, OGC as propane, dust, 

and SO2), unburned fuel, and boiler efficiency. 

Measurements showed good quality fuels led to lower emissions. In addition, the increase in boiler 

efficiency correlated with a decrease in emissions. Enhancing boiler efficiency requires optimizing 

the combustion conditions to achieve high levels of complete combustion and minimizing the flue 

gas temperature to the right level. Thirty-three out of the 54 examined plants were equipped with 

some type of cyclone. The results did not separate multicyclones. The smallest plants equipped with 

cyclones were 500 kW, and the largest in the group were 4000 kW. One of the plants, with an output 

level of 3600 kW and a fluidized bed, was equipped with a fabric filter. In addition, one plant with 

grate combustion technology and an output level of 3000 kW was equipped with a flue gas 

scrubber. 

According to Lundgren (2014 a, 2014b), more than half of the solid biofuels using boilers in Finland 

in the output range of 110-4000 kW use some type of flue gas cleaning technology. However, the 

research does not cover all boilers in use, so the result is only approximate. In addition, the smaller 

bio boilers still rarely have flue gas cleaning technology in use. 

The use of ESPs have been reported (Savolahti et al. 2015) as one possibility for cutting emissions 

in small-scale boilers in Finland. However, information gathered about the use of ESPs in small-scale 

boilers is still minimal. Even with good results from testing of the equipment, uncertainties exist in 

reliability, separation efficiency, and costs. From an authority point of view, the monitoring of the 

application of the emission control device could be challenging, unless the ESP is a fixed part in an 

installed boiler system. (Savolahti et al. 2015, 14.) 

Brunner et al. (2017) have studied the use of ESPs for small-scale residential wood heating systems 

in Austria. They did laboratory and field testing on the ESP for wood heating systems – two boilers 

and one stove – that use logwood. The output levels were between 8,4 kW and 25 kW. The 

measurement time in field conditions was two years. The research results showed that the ESP 

technology used had the potential to contribute to a significant reduction in particulate matter 

emissions from old and high-emission residential systems. The highest separation efficiencies in 

field tests were > 83% for total suspended particles and > 93% for PM1. The operating seasons were 

in the range of 630-1088 hours per season, and one additional chimney sweep was needed to 

maintain ESP performance over the whole heating season. (Brunner et al. 2017, 10.) 

Bologa et al. (2017) have developed a certain type of ESP for the reduction of fine particles from 

small and mid-scale wood combusting boilers, which produce high amounts and mass 
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concentrations of fine particles. Their research has focused more on the development and control 

of operation parameters of the ESP advice. According to the research, ESPs should be equipped 

with automatic systems for cleaning the ionizer and collector stages, in order to ensure long-term 

operation stability. The ESP particle mass collection rates were reported at around 75% for the 

single ESP and as much as 93% for tandem systems on ESPs. (Bologa et al. 2017, 377-382.) 

Furthermore, Bianchini et al. (2016) have built and tested different scrubber systems for the 

removal of particulate emissions from a small-sized biomass boiler. The test environment was built 

around a test boiler with an output of 25 kW, using flint corn as fuel. The aim was to examine the 

removal of PM2,5. The tested solutions included a washing tower, a bubble-column scrubber, and 

a venture scrubber. The fourth test was performed by combining the two latter ones. The best 

results were for the combination of bubble-column and venture scrubber, with a removal efficiency 

of up to 95%. Energy consumption of the venture scrubber and the combination was higher than 

the two first ones. Installation and management costs were not included in the research. (Bianchini 

et al. 2016, 32-38.) 

In Finland, Sippula et al. (2017) have presented innovative technology in the form of an electrical 

charging condensing heat exchanger for particle emission reduction and for efficient heat recovery 

for small automatic biofuel-fired boilers. The aim was to tackle fine particle emissions and to enable 

small boilers to comply with the forthcoming European legislation, i.e., the eco-design directive. 

The device resulted in an 82% reduction efficiency in PM1 in the test reactor. The advantage is that 

it replaces the conventional heat exchanger in a boiler, and it is a compact and inexpensive 

application compared to separate solutions. (Sippula et al. 2017.) 

The EU’s new regulation requires emissions to achieve the set limits. Operators of heating plants 

within the 1-5 MW range need to carry out emission measurements every three years or after 4 500 

operation hours (Tuohiniitty 2016). According to current guidance in Finland, for stoker burners and 

grate combustion within the output range of 500-5000 kW using wood and peat, cyclones are 

functional and fulfill BAT requirements as basic solutions for dust removal at the moment. For dust 

efficiency and dust separation, boilers above 5 MW require multicyclone and possibly ESP, 

depending on the fuel ash content and fly ash particle size. (Flyktman et al. 2012, 29.) 
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2.5.5 The boiler operator’s role in the performance and the emission control  

Available general instructions for boiler use and maintenance 

Regular maintenance increases the service life of the heating system. In addition to the correct 

sizing of the heating system, the use of proper fuel and adjusting the combustion process, the 

operator has the responsibility to keep the system fit and well-functioning. Every boiler 

manufacturer should deliver proper instructions, e.g., a manual for supporting the efficient use of 

the equipment. Tukes (2017) gives detailed instructions for boiler owners about the safety of 

heating boilers using solid fuel. A well-maintained boiler works more efficiently and is safer in use 

than a poorly maintained system. (Ibid., 15.) 

Even with an outsourced maintenance service, the operator is responsible for the operating 

capability and condition of the system. An automatic system does not equate to a maintenance-

free system. A visual inspection is worth doing on a weekly basis, and functional tests for control 

and alarm devices should always be carried out after making changes to the process. In addition, 

safety appliances require regular inspection. (Tukes 2017, 15-16.) 

A boiler and the ducts need to be swept at least once per year. At the same time, a chimney sweep 

should check the condition of the duct. Regular sweeping increases the fire safety and enhances 

boiler efficiency. The operator should also ensure ash removal from the system, depending on 

need. Some boilers need burner and grate cleaning to be performed weekly. If the boiler is highly 

automated, basic maintenance actions are also conducted automatically. The cleaning of the boiler 

still has an effect on maintaining the energy efficiency of these boilers, and such measures should 

be taken every three months. (Tuomi 2013, 20; Tukes 2017, 15-16.) 

General instructions for boiler operators (Tukes 2017, 15-16): 

 The boiler should be operated according to the manufacturer’s guidelines regarding use, 

safety measures, and maintenance. 

 The boiler should be adjusted within intended settings and values, to achieve a cleaner 

and steady combustion process. 

 Only fuels suitable for the boiler should be used. 

 The boiler needs an adequate amount of combustion air in the boiler room. 

 The boiler furnace should not generate too much overpressure. 

 The boiler should have a steady fuel feed. 

 Chimney sweeping and fire safety inspections should be carried out regularly. 
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Furthermore, standard EN 303-5 (EN 303-5:2012, 26) states the following regarding the cleaning of 

boiler heating surfaces: 

“The heating surfaces shall be accessible from the flue gas side for inspection and cleaning 

with chemical agents and brushes. A sufficient number and appropriate arrangement of 

cleaning openings shall be provided. If special tools (for example special brushes) are 

required for cleaning and maintenance of the boiler, these shall be supplied.” 

The standard (EN 303-5:2012, 57) also refers to the operating instructions, in that they should 

contain reference to the reasons for recommending a regular, competent maintenance service and 

the necessary maintenance intervals. 

According to Tuomi (2013), old batch combustion type log boilers need cleaning weekly, if they are 

not equipped with an accumulator. A 1 mm-thick layer of soot in heat transfer surfaces reduces the 

heat transfer by 5%. A soot layer could form within a few hours’ time with poor combustion levels. 

An accumulator extends the necessary cleaning intervals to two weeks. 

 

Awareness and human behavior as the influencing factors 

The evaluation of emissions produced in small-scale wood combustion has been found to be 

challenging due to many specific reasons, e.g., versatile technologies in use, the lack of 

comprehensive equipment registers, substantial influence of the operator actions on emissions, 

and fuel procurement from non-commercial sources. Consequently, uncertainties relating to 

emissions from small-scale wood combustion are more substantial than in other significant source 

sectors. (Savolahti et al. 2015, 13.) 

New regulation brings about a burden for manufacturers via the required new testing methods and 

standards. However, new regulations entering into force may change the behavior of boiler users. 

New requirements could lead to a decrease in the use of low quality fuel, which may lengthen the 

lifetime of the present equipment in use. Modern combustion appliances are still more user and 

environmentally friendly, use less wood, and last longer. (Savolahti et al. 2015, 13.) 

In general, wood combustion has a strong position in Finnish culture, and restriction measures 

based on prohibition of wood for residential heating and atmospheric use could meet widespread 

resistance. Therefore, these types of restriction measures are better suited to more local and case-

specific solutions. A more suitable and inexpensive way to help emission control is an information 

campaign focused on consumers. This type of campaign could be most cost-effective for urban 

areas to cut down on emissions caused by appliances in individual buildings, e.g., fireplaces and 
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ovens. There is still little evidence on effect of information campaigns on human behavior, so the 

influence of such campaigns on the emission production rate is difficult to estimate. (Savolahti et 

al. 2015, 14-16.) 

Boiler owners make many choices before actual using lifetime that affect the economic and 

environmental sustainability of a system. As mentioned above, a heating system needs to be the 

right size for the existing energy demand, peak load demand, and annual demand, and for realistic 

type of fuels. When investing, the important choices also include the level of installed automation 

and the use of flue gas cleaning technology. 

During use, choices and understanding related to the properties of the fuel used are of major 

importance. Since small-scale combustion units are not equipped with flue gas cleaning technology, 

the choice of the fuel has an important effect on the operation and efficiency of the boilers as well 

as the fine particle emissions produced (Sippula 2010, 52). In addition to appliance type and fuel, 

operational practices are found to have a significant effect on combustion conditions and therefore 

also on the quantity and quality features of fine particle emissions from residential wood 

combustion (Tissari 2008, 55). 

Wood chip boilers are mainly in use in rural areas and on farms. Farm owners are one interesting 

target group for delivering information and guidance about the energy efficiency of their heating 

systems. Farm owners have an interest in using good quality fuel, since they want to prioritize their 

working time on their main livelihood and not on heating. However, awareness of fuel properties 

and the effects on combustion and efficiency varies greatly. 

Trends for heating plants with local district heating networks show the increase in automation. The 

plants are equipped with set running programs and the possibility of remote monitoring. Operators 

need to understand their automation system. If fuel choice widens, the need for controlling the 

system increases. Tightening emission limits require constant monitoring, and heavy metal and dust 

emissions increase interest in the environment. (Puolamäki 2013.)  
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3 MATERIALS AND METHODS 

3.1 Approach and framework of the research 

The purpose of this research is to present examples of practical combustion tests carried out in a 

laboratory environment with results, and present practical experiences and opinions based on 

different operational groups about small-scale wood combustion in the field. The test were carried 

out at the Saarijärvi Institute of Bioeconomy to study the different levels of moisture content of 

wood chips used in a 500 kW bio heating boiler. In addition, information acquired with the help of 

a questionnaire has been collected, and theme interviews were conducted for the needs of this 

research. The interest groups of this study are the equipment manufacturers as well as the 

operators and users of the heating boilers. 

The combustion tests on wood chips with different moisture levels were conducted to meet the 

needs of heat entrepreneurs and boiler operators. The quality of the fuel is known to have an 

impact on combustion, but information is still lacking in the field about the influence of specific 

properties on the economy and efficiency of the combustion and the emissions generated in use. 

The tests were carried out as the properties of the fuel varies in heating plants, e.g., according to 

seasons. Wood fuel quality is influenced by method of production, freshness and drying method, 

storing, impurities, particle size distribution and its fluctuation, and the amount of snow and ice in 

the fuel. Boiler operators can have an influence on the fuel used. Good quality, clean, dry fuel 

usually costs more as the production, storage, and drying will have been invested in. Section 2.3 

also presents results from other previously conducted combustion tests. 

A boiler operates within its control limits, when fuel quality fluctuates. Extensive influence is 

brought on for example by frozen humid fuel, which can cause problems at first on conveyors and 

in feeding devices, but energy is also required in order to melt it before evaporating the moisture. 

Standardized official tests for new boilers are carried out with standardized stable quality fuel. One 

aim in practical combustion tests is to acquire realistic information about the alternating quality 

fuel effects on boiler efficiency and generated emissions, without constant controls for combustion 

conditions. 

Every testing boiler plant is unique, and the results gained from this research are not fully 

comparable to any other tests done in other laboratory or field tests. For example, furnace 

structure and the number of combustion chambers have an effect on the efficiency of combustion 
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as well as the use of accumulator, which stabilizes and slows down the fluctuation demand of heat 

load. 

The combustion tests carried out for this research were performed with a typical Finnish 

manufactured bio heating boiler, which represents the average size and type of the heating boiler 

used by heat entrepreneurs in Finland. The boiler manual includes recommendations regarding 

moisture and other properties of the fuel, but in practice, quality may vary a lot. 

The information gathered from the questionnaires about the maintenance and efficiency of the 

boilers support the information collected from the literature and enable understanding of the 

present picture and the operators in the field. The theme interviews also support the information 

found in guidance documents, academic papers, and studies, giving a realistic and human aspect. 
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3.2 Bio heating boiler tests for wood based fuel 

3.2.1 JAMK boiler testing laboratory and related services 

In 2011 a boiler research and development environment was established in Central Finland. The 

boiler testing and fuel analysis laboratory was located in Tarvaala in the town of Saarijärvi, and is 

today part of JAMK’s Institute of Bioeconomy. The facility fulfills the requirements of standard EN 

303-5 concerning the testing of solid biomass heating boilers. The quality of the testing 

environment and the qualifications of the testing staff were assured according to ISO 17025 in 2012 

for standard EN 303-5: 1999 and completed for EN 303-5: 2012 in 2013. (Knuuttila et al. 2014, 703.) 

Currently, the operations and services in the Saarijärvi laboratories (see Figure 27) include: 

 EN303-5:2012 boiler tests in cooperation with and accredited by VTT (heating boilers, size 

range 80–500 kW); 

 Product development – broad range of possibilities with available facilities and 

equipment; 

 Fuel analysis and testing; 

 Preparation of fuels for testing; 

 Training services; 

 Wide expertise in solid biofuels and energy production; and 

 Hiring of personnel for testing and rental of equipment. 

 

JAMK laboratories work in close contact with equipment manufacturers as well as the university’s 

education and research and development activity with collaborators and other interest groups. 

Other JAMK laboratories include e.g. machine vision, process and automation, chemistry, logistics, 

and building automation laboratories in Jyväskylä, linking the technological expertise and 

infrastructure of the competence area. 

The boiler testing and fuel analysis laboratories have conducted tests and product development 

mainly with national manufacturers and other companies, but some foreign fuels have also been 

processed and tested on the laboratory premises. Trends in the use of the laboratory show an 

increasing shift toward processing and testing of waste-based solid fuels, and one reference has 

been cooperation with a multinational company developing waste, wastewater, and water 

management systems for the marine, offshore, and building industries. 
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Figure 27. JAMK laboratories in the Institute of Bioeconomy, Saarijärvi. Boiler testing laboratory hall with 

boiler testing benches. 

 

Solid fuel, like wood chips or waste, can be processed as an energy source product for different 

purposes. When tailored for the client, biofuel can be a high-tech product. Processing methods may 

include crushing, screening, drying, moistening, mixing, blending, briquetting, debarking, or 

separation of specific impurities or unwanted parts of the batch. 

 

3.2.2 Standardized testing of small-scale heating boilers 

The EN 303-5 boiler test is presented here, including the following phases and operations: 

 Customer brings their own boiler and fuel batch to the test 

 Laboratory staff prepare the fuel if needed 

 Customer adjusts the process to optimize the burning conditions (certain level of oxygen, 

max 8% fluctuation in output is permitted) 

 Testing period according to the standard is 6 hours per fuel and output level: 1) 100% 

output (maximum level) and 2) 30% output (partial level) 

 Measurements of warm surfaces 

 Sweeping and dust removal between tests 
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 Measurements and determinations: 

o Fuel analysis 

o Output 

o Flue gas analyses 

o Dust (VTT Expert Services) 

 Reporting, calculating the efficiencies. 

In practice there is a total of three testing benches in the boiler testing environment. Two of them 

are accredited for EN 303-5. They are suitable for boilers of 0-100 kW and 100-500 kW with nominal 

heat output. The third enables the testing of larger boilers, with heating efficiencies from 500 kW 

up to 3 MW. The heat produced in the laboratory is used in the facilities or is collected in the heat 

container with a volume of 70 m3. (Knuuttila et al. 2014.) 

All testing benches have the opportunity for online emission measurements that are required by 

standard EN 303-5. The detailed information is automatically collected and analyzed by ICT program 

remodeled to suit the needs. The operations in the testing environment can be controlled and 

managed automatically. The laboratory also has facilities for essential analyses of solid biomass 

quality testing such as moisture, ash and energy content, and particle size. (Knuuttila et al. 2014, 

704.) 

 

3.2.3 Testing of wood fuel quality effects to the performance and the emission output of 

the boiler 

Previous chips combustion tests at JAMK in 2014  

The combustion tests were part of the regional development project “Biolämpöliiketoiminnan laatu 

ja kannattavuus”11. The idea of the whole project was to develop a small-sized, building and heat 

entrepreneurship heating system’s whole business chain from a quality, competence, and 

feasibility perspective. One of the three-year-long project objectives was to create new methods 

for production and operation chains of forest-based fuels in small and medium-sized heating plants. 

The target was to optimize biomass for profitable use, utilize built heating capacity for the drying 

                                                           
11 The project “Biolämpöliiketoiminnan laatu ja kannattavuus” was conducted in Central Finland between 
2011 and 2014 and was coordinated by the Finnish Forest Centre. JAMK acted in the project as a partner. 
The project was supported financially by the Rural Development Programme for Mainland Finland. 
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of forest-based fuel, increase the efficiencies of the heating plants, shorten storing times of 

stockpiles on roadsides, and produce high quality chips and firewood for property owners. 

One essential activity in the project was combustion tests for wood chips in typical heating boilers 

used in Finland. The tests were conducted at JAMK’s fuel analysis laboratory and boiler testing 

laboratory. VTT drew up the research plan in cooperation with JAMK and the coordinator, Finnish 

Forest Centre. The research plan outline for the tests in the project was (Raitila 2014): 

1. Preparation of fuel batches, two different wood qualities (pine, whole tree chips and 

delimbed stem chips), moisture content of 1) 25% w/w, 2) 35% w/w and 3) 45% w/w 

(mixing, drying/adding moisture content if needed). 

2. Accurate measurement of moisture content using the oven drying method (for a 

representative sample from the mixed fuel batch), calorific value determination. 

3. Chip particle size analysis. 

4. Combustion test for 500 kW boiler, 100% output level (duration approximately 6 hours): 

after start-up using 25 m-% moisture fuel, adjusting the combusting to reach residual 

oxygen ≤ 6% and CO < 0,1%. Oxygen control mainly through adjusting secondary air feed. 

5. Combustion test for boiler, 30% output level (duration approximately 6 hours): oxygen 

control as per full output test. The aim is to keep CO levels low. 

6. Combustion test for high-moisture fuel (duration in total approximately 6 hours): first test 

hour with same settings as with dryer fuel (100% output), measurement of oxygen and 

CO, after this adjusting the controls to reach CO < 0,1% (increase of secondary air as 

needed). 

7. Continuing with the same principle with all test fuels and output levels. 

 

The aim was for the driest fuel to determine a reference for the tests for both chip types and output 

levels. After this, all higher moisture content chips are tested with the aim of maintaining the 

boiler’s same reference settings. This simulated the real situation of boiler use when fuel moisture 

levels change but the boiler maintains the combustion process with the same controls. 

In practice, the main targets of the tests operations were to determine: 

 the quality of fuel (with fuel analysis), 

 the efficiency of the boiler for every test fuel batch and set boiler output level, 

 the flue gas measurements and results in every test (especially oxygen and CO), and 

 the collection of ash and analysis (unburned fuel). 
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Fuels were processed in a dryer system on the JAMK premises to achieve the targeted moisture 

values. It was noted, as per previous experiences in testing activity, that it was challenging to fix the 

moisture content to the target level and keep it steady for the bigger batch for several days. 

Outdoor temperature, storing time and handling may affect the fuel properties. The mixing of fuels 

and water spraying may be needed in processing, and a batch of particles may have a varied 

distribution of moisture levels. It was noted that small particles collect moisture easily and then 

stick to the bigger particles. Fuel sampling and analysis have a significant meaning on the 

representative results regarding the properties of the used fuel and for the determination of the 

boiler efficiency at a later date. 

Sampling and fuel analysis was conducted at JAMK laboratory using suitable standards and 

equipment producing data about the moisture content, net calorific value, bulk density, ash 

content, and particle size distribution. The tested fuels resulted in the following starting points: 

 Energy wood: whole tree chips A, B, C (C1 and C2) and delimbed stem chips D, E, and F 

 The realized moisture levels: app. 21% (for A and D), 34% (for B and E), and 50% (for C and 

F). 

For clarification, the chips tests are named here as follows: 

 Whole tree chips A (moisture content 21 w-%): wtc21 

 Whole tree chips B (moisture content 34 w-%): wtc34 

 Whole tree chips C (moisture content 50 w-%): wtc50 

 Delimbed tree chips D (moisture content 21 w-%): dtc21 

 Delimbed tree chips E (moisture content 34 w-%): dtc34 

 Delimbed tree chips F (moisture content 50 w-%): dtc50 

Moisture level affects the calorific value of the fuel, and the calorific value affecting the boiler 

efficiency is calculated as follows: (Alakangas et al. 2016, 28.) 

𝑞𝑝,𝑛𝑒𝑡,𝑎𝑟 = 𝑞𝑝,𝑛𝑒𝑡,𝑑 ∙
100 − 𝑀𝑎𝑟

100
− 0,02443 ∙ 𝑀𝑎𝑟 

 

where  qner,ar is net calorific value (at constant pressure) as received, MJ/kg 

qnet,d is net calorific value (at constant pressure) on a dry basis, MJ/kg 

Mar is moisture content as received, w-% 
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0,02443 is the correction factor for the enthalpy of vaporisation (at constant 

pressure) for water (moisture) at a temperature of 25 °C, MJ/kg per 1 w-% of 

moisture. 

Equipment and measurements used in wood chips combustion tests: (Puolamäki 2014) 

 Ariterm Biotwin 500 (500 kW, 4 bar): bio heating boiler with standard components 

(staged combustion air feed, moving grate, automatic dust removal) 

 Flue gas analyzers (O2, CO2, CO, NO, NOX, OGC, dust, temperature) 

 Measurement of temperatures (furnace, convections, water spaces) 

 Scale (mass of the fuel) 

 Water circulation (flow, incoming/outgoing water temperatures, cooling systems) 

 Data collection system (EloWise). 

 

The tests were planned to be conducted according to EN303-5:2012. At nominal heat output 

testing, for 500 kW, the flue gas oxygen value was targeted at 6% and carbon monoxide at the 

minimum. With partial heat output testing, for 150 kW, the flue gas oxygen value was targeted at 

10% and carbon monoxide at the minimum. 

The tests were performed in February 2014. The settings for the boiler are presented in Table 9. 

Primary and secondary air feed values are percentage shares of the full blowing effectivity of the 

air feed. Primary air feeds are placed near to the burner and secondary air feeds in the furnace. 

Fuel feeding screw works in intervals adjusted with specific time cycles for working and pause. The 

settings for fuel feed relates to the rate and conditions of combustion in the grate and heat demand 

from the system. It should be noted that in these tests some of the settings were fine-tuned 

according to the flue gas composition. Tertiary combustion air feed was not used in the tests. These 

settings were based on the original manufacturer’s guidance. 

From collected information, following parameters were determined for comparison in both 

nominal output and partial output tests of two types of wood chips: average oxygen level in flue 

gases, actual outputs, used amounts of fuel, CO and NOX content in flue gases. Results are 

presented in annex 3 and in chapter 4. 
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Table 9. Boiler settings in the test, from the field log. (wtc = whole tree chips, dtc = delimbed tree chips) 

 

Primary 
air 1 
[%] 

Primary 
air 2 
[%] 

Secon-
dary air 
1 [%] 

Secon-
dary 
air 2 
[%] 

Tertiary 
air 
[%] 

Fuel feed 
screw, 
pause [s] 

Fuel feed 
screw, 
work [s] 

Grate, 
pause, 
[s] 

Grate, 
work, 
[s] 

wtc21, 30 % 4 0 0 0 0 27 4,1 60 0,8 

wtc21, 100 % 83 83 83 83 0 4,6 4,1 4 0,6 

wtc34, 30 % 4 0 0 0 0 27 4 60 0,8 

wtc34, 100 % 83 83 86 84 0 4,6 4,2 4 0,6 

wtc50, 30 % 4 0 0 0 0 27 4,2 60 0,8 

wtc50, 100 % 78 78 83 71 0 5 4,3 5 0,7 

dtc21, 30 % 5 0 0 0 0 27 4,8 60 0,8 

dtc21, 100 % 83 83 83 79 0 4,6 5,1 4 0,6 

dtc34, 30 % 4 0 0 0 0 27 5 60 0,8 

dtc34, 100 % 83 83 83 83 0 4,6 4,8 4 0,6 

dtc50, 30 % 5 0 0 0 0 27 4,5 60 0,8 

dtc50, 100 % 78 78 83 72 0 4,6 4,4 4 0,6 
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Carrying out wood chips combustion tests at JAMK in 2017  

In the project “Lähienergialla omavaraisuuteen”12, it was possible to continue chip combustion tests 

for some of the moisture levels that were not studied in the previous project in 2011-2014. The 

interesting moisture levels seemed to be between 35-50%, where tested showed great differences 

in boiler performance and emission generation. Since previous tests did not show such significant 

differences between the use of whole tree and delimbed tree chips, the idea was to simplify, reduce 

variables, and perform the tests for just one raw material-based fuel. In addition, it was also decided 

that six hours of stable combustion testing required by official testing was not required here – a 

shorter test period was considered sufficient. This enabled over-long working days to be avoided 

and costs to be kept down. Furthermore, the amount of ash and other characteristics were not 

determined in these latter tests. 

All the tests in the project were scheduled for 2017, and they were conducted at JAMK in May, 

June, August and November of that year. After collecting all the information, some measurement 

uncertainties in the boiler tests occurred in the analysis phase of the collected data at the beginning 

of 2018.  

The research plan was created by VTT in cooperation with JAMK and the Finnish Forest Centre. Here 

we present the main parts of the research plan (Raitila 2017): 

1. The background for the tests are the previous tests conducted and the results from the 

‘Biolämpöliiketoiminnan laatu ja kannattavuus’ project. Respectively, combustion tests are 

carried out according to the bio heating boiler standard (EN303-5:2012) with a 500 kW boiler 

at 100% and 30% output levels. The testing time is reduced from six hours to three. The fuel 

used is pine chips made from delimbed stem that is dried to 40% and 45% moisture levels. 

During the tests, the following information is collected: flue gases (O2, CO2, CO, NO, NOX, 

OGC, as well as dust and temperature), boiler efficiency, and consumption of electrical 

energy. 

2. The summer’s very low heating demand is investigated. How does low output, e.g. 10-20% of 

nominal output, influence boiler efficiency and emissions of the boiler? The fuel moisture 

content is set here to 35%. The aim of this study is to identify whether it is more feasible to 

                                                           
12 The project “Lähienergialla omavaraisuuteen” was conducted in Central Finland during 2016-2019 and 
was coordinated by the Finnish Forest Centre. JAMK acted in the project as a partner. The project was 
supported financially by the Rural Development Programme for Mainland Finland. 
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shut down the heating boiler during the summer season and invest in solar collectors or 

ground-source heat pumps. 

3. Tests are also conducted to determine how the addition of pellets affect the combustion 

results of chips: Flue gases (O2, CO2, CO, NO, NOX, OGC, as well as dust and temperature), 

boiler efficiency and the consumption of electrical energy. In a mixture, chip moisture 

content is 45%. The share of pellets in the fuel feed is adjusted from 10% to 20% and possibly 

to 30% (measured by weight). The aim is to introduce some alterations in boiler efficiency 

and dust emissions. The pellets are fed using a separate feeding device. The right feeding 

rate is determined before the start of the test. The testing time with every mixture is one 

hour at a minimum. 

The plans for the tests are presented in Table 10. The fuels are delimbed stem chips and pellets 

(regular moisture content app. 8–10%), and moisture content for chips are set at 35, 40 and 45%. 

The tests are for output levels of 100% and 30%, and for very low efficiency demonstrating summer 

use. 

Again, fuels were processed in a dryer system on JAMK premises to achieve the target moisture 

values. Sampling and fuel analysis was conducted at the JAMK laboratory with suitable standards 

and equipment. Some batches gained differing moisture values from the preferred target values, 

so some parts of the tests were renewed later on. Consequently, the number of tests turned out 

higher than expected, which also extended the testing period of the project. The latest results of 

listed tests resulted in a 1,7% difference on average in the moisture content of the fuels used. 

 

Table 10. The plan for the combustion tests for chips and pellets. 

Fuel Moisture 

content, % 

Nominal output 

of the boiler, % 

Delimbed stem chips (testing the equipment) 35 100 and 30 

Delimbed stem chips 40 100 

Delimbed stem chips 40 30 

Delimbed stem chips 45 100 

Delimbed stem chips 45 30 

Delimbed stem chips 35 5 

Delimbed stem chips + pellets (10-20 %) 45 100 

Delimbed stem chips + pellets (10-20 %) 45 30 
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Table 11 shows the settings of the boiler for the combustion tests. Tertiary air feed was not used in 

the partial output combustion tests. Secondary air feed was used in all tests apart from the low 

output test (output level of around 43 kW). 

Because the analysis of the combustion test results is still pending, final further details of specific 

test runs or the results are not presented here. It is still possible that some of the tests will be 

conducted again in 2018. However, Annex 4 shows select image documentation from the 

combustion tests. Some examples of the result data are shown in the results in the following 

chapter. 

 

Table 11. Boiler settings in the test, from the field log. 

 

Prima-
ry air 1 
[%] 

Prima-
ry air 2 
[%] 

Secon-
dary air 
1 [%] 

Secon-
dary air 
2 [%] 

Terti-
ary air 
[%] 

Fuel 
feed 
screw, 
pause 
[s] 

Fuel 
feed 
screw, 
work 
[s] 

Grate 
pause, 
[s] 

Grate 
work, 
[s] 

Chips 35 %, 30 % 
50 50 45 45 0 22 2 32 0,6 

Chips 35 %, 100 % 
95 95 100 100 100 4,9 2,1 10 0,5 

Chips 40 %, 30 % 
80 80 28 28 0 43 3,3 40 0,6 

Chips 40 %, 100 % 
95 95 100 100 100 4,9 2,1 10 0,5 

Chips 45 %, 30 % 
78 78 28 28 0 43 3,3 40 0,6 

Chips 45 %, 100 % 
95 95 95 95 100 5,3 2,1 9 0,5 

Chips 45 % + 
pellets, 30 % 

80 80 28 28 0 43 3,3 47 3,1 
Chips 45 % + 
pellets, 100 % 

85 85 97 97 100 7 2,1 10 0,5 
Chips 35 %, low 
output (~9 %) 

20 20 0 0 0 278 2 200 0,8 
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3.3 Collected data about boiler operators’ understanding and motivation relating to 

the management and performance of their heating system 

3.3.1 Analyses of previous questionnaires 

Here, two previously collected data sets are analyzed and used to complete the collected 

information from experts about boiler use and heating system operators. The first set of data is 

from a bio boiler guidance-related questionnaire, implemented by Motiva Ltd. in January to June 

2017. The questionnaire was conducted in electronic format and contained some consultation 

elements. Depending on the type of answers, the respondent gained feedback and some practical 

information relating to the discussed subject of energy efficient use of heating boilers. The objective 

of using the collected data in this research is to learn and acquire results about the interest and 

experience of boiler operators regarding the energy efficiency of their systems. 

The second set of data was collected from equipment manufacturers and energy producers about 

the maintenance practices and needs of heating boiler equipment in the Biomaint13 project in 2014. 

 

Questionnaire for boiler operators about energy efficiency 

The questionnaire included the following questions, which were translated into English for the 

purposes of this research. 

1. Do you want to use your boiler more efficiently and save fuel? 

 Answer options: not interested/great interest, 0-100% 

2. My boiler is: 

 Answer options: log or chopped firewood boiler (many different types combined 

here)/dual fuel boiler (for oil and logs or chopped firewood)/pellet boiler/wood chip 

boiler/I don’t know 

3. What age is your boiler? 

 Answer options: choose between 0 – 30 years 

4. Are you interested in the maintenance of your boiler? 

                                                           
13 Project ”Biomaint” was conducted in JAMK during 2014. The idea of the project was to study the current 
situation of the maintenance actions in bioenergy production and development needs. The project was 
financially supported by ESF Operational Programme in Mainland Finland. 
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 Answer options: not interested/maybe, but the instructions manual is missing/some 

interest, look into manual if needed/lots of interest and tend to clean heat-exchange 

surfaces regularly/during maintenance I use the assistance of an expert service 

5. Do you know the efficiency rate of your boiler? 

 Answer options: no/yes 

6. How often does the chimney sweep clean and check the duct? 

 Answer options: two times a year/once a year/every few years/I sweep and check 

the duct myself/I don’t remember 

7. How often do you check the boiler’s ash container? 

 Answer: once a day/once a week/every two weeks/once a month/once a year/less 

frequently 

8. Are the pipes conducted from the boiler and the heat accumulator in order? 

 yes/no/I don’t know 

9. Are the pipes conducted from the boiler and the heat accumulator insulated? 

 yes/no/I don’t know 

10. Is the heat amount distributed to the system from your boiler controlled automatically? 

 yes/no/I don’t know 

11. I have a heat accumulator connected to my boiler 

 yes/no 

12. Does the heat accumulator have a reserve for a solar heat collector? 

 yes/no/I don’t know 

13. Are you interested in bio boiler measurement services? 

 yes/no 

A total of 255 responses to the electronic questionnaire were gathered. It was open to all 

respondents via the Internet, and awareness about it was raised to bio boiler users through social 

media and bio boiler adviser organizations’ websites. The bio boiler adviser network in Finland 

consists of group of associations, companies, authorities, and education institutions. The network 

is led by Motiva Ltd. 

The main idea of the questionnaire was not to use this information for research purposes, but 

rather to offer guidance information about energy efficiency according to the interest and 

responses from the respondents. In addition, a carrot was offered in the form of prize draw for all 

respondents who provided their contact information. No other background information was 

collected from the respondents, so the group of respondents is unknown. In addition, the contact 
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information left by respondents is not used in this research. All these facts have to be considered 

when evaluating the reliability of this collected data, as it is possible that not all the answers are 

based on the real situation, and cannot be checked retrospectively. 

The questionnaire form contained only optional questions, meaning that the amount of questions 

that were responded to varied from 0 to 14. To enhance the quality of the data for analysis, forms 

that received only 0–3 responses (out of 14 questions) are excluded from the research. It was 

assumed in this research that some respondents only wanted to be considered for the draw and 

answered only one or two questions. Another possibility is that respondents started the 

questionnaire, got distracted after one or two questions and ended the session. The forms that 

were accepted for the analysis of results amounted to 207, and in these, at least 28,6% of the 

questions were answered. 

Sensitivity analysis showed only a 3,1% difference between the whole group (n = 255) answers 

average value of the question 1 compared to the final analyzing group answers (n = 207). The 

average value of the answers to question 1 for the whole group was 83,6%, and for the final 

analyzing group answers 86,7%. 

 

Interviews with boiler experts about maintenance 

Data collection was carried out through interviews by phone or face-to-face meetings with experts. 

The work was carried out as part of the Biomaint project at JAMK in 2014, as mentioned above. This 

research data contains conclusions from nine interviews conducted with three burner and boiler 

manufacturers from the Central Finland and Pirkanmaa regions, and five heat energy supply 

entrepreneurs or companies from Central Finland, North Karelia and Pirkanmaa. The data analyses 

resulted in a concise summary of responses from the manufacturers and heat suppliers. 

 

3.3.2 Additional interviews with bio boiler use advisers and interest groups 

This part of the study was carried out using questionnaires that were targeted at chosen expert 

groups in the area of small-scale bio heating. The interviewed experts were Hannes Tuohiniitty 

(Bioenergia ry), Kimmo Kantalainen (Ariterm Ltd), Jarmo Lundgren (entrepreneur, expert in flue gas 

measurements of heating plants), Urpo Hassinen (Finnish Forest Centre, heat entrepreneur), Veli-

Pekka Kauppinen (Finnish Forest Centre, heat entrepreneur), and Kimmo Puolamäki (head of JAMK 

boiler testing laboratory). The group was selected according to assumptions regarding experience 

and knowledge in this research area and business. The selected group have accumulated 
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information from a large number of boiler owners related to practical questions on the design and 

use of bio heating boilers. 

The objective of the questionnaires was to complement the reference information gathered from 

the literature as well as to bring in a qualitative aspect to the information search. This information 

reflects the current situation in the field among associations, equipment manufacturers, 

development and testing facilities, and the three professionals that have provided guidance to a 

large number of bio boiler operators in different parts of Finland. Moreover, two of these 

professionals operate themselves as owners of bio heating plants. 

The six questionnaires were conducted as theme interviews by phone. The interviews were carried 

out during November and December 2017. All the questions were open questions without any pre-

set answer options. In this respect, the interviews were qualitative and the the discussion was free 

of any strict structure. The time spent on the interviews varied from 20 minutes to 40 minutes. 

The questionnaires consisted of questions related to the following issues: 

1. The present situation regarding regulation and guidance on energy efficiency and 

emissions of bio heating systems (output range < 1 MW) 

2. Sufficiency of the present state of emission control and the future 

3. Factors affecting the formation of emissions and pollution from heating boilers 

4. How can emissions be controlled without causing high costs to the boiler operators 

5. Technical possibilities of boilers to affect performance and emissions produced 

6. The properties of high quality wood-based fuel 

7. The qualities of fuel that may cause problems in the plant and in the boiler 

8. Whether high quality fuel is available to boiler operators 

9. What things motivate boiler operators to use their boilers more efficiently 

10. How maintenance affects the performance of the boiler. 

The results of the interviews were analyzed, and results were assembled for this report. In addition, 

some highlights and some new information is presented in the following chapter. 

The reliability of these interviews was influenced by the respondents’ comprehension of the 

questions in the interview and the restricted time for conversation. However, every 10 questions 

gained several relevant answers to be summarized for the reporting. 
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4 RESULTS AND DISCUSSION 

4.1 Influencing the combustion process of and emissions from small-sized wood 

combustion with fuel properties 

4.1.1 Fuel quality effects on the combustion process and emissions 

The results from the combustion tests in 2014 

The combustion tests at the JAMK boiler testing laboratory aimed to discover the effect of the fuel 

moisture content of chips on small local district heating plant boiler performance. In the project, 

the objective was to disseminate findings from the other project results to heat entrepreneurs and 

other bio boiler operators. 

The tests were carried out on two types of wood chips – whole tree and stem chips – with three 

different moisture contents. The boiler used for the test was a 500-kW bio heating boiler. The tests 

were conducted according to boiler testing standard EN303-5:2012. Therefore, the tests were 

carried out for both nominal output (100%) and partial output (30%). 

The analyzed results of the tests are presented in Annex 3. Boiler efficiency results were 88,0%; 

87,3%, and 82,0% for whole tree chips, and 88,6%; 87,1%, and 84,3% for delimbed tree chips in 

nominal output (Table 12). (Raitila et al. 2014, 49.) Oxygen content in flue gases was somewhat 

higher in partial output combustions tests than in nominal output. The tests also showed a fuel 

consumption increase of approximately 30% caused by the fuel moisture content rise. Further, the 

unburned fuel share in the ash increased by 20–30%. (Honkanen & Vasara 2014, 18.) 

 

Table 12. Boiler efficiencies in nominal output (100 %) tests in 2014. (wtc = whole tree chips, dtc = 

delimbed tree chips) 

Fuel Boiler efficiency [%] 
 

wtc21 88,0 

wtc34 87,3 

wtc50 82,0 

dtc21 88,6 

dtc34 87,1 

dtc50 84,3 
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In the high fuel moisture content (50%) tests, levels of CO turned out to be high. With a reduced 

flue gas oxygen content of 10%, carbon monoxide reached 1343 ppm for whole tree chips and 2449 

ppm for delimbed tree chips with a nominal output level. At the partial output level, the CO share 

in flue gases resulted in 1232 ppm and 3351 ppm, respectively. A high share of carbon monoxide 

also indicated high hydrocarbon shares. (Raitila et al. 2014, 49.) When compared to emission limits 

in testing standard, 500 ppm in the highest class for CO in automatic bio boilers, only 21% and 34% 

of chips in nominal output are below the limit. 

Furthermore, with the highest moisture levels of the chips (50%), the boiler was not able to reach 

the nominal output level. The maximum output rose to around a 70% share of the nominal output. 

In practice, the challenges with low efficiency cause problems during high heat demand seasons. 

The high share of losses indicate significant economic effects on operations in heat production. In 

addition, the usability of the plant weakens and the number of disturbances may increase, incurring 

operator costs. (Raitila et al. 2014, 50.) 

One conclusion from the tests is that the share of the unburned fuel in the ash correlates with the 

moisture content of the fuel. It seems that fuel moisture causes a greater negative effect on boiler 

efficiency in nominal heat output compared to partial output. The use of fuel with a higher moisture 

content requires adjustments to the burner and the boiler. The share of carbon monoxide, organic 

hydrocarbons, and dust increase in flue gas between fuel moisture levels of 35% and 50%. With fuel 

with the highest moisture content, unburned particles also escape from the chimney, resulting in 

more losses. (Puolamäki 2014.) 

 

Comparison of the results to the discharge limits and field measurements 

Emission measurement results were compared to both Finnish and Austrian discharge limits from 

boiler testing in 2014, the latter being the strictest in Europe and showing the way for development. 

The carbon monoxide emissions from the boiler rose to three times above the national limits for 

whole tree chips with the highest moisture content and six times too high for moist delimbed tree 

chips. Furthermore, for chips with a moisture level of 35%, the measurement results for CO 

exceeded the Austrian emission limits. It should be noted that Finland has no effective limitations 

for dust emissions for small-scale heating boilers, but only the driest chips resulted in amounts of 

dust under the Austrian limits. (Honkanen & Vasara 2014, 18-19.) 

The combustion tests aimed at close to the true conditions and use of average size and type bio 

heating boiler in Finland used by heat entrepreneur, for example. The results can be compared to 
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the field measurement tests conducted by Lundgren (2014a, 2014b) in Finnish heating plants in 

2014. The data resulted the measurements in total of 55 plants for different solid bio fuels in boiler 

output range of 110-4000 kW. For comparison, Table 13 presents comparable information of the 

grate boilers using only wood chips in scale of 150-700 kW. It can be seen that the fuel moisture 

level has altered greatly. The average moisture content of used fuels at the time of measurement 

was 29,8%. The more accurate information about the fuel is not available. Output shares of nominal 

level have also altered between 33,8 kW and 116,7 kW. The smallest boiler, 150 kW, used very 

moist fuel in output share of 70,7%, but the efficiency seems to stay in quite good level. However, 

CO values are very high following the CO level trends for wtc50 and dtc50 in combustion tests done 

in JAMK. The average value of CO (ppm) resulted quite high in measurements done in 2014, it was 

1157 ppm. This shows quite high values when compared to emission limits in testing standard (see 

Table 2). The efficiency varied between 74,6% and 90,2%, influenced by numerous variables. 

Moisture content and output level are known, but the age of the equipment, specific combustion 

technologies in use, level of automation, and controls are not known to be compared.   

 

Table 13. Measured values from field measurements to wood chip combustion plants in 12 selected grate 

boilers in size of 150-700 kW. (Information source: Lundgren, J. 2014b) 

  Moisture 

of the fuel 

[%] 

Nominal  

output 

[kW] 

Measured  

output 

[kW] 

Output 

share  

of the 

nominal [%] 

O2 [%] CO 

[ppm] 

NO 

[ppm] 

NOX  

[mg/m3(n)]  

red. 6-10 % 

Dust 
[mg/m3(n)]  

red. 6-10 % 

Efficiency 

1 26,9 250 84,5 33,8 11,2 506,1 74 152,1  87,37 

2 54,6 150 106,1 70,7 6,5 2008,3 88,3 181,5  85,58 

3 19 300 243,4 81,1 8,4 1186,7 64,4 86,4   

4 33,1 500 236,1 47,2 8,2 236,2 55,5 114,1  90,2 

5 29,9 300 196,3 65,4 6,7 2115,3 75,6 101,4  74,6 

6 26,8 600 314,6 52,4 11,6 509,4 84,5 173,6  86 

7 42 500 205,6 41,1 9,2 2823,3 86,5 177,8  78,8 

8 27,2 500 270,5 54,1 7,6 678,4 108,4 145,3  82,9 

9 16,9 700 754,4 107,8 7,3 626,9 60,7 81,3  87,86 

10 28 500 367,5 73,5 7,5 2761,4 61,7 126,8 165,5 88,3 

11 27,2 600 700 116,7 10 228   516  

12 25,4 600 480 80,0 9,7 201   69,3  
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Evaluation of uncertainties in measurements 

In measurement system used in combustion tests in JAMK, the standard based set of calculation 

for uncertainties of measurement is determined. EN 303:5 (2012) requires the measuring 

instruments in such way that the errors do not exceed the following limits: 

 Efficiency: ± 3% 

 CO: ± 10% of the measured value or 10 ppm (whichever is greater) 

 NOX: ± 5% of the measured value or 15 ppm (whichever is greater) 

 O2: ± 5% of the measured value or 0,4 % volume (whichever is greater) 

 CO2: ± 5% of the measured value or 0,4 % volume (whichever is greater) 

 Dust: ± 10 mg/m3 of the measured value. 

In addition, the uncertainty is calculated with a 95 % confidence interval (EN 303:5(2012), 40).  

The calculations set to the Saarijärvi boiler testing laboratory include standardized uncertainty of 

measurements of the scale, calorific value of the fuel, flow, temperatures, and data collection. The 

uncertainty of measurement for efficiency results around 1,9% (absolute) for 87% efficiency level, 

for example.  

 

4.1.2 Examples of results and observations from further combustion tests 

The purpose of the latter tests was to continue examining the combustion of chips with moisture 

levels of between 35–50%. It was interesting to note that from previous tests with strong 

indications, at moisture levels above 35%, the performance of the boiler weakens, the amount of 

emissions increase, and adjusting the boiler becomes more difficult. 

As mentioned above, the analysis of the tests is still ongoing. Some tests suffered from shortened 

measurement times during the testing period, which have led to some uncertainties about the 

calculations. The project will be concluded in March 2019. However, this research shows examples 

of collected data from both nominal (100%) and partial output (30%) of delimbed pine chips. The 

moisture levels presented here are 35% and 45%. 

Combustion test results for chips with a moisture level of 35% for nominal output (Figures 28 and 

29) show a relatively steady state of combustion in the test boiler, which also indicates consistency 

with the results of the previous combustion tests in 2014. Output has stayed at the target level and 

CO has remained quite constant on average. Particle emission levels have remained within the 

measurement area (the maximum limit in the measurement system was set to 500 mg/m3), but the 
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amount of particles show a clear correlation with CO. When carbon monoxide peaks, particles show 

a rapid increase according to the measurements. 

Figure 30 shows the difference between the results in the combustion test for chips with a moisture 

content of 45%. The analyzed data here is the output level, carbon monoxide, flue gas temperature, 

particle amount, and residual oxygen in flue gases. The average output level resulted in 453 kW 

during the measurement period. Thus, the nominal output level was not reached. CO peaked and 

was more unstable than in the 35% fuel moisture test. The particle amounts were clearly higher 

than with a lower fuel moisture level. It is possible that when the boiler reached higher operation 

temperatures more slowly after one hour of the test drive, the combustion process changed how 

it influenced the CO and the particles. The particle amount has been limited to the measurement 

area of less than 500 mg/m3. The measured testing period lasted for longer than in the 35% 

moisture level test. 

 

 

Figure 28. Combustion test results for fuel moisture content 35 % and output 100 %. (Modified from 

original data analyzing of J. Liimatainen, JAMK.) 
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Figure 29. Information of dust amounts in flue gas for fuel moisture content 35 % and output 100 %. 

(Modified from original data analyzing of J. Liimatainen, JAMK.) 

 

Figures 31 and 32 shows examples of combustion test measurements for the same chip moisture 

levels but with partial output. The residual oxygen is significantly higher, indicating the high amount 

of excess air fed into the boiler compared to nominal output combustion. Due to the lower demand 

for heat, fuel feed has also been more unstable in the grate. In practice, the pause time for the fuel 

feed screw as well as the moving grate has been higher than for nominal output combustion. CO 

measurements show the cycles of combustion process in the grate: After feeding, the pile of fuel in 

the grate lowers the temperature in the boiler, dries and gasifies in the grate, resulting large 

amount of volatile gases. The fuel pile in the grate warms up and accelerates, leading to ignition as 

a result of fuel particles breaking up and moving. Simultaneously, air circulates and mixes more 

effectively with the particles and oxygen reacts with combustion gases. When observing the 

burning, the pile can be seen to collapse in some parts of the cycle, possibly causing a peak in 

particles in the flue gas due to instant dust formation. 
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Figure 30. Combustion test results for fuel moisture content 45 % and output 100 %. (Modified from 

original data analyzing of J. Liimatainen, JAMK.) 

 

Partial output test measurements for chips with a moisture level of 45% show the significant 

alteration of produced CO. The average CO emissions from the measurement period were 1070 

ppm. In addition, the amount of particles stayed in the maximum values set to the measurement 

system throughout almost the whole measurement period. The conclusion remains that the 

amount of dust has been substantially high. The partial output levels were fully reached during the 

tests. 
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Figure 31. Combustion test results for fuel moisture content 35 % and output 30 %. (Modified from 

original data analyzing of J. Liimatainen, JAMK.) 

 

Calculations have showed substantially high boiler efficiencies for some of the combustion tests, 

especially for partial output. Due to contradiction in the results of boiler efficiencies, the analyzing 

process is still pending, and measurements are under revision and calibrations checked. Preliminary 

calculation showed 83,4 % efficiency for test of 35 % moisture content chips in nominal heat output. 

This differs few percent from 2014 test conducted for 34 % delimbed tree chips, which was 87,1 % 

(see Table 12). The boiler efficiency for the same chips in partial output resulted 88,0 %. It should 

be noted, that boiler was run with some different settings in tests in 2014 and 2017. However, 40 

% and 45 % moisture content chips showed little bit higher efficiencies in nominal output, around 

90 %. In addition, the efficiencies of partial output for 40 and 45 % moisture content chips gained 

around 99 %, according to calculations on the grounds of measured calorific value of the fuel, fuel 

consumption and produced energy. In these cases, questions have raised about the functioning 

reliability of the scale in weighing small masses and about sufficiency of measurement time of the 

test run. 
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Figure 32. Combustion test results for fuel moisture content 45 % and output 30 %. (Modified from 

original data analyzing of J. Liimatainen, JAMK.) 
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4.2 Results from the collected data about boiler operators’ role in affecting the 

performance and emission of the heating boilers   

4.2.1 Questionnaire for boiler operators about energy efficiency 

The calculated average of the answers to question 1 (Do you want to use your boiler more efficiently 

and save fuel?) was 86,7%. Responses were possible on a scale of between 0 and 100%. Question 

1 achieved 188 responses. 

The largest share of the respondents owned a log or chopped wood boiler or a dual fuel boiler 

according to their answers (see Figure 33). Some 14% of the respondents were pellet boiler owners, 

and 17% owned a wood chip boiler. The number of owners of an unknown boiler type was 

substantially high: 21%. 

The age of the equipment was distributed quite evenly (Figure 34), but the largest share was for 

boilers from 6 to 15 years old. New systems, those under 5 years of age, were owned by 14% of the 

respondents. Older equipment seems to be still in use: The share of 25–30-year-old equipment was 

29%. The results showed that pellet boilers are mainly under 15 years old, and wood chip boilers 

are of all ages. 

 

 

Figure 33. Answers to question 2 about the boiler type (n = 164). 
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Figure 34. Answers to question 3 about the equipment age (n = 147). 

 

A little more than half of the respondents rely on external servicing for boiler maintenance (see 

Figure 35). Some 27% of the respondents said they were very interested in maintenance and that 

they tend to clean the heat-exchange surfaces of the boiler regularly. Seven percent of the 

respondents showed a total lack of interest in maintenance. 

 

 

Figure 35. Answers to question 4 about the interest to maintenance (n = 189). 
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Question 5 was about knowing the efficiency rate of one’s own boiler. There were 187 responses 

to this question: 58% of the respondents did not know the efficiency rate and 42% did. 

The largest share of the respondents, 84%, have their boiler swept yearly, which is the official 

recommendation (see Figure 36). Only a few respondents said that they cleaned and checked the 

duct themselves. Question 7 was about checking the ash container, and the largest answer group 

(31%) responded that they checked it once a week (Figure 37). The most popular answer for the 

group of wood chip boiler users was every two weeks. Question 6 received 204 answers, and 

question 7 received 202 answers. 

Questions 8 and 9 related to the condition and insulation of the pipes in the system. According to 

the answers, 83% of the respondents said the pipes conducted from their boiler and the heat 

accumulator were in order. Five percent answered “no” and 12% “I don’t know”. The total amount 

of respondents was 193. Some 63% of the respondents thought the pipes conducted from their 

boiler and the heat accumulator are properly isolated, while 26% of the answers featured “no” and 

11% “I don’t know”. The total amount of respondents to this question was 186. 

 

 

Figure 36. Answers to question 6 about the chimney sweep cleaning and checking the duct. (n = 204). 
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Figure 37. Answers to question 7 about checking the ash container of the boiler (n = 202). 

 

A total of 155 respondents answered question 10, which was about the control of the heat amount 

distributed to the system from the boiler. Sixty-five percent of the respondents stated that the 

control of their boiler was automatic, while 27% said it was not automatic and 8% did not know. 

Question 11 was about the accumulator. Fifty-nine percent (158) of the respondents answered that 

they have accumulator attached to their system. Usually an accumulator is used with log boilers, 

but it should be noted that also 52% of the pellet and wood chip boiler users stated that they had 

an accumulator connected to their boiler. Those pellet and wood chip boiler users numbered 46. 

Some 67%, or 152 of the respondents did not have a reserve for a solar heat collector in their 

accumulator. Sixteen percent of the respondents answered “yes” and 17% “I don’t know”. 

According to the results, it seems that about a half of the respondents that have the reserve for a 

solar heat collector have either a pellet or a wood chip boiler. 

The last question was about the interest in bio boiler measurement services. From the total 

respondent group, with a total of 187 answers, 51% was interested and 49% were not. Among those 

with a pellet or wood chip boiler, those interested in the measurement services accounted for 68%. 

The total number of answers in that group was 50. 

The shares of the respondents’ answering rates were also compared. The results are presented in 

Table 14. The idea was to attempt to identify questions or topics in which answering behavior 
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indicated a lack of interest, lack of understanding or lack of knowledge about the issue. The 

respondents showed the lowest levels of interest in answering about the type and age of their 

boiler, the existence of automatic control of the produced heating energy, and about the connected 

accumulator and the reserve for a solar collector in the accumulator. However, it should be noted 

that some respondents may have had some other reason to leave the survey incomplete and not 

answer all the questions. 

 

Table 14. Shares of the respondents not answering to the questions. 

Question 

number 

Question The share of 

respondents 

not answered 

to the question 

1 Do you want to use your boiler more efficiently and save fuel? 9,2 % 

2 My boiler is… [ the type of the boiler ] 20,8 % 

3 What age is your boiler? 29,0 % 

4 Are you interested in the maintenance of your boiler? 8,7 % 

5 Do you know the efficiency rate of your boiler? 9,7 % 

6 How often does the chimney sweep clean and check the duct? 1,4 % 

7 How often do you check the boiler’s ash container? 2,4 % 

8 Are the pipes conducted from the boiler and the heat accumulator 

in order? 

6,8 % 

9 Are the pipes conducted from the boiler and the heat accumulator 

insulated? 

10,1 % 

10 Is the heat amount distributed to the system from your boiler 

controlled automatically? 

25,1 % 

11 I have a heat accumulator connected to my boiler. 23,7 % 

12 Does the heat accumulator have a reserve for a solar heat 

collector? 

26,6 % 

13 Are you interested in bio boiler measurement services? 9,7 % 
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4.2.2 Interviews to boiler experts about the maintenance 

Manufacturers’ perspective 

When changing an oil heating system to a solid fuel heating system, the need for maintenance 

actions increase. Some manufacturers collect information from the new boiler implementation on-

site, which also includes information about the training on the equipment. The equipment delivery 

of combustion appliances includes the manual for use and maintenance, which the client follows 

according to their own needs. Manufacturers also offer maintenance, repair, spare parts, and heat 

production optimization services (according to flue gas analyses), as well as operational training for 

the efficient use of the equipment. 

Usually, maintenance information is not collected by manufacturers, apart from the bigger heating 

plants, which may be connected remotely for data collection. With a remote connection, new 

software can be provided to the plant by the manufacturer. Remotely collected data may also be 

used for product development purposes. A certain type of helpdesk service could be available in 

the future. This service could contribute to building a program for the evaluation of performance. 

A multinational manufacturer from the group considers that the culture of utilizing maintenance 

services differs in Finland compared to that in Sweden, Germany, the UK and Austria, for example. 

In Finland, clients are not used to buying services. Small clients, like farm owners, rarely seek 

maintenance services. Among the small-scale operators, the culture of not purchasing services also 

prevails. The situation may change in the future, as heat entrepreneurs operating many heating 

plants may want to contract out maintenance. 

One manufacturer states that maintenance services are requested by operators who have 

everything already under control. On the other hand, there is a lack of maintenance service demand 

among those who need it and who want to take care of everything by themselves. Service demand 

usually peaks during the fall, when the heating season starts. Clients should learn practices 

concerning proactive measures and organizing maintenance in the summer. 

According to the information from manufacturers, bio boiler users rarely understand the 

importance of proactive maintenance measures. Poor fuel and careless management and use of 

the equipment cause significant costs in the long run. This can be tackled with constant and regular 

maintenance. 
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Heat suppliers’ aspect 

Some of the operators take care of the maintenance measures themselves, while some buy part of 

the services or everything from an external service provider. Manufacturers’ guidance regarding 

maintenance is applied. One of the heat entrepreneurs mentioned that their staff have long 

experience from the work, and additional training has been purchased. Electrical work, heating 

plant logic controls and IT services are outsourced. Documentation on the maintenance measures 

require some development in some of the plants. 

In bigger plants (2-20 MW), in-house staff take care of small maintenance issues during use: 

Lubrications, minor automation repairs, inspections, etc. Outsourced services include for example 

vibration measurements, e.g., for motors, acceleration tests for blowers, and temperature 

measurements. Varied data can be collected via logic systems to serve maintenance, for example. 

Indicators for assessing maintenance measures include monitoring boiler efficiency and operating 

time objectives, if they meet the set objectives. The aim is to have no disruptions during the active 

operating season. However, one plant operator says malfunctions or shutdowns are not monitored 

on an annual level. Two smaller heating plant operators mention the annual use of oil (back-up fuel) 

as one indicator of effective functioning and reliability of the solid fuel boiler. 

The price of the fuel used is kept as low as possible in many cases, which increases the requirements 

for expertise from boiler operators and incurs further maintenance costs. Some fuels may even be 

free of charge, such as separation dust from grain. The use of wood chips requires more 

maintenance work than pellet fuel. 

If two heating boilers are attached to the same network, summer maintenance is flexible to 

arrange. If there is no electrical maintenance program, the information gathered from the system 

can be used for the planning of maintenance. The most critical spare parts can be self-stored. 

Examples of inspection measures include checking of grate fire bricks each year using wear 

measurements. 

One operator mentioned having some problems with after-sales service, particularly because of the 

remoteness of the service provider. Services are sometimes not available during weekends. Thus, 

the operators’ own expertise and readiness to carry out maintenance is important and is a key 

advantage. In addition, plant operators don’t want to use overly complex maintenance systems. 

One heat entrepreneur would be interested in buying more services for planning and maintenance 

work. Clients that would benefit most from maintenance services could be municipal heating 
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plants, where a heat entrepreneur supplies the fuel and delivers the energy, but is not responsible 

for maintenance or repairs. 

  

4.2.3 Interviews for bio heating experts 

Compilation of the experts’ views 

The following presents the summarized contents and remarks from the interviews conducted in 

this research with six bio heating experts. The discussions are expressed as authentic as possible, 

without revising the viewpoints. However, some similar responses were amalgamated and some 

less relevant discussions were left out from documentation. Thus, this presents the main issues 

discussed, and conclusions are presented after the summary. 

Present situation regarding regulation and guidance for energy efficiency and emissions of bio 

heating systems (output range < 1 MW) 

- The use of boilers of less than 1 MW is not regulated in Finland. The most important 

regulation for the 1-10 MW size range has been updated recently; the most important 

emissions in this regulation are nitrogen oxides and particles. 

- In 2 MW-sized boilers, multicyclones are commonly in use. This is already a standard for 

some boiler manufacturers. The chimney height is already subject to requirements for these 

plants. Is this guidance municipality-specific? 

- The main steering forces for boiler users is economical competition and a municipality’s 

environmental health authority. 

- Manufacturers face pressure to develop boilers, but investment and supporting decisions are 

pending. Projects are realized slowly. 

- The situation differs in investments in industry and in the countryside: Push factors and 

guidance seems to be different from the authority perspective. The system is not uniform. 

Sufficiency of the present state of emission control and the future 

- It is not sufficient, but new regulation about eco-design will require more efficient equipment 

to be taken into use after 2020 (at the latest). 

- The situation will be better in the future. One solution is to measure oxygen and particle 

levels (black carbon). Carbon monoxide correlates to other emissions. 

- Both types of systems are in use: Good, modern systems with clean combustion, and poor 

ones with problems and emissions. 
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- The standards are not high enough compared to the general global situation. It is important 

to increase the levels of discussion about the correct standard. The future will bring 

tightening regulations. 

- The tightening regulations are standardized and clear from the manufacturer’s point of view. 

The user will face more challenges if there are more requirements for controls. In this aspect, 

regulation may bring harm to the bio boiler business. 

- Current requirements meet the demand for environmental legislation, but the state of 

regulation has been very light. Correspondence to requirements for chimney height in 

different locations could be studied. 

- The assumption is that standards are not sufficient. In plants that run with excess output 

levels, black carbon escapes from the chimney, which continues until someone complains. 

More restrictions will come into force in the future. 

What are the influencing factors affecting the formation of emissions and pollution from 

heating boilers? 

Fuel related: 

- The main issues affecting the formation of emissions and pollution are low quality fuels, 

operators’ inadequate know-how in combustion control, incorrectly designed systems, and 

wrongly adjusted controls and maintenance. 

- The system should also work during the summer according to heating demand, which relates 

to the design and sizing requirements for the whole system. If the main system is not usable 

during summertime, an auxiliary system should be available requiring low heat input. 

- Fuel properties are the number one reason for emissions and pollution, followed by 

combustion technology – is it meeting the requirements for adequate combustion? The key 

factors in combustion are the furnace, fed air distribution and temperature levels. 

- Varying fuel is the main problem. Wet fuel is not the problem if the quality of the fuel keeps 

constant. Alterations in moisture content, composition, or particle size distribution cause 

problems in use. The controls of the boiler do not correspond with the quality alterations of 

the fuel. 

- In practice, low quality fuel may cause water condensing in the tail-end of the boiler as well 

as high concentration of dust particles in the flue gas. 

- Information is not available about the effects of using different tree species in the 

combustion in heating plants. 
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Combustion controls related: 

- Poor combustion is a result of low availability of oxygen needed in the burning process. 

When the combustion temperature decreases, emissions escape from the furnace to the 

chimney. The rule of thumb in the field is that black smoke escaping from the chimney signals 

a high amount of particle emissions and low efficiency in combustion. 

- Excess air and oxygen levels in flue gases indicate the controls. 

Flue gas purification related: 

- The standards call for flue gas purification equipment for output levels of under 1 MW. The 

flue gas control equipment may tackle some of the produced emissions, even though the 

controls were not optimized. 

- Flue gas purification equipment have an influence on the amount of emissions. Larger 

heating plants are equipped with electrostatic precipitators (ESP), but small heating plants 

are not obligated to have them. ESPs are quite expensive to invest in. 

How can emissions be controlled without causing high costs to the boiler operators? 

- Current systems should be equipped with a sufficient heat accumulator or a network 

enabling adequate time for constant combustion, controls, and measurements. The aim is to 

achieve the knowledge of how the systems work and about the optimal controls. Operators 

use optimal quality fuel that is appropriate for their boiler. 

- New heating boilers should be sized the right way, and fit for purpose. New high quality 

systems should be adjustable and automatic (no on-off burners in use). 

- The whole chain for wood chips from the forest to the heating plant should be high quality, 

from both an emissions and an economic aspect. Plants should be operated and controlled 

professionally. 

- Dry fuel helps the economy, but mixing fuels could also be a solution to keeping fuel quality 

steady. 

- Small (less than 1 MW) bio boilers should be subject to systematic and periodic inspections 

(over 1 MW-sized boiler are now tested every two years). The equipment should be verified 

as to whether they are in proper working condition. The checklist continues (compared to oil 

boilers): classification, testing facility, safety appliances, verification certificate regarding 

electrical appliances, safety valves, overheating protection, etc. 

- The fuel moisture level should be low, and boiler controls are adjusted properly for the use of 

the boiler and the quality of the fuel. Operators should be trained in the efficient use of the 
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equipment, they should be competent, and the facility should be maintained according to 

the manufacturer’s instructions. With service agreements, an external authority can confirm 

the situation. 

- Every added measurement tends to bring about extra costs. Fuel quality optimization could 

be the most economical way to control emissions. The low occurrence of disturbance in 

combustion brings in savings, because labor accounts for the highest cost. 

- The training of boiler users and the development of know-how about the efficient use of the 

system will pay for itself in the long run. Basic training and revision of the combustion and 

the controls of the boiler could be available for interested operators. 

- Emission control equipment brings about more costs in use. Boiler owners are interested in 

cost efficient filtering technologies. 

- The situation is developed in a way that the boilers do not require special skills from users; 

instead, the automation system takes care of the controls. The increase in the amount of 

sensors in the boiler, e.g., carbon monoxide measurements, could help to control the 

combustion. Combustion air blowers are already equipped with frequency converters – they 

adjust themselves according to need. Obviously, new technology increases investment costs. 

Technical options in the boilers to affect performance and produced emissions 

- Technical options include suitable fuel for the system, the correct controls of the boiler, and 

proper system functioning (hydraulics controls, sufficient heat storage, fewer startups and 

shutdowns, less inefficient burning period). 

- The fuel supply and storage should be managed according to manufacturer’s 

recommendations. 

- Possibility to feed mixed fuel continuously (possibility for additional feed for different fuels). 

- Inexpensive boiler models do not have so many controlling possibilities. Automation and 

digitalization should meet some of the requirements. 

- Smaller heating boilers do not usually have so many automatic controls. Measurements of 

combustion in boilers include residual oxygen and less commonly the measurement of the 

amount of carbon monoxide (share of flue gases) in some cases. The boiler is basically run 

(and controlled) according to boiler water temperature (demand for heated water) and 

residual oxygen. Output can be adjusted via the ratio of the pause control of the fuel feed 

and the combustion air feed. 

- Automation is one of the key issues. A wide range of measurement technology to be added 

to the boiler is available at an affordable price. Important measures are boiler efficiencies 
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and the combustion air used (automatized). Logic control could be an answer to some 

development needs. 

- Technical possibilities depend on the boiler type and the grate in use: How does the fuel 

enter the grate, grate movements (a moving/traveling gate helps with higher moisture fuels), 

used materials, air feed to the grate, etc. High levels of adjustability complicates the finding 

of the optimal combination of controls. Ceramic materials enable higher temperatures in the 

furnaces. 

- The fuel feed side has not been the subject of a great deal of research of late. The focus has 

been on combustion air feed optimization (e.g., flow chambers, afterburning space with 

turbulence). 

- Boilers still need development and testing. One step is the investigation of combustion 

spaces, areas and shapes, in terms of the gas flows. Practice shows the boilers are not yet 

optimized in this respect. 

- The use of suitable, boiler size-specific emission control technology; otherwise the share of 

the cost of emission control technology in relation to the whole system becomes too great. 

What are the properties of high quality wood-based fuel? 

- Properties of fuel do not alter that much when the quality meets the requirements set for 

official fuel and boiler standards. A certification system exists for wood pellet fuel. 

- Traditionally, fuel cost has been emphasized by operators over quality. 

- High quality wood-based fuel has a constant quality, e.g. moisture content and particle size. 

It has a high (enough) energy content. Wood fuel should not contain any soil, ice, or moss. 

Pellets have increased in use - they have replaced some systems using chips. 

- Impurities like metal, stones, and sand cause problems in the chipping phase. 

- Poor fuel creates repeated problems: Disturbances in combustion, alarms, interruptions in 

heat distribution, and unsatisfied customers. 

- When using standardized chips as fuel for the testing of new boilers, fuel should have a 

constant particle size and a low share of bark, sticks, and needles. Moisture content should 

be between 20–35%. Optimal chip moisture content for a small-sized bio heating boiler is 

25%. Wood species is not such a relevant factor, but it does have a minor effect. Birch has 

the best quality, but the amount of bark has relevance. Fewer small particles in the fuel cuts 

reduces emissions (caused by quick burning and breaking away from the furnace with the 

flue gas flow). 
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- Improving fuel quality by processing it brings about additional costs. The storing method for 

fuel has an impact on quality in use later on. Practical ways to prevent quality losses are short 

storing time in the forest, and sharp blades in the chipper. 

- Poor chipper condition can cause fine fractions and sticks among the chips. The smaller the 

boiler is, the more sensitive it is to the particle size distribution. A 2 MW-sized boiler is big 

enough for alterations, but a 50 kW-sized farm-scale boiler may have problems in use. 

- Wood-based fuel should be naturally (sun-)dried for at least one year. If the target is to get 

the moisture level down to 20%, artificial drying methods are usually required. 

- In small-scale heating boilers, the moisture content of the fuel should be low. Higher 

moisture levels are now under research in larger scale heating plants. 

- In small-scale CHP use (production of wood gas), the moisture content level should be even 

lower – less than 18% (requires the use of artificial drying). The chips need to be screened (to 

achieve even particle size). 

What are the qualities of the fuel that may cause problems in the plant and the boiler? 

- In wood chip use: Varying particle size, high moisture content, and a high share of bark 

material. In pellet use: The amount of fine particles among the fuel, high share of bark in raw 

material, additional substances, impurities and foreign objects. 

- A common misunderstanding is that anything can be burned. 

- Practical problems occur if fuel batches are different. If the previous batch has been of good 

quality and the next is of low quality, the boiler/operator cannot react in time. However, 

quality can also alter within the same batch. One solution could be mixing the fuel batches 

after chipping. 

- It is not known how much tree species affects the practical quality of the fuel in combustion. 

- The storing method and the length of storing time influence the quality of the fuel. In North 

Karelia, storing tests have been conducted for wood fuel, in order to discover how much raw 

material changes over time. Weighing showed raw material losses, in addition to drying, 

during storage. 

- Bark, at least from birch trees, does not have a major effect on the combustion process, even 

in smaller boilers. Bark from birch trees is a good and affordable fuel (former experiences). 

- The varying quality of wood fuel causes incomplete combustion. Impurities, stones, metal 

objects, and ice cause problems. Raw material with loose bark material may cause higher 

density material stacking on the grate. If a screw conveyor feeds wet fuel tightly (in high 
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density) into the grate, the amount of combustion air (oxygen) cannot mix with the fuel and 

is not appropriate for complete burning. 

- One technical solution could be the system continuously measuring and detecting wet fuel 

and then adding a certain share of dry fuel automatically to balance the energy density of the 

fuel flow. Temperature measurement near the screw conveyor could also help to detect the 

cooler spots in fuel flow (when temperature drops, some share of dry fuel is added). 

Is high quality fuel available for the boiler operators? 

- High quality fuel may be available, but it is not as easy to come by as heating oil. Operator 

should know where to buy it – it depends on the networks. Good suppliers are usually well-

known. 

- In Finland, good quality fuel is not so easily found (compared to some other countries). Wood 

needs to be processed somehow (at least cut, chipped, or crushed and dried) before it can be 

burned, and different sized boilers require varying qualities of fuels. Some entrepreneurs 

have solved this situation by using a do-it-yourself model. 

- Good quality fuel is available, but not everyone is willing to pay for it. However, there are 

situations where suitable fuel is not available all the time. Often, operators deal with the 

supply and processing themselves, so the quality their responsibility. 

- Even with the existing demand for higher quality fuel, certain type of winter conditions may 

cause shortages of quality fuel. 

- Conditions are different from one year to the next, with climate, temperature, and the 

amount of sunlight having an effect on the quality of the produced fuel (e.g., how the fuel 

dries). A drying pile of wood does not dry efficiently, even during warm weather, if 

surrounded by a thick forest of spruce. Covering paper has become popular and impacts on 

the quality of the wood pile; for example, it keeps the snow and ice layer apart from the 

wood material. 

- In small CHP use, the quality standard of the fuel is not easy to achieve. In North Karelia, a 

test research project is underway concerning drying chips in a container. 

- The price of the fuel should be closely connected to the quality of the fuel in practice. 

What factors motivate boiler operators to use their boilers more efficiently? 

- Fuel supply economy motivates the users of small heating boilers. In heating plants, feedback 

from neighbors and clients are key motivators. Hopefully, a proactive way of thinking will 

increase (rather than reacting afterwards). 
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- Sanctions and taxation are motivators, as well as the reliability of the process and income 

from the business. Energy prices are so low at the moment that losses are not the main 

concern (if you produce heat only for own properties).  

- For business, “the euro is the best consultant.” The highest possible amount of heat with the 

best possible efficiency yields the best profit. The aim is also to use lowest possible amount 

of labor in terms of hours. 

- Many energy producers monitor the amount of produced heat from the loose cubic meters 

of chips (= efficiency of energy production). Another incentive is to cut down on alarms and 

repetition of disturbance, and keep eye on safety. 

- An operating energy production plant is a “24/7” responsible task. Security of supply should 

be under control: This affects the reputation of the actor. 

- At the moment, the most important motivators are the reliability of the equipment, ease of 

use, and low level of concerns. The produced emissions will have a greater effect on use in 

the future. 

- On farms, owners already have their hands full without extra time spent managing the 

heating system. Thus, possible problems causing extra work and costs are not desirable. 

How does the maintenance affect the performance of the boiler? 

- Larger heating plants have scheduled maintenance breaks. Many fires and unexpected 

breaks in boiler operation could be prevented with regular maintenance. 

- The heat demand from the network influences the need for maintenance of the boiler 

system. If the heat load is constant, the need for cleaning and maintenance is low. Output 

load changes or some other operational environment shifts may influence the maintenance 

interval. 

- Maintenance has a great influence on the reliability of the boiler function. When 

maintenance is managed properly, the reliability of the performance is better and costs are 

lower. Preventive maintenance is more affordable than disturbances or breaks in operation, 

more expensive auxiliary fuel (e.g., oil), and labor costs. 

- Maintenance is also a very important aspect in the long run. Regular maintenance promotes 

smooth operation of the equipment. The heating season is quite short, so it is worth keeping 

equipment in order during that period (for feasibility). 

- In maintenance inspections it is important to check that primary combustion air has a clear 

passage to the grate and convection surfaces are clean. 
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- The common understanding is that operators act according to the guidance in the 

manufacturer’s manual. However, in reality and in practice, actions take place after alarms 

and problems have arisen. 

 

Reflection on the major aspects 

Responses that came up several times in interviews included strong support for tightening 

regulations for small-scale heat production emission limits in the future; the current insufficient 

state of flue gas purification; the fact that fuel properties have a significant influence on 

combustion; and the relevance of boiler control, measurement and maintenance as part of 

emission control. Automation serves as a tool for combustion control in better equipped boiler 

models. Residual oxygen measurement is the first step to automatically adjusting the air feed and 

combustion process. 

One comment called for clear calculation examples of better quality chips having an impact on the 

feasibility of energy production. Such information could increase the awareness of the influence of 

fuel properties on the combustion process and the economy. 

A boiler’s equipment and quality should be considered closely beforehand in terms of feasibility. A 

slightly more expensive boiler may pay itself back in ten years in terms of the required amount of 

fuel. Flue gas cleaning, options in air feed diversity and moving grates may incur greater investment 

costs. One respondent stated that high boiler efficiency is the best possible environmental 

intervention. 
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5 CONCLUSIONS 

5.1 Technical factors’ effect 

In principle, bio heating systems in Finland have been manufactured and tested to prove they can 

achieve standardized efficiency and emissions levels and targets for clean combustion. In reality, 

the large number of variables affect the performance and produced emissions from the boilers in 

operation. Secondly, the inefficient use of equipment results in extra costs via higher amounts of 

used fuel and the weakening condition of the system. 

Combustion tests carried out in 2014 and 2017 strengthened the understanding of the correlation 

between fuel moisture content in the combustion process and emissions from small-scale heating 

boilers. When compared with the combustion of delimbed tree chips with moisture levels of 21, 

34, 35, 45 and 50 w-%, the need for additional controlling measures on combustion were 

highlighted between the moisture levels of 35 and 45 %. In this range of moisture content of wood 

fuel, combustion started to become more inefficient and produce more particles. Ash contained 

more unburned fuel and fuel consumption increased per produced unit of energy with higher fuel 

moisture levels. Partial output tests proved the additional need for controls in combustion with 

lower energy demand than the maximum heat load. Boiler efficiencies of the latter set (2017) of 

combustion tests remained unsolved at the time of deadline of this research. However, the tests 

and settling the issue raised new questions and revealed important points for evaluating the 

reliability of the testing results. 

When compared to the literature, combustion test results were in line with the field measurements 

conducted for grate combustion boilers using wood chips. Accurate comparisons are not possible 

when lacking necessary information about the age and technology of the boilers, and level of 

controls and automation from the measured installations. In addition, large share of the measured 

plants used chips with moisture content < 30 w-%, and the effect of altering the fuel quality in the 

same boiler cannot be observed. Combustion tests conducted in JAMK in to projects have raised 

interests among heat entrepreneurs, which strengthens the impression that similar kind of 

information is not publicly available too much about domestic chip combustion in small-scale 

heating.   

In practice, conducting combustion testing requires lots of effort in fine-tuning the fuel properties 

and the boiler conditions. One lesson learnt was that in order to calculate realistic boiler efficiencies 

for the selected time periods, the measurement times of the testing periods should be sufficient. 
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An overly short measurement period may bring about errors by distorting the amount of used fuel. 

This was the case in two partial output combustion tests, in which the amount of fuel seemed very 

low when measured. It is possible that the amount of the fuel piled in the grate at the starting time 

of the measurement caused an error in the boiler efficiency, releasing the energy but not being part 

of the measured fuel balance. Over longer periods of measurement and larger amounts of fuel, 

such an error would be of lesser importance. 

Boiler controls such as fuel or air feeds may either be fixed in combustion tests, or they can be 

changed or optimized during the test according to the aimed state of combustion. The state of 

combustion can be determined via flue gas measurements, and the boiler can be controlled along 

with the shares of residual oxygen and CO in flue gases. Higher excess air ratio provided to the 

combustion may help oxidation, but too high feed of combustion air may decrease the temperature 

in the furnace, especially in partial output levels with lower amount of burning fuel. The controls 

depend on the existing technological possibilities and the level of automation, and manufacturer’s 

manual is the starting point to set the controls. However, experience is needed in controls with 

altering conditions such as fluctuating heat demand or alternating fuel quality.   

From experience in processing wood fuel moisture content, challenges are often confronted. One 

essential action is sample-taking for fuel analysis. The sample should represent the whole batch of 

the used fuel for the experiment. Verifying measurements of the moisture should be done during 

the tests from the fuel and visual checks of the silo and conveyors. It may take a surprisingly short 

time to change the fuel properties, e.g., the surface of the fuel dries quickly. 

 

5.2 Awareness and attitudes making a difference 

Legislative steering still offers very little push to invest in emission control equipment or to control 

the combustion process of boilers with an output of under 1 MW that are in operation. However, 

the requirements of the eco-design regulations for solid bio boilers will come into force at the 

beginning of 2020. Discharge limits will be introduced for the first time in national legislation. The 

interviewed bio heating experts mentioned legislative steering becoming stricter in the future. 

Along with the tightening requirements on small-scale heat production, emission control 

technologies applied in the larger output range will spread and become integrated in smaller 

systems, too. Cyclones are already in use in boilers from 500 kW upwards – in some specific places 

in appliances of between 200–300 kW and upwards, but other technology options like electrostatic 

precipitators or condensing types may offer competitive solutions. 
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New appliances entering the markets are tested according to the standards, but the boiler investor 

has to find out about the right grounds for selecting the boiler. Independent guidance service and 

training is needed, but it is poorly available. A second important perspective is the surveillance of 

boiler controls, measurement services, and maintenance check-ups. There may not be enough 

incentives to take care of the process and consider the environment if boiler operation is not closely 

connected to business. 

According to the survey data, boiler operators are very interested in the efficiency of their heat 

production processes. The variety in age of the boilers in use is very broad; many pellet boilers are 

not so old but a significant share of log and chip boiler models in use are more than 20 or even 30 

years old. More than half of all boiler users have outsourced their maintenance, and many others 

state that they are interested in maintenance services. More than half of the respondents of the 

survey did not know about their boiler’s efficiency. Operators stated that they are interested in 

measurement services, so the need for help for enhancing the system prevails. The conclusion is 

that there seems to be some interest in developing actions and maintenance, but the reality shows 

the technical questions were more difficult to answer. 

Maintenance-related interview data indicated that manufacturers offer services to boiler owners, 

but Finland does not yet have a culture of buying services. However, other collected data shows 

that the operators utilize the services quite well. This means boiler users buy the services from 

somewhere other than the manufacturers. On the other hand, manufacturers remind users of the 

importance of proactive maintenance activity. Boiler operators do not completely understand the 

advantages of regular maintenance: They act to minimize disturbances during the heating season. 

Oil use in auxiliary systems is one indicator of the problems in bio boiler use. Inexpensive fuel is 

used when it is available, and this could indicate challenges in terms of maintenance. An operator’s 

own skills in operations and repair in a heating plant offer flexibility and advantages when services 

are not available. 

According to the experts, boilers are used according to the specific energy demand. The state of 

the process function or emissions are rarely the base incentive for controlling and operating the 

boiler. The performance and emissions of the boiler depend mainly on the boiler operator’s skills 

to adjust and optimize the boiler settings, especially in shifts of energy demand or changes in fuel 

quality. One conclusion is that one significant challenge for boilers’ performance is managing with 

the altering properties of the fuel flow, as adjusting the boiler to the altered characteristics of the 

fuel may take a long time, thus causing poor combustion conditions and emissions. 
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Fuel quality affects combustion, and usually entrepreneurs monitor the consumption of fuel. They 

are also interested in the produced energy amounts. The need for chimney sweeping is deduced 

from the levels of the flue gas temperatures. Even with greater awareness of the services and the 

advantages of using them, entrepreneurs still seem to utilize flue gas measurement services rarely. 

 

5.3 General conclusions 

There are very few statistics on flue gas cleaning in small-scale heat production in Finland. In order 

to collect more information about the equipment in use and experiences from use, a wider number 

of manufacturers should be interviewed. However, in this way, information is only collected on 

brands. Furthermore, via the comprehensive inquiry of boiler operators, e.g., heat entrepreneurs 

and communities, a good deal of data could be collected on the environmental technology in small 

heat production plants in operation. Extensive investigation and measurements in functioning local 

heating plants could be conducted with gathering information about the state and maintenance, 

performance, and emissions from the systems. Such data could help in the understanding of the 

current state of flue gas cleaning and identifying the need to increase the awareness of the 

operators of state-of-the-art solutions. 

In local district heating plants’ stoker burners and grate combustion, in the output range of 500–

5000 kW using wood and peat, cyclones seem to be a functional cleaning method for a certain range 

of dust particles. They also meet BAT requirements as basic solutions for dust removal at the 

moment. Boilers with outputs of less than 500 kW and the smallest small-scale energy production 

units in residential buildings are not yet equipped with flue gas purification equipment. From a 

manufacturer’s perspective, a cleaning device should be reliable, affordable, and easy to clean and 

maintain. The research and development for new solutions is ongoing. In addition to steering, the 

boiler purchaser decides on the auxiliary components of the system if the cleaning device is not 

fixed to the boiler package. 

At present, efficient and clean technology is available for bio heat production. It is adopted when 

legislative and other steering offers sufficiently strong incentives. The first thing to affect the 

efficiency of and emissions form a boiler is the design phase: The sizing of the system correctly to 

suit the needs and choice of the equipment, investing in auxiliary appliances providing 

environmental and cost-effective benefits, and finding out about the possibilities of automation in 

controls and surveillance. The investment and operating costs often determine adaptation, but 

concerns for and interest in environmental aspects is increasing in decision-making. Emission loads 
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and the environment are closely linked to local fuels, the provision of a green image boost to the 

business, and reactions from the surrounding community and nature. Furthermore, in 

sustainability, consideration falls into the individual as being representative of their values, 

interests, and attitude to act and make decisions in a certain way. An individual may have strong 

resistance to change, and they may be slow to alter their behavior. 
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ANNEX TABLE: Test fuels for small scale boiler testing in standard EN 303-5 (table 7 in the standard).  

 Bituminous coal Brown coal (incl. 
briquettes) 

Coke Anthracite Wood logs Chipped wood Compressed 
wood 

Saw-dust Non-woody 
biomass or other 
solid fuels 

a1 a2 b1 b2 c1 c2 d A B1 B2 C D E, e 

Water content 
(as received) 

≤ 11 % ≤ 20 % ≤ 5 % ≤ 5 % 
12 % to 20 

% 
20 % to 

30 % 
40 % to 

50 % 
≤ 12 % 

35 % to 50 
% According to the 

range 
specification of 

the 
manufacturer 

 
or  

EN 14961  
(all parts) 

Ash contenta  
(as received) 

2 % to 7 % 5 % to 20 % 5 % to 15 % 5 % ± 3 % ≤ 1 % ≤ 1,5 % ≤ 0,5 % ≤ 0,5 % 

Volatilesa  
(as received) 

15 % to 
30 % 

> 30 
% 

40 % to 
50 % 

50 % to 
60 % 

< 6 % 
8 % ± 
2 % 

< 10 % - - - - - 

Chlorine 
contenta - - - - - - - - - - - - 

Sulphur 
contenta - - - - - - - - - - - - 

N-contenta - - - - - - - - - - - - 

Net calorific 
valueb > 28 MJ/kg > 12,5 MJ/kg > 28 MJ/kg > 28 MJ/kg > 17 MJ/kg > 17 MJ/kg > 17 MJ/kg > 17 MJ/kg > 16 MJ/kg 

Size/lenght According to the manufacturer’s instructionc - 
a % of mass on dry base. 
b Dry base. 
c Maximum 5 % of mass of the test fuel may have an oversize or an undersize. 
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ANNEX TABLE: Comparison of the net calorific values, moisture contents, bulk densities, 

and ash contents of different fuels. (Alakangas et al. 2016, 195). 

Fuel Net calorific 
value, dry 
basis, qp,net,d 

MJ/kg  

Moisture, 
Mar  
w-% 

Net calorific 
value, as 
received, 
qp,net,ar  MJ/kg 

Bulk 
density, 
BD, kg / 
loose-m3 

Energy 
density, Ear  
MWh/loose 
m3 

Ash 
content, 
dry basis, 
Ad w-% 

Coal 27,0-28,2 8-14 24,3-25,1 - - 4,4-17,0 

Heavy fuel oil 40,5-41,5 < 0,1 40,5-41,5 985-1020 - 0,02-0,05 

Light fuel oil 35,2-35,9 
MJ/litre 

0,01-0,02 35,2-35,9 
MJ/litre 

820-840 - < 0,01 

Pyrolysis oil 18,4-20,1 20-30 13,0-18,0 1100-1300 - 0,01-0,1 

Milled peat 
(average) 

20,6 47 9,8 330 0,91 6,3 

Sod peat 
(average) 

21,3 35 11,9 385 1,3 3,5 

Peat pellets 19,7-21,0 14-18 15,1-18,7 680-750 3,0-3,7 2,0-6,0 

Sawdust 19,0-19,2 54-60 2,2-10,0 250-350 0,45-0,70 0,4-0,5 

Birch bark 21,0-23,0 45-55 8,0-11,0 300-400 0,6-0,9 1,0-3,0 

Softwood bark 18,5-20,0 50-65 5,0-9,0 250-350 0,5-0,7 1,0-3,0 

Plywood hog 
fuel 

19,0-19,2 5-15 16,0-18,0 200-300 0,9-1,1 0,4-0,8 

Wood pellets 18,9-19,5 6-9 7,0-18,2 600-650 2,8-3,3 0,1-0,5 

Torrefied wood 
pellets 

18,5-20,6 1-7 18,0-20,0 550-700 3,4-3,6 0,5-1,4 

Stem wood 
chips 

18,5-20,0 40-55 7,0-11,0 250-350 0,7-0,9 0,5-2,0 

Firewood 18,5-19,0 20-25 13,4-14,5 240-320 1,35-1,70 
MWh/  

stacked m3 

0,5-1,2 

Logging residue 
chips 

18,5-20,0 50-60 6,0-9,0 250-400 0,7-0,9 1,0-3,0 

Whole-tree 
chips 

18,5-20,0 45-55 7,0-10,0 250-350 0,7-0,9 1,0-2,0 

Stump hog fuel 17,2-20,9 12-45 6,8-15,5 250-300 0,7-1,2 0,5-20,0 
(awerage 4,0) 

Willow chips 18,6 51-53 8,1-8,5 300-440 0,3-0,4 0,4-1,1 

Reed canary 
grass (spring-
harvested) 

17,3-18,7 10-25 12,6-16,6 60-80 0,3 1,0-8,0 

Energy grains 17,3 11 15,5 600 2,6 2,0 

Straw, chopped 17,4 17-25 12,4-14,0 80 0,3-0,4 5,0 

Solid recovered 
fuel, SRF 

17,0-37,0 15-35 13,0-35,0 150-250 0,7-1,0 3,0-7,0 

Household dry 
waste 

18,5-23,4 25-36 11,7-16,9 150-250 0,7-1,0 5,3-16,1 

 

ANNEX 2 



RESULTS FROM WOOD CHIPS COMBUSTION TESTS IN JAMK (Feb 2014) 

(Modified from: Puolamäki 2014) 

500 kW (nominal output, 100 %) 

 

 

150 kW (partial output, 30 %) 
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Fuel moisture content (%) Oxygen content in flue gas (%) Actual output of the boiler (kW) 

Actual output of the boiler (kW) Oxygen content in flue gas (%) Fuel moisture content (%) 

Whole tree Whole tree Whole tree 

Whole tree Whole tree Whole tree 

Stem Stem Stem 

Stem Stem Stem 
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Emissions (CO, NOX), 500 kW (nominal output, 100 %) 
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ANNEX 4 
 

Photos taken from the combustion tests in 2017 in JAMK boiler testing laboratory 

Photographer: Hannariina Honkanen 

 

Figure: Test boiler 500 kW.  

 

Figure: Wood chip flue used in the combustion tests. 
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Figure: Filling the fuel silo. 

 

Figure: Control panel in the boiler.  
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Figures: Combustion in the grate. Pictures show different phases of the burning. Also dust formation 

is seen on the right. 




