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1.  Introduction 
Sustainable energy development in the world, EU-25 and each country by itself is determined by 
the continued availability of energy in sufficient quality and quantity, the growing accessibility 
of energy and its compatibility with public concerns, be they developmental, environmental or 
social (Energy; www.worldenergy.org). The global, regional and local trend of energy sources 
demand has been one of increase over many of the past years. According to their specific 
properties, the various energy sources have different focuses of application. Natural gas is 
mainly used for heating purposes. In the traffic sector, it is mineral – oil products that dominate. 
Nuclear energy and coal are used exclusively or predominately in power plants. Hard coal is 
used for two main purposes – electricity generation (steam coal) and coke production. Coal 
provides over 23% of global primary energy needs, and generates about 38% of the world’s 
electricity (www.worldenergy.org). Renewable energy sources (solid biofuels, solar energy, 
wind energy, water power, geothermal energy etc.) are applied in both the heating market and 
power generation. In EU-25 half of electricity is produced from fossil fuels, 32% of total power 
is generated from coal (i.e. hard coal and lignite) although in some countries, such as Poland, 
this contribution is much higher, (in Poland above 80%).  

Many countries, in particular those which the economies in transition (Central and Eastern 
European Countries – CEEC) use coal as a main fuel for domestic and commercial heating. 
Currently it is observed that the use of biomass for production of heat and energy in small 
combustion installations up to 50MWt has been growing. Use of renewable energy (RE) has also 
been growing to reach 12% RE in 2010 as proposed by the EU White Paper, or 25% RE in 2020 
as proposed by a number of NGOs. Global energy scenarios to 2050 and beyond 
(www.worldenergy.org ) that were elaborated by the World Energy Council include six variants 
of energy scenarios. Scenario A3 is one of them that can achieve atmospheric concentrations of 
carbon dioxide less than double of the pre-industrial levels by the year 2100. In this scenario 
emphasis is being placed on the fast growth of renewable energy sources. So in the future, 
emissions from SCIs should decrease due to the renewable energy sources being implemented 
first and foremost in those sectors. 

 

 
Figure 1.1.  Global energy scenarios A3 (EDC; www.worldenergy.org) 
 

Application of fossil fuel for production of energy has direct influence to environmental quality. 
Its use in energy production is a major source of NOx, SO2, CO2, TSP, PM10, PM2.5, HM 
emissions. The link between air pollution and human health has been established for over a 



century. This has led to major changes in the way fossil fuels are used particularly over the past 
fifty years in both stationary and mobile sources. Pollution legislation such as emission 
standards is the only way of ensuring that air pollution is brought under control and that the 
detrimental effects on human health are minimized. Environmental quality was the original 
driver for environmental legislation. Deterioration of air quality prompted authorities to find a 
way to reduce ambient concentrations of pollutants, mainly by controlling large emission 
sources and mostly ignoring small combustion sources. 

Currently the main types of emission legislation seen throughout the world are: emissions limits 
– usually linked to penalties for non-compliance, emission trading using the “cap and trade” 
approach, Best Available Technology - BAT in Europe (Maximum Achievable Control 
Technology - MACT in USA) and Integrated Pollution Prevention and Control. The United 
Nations has several protocols and programmes that cover emissions from energy production 
sources. The main are: the United Nations Economic Commisions For Europe (UNECE) 
Convention on Long-Range Transboundary Air Pollution (LRTAP) which was signed in 1979 by 
33 countries, including the USA and Canada and most EU countries, and the Kyoto Protocol 
(concerned mostly with greenhouse gases, both direct as well as indirect).  

Most EU legislation is given in the form of directives as this allows the Member states more 
flexibility in achieving environmental objectives. The main directives connected with energy 
generations that are: the Integrated Pollution Prevention and Control (IPPC) Directive of 1996 
(96/61/EC), National Emissions Ceilings Directive (NECD)(2001/81/EC) for acidifying and 
ozone-forming air pollutants (SO2, NOx, VOC’s and ammonia) and the Large Combustion Plant 
Directive (LCPD)(2001/80/EC), which originally established emission standards for new plants 
larger than 50 MWth, irrespective of the fuel used. The Renewable Energy Directive 2001/77/EC 
is likely to promote the use of renewable energy for electricity production. All these 
environmental legislation contributed to decreasing air pollution coming from large combustion 
sources, but the air quality has still not achieved good quality.   

The inventory emission data, which are drawn from various sources, including submissions to 
UNFCCC (United Nations Framework Convention on Climate Change), UNECE/CLRTAP 
(TFEIP-Task Force on Emission Inventories and Projections; UNECE-United Nations 
Economic Commission for Europe) and data from the RAINS model (Regional Air Pollution 
Information and Simulation Model) for use in the CAFE programme and national inventories 
have been showing that air pollution deriving from non-industrial energy production still has a 
great contribution in total national emission of pollutants. Contributions of small combustion 
installations emission to total emission vary and depend on pollutants type and given country. 
Non-industrial energy production is applied in small-scale combustion installations (SCIs) with 
a thermal capacity ≤ 50 MWth, also known as small combustion plants (SCPs). Small 
combustion plants are used in the following activity sources:  

• District heating 
• Commercial and institutional 
• Residential 
• Agriculture / Forestry / Fishing, and 
• Other (including military).  

 
Combustion of solid fuels is a source of pollutant emission to the atmosphere. Low combustion 
efficiency (usually not exceeding 50% average per year, in particular for installation capacity 
below 1MWth), poor fuel quality and no or little cleaning of exhaust gasses result in higher 
emissions. Especially the combustion of coal either in residential heating appliances (i.e. stoves, 
furnaces) or boilers of low power is widely considered to be of the most pollutant emitting 
sources. 



Research carried out in the past few years proves that besides significant emission of CO, SO2, 
NOx and particles, these sources are also responsible for significant amount of organic pollutants 
(TOC), including polycyclic aromatic hydrocarbons (PAH), dioxins and furans – PCDD/F, and 
VOC such as aliphatic hydrocarbons, benzene and its derivatives (BTX), aldehydes and ketones, 
but also phenol and its alkyl derivatives, heterocompounds of nitrogen and sulphur etc., and 
heavy metals (Kubica, 1997/1; Kubica, 2003/1 and Williams, et al., 2001). The negative impact 
from the use of low efficiency heating devices is multiplied by the combustion of fuels of poor 
quality with significant sulphur and ash contents, low calorific value and coal sludge. This is 
especially true for the Central and Eastern European Countries (CEEC) where the cold climate, 
ease of access to coal and poor economic conditions make the heating of residences by coal an 
attractive option. At the same time biomass becomes a more and more popular fuel used in 
residential sector, due to the strategy to achieve reduction of CO2 in same countries. But also 
installations burning biomass are often characterized by higher emissions of particulates and 
related pollutants.  

2. Emissions 

2.1 Emission Inventories from Small Combustion Installations 

The contribution of emissions from small combustion installations to the total emissions varies 
and depends on pollutants type and given country. A very important role is played by the 
emissions from small residential installations which are typically responsible for more than a 
third of the total particulate matter emissions of stationary combustion (UBA, 1998a; APEG, 
1999; Olendrzynski, 2002; )) but in some countries this sector may even dominate. For example 
in Austria in 1995 more than 70% of PM emissions from stationary combustion are thought to 
have originated from this source (Winiwarter et al., 2001).  

The contribution of fuel combustion in commercial, residential and other small capacity 
installations to the total heavy metals emission in Europe in 1990 was for As 12.4%, for Cd 
15.9% and for Hg 27.8% (Berdowski, 1997).  

Also emissions of PAH and PCDD/F from those activities are significant. For instance, 
residential use of solid fuels and biomass accounts for about half of the emissions of polycyclic 
aromatic hydrocarbons (COM(2003)) and one third of dioxin emissions in the EU (Quass, 
2000). Those are characterized by seasonal variations, as it was reported that emission of B[a]P 
in winter is 10% higher than in summer (Baart, 1995).  

Many countries using coal (but also biomass) as a major part of domestic and commercial 
heating requirements have serious air pollution problems, such as example Austria and Poland. 
In Austria, the residential combustion is already the most significant source of dioxins (Quass, 
2000). In Poland the TSP emissions from small combustion sources is 35% of the national total 
emissions, and up to 90% of the total TSP emissions from combustion activities (Olendrzynski, 
2002). It was further reported that in Poland the main source of PCDD/F (47% of national total) 
and PAH emission (87% of national total) are non-industrial combustion plants (residential, 
district heating, agriculture, forestry). The share of heavy metals emissions such as Cd, As, Cr, 
Cu, Ni, Zn due to high emissions of TSP is also higher (respectively: 55%, 36%, 27%, 25%, 
50%, 30%). In general those sources have a more important contribution to the above-mentioned 
pollutants where a higher share of solid fuels exists in the fuel mix of the residential sector. 

Furthermore, due to the particularly low height of the stacks used in such installations (usually 
not exceeding 10 m), the emissions from such residential heating appliances, especially in 
highly urbanised areas, result in high concentration of pollutants at ground level and thus more 



dangerous for the human health, both by direct inhalation, as well as by ingestion with 
contaminated food. This particularity makes this sector responsible for the “low-height 
emissions” in urban centres where such appliances are used. The effect of environment pollution 
caused by coal combustion for residential heating is particularly obvious in large urban centres 
where about 60% of annual pollutants emission derives from municipal sources, while it can reach 
90% during the winter time. This relates especially to such harmful pollutants as CO, particulate 
matter (TSP, PM) as well as the above-mentioned organic pollutants, including PCDD/F and PAH. 
In Belarus small combustion sources provide abut 40% of total PCDD/F emissions, and about 
80% of indicator PAH emission (Kakareka et al., 2003). In general those sources have a more 
important contribution to the above-mentioned pollutants where a higher share of solid fuels 
exists in the fuel mix of the residential sector. 

The estimated contribution of emissions released from small combustion installations to the total 
European emissions is presented in Table 2.1. These sources represent one of the strongest 
sources of particulate matter and even in the future they might remain an important contributor 
and their share might even increase for some pollutants and for some scenarios. It is also 
worthwhile to note that there are significant regional differences, e.g., in the EU-15, the share of 
this sector in particulate emissions has been typically below 20 % and is expected to decline 
further to about 12 and 17 % for PM10 and PM2.5, respectively; in the EU-New Members this 
share was in the 90’s above 30 % and is expected to decline to about 22 and 28 % for PM10 and 
PM2.5, respectively. Projections presented for 2010 are for illustrative purpose only and refer to 
the European energy scenarios developed by the PRIMES model (CEC, 2003 and CEPMEIP, 
2002) and implemented in the RAINS model recently.  

The emission contribution of residential sources in the future will depend strongly from the 
assumptions about fuel switching (coal to gas) that has been happening in the last decade, a 
trend that is expected to continue and eventually lead to lower emissions of particulate matter 
but possibly at a cost of increased emissions of other pollutants as for example NOx. At the same 
time biomass becomes a more and more popular fuel used in the residential sector; its use is 
strongly encouraged in some countries and is seen as a part of the strategy to achieve reductions 
of CO2, however installations burning biomass are often characterized by higher emissions of 
particulates (Williams et al., 2001; Kubica et al., 1997/2 and 2001/1; Houck et al., 1998/1). All 
this indicates that air emissions from this source will remain an important part of total emissions 
and more attention should be focused on them. 

Tab.2.1. Contribution to total emissions (RAINS model results)  
Year Pollutant 

1990 1995 2010 

Oxides of nitrogen  4.5% 5% 7% 

Sulphur dioxide 11% 8% 7% 

Ammonia About 0.5% - 1% 

NMVOC(1) 7% 7% 7% 

PM2.5
(2) 25% 25% 19% 

PM10
(2) 22% 20% 15% 

(Source:  IIASA, 2004)  
(1) Contributions vary widely from country to country, e.g. 1% - 3% in the Netherlands or Italy, 10%-15% in 

Austria and 25%-30% in Sweden,  
(2) Contributions vary widely from country to country, e.g. 2%-4% in the Netherlands and 40%-50% in Austria and 

Sweden,). 



Furthermore the influence of those sources on the local air quality could be significant due to the 
low height of the flue gas releases, even where their share in total emissions is not dominant. 
This is particularly the case in the regions where solid fuels are predominately used in the 
residential sector. For instance, the occasional exceeding of the SO2 ambient air target value 
could still be expected in the UK in some areas after the year 2000 (The Air Quality Strategy for 
UK; 2000) because of this reason. 

2.2 Profiles of toxic emissions 

 

In general, the nature of the pollutants formed during all kinds of combustion processes is the 
same, although the contents of each of them may differ depending on the type of fuel, the 
combustion temperature, the combustor conditions, and the time-history profiles of the reactants 
and products. For both, gaseous and liquid fuels, the emissions of pollutants are not significantly 
higher in comparison to industrial scale boilers due to the quality of fuels and design of burners 
and boilers, except for gaseous and liquid fuelled fireplaces and stoves because of their simple 
organization of combustion process. For the above-mentioned installations the same pollutants 
are generated as for solid fuels but their quantities are in general significantly lower. 

The technologies of solid fuels  (raw coals, solid coal derived fuels, solid biofuels, refused 
derived fuels, and so on) combustion by means of fixed bed are carried on under conditions far 
from optimum (by means of stoves, furnaces and old design boilers) which results in incomplete 
combustion and in consequence they are the source of not only classic gaseous combustion 
pollutants (NOx, SO2, CO, CO2, TSP, PM10, PM2.5, HM) but also of the most hazardous 
pollutants – organic compounds such as the persistent organic pollutants (POP – PCDD/F and 
PAH) and other toxic atmospheric organic pollutants (TOAC as sum of VOC, SVOC; POP); 
volatile organic compounds – VOC, and semi-volatile organic compounds SVOC and non 
volatile organic compounds (NVOC – are comprised of more than 4-rings PAH). The VOC 
responsible for generation of troposphere ozone (POCP), are aliphatic hydrocarbons C1-C10, 
BTX, other aliphatic derivatives of benzene and ox-compounds (Kubica, 1997/1 and 2003/1; 
Williams et al., 2001). Emission of ammonia (NH3) is not very relevant for the combustion of 
fuels in medium size boilers but it is observed among the products of incomplete combustion 
process, which is carried on in fireplaces, stoves and old chamber boilers (Bartle, at al., 1996). 
Volatile organic compounds (VOC) that are any organic compound except methane having at 
293.15 K a vapor pressure of 0.01 kP or more, or having a corresponding volatility under the 
particular conditions of use. Table 2.2. is presenting the list of  56 main VOC compounds that 
are numbered among to ozone precursors in accordance with the US EPA (Jaecker- Voirol J, 
2000).  

 
Table 2.2. Main compounds of VOCs group to be amounted to ozone precursors in accordance with 
the US EPA (Jaecker- Voirol J, 2000) 

Ethane 2-Methylopentane Ethylbenzene 
Ethylene 3-Methylopentane m- and p- Ksylene  
Propane Izoprene Styrene 
Propylene 2-Methyl-1-pentene o-Xylene 
Izobutane Hexane n-Nonane 
n-Butane  Methylcyklopentane Isopropyl benzene 
Acethylene 2,4-Dimethylpentane n-Propyl benzene 
trans-2-Butene Benzene m-Ethyl toluene 



1-Butene Cykloheksane p-Ethyl toluene 
Cis-2-Butene 2-Methylheksane 1,3,5-Trimethylobenzene 
Cyklopentane 2,3-Dimethylpentane o-Ethyltoluene 
Izopentane 3-Methylheksane 1,2,4-Trimethylbenzene 
n-Pentane 2,2,4-Trimethylpentane n-Decane 

trans-2-Pentene n-Heptane, Methyl cyklohexane, 
2,3,4 – Trimethylpentane 1,2,3-Trimethylbenzene 

1-Pentene Toluene m-Diethylbenzene 
Cis-2-Pentene 2-Methylheptane p-Diethylbenzene 
2,2-Dimethylbutane 3-Methylheptane n-Undecane 
2,3-Dimethylbutane n-Octane n-Dodecane 

 

The group of SVOC includes aromatic hydrocarbons, together with 16 PAH by EPA, among 
which are listed benzo(a)pyrene and hydrocarbons of 3-, 4-, 5- rings with carcinogenic and 
mutagenic properties, Table 2.3. There are important benzene derivatives of anthracene, for 
instance dibenzo(a,h)anthracene, which toxicity factor is higher than for benzo(a)pyrene.  

Tablica 2.3. Carcinogenic factors of 16 PAHs according to EPA list related to benzo(a)pyrene 

Carcinogenic factors according 
to List Name Structural 

formula 
Molecular 
formula (Nisbet, 

1992) 
(Clement, 
1998) 

(US EPA, 
1993) 

1 Naphthalene C10H8  0,001 n.d n.d 

2 Acenaphthylene C10H6(CH2)
2  0,001 n.d n.d 

3 Acenaphthene C10H6(CH2)
2  0,001 n.d n.d 

4 Fluorene C13H10  0,001 n.d n.d 

5 Anthracene C14H10  0,01 0,32 n.d 

6 Phenanthrene C14H10  0,001 n.d n.d 

7 Fluoranthene C16H10  
0,001 n.d n.d 

8 Pyrene C16H10  
0,001 0,08 n.d 

9 Benzo(a)anthracene C18H12  
0,1 0,15 0,1 

10 Chrysene C18H12  
0,01 0 0 

11 Benzo(b)fluoranthene C20H12 
 

0,1 0,14 0,1 

12 Benzo(k)fluoranthene C20H12  
0,1 0,07 0,01 

13 Benzo(a)pirene C20H12  
1 1 1 

14 Dibenzo(a,h)anthracene C22H14 
 

5 1,1 1 



15 Benzo(g,h,i)perylene C22H14 
 

0,01 0,02 n.d 

16 Indeno(1,2,3-c,d)pirene C22H12  
0,1 0,23 0,1 

        * n.d – non determined 

 

Such compounds are present in the combustion gases both in the gaseous phase, as well as on 
particles. Compounds from VOC, SVOC and HVOC groups are present in combustion gases in 
the form of aerosols, especially in the gaseous phase, absorbent and phase associated with dust 
particles (PM2,5 and PM10 ). The share of PM10 in total TSP from combustion of coal in the 
stoves was determined to be about 70% (Kubica, 2003; Hlawiczka et al., 2003). They are 
especially dangerous in this last form because inhaled particles can cause big effects to the 
human health. These emissions from SCIs are more dangerous due to the PMs contain also a lot 
of  heavy metals - Cd, Tl, Hg, Sb, As, Pb, Cr, Co, Cu, Mn, Ni, V. Furthermore being emitted 
through low high chimneys they can directly reach the receptor and thus influence human 
health. Most dangerous to human are those heavy metals that are emitted not only as included in 
TSP but in vapor phase also. For instance, mercury is of the most health risk due to it being 
emitted to the atmosphere in a significant part as a gaseous form. Mercury emissions from stove 
and similar combustion appliances are on average about 50% in vapour phase, while the 
remaining part is present in the particulate matter trapped in the chimney duct and/or emitted to 
the air (Hlawiczka et al, 2003). 

In general, the nature of the pollutants formed during all kinds of combustion processes is the 
same, although the contents of each of them may differ depending on the type of fuel, the 
combustion temperature, the combustor conditions, and the time-history profiles of the reactants 
and products. It’s necessary to notice that that relation is treating in particular solid fuel burned 
in SCIs as well as these pollutants, which are products of incomplete combustion process of 
fuels. From the speciation of selected NMVOCs for both coal and solid biofuels (wood pellets) 
combusted in conventional stoves it is clear that each fuel has a characteristic fingerprint (see 
Figures 2.1 above and 2.2 below) (Kubica K., (2003/5). Wood biofuels for instance, emit higher 
levels of benzene, toluene and xylene (BTX) to the atmosphere when compared to coal 
combustion. The difference is also evident on the amount and profiles of PAHs emitted by those 
fuels as seen in the Figure 2.4 below.   

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.1 Profiles of selected NMVOCs from combustion of coal and wood pellet in conventional 
stove (Kubica, 2003/6)  

 

 

 

0

5

10

15

20

25

30

35

40

45

50

n-P
en

tane
/10

Dim
eth

ylp
en

tan
e/1

0

Meth
yle

thy
lke

tone

X-cy
clo

he
ks

an
e

Hep
tan

e

Tetr
am

eth
ylh

ep
tan

e

n-O
cta

ne

n-N
on

an
e

Prop
ylb

en
ze

ne

n-D
ec

ane

[m
g/

m
3]

Coal 

Wood Pellets



0

2000

4000

6000

8000

10000

12000

Nap
hta

len
e

Ace
na

ph
thy

len
e

Ace
na

ph
the

ne

Fluo
ren

e

Fen
an

tre
ne

Anth
rac

en
e

Fluo
ran

ten
e

Pyre
ne

Ben
zo

(a)
an

thr
ac

en
e

Chry
se

ne

Ben
zo

(b+
k)f

luo
ran

the
ne

Ben
zo

(a)
py

ren
e

Db(a
,h)

an
thr

.+I
nd

(1,
2,3

)py
r

Ben
zo

(g,
h,i

)pe
ryl

en
e

[u
g/

M
J]

Coal [μg /MJ]

Wood Pellet [μg /MJ]

 

Fig. 2.2 Profiles of 16 PAHs from combustion of coal and wood pellet in conventional stove 
(Kubica, 2003/5) 

 

The profiles of VOCs and PAHs depend on the kind of combustion techniques used (Figure 2.3, 
2.4 and 2.5). Implementing clean solid fuel combustion reduces the emission and fuel 
consumption, but still the emitted quantities are depending strongly on the kind of fuel (Kubica, 
2003/1).  
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Figure 2.3 Profile of [mg/m3] from coal combustion in fixed bed: stove – A;  
retort hearth boiler – B (value multiplied *100) (Kubica, 2000 and 2003/1) 

 



 

 

Figure 2.4 Profile of [mg/m3] from coal combustion in fixed bed: stove – A;  
retort hearth boiler – B (value multiplied *100) (Kubica, 2000 and 2003/1) 

 

 

 

 

 

 
Fig. 2.5   PAH’s profile: [A] – dichlormethylene extract from coal; [B] – benzene extract from 
coal; [C] – liquid products of coal pyrolysis in 520oC; [D] – liquid products of coal pyrolysis in 
850oC; [E] – flue gases from coal combustion in fixed bed - stove; [F] – flue gases from coal 
combustion in retort hearth boiler (Kubica, 2000) 
 
Emitted organic pollutants from combustion in SCIs also contain dioxins and furans (Moche, 
1998; Williams et al. 2001). It was found that a significantly influence on the quantities of 
dioxins and furans emitted play the combustion process organization, chemical composition of 
fuel and homogenisation of fuel properties and finally its chlorine contents. Little research has 
been devoted up to now on the measurement or estimation of dioxin emissions from solid fuel 
combustion in small residential heating. However, there are strong indications that there is a 
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high potentiality for production of dioxins under certain circumstances. Table 2.3 is contained 
the weighting factors used to calculate I – TEF (I-TEQ). 
 

Table 2.3. Weighting factors to calculate I – TEF (I-TEQ) 

Dioxins I – TEF (I-TEQ) 
2,3,7,8 – tetrachloro dibenzodioxin (2378TCDD) 1 
1,2,3,7,8 – pentachloro dibenzodioxin (12378PeCDD)  0,5 
1,2,3,4,7,8 – hexachloro dibenzodioxin (123478HxCDD) 0,1 
1,2,3,6,7,8 – hexachloro dibenzodioxin (123678HxCDD) 0,1 
1,2,3,7,8,9 – hexachloro dibenzodioxin (123789HxCDD) 0,1 
1,2,3,4,6,7,8 – heptachloro dibenzodioxin (1234678HpCDD) 0,01 
Octachloro dibenzodioxin (OCDD) 0,001 
Frans 
2,3,7,8 – tetrachloro dibenzofuran (2378TCDF) 0,1 
1,2,3,7,8 – pentachloro dibenzofuran (12378PeCDF) 0,05 
2,3,4,7,8 – pentachloro dibenzofuran (23478PeCDF) 0,5 
1,2,3,4,7,8 – hexachloro dibenzofuran (123478HxCDF) 0,1 
1,2,3,6,7,8 – hexachloro dibenzofuran (123678HxCDF) 0,1 
2,3,4,6,7,8 – hexachloro dibenzofuran (234678HxCDF) 0,1 
1,2,3,7,8,9 – hexachloro dibenzofuran (123789HxCDF) 0,1 
1,2,3,4,6,7,8 – heptachloro dibenzofuran (1234678HpCDF) 0,01 
1,2,3,4,7,8,9 – heptachloro dibenzofuran (1234789HpCDF) 0,01 
Octachloro dibenzofuran (OCDF) 0,001 

 

The high emission of PCDDs/Fs from coal combustion, especially polish coal, is discussed in 
both Austrian and German studies (Quass, 2000; Moche, 1998). The research reveals also much 
higher dioxins emission from combustion of coal imported from Poland, which ranges from 
108,5 up to 663,9 µg I-TEQ/tone of combusted fuel (Moche, 1998). These amounts are 
comparable to emissions observed during the tests carried out in Krakow, including co-
combustion of coal and wastes (Grochowalski, 2002). 

Relatively high dioxins emission from the samples of Polish coal as seen in the Austrian and 
German works can be derived from relatively high chlorine contents in Polish coals, that usually 
ranges from trace quantities up to 0,4%, or even up to 1,5% (Kubica 2003/1). 

Between 1999 and 2002, within the scope of research projects budgets funded by EC (INCO-
COPERNICUS programme) combustion tests were performed using several types of solid fuels: 
two coals with different chlorine contents, different types of wooden biomass and mixtures of 
coal and biomass, either in briquette form and a two-component mixture were carried out 
(Williams at al.,2001, Danihelka et al., 2001). These fuels were combusted by means of a 
chamber water-boiler of 30kW capacity, with combustion at the bottom part of the bed (co-
current combustion with distribution of air supplied for the process).  

For the comparison purposes emissions were also measured from the combustion of the same 
type of coals in a retort boiler (Kubica, 2003/5). Retort boiler of stoker type with continuous, 
automatic fuel supply and controlled amount of air supplied to combustion chamber, with 
applied technique of combustion in the upper part of the bed, co-current combustion, can be 
listed among the most modern and the most effective low capacity boilers designs, enabling 
“clean combustion of coal”. 

The test results are presented on Figure 5. As can be seen from the figure, the PCDD/Fs 
emission factors, expressed as ng I-TEQ/m3, are in every case (except of retort boiler) 



significantly higher than allowable value specified by the 2000/76/EC Directive for waste 
incineration plants (Directive, 2000) 2000/76/EC of the European Parliament and of the Council 
of 4 December 2000 on the incineration of the waste), which is equal to 0,1 ng I-TEQ/m3.  

 

Fig. 5: PCDD/Fs Toxic Equivalent values for different types of fuel – technique combinations. R 
means Retort Heart Boiler, B - coal of bean size, N – coal of nut size. The red line indicates the 
limit for waste incineration (Kubica, 2003/6)  
 

The amount of PCDDs/Fs emitted from chamber boilers irregardless of the combusted fuel type 
was generally at the same level of decimal units of µg I-TEQ/tone. Combusted biomass, either 
wood or agricultural, emits significant quantities of dioxins (from 2 up to 33 µg I-TEQ/tone for 
wood biomass, from 12 up to 13 µg I-TEQ/tone of straw). However, it should be noted that the 
used boiler was not adopted for biomass combustion (Williams, 2000). In the case of hard coal, 
a fuel of lower (2,5 times) chlorine contents (Julian coal) emitted more than 3-times less 
PCDDs/Fs.  

A decrease of grain size also lowered dioxins emission to about 30% (Danihelka, 2001). In the 
case of briquetted fuels dioxins emission has been generally lower as it was also observed by 
German studies (Moche, 1998). While the above-mentioned effect has not been observed for the 
mixtures of coal and straw; in this case an addition of approximately 10% (m/m) of straw or 
sawdust did not cause significant differences by dioxins emission. The current research indicates 
that the influence of chlorine contents is observed on individual fuel groups but a significantly 
higher impact have combustion process organization, chemical composition of fuel and 
homogenisation of fuel properties and finally chlorine contents. 
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Because emission inventory according to UNEECE EMEP inventory guidelines concern 
selected pollutants from combustion processes in SCIs, they are further discussed in more detail. 
Relevant pollutants are sulphur dioxide (SO2), nitrogen oxides (NOx), total suspended 
particulate matter (TSP), suspended particulate matter <10 µm (PM10), suspended particulate 
matter <2.5 µm (PM2.5), heavy metals: arsenic (As), cadmium (Cd), chromium (Cr), copper 
(Cu), mercury (Hg), nickel (Ni), lead (Pb), selenium (Se), zinc (Zn), polycyclic aromatic 
hydrocarbons (PAH) which are: benzo(a)pyrene (BaP), benzo(b)fluorantene (BbF), 
benzo(k)fluoranthene (BkF), indeno(1,2,3-cd)pyrene (I_P), and their sum as total 1-4 as well as 
dioxins and furans (PCDD/F), carbon monoxide (CO), non-methane organic volatile compounds 
(NMVOC). Emission of ammonia (NH3) is of less importance. 

The emissions are released through the stack and trough the “chimney” as it is commonly named 
in residential sector. Fugitive emissions (from seals etc.) can be neglected for small combustion 
installations. 

NH3 – Small amounts of ammonia may be emitted as a result of incomplete combustion process 
of all solid fuels containing nitrogen, via its incomplete conversion, and formation during the 
pyrolysis step of the combustion process. This occurs in cases in which the combustion 
temperatures are very low (fireplaces, stoves, old design boilers). NH3 emissions generally can 
be reduced by primary measures aiming to reduce products of incomplete combustion and 
increase energy efficiency. 

SO2 – The emission of sulphur dioxide are related to the sulphur content in the fuel) , which for 
the coal normally varies between 0,1 and 1,5% (dmf) (up to an extreme value of 10%) and for 
oil fuel (including heavy oil fuels) from 0,3% up to 3,0 % ( As far as S limit in Slovenia for light 
fuel oils is 0.2% for a quite of some time, and in Austria it is even lower. DIN 51603,1992; 
Williams et al. 2000; Kubica 2003). The sulphur content in gas is usually negligible. Sulphur 
appears in coal in three forms: inorganic – mainly pyritic sulphur (FeS2), and sulphur salts; 
organic – as sulphides, disulfides; and cyclic compounds mainly tiofene compounds; elemental 
sulphur. However in biomass sulphur appears mainly as organic and salts sulphur. Pyritic and 
organic sulphur is a major part of the sulphur in coal; both types are responsible for SOx 
formation (SO2-usual >95%, and SO3 - <5% is formed at lower temperatures). The emission of 
SO2 directly depends on sulphur contents in fuels (particular organics and pyritic forms in coal 
fuel). About 70% of sulphur from raw solid fuels is released as SO2 with typical concentrations 
in the stack gases 200-2000 ppm (Williams et al. 2000). It should be mentioned that the 
emission of SO2 is directly dependent on sulphur content of fuel, but for coals also the content of 
the calcium carbonate is relevant due to its chemisorbtion of generated SO2.  

NOx - Nitric oxides as the sum of NO (>90% of N-fuels converted), NO2 (<10% of N-fuels 
converted), are recalculated to NO2 - they have to be for the purpose of the convention-.  
Nitrogen emissions are the result of partial oxidation of fuel nitrogen (“fuel NO”). The main 
amount of nitric oxides is emitted as NO. The emissions of NOx increase with increasing 
nitrogen contents in the fuel, excess air ratio, and higher combustion temperature. Nitrogen 
contents in the fuels varies: coals contain nitrogen mainly as N-organic from 0,5% to 2,9% (daf), 
(average about 1,4%), biomass contains N as N-organic forms from 0,05% to 0,8% (daf); for 
coke the N-contents is between 0,6 to 1,55% (daf), for peat between 0,7 and 4,4 % (daf). The 
content of nitrogen (mainly organic N) in liquid fuels varies for heavy oils between 0,1 and 
0,8%, and for fuel oils between 0,005 and 0,07% (Kolar J. 1990). Natural gas contains no 
organically bounded nitrogen. Additional NOx may be formed from nitrogen in the air under 
certain conditions, as “thermal NO” (“NOthermal), and as “prompt-NO” is generated by the 
flames surrounding individual particles, through free radicals reactions. Due to non-relevant 



content of nitrogen in natural gas thermal-NO is generated during its combustion only. Nitrogen 
in the air starts to react with O-radicals and forms NO at temperatures above approximately 
1300oC, its amount depending on O2 concentration and residence time. Because of the fact that 
temperatures of combustion in small combustion installations are, in general, lower then 1300oC 
the thermal NOx formation is not important, but there is a post-flame NOx – problem. The major 
formation of thermal NOx occurs in the post-flame gases (after the main combustion process). 
Due to the developing of small boilers design, the share of those may be increasing. NOx 
emissions may be reduced by both primary and secondary measures aiming at emission 
reduction, but secondary measures are not still applied in small installations due to economic 
reasons. 

TSP, PM10, PM2.5 – Particles, Particulate Matter in flue gases from combustion of fuels (in 
particular of solid fuels  and biomass) might be defined as carbon, smoke, soot, stack solid or fly 
ash. Particulate matter occur at three groups in fuel combustion products. The first group may 
contain smoke that is formed via gaseous phase combustion or pyrolysis process as a result of 
incomplete combustion of fuels: soot as product of aliphatic, aromatic radical’s reactions in the 
flame reaction zone in the presence of hydrogen and oxygenated species: as CO and some 
mineral compounds as catalytic species, and VOC, tar/heavy aromatic compounds species as 
results of incomplete combustion of coal/biomass devolatilization/pyrolysis products (from first 
combustion step process), and secondary sulphuric and nitric compounds. Condensed heavy 
hydrocarbons (tar substances) are an important, and in some cases, the main contributor to the 
total particle emission level in small-scale solid fuels combustion applications such as fireplaces, 
stoves and old design boilers.  

Next groups (second and third) may contain ash particles or cenospheres that are largely 
produced from fuels mineral matter, containing oxides and salts (S, Cl) of Ca, Mg, Si, Fe, K, Na, 
P, and heavy metals, and unburned carbon; this is called carbon-in-ash (or loss on ignition). 
Particulate emissions in small combustion installations may be reduced in two ways: first of all, 
by the optimal design of combustion chamber (such as decrease of incomplete combustion 
process of fuels by improvement of technological conditions, control of distribution air/fuel 
ratio, increase of fuel and air mixing degree, and their mixing turbulence - intensity), and 
secondly by increased fuels quality. The last method is applied first and foremost for small 
combustion installations that use fixed bed combustion technologies - stoves, fireplaces, boilers, 
especially of capacity <1MWt. Due to technical and economical issues secondary reduction 
measures are not applied for these activities. Secondary measures of particle emissions reduction 
are utilized to reduce the particle emissions in small combustion installations of capacity above 
1MWt. TSP from combustion of solid fuels in particular in SCIs contain all above-mentioned 
particulate matter (Berdowski 1997/2, Kubica, 1997/1 and 2003/1, McElroy; 1982; Tullin, 
2000). 

Heavy metals (HM) – Most of heavy metals considered (As, Cd, Cr, Cu, Hg, Ni, Pb, Se, and Zn) 
are usually released as compounds associated with and/or adsorbed on particles (e.g. sulfides, 
chlorides or organic compounds). Hg and Se are at least partly present only in the vapor phase 
(Hlawiczka et al, 2003). Less volatile elements tend to condensate onto the surface of smaller 
particles in the exhaust gases. Therefore the emission of heavy metals strongly depends on their 
contents in fuels. Coal and its derivatives normally contain a several orders of magnitude higher 
than in oil (exceptionally for Ni and V in heavy oils) and in natural gas (about 2-5 μg/m3; van 
der Most, P.F.J. et al. 1992). All virgin biomass also contains heavy metals. Their content 
depends on the type of biomass. Higher emission of Cd, and Zn were observed in comparison to 
those from coal (Williams et al, 2001). During the combustion of coal and biomass, particles 
undergo complex changes, which lead to the vaporization of volatile elements. The rate of 
volatilization of heavy metal compounds depends on technology characteristics (type of boilers; 
combustion temperature) and on fuel characteristics (their contents of metals, fraction of 



inorganic species, such as calcium). Contamination of biomass fuels, such as impregnated or 
painted wood may cause significantly higher amounts of heavy metals emitted (e.g. Cr, As). 
Heavy metals emissions can be reduced by secondary emission reduction measures. 

PCDD/F – The emissions of dioxins and furans are highly dependent on the conditions under 
which combustion and exhaust gases cooling is carried on. Carbon, chlorine, catalyst (mineral 
matter of fuel) and oxygen excess are necessary for the formation of PCDD/F. They are found to 
be consequence of the novo synthesis in the temperature interval between 180oC and 500oC 
(Karasek et al., 1987). It was reported that combustion of coal and biomass in small boilers, and 
stoves that employ incomplete combustion techniques, results in emission of significant amounts 
of PCDD/F (about 0,3-0,823 µg/GJ, and 0,1-1,6 µg/GJ respectively). Co-combustion of coal and 
wastes is usually practiced in residential stoves and gives several times higher emission factors 
(average between 5 and 10), (Grochowalski A., 2002). Introduction of advanced combustion 
techniques such as upper-fire in stoker boilers results in the significant reduction of emission of 
PCDD/Fs, (Kubica, 2003/2). 

PAH – Policyclic aromatic hydrocarbons it is family of thousand compounds. EPA proposed the 
list of 16 PAHs but EMEP inventory include a sum of BaP, BbF, BkF, and I_P. Whereas in 
ambient atmosphere at least 8 PAHs (benzo(a)pyrene, benzo(a)anthracene, 
benzo(b)fluoranthene, benzo(j)fluoranthene, benzo(k)fluoranthene, indeno(1,2,3-cd)pyrene, 
dibenz(a,h)anthracene and fluoranthene) are proposed to be determine according to the Directive 
(COM(2003). Benzo(a)pyrene is regularly used as a marker for the carcinogenic risk of 
polycyclic aromatic hydrocarbons in ambient air. Emissions of all polycyclic aromatic 
hydrocarbons results from incomplete (intermediate) conversion of fuel carbon to CO2 and fuel 
hydrogen to H2O, (Kubica, 1997/1; and 2003/1). PAHs are usually distinguished separately from 
other hydrocarbons due to their carcinogenic impact. As is the case also for CO, and NMVOC, 
emissions of PAH are depended on combustion temperatures (too low temperatures is increasing 
their production), the residence time and availability of oxygen as well as the homogenization of 
fuel and air in reaction zone. It was reported that coal stoves and old type boilers (hand fuelled) 
emit several times higher amounts of PAH in comparison to new design boilers (capacity below 
50kW) like boilers of semi-automatic feeding (Kubica K., 1997/1, 2002, 2003).  

CO – Carbon monoxide is found in combustion of all carbonaceous fuels, as an intermediate 
product of the combustion process and in particular under understoichiometric conditions. CO is 
the most important intermediate product of fuel conversion to CO2; it is oxidized to CO2 under 
appropriate temperature and oxygen availability. Thus CO can be considered as a good indicator 
of the combustion quality. The mechanisms of CO formation, thermal-NO, NMVOC PAH, and 
PCDD/F are in general similarly impacted by combustion conditions. The emission level is also 
a function of excess air ratio as well as of combustion temperature and times of combustion 
products residence in reaction zone. Hence, small combustion installations of capacity above 
1MWt, mainly with automatic feeding, have better conditions to achieve lower factors of CO 
emission. Thus the emissions of CO from small units are several thousand ppm in comparison to 
50-100 ppm for industrial combustion chambers in power plants. 

NMVOC – They are all intermediates in the thermal conversion of fuel to CO2 and H2O. Non-
Methane Volatile Organic Compouds, a group of pollutants including all low volatile 
compounds (of the vapor resilience ≤ 0,013 kPa in 20oC, according to Directive UE 
1999/13/EC), that is aliphatic hydrocarbons except of CH4, olefins, aromatic hydrocarbons, 
ketones, aldehydes, and so on, resulting from incomplete combustion. They have the 
characteristic to adsorb, condense, and form particulate emission. Similarly as for CO, emission 
of NMVOC is a result of too low temperature, too short residence time in oxidation zone, and/or 
insufficient oxygen availability. The NMVOC/CH4 emissions from combustion processes are 
often reported together as VOC, for small combustion installations manually fed, of capacity 
below 1MWt (in particular ≤50kW, as stoves, boilers). Emission of VOC has tendency to 



decrease as the capacity of the combustion installation increases, due to application of advanced 
techniques. 

2.3 Combustion technology, type of fuel and emissions 

Production of energy in SCI depend on combustion process organization, fuel quality as well as 
on construction of the chimney in particular for SCIs that are operating under forced chimney 
draft, Figure 2.6, (Kubica, 2003/1). 

 
Figure 2.6. Relationship diagram of the factors that are influence on energy and ecology 
efficiency of energy production SCIs in residential and communal sectors (Kubica, 2003/1)  

 

The mentioned parameters depend basically on the combustion process organization and the 
state of advancement of control system, especially the ratio between fuel and combustion air 
(air/fuel ratio) and its distribution, as well as the turbulence - intensity of fuel and air mixing (for 
liquid and gas fuels) or the intensity of mixing of air with products of coal/biomass 
devolatilization. The influence of temperature in oxidizing zones is also observed. Because fixed 
bed technologies are mainly used in small combustion installations (in particular for residential 
heating) under very poor conditions and far from optimum combustion process, the pollutants 
emissions are higher in comparison to the advanced combustion technologies applied in large 
industrial scale. Small combustion installations – fireplaces, stoves, old design chamber boiler 
(capacity below 50 kW) operate in residential heating, without regulation and control of fuel 
supplied to the combustion chamber and without regulation and control of the air introduced to 
the combustion process, with annual average efficiency that amounts to ca. 50%. Also in the 
case of local boiler houses equipped with old-generation manually fed boilers (with power up to 



1MWt) in public buildings, in craft shops and in other entities, the power efficiency is low and 
about 65%. Their fuel consumption per utilitarian heat unit are about 20% bigger in comparison 
to the modern ones (Kubica, 2003). Furthermore, small combustion installations, which often 
operate under reduced loading conditions, are highly emission relevant. This operation manner 
occurs frequently in the case of over dimensioned combustion units. Low quality coal not-sized 
and also various types of waste material and municipal waste are burnt in old inefficient heating 
equipment. Control of heating equipment fuelled with biomass and coal (capacity below 1MWt) 
and its commerce are very simple without any obligatory ecological certification.  

The emissions released from the small combustion installations are caused by both, un-
controlled, incomplete combustion of fuels mainly carried on by means of fireplaces, stoves, 
small household boilers, and by controlled combustion of solid, liquid and gaseous fuels (boiler 
emissions,). They depend on properties of all fuels but chiefly on quality of solid fuels such as 
coal (brown, hard), peat, solid biomass fuels that is wood, agricultural wastes. Emissions of both 
type of pollutants (PAHs and VOCs) depend on volatile matter of fuels that are combusted in the 
same devices (stove, boilers, etc.) in particular hand fuelled. For instance the coal by coke or 
smokeless solid fuels exchange to cause a decrease of PAH’s emission by about 99% (Kubica, 
1994; Karcz, 1996; Kubica, 1997/1).  Emissions caused by incomplete combustion are mainly a 
result of insufficient mixing of combustion air and fuel in the combustion chamber (local fuel-
rich combustion zone), an overall lack of available oxygen, too low temperature, short residence 
times and too low radical concentrations (in special cases, for instance combustion of coke and 
the final stage of solid fuel combustion in fixed bed techniques), (Kubica, 1997/1 and 2003/1).  

Solid biofuels (biomass) consist of the same elements but its volatile matter content is about two 
times higher in comparison to coal and its combustion process with optimum energetic and 
ecological efficiency requires special conditions of low-intensity combustion. In the case where 
optimum conditions of biomass combustion process are achieved the decrease of pollutants 
emission is observed. But for poor quality combustion process carried on by means of small 
appliances (fireplaces, stoves, old design small boilers) the emission factors of pollutants from 
both type of solid fuels: biomass and coal (as well as peat, solid alternative fuels and refused 
derived fuels) are many times higher then the factors for the same pollutants observed in the 
case of combustion plants. As an example, it was already presented that wood pieces burned in 
stove produces significantly high amounts of pollutants - products of incomplete fuel 
combustion, Table 2.4, (Kubica, 2003/ 2). 



Table 2.4. Results of coal and wood pieces in stove (type CELUS); *) concentration converted 
on 10 % O2 in flue gases (Kubica, 2003/2) 

  

 

 

For both, gaseous and liquid fuels, the emission of pollutants is not significantly higher in 
comparison to industrial scale boilers due to quality of fuels and design of burners and boilers, 
except for fireplaces and stoves because of their simple organization of combustion process. For 
the mentioned installations the same pollutants are generated as for solid fuels but their 
quantities are in general significantly lower. 

Properties Symbol Unit Coal Wood 

 Heat power output   Qb kW 4,1 16,0 
 Fuel rate B kg /h 11,0 5,5 

 Flue gas loss Sg % 39,0 28,9 

 Loss due to unburned combustibles
 in slag and flue dust Ss % 4,0 0,4 

 Loss due to CO SCO % 2,2 6,3 

 Stove efficiency  ηb % 54,7 64,4 Th
er

m
al

 q
ua

nt
iti

es
 

Temperature of combustion gases tg oC 277 408 

 CO* CCO mg/m3
n 4790 13100 

 SO2
* CSO2 mg/m3

n 53 20 

 NO2
*

 CNO2 mg/m3
n 170 140 

 VOCs (converted on C3)* CVOCs     ppm 370 2100 

 Dust* CDust mg/m3
n 1100 3340 

 TOCs* CTOCs mg/m3
n 1320 2360 

 16 PAHs* C16 PAHs μg/m3
n 41090 73990 

 B(a)P* CB(a)P μg/m3
n 600 830 

 CO ECO g/GJ 2270 6290 
 SO2 ESO2 g/GJ 250 100 

 NO2 ENO2 g/GJ 80 90 

 VOCs (converted on C3) EVOCs       g/GJ 290 1660 

 Dust EDust g/GJ 520 1610 
TOCs ETOCs g/GJ 620 1130 

16 PAHs E16 PAHs mg/GJ 19500 35500 

Em
is

si
on

 fa
ct

or
s 

B(a)P EB(a)P mg/GJ 290 400 



Taking the above described combustion parameters it is clear that the kind of techniques 
employed in SCI sectors significantly influences the resulting emissions. This can be easily seen 
in the Figures 2.7 and 2.8 where the emission factors from stoves, boilers manually fed and 
boilers, which are mechanically fed, are compared for both coal and wood combustion (Kubica 
et al., 2004/1). Stoves, which have the lowest efficiency and poorly organised combustion 
technology, have the higher emission factors, not only for CO, but also for VOCs, PM, PAHs 
and PCDD/Fs, followed by manually fed boilers. In fact, the kind of uncontrolled process, 
represented by those devices, is the most polluting. In comparison, mechanically fed boilers 
have relatively low emission factors. 
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Figure 2.7: Emission factor of pollutants for coal fulled residental heating appliances



 

For both, gas and oil combustion, the emission of pollutants is not significantly high in 
comparison to industrial scale boilers due to quality of fuels and design of burners and boilers, 
except for fireplaces and stoves because of their simple organization of combustion process. For 
these devices the same pollutants are generated as for solid fuels but their quantities are 
different. 

In principle the CO, TSP, PM and VOC, NMVOC, PAH and PCDD/F emissions depend on 
combustion technologies applied, and in consequence on the design of stoves and boilers. 
Emission these pollutants as well as heavy metals can be reduced by the use of the advanced 
small capacity appliances for combustion of raw coal and solid biofuels. As an example, it was 
already presented that the retort hearth boiler produces significantly lower amounts of PCDD/Fs 
than other more classical types of boilers. But this is also true for other pollutants. The reduction 
of more classical pollutants by the replacement of old stoves, by more advanced technology, was 
estimated to be close to 99%, as can be seen in the Figure 2.10 below. 

The chimney as third, very important, element of small combustion installations also influences 
the emission of pollutants. Fireplaces, stoves, and old type boilers usually operate under natural 
draft. The advanced heating equipment due to development of combustion process organization 
operates under forced chimney draft. 
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Figure 2.9  Emission factor of pollutants for wood fuelled residental heating appliances
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Fig. 2.10 Reduction of pollutants emission due to replacement of old stove by the advanced 
technology (retort hearth boiler), (Kubica, 2003/1) 

 

 
Figure 2.11. Emissions from fixed bed coal boiler capacity of 30 kWth; under natural draft - 
 and under forced draft  (Kubica, 2003/1) 

 
Currently the use of biomass as fuel for production of heat and energy in small combustion 
installations up to 50MWt in European countries as well as on the world is increasing. Partial or 
total replacement of coal by a biomass leads to the reduction of CO, NMVO, PAH, and other 
organic matter, as well as TSP, PM, and heavy metals. It is reported that during co-combustion 
the emission factors are lower than those calculated additively indicating a synergistic activity 
(Kubica et al, 1997/2002 and Williams, et al., 2001). 
 
Advanced techniques that are used in SCIs is the simultaneous generation of electricity and the 
recovery of heat (CHP - heat and power outputs). Those installations achieve overall efficiencies 
of 70-90% and above. Unlike conventional methods of electricity generation, in order to achieve 
such high overall efficiencies, some of the heat cogenerated in an CHP scheme is usefully 
employed in industrial processes or for heating and hot water in buildings. The heat used in this 
way displaces heat that would otherwise have to be supplied by burning additional fuel in 
boilers or other direct-fired equipment and so also leads directly to a reduction in CO2-
emissions. The development of CHP plays a crucial role in the European energy policy for 
reducing CO2-emissions. Emissions from CHP are many times lower in comparison with the 
same capacity traditional combustion installations (Nielsen et al., 2003).  
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Figure 2.12. Emission factors of pollutants from fixed bed coal boiler capacity of 30 kWth, that 
has been coal fuelled – CW-II and coal/biomass mixture (share of biomass- 12% m/m) 
 

Emissions of CO, NMVOC, PAH and particle matters can be reduced by the introduction of 
advanced combustion technologies and techniques for small combustion installations in 
particular <50kWth (fireplaces, stoves, small households boilers) as well as by upgraded solid 
fuels. Those can utilize the upper-fire fixed bed combustion, catalytic combustion, staged air 
combustion and better insulation of the combustion chamber as well as of the combustion air 
preheating, (Saanum at al, 1995 and Kubica, 2003/1,2). 

 

3. Fuels and their characteristic 
Energy sources are used in different economy sectors that are power production, heat production 
and transport. The world’s production of energy make use of different energy reserves such as 
coal, oil, gas, uranium, and many of the renewable energy (solar energy, wind energy, water 
power, geothermal energy and biomass, etc.). According to their specific properties, the various 
energy sources have different focus of application. In small combustion installations used in 
different sectors (residential, commercial and institutional, agricultural, etc.) a wide variety of 
fossil fuels (hard and lignite coals, peat, mineral-oil products, natural gas) as well as renewable 
sources are used. In general in small combustion installations, it is gas and oil that dominate. But 
in many countries, in particular those which the economies in transition (CEEC), coal is used as 
a main fuel for domestic and commercial heating while in other countries such as Scandinavian 
countries biomass fuel dominate. Currently it is observed that the use of biomass for production 
of heat and energy in small combustion installations up to 50MWt has been growing across 
Europe due to a strategy to achieve reductions of CO2.  

Gas fuels used in small combustion installations include gasses distributed to municipalities by 
communal gas piping, such as natural gas with gross calorific value (GHV) between 16-31 
MJ/m3, mixture of propane and butane with air, having gross calorific value about 22 MJ/m3, 
artificial gases and its mixture with propane and butane, with calorific value between 15-17,5 
MJ/m3, biogas with Hu 34,7MJ/kg, and liquid petroleum gas - LPG. With reference to SNAP 
Code (EMEP; 2002) liquid fuels that: natural gas - NAPFUE 301, natural gas liquids - NAPFUE 
302 and liquefied petroleum gases - LPG; NAPFUE 303 and biogas - NAPFUE 309. 

Liquid fuels such as kerosene, gas oil (gas/diesel oil), residual oil, residual fuel oil (a gross 
calorific value between 35 MJ/kg and 42 MJ/kg) are used in SCIs. With reference to SNAP 
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Code liquid fuels that are: kerosene - NAPFUE 206, gas oil (gas/diesel oil) - NAPFUE 204, 
residual oil, residual fuel oil - NAPFUE 203 and other liquid fuels - NAPFUE 225. 

Solid fuels refer to solid fossil fuels, upgraded solid derived fuel, briquettes, patent fuels, 
charcoal, solid biofuels and any solid combustible organic material containing mainly carbon, 
hydrogen and oxygen and minor proportions of nitrogen, sulphur, chlorine and mineral matter 
(Hobson, 2003; Karcz,1996; Kubica, 1994). Solid fossil fuels sub-group includes hard coal, 
lignite coal, brown coal, peat. Small combustion installations use mainly hard coal, lignite coal, 
peat, upgraded solid derived fuel and solid biofuels. Coal fuels are applied in different grain size 
depend on combustion techniques. Fix bed combustion technology are usual used grain size of 5 
– 80 mm, and moving (chain) – grate stokers 0,56 – 10 mm. Different type of hard coal of a 
gross caloric value greater than 17435 kJ/kg on ash-free but moisture basis is used in SCIs that 
are: steam coal - NAPFUE 102 (GHV>23865 kJ/kg), sub-bituminous coal - NAPFUE 103 
(17435 kJ/kg<GHV<23865 kJ/kg) and anthracite. Peat, which is applied in SCIs is referred to 
combustible organic material as lignite materials of low coalification degree (peatlike material) 
with moisture contents (air-dried material 20-25%), of lower heating values (Hu) 9,5 MJ/kg - 
NAPFUE 113 SNAP Code. 

The residential sector has still been using solid upgraded-coal fuels from hard/sub-bituminous 
coal and anthracite, such as smokeless fuels, and briquettes with or without binder, with calorific 
value (GHW) usually below 27 MJ/kg. These types of fuels are characterized by SNAP Code as 
patent fuels, which are referred to manufactured smokeless fuels from hard/sub-bituminous coal 
- NAPPFUE 104, and briquettes that are referred to patent fuels from hard/sub-bituminous coal - 
NAPFUE 104 and brown coal briquettes - NAPFUE 106. Specific thermal upgraded coal fuel is 
the coke which is the solid residue obtained from hard coal (NAPFUE 107) or from brown coal 
(NAPFUE 108) by processing at high temperature in the absence of air. Coke, briquettes and 
other upgrading coal fuels usual are used in grain size between 20 – 80mm. 

Solid biomass fuels are called solid biofuels (Solid biofuels; (2003)) and are produced from 
different sources. In accordance with the description of that European Standards its covers the 
following biomass materials:  

• products from agriculture and forestry (e.g. short rotation willow coppice, miscanthus, 
switchgrass, etc.) , 

• vegetable waste from agriculture and forestry (e.g. lump firewood, forestry: pine spruce, 
beech, poplar and willow, bark and sawdust, cereals straw from agriculture, etc.), 

• vegetable waste from food processing industry, 
• wood waste, with the exception of wood waste which may contain halogenated organic 

compounds or heavy metals as a result of treatment with wood preservatives or coating, 
and which includes in particular such wood waste originated from construction and 
demolition waste (e.g. demolition wood, fibreboard residues, railway sleepers, etc.), 

• fibrous vegetable waste from virgin pulp production and from production of paper from 
pulp, if it is co-incinerated at the place of production and heat generated is recovered, 

• cork waste. 

Wood biofuels can be used in different form such as logs, pieces, chips, briquettes, pellets, 
sawdust, etc. Straw biofuels can be applied as a chaff, bales, pellets, etc. Densified biofuels 
made from pulverized biomass with or without pressing aids usually in a cylindrical form and 
random length typically of 5 to 30 mm. Biomass briquettes, pellets are formed by press or pellet 
process, with or without binder, containing at least 90% of fine biomass material, with nitrogen, 
sulphur, chlorine and mineral matter contents usually less than in best quality of biomass, with 
calorific value between 16 MJ/kg and 20 MJ/kg (daf). According to SNAP Code (EMEP; 2002) 
solid biomass fuels are referred  as wood fuels which are wood and similar wood wastes 
(NAPFUE 111) and wood wastes (NAPFUE 116) and agricultural wastes used as fuels (straw, 



corncobs, etc; NAPFUE 117). SCIs may also use temperature treated wood also in the form of 
charcoal - NAPFUE 112. Other fuels, which can be used in SCIs are refused derived fuels 
(RDF).  RDFs can be described as  fuel containing processed municipal wastes; solid material 
produced from municipal wastes by means of multistage mechanical processing, enabling 
improvement of their physical, mechanical and combustion properties (occasionally used name: 
d-RDF – densified RDF) (RDF, (2003).   

Emission of pollutants strongly depends on the fuel, combustion technologies as well as on 
operational practices and maintenance. In particular it refers to these pollutants that are products 
of incomplete combustion of fuel, for instance CO, TSP, PM2.5, PM10, VOCs and POP as 
mentioned in the chapter before. In general, combustion of liquid and gaseous fuels are done 
under similar conditions in SCIs and in industrial combustion activities, so the emissions in SCIs 
and in industrial combustion are more similar, than when speaking about solid fuels. On the 
contrary the combustion technologies for solid coal fuels (in particular raw coal) and biomass 
utilization vary widely due to different fuel properties and technical possibilities.  

Solid biofuels (biomass) roughly consist of the same elements as coal, but their content is 
different, Table 2.  

 
Tab. 2. Physical and chemical properties of coal and biomass (Kubica, 2003/4) 

Properties Symbol Unit Biomass Coal 

Carbon Cdaf % 44–51 75–85 

Hydrogen Hdaf % 5,5–7 4,8–5,5 
Oxygen Od

daf % 41–50 8,8–10 
Nitrogen Nd

daf % 0,1–0,8 1,4–2,3 
Sulphur St

d % 0,01–0,9 0,3–1,5 
Chlorine Clt

d % 0,01–0,7 0,04–0,4 
Volatile matter Vdaf % 65–80 35–42 
Ash content Ad % 1,5–8 5–10 
Calorific value Qs

a MJ/kg 16–20 21–32 
Main component of ash 
SiO2 - % 26,0 – 54,0 18,0 - 52,3  
Al2O3 - % 1,8 – 9,5 10,7 – 33,5 
CaO - % 6,8 – 41,7 2,9 – 25,0 
Na2O - % 0,4 – 0,7 0,7 – 3,8  
K2O - % 6,4 – 14,3 0,8 - 2,9  
P2O5 - % 0,9 – 9,6 0,4 – 4,1 

 

For instance the average C, H and O contents are: 45% and 80%, 6% and 5%, 45% and 10% 
respectively in biomass and coal. For this reason the volatile matter contents in biomass fuels is 
about two times higher in comparison to coal and its combustion process with optimum 
energetic and ecological efficiency requires special conditions of low-intensity combustion. 
However the contents of elements such as sulphur, nitrogen, chlorine, and mineral matter 
(containing heavy metals) in biomass is lower in comparison to coal, respectively 0,01-0,9% and 



0,3-3,0%, 0,011-0,04 (but also 0,7%) and 0,04-0,4%, 1-8% and 3-10% and 1-8%. In the case 
where optimum conditions of biomass combustion process are achieved a decrease of pollutants 
emission is observed. But for poor quality combustion process carried particularly in small 
appliances (fireplaces, stoves, old design small boilers) the emission factors of pollutants from 
both type of solid fuels: biomass and coal (as well as peat, solid alternative fuels and refused 
derived fuels) are many times higher then the factors for the same pollutants in the case of  
power plants.  

The chemical composition of liquid fuels is far more stable. Average carbon content ranges 
between 84-87%, hydrogen amounts to about 13%, but content of sulphur ranges between 0,2 – 
3% and depends on its content in petroleum. Good quality of light oil contains of sulphur below 
0,3%, but sometimes residue oil contains about 3% of sulphur. 

For reasons of carbon balance, and therefore less global warming, co-firing of biomass with coal 
is considered as interesting not only in large power plant but also in SCIs (Hein, 1998; Hein, 1998;  
Kubica, 1997/2; Kubica, 2003/2). The co-firing of solid biofuels (mainly wood biomass) in coal-
fired SCIs and power stations is likely to increase in the following years as it can account 
towards renewable obligations. The results from coal and biomass co-firing experiments lead to 
the following conclusions (Kubica, 2003/2): 

• co-firing of coal with biomass (willow wood, forestry wood) leads to a significant 
environmental improvement – the reduction of gaseous pollutants emission, especially 
SO2, NOx, and organic pollutants TOC, including VOCs and SVOCs as benzo(a)pirene 
and others PAHs from the group of 16 PAH acc. to EPA. The reduction of particulate 
matter and CO was observed too. The degree of CO2 reduction, occurring with the partial 
change from the coal into biomass depends on the biomass share in the fuel mixture, 
which is obvious.  

• the optimum of share (% m/m) of biomass in the fuel mixtures depends on the 
technology of combustion; in the case of fixed bed it should not exceed 10%, in dust 
boilers below 5%, and in the case fluidized boilers up to 30%. When implementing the 
technologies of biomass combustion and co-firing their technological limitations should 
be recognised. This enables selection of optimum design under given conditions and final 
development of unnecessary elements of logistic-technology system. 

• the possibility of combustion and co-firing of biomass is determined by the preparation 
of energetic plant, and includes the modification of dosing system and the elaboration of 
a method for preparing biomass of stable quality, including physical properties (moisture 
contents, granulation), and chemical properties (volatile matter, calorific value). The 
way of preparation of a coal and biomass fuel mixture of stable quality, to be used in 
coal boilers and technical adaptation of existing technological systems is an integral and 
very important aspect of co-firing processes development. 

 

4. Combustion techniques 
In small combustion installations wide variety of fuels are used and several combustion 
technologies are applied. Especially older single-household installations are of very simple 
design, while some modern installations are significantly improved. Emissions strongly depend 
on the fuel used; combustion technologies applied as well as on operational practices and 
maintenance. 

As mentioned before, for the combustion of liquid and gaseous fuels, the applied technologies 
are similar to those used for production of thermal energy in industrial combustion activities, 



with the exception of simple design of smaller appliances. On the contrary the technologies for 
solid fuels and biomass utilization vary widely due to different fuel properties and technical 
possibilities.  

Combustion process of all solid fuels includes the same stages: drying, devolatilization, 
pyrolysis and gasification, combustion of gaseous products, combustion of char. All this stages 
are simultaneously running during the combustion of solid fuels. Drying and 
devolatilization/pyrolysis/gasification will always be the first steps in all solid fuels combustion 
process. They play the main role concerning the generation of pollutants produced through 
incomplete combustion processes. The incomplete combustion is chiefly caused by a 
combination of the poor mixing of fuel and their devolatilization products with combustion air, 
low combustion temperature and short residence time of those in oxidised zone as well as local 
oxygen shortage. Considering the high contents of volatile matter in biomass and their 
derivatives, (twice bigger in comparison to coal), and high reactivity of chars, the velocity of 
biomass combustion is higher than for hard and lignite coals. That is why the advanced 
technologies of biomass combustion use a separation of the combustion stages (two chambers 
combustion appliances) which are the gas and the char combustion. The quality and 
characteristics of biomass used as a fuel vary widely (in particular moisture content up to 65%). 
These biomass properties, in particular physical characteristics and chemical composition have 
considerable influence on the whole process of biomass utilization (combustion technology, fuel 
supply and emission of pollutants). The techniques of solid fuels combustion are the same in 
case when a single fuel and mixtures of them is combusted. 

In principle, considering fuel grain size, density of solid phase in reaction zone, the technologies 
of solid fuels (coal and biomass in particular) combustion and co-combustion can be 
distinguished into: 

• Fixed bed combustion (layer combustion), 
• Fluidized bed combustion, 
• Dust combustion - which is not applied in small sources and will be not further described 

in this report  

The basic principles of these three combustion technologies are illustrated in Figure 4.1. Small 
combustion installations mainly employ fixed bed combustion - grate-firing combustion (GF). 
Primary air passes through a layer of fuel, in which drying, devolatilisation (pyrolysis and 
gasification), and char combustion take place. The devolatilisation gases are burned in the upper 
or lower section of the fixed bed (layer combustion).  

 



 

Figure 4.1. The principles of coal and biomass combustion technologies (Smoot L.D., 1993, and 
Marutzky R., et al., 1999) 

They can utilize all solid fuels, i.e. coals, coke, patent fuels, briquettes, solid biomass fuels, peat 
as well as the mixture of coal and biomass solid fuels, with grain size from a few mm to 80 mm. 
Emissions depend on the level of optimisation of the combustion processes. Particularly in 
installations with very low installed capacity it is technically difficult to achieve high level of 
optimisation of combustion processes and additionally economic aspects further prevent the use 
of more advanced designs. Those are fireplaces, stoves and hand-fuelled boiler. Due to poor 
mixing of fuel with oxidizing agent, low combustion temperature, short residence time and local 
lack of oxygen incomplete combustion always take place in this type of installations. 

The fluidised bed combustion is an advanced combustion technology that can be applied in 
small combustion installations. Inside a fluidised bed boiler, solid fuel of grain size between 
0.1mm and 40mm is burned in a self-mixing suspension of gas and solid-bed inert material, 
where combustion air is supplied from below. Due to the better organization of the combustion 
process the emission of pollutants deriving from incomplete fuel combustion are low. Fluidised 
bed combustion is sporadically used within small combustion activities especially in district 
heating utilizing solid biomass  

4.1 Fireplaces 

Fireplaces were the first simple combustion devices, which were used by human beings. Also 
since thousands of years wood has been used as fuel. During that time, the methods for 
combustion of wood made a progress from a completely open hearth to a semi-open hearth 
called fireplace and to further developed techniques of heat production. Besides wood also coal 
(usual bituminous coal) or upgraded coal fuels (e.g. charcoal or coal briquettes) were introduced. 
Regarding combustion techniques the solid fuel fireplaces can be listed among fixed bed 
combustion appliances. The user intermittently adds solid fuels to the fire by hand. Some of 
fireplaces are equipped with back water jacket or air heating system. Nowadays also gaseous 
fuels are used in fireplaces. Fireplaces are used as supplemental heating appliances primarily for 
aesthetic reasons in residential dwellings. 

Regarding the combustion conditions the fireplaces can be divided into open fireplaces partly 
closed and closed fireplaces. Due to the type of construction materials used, they can be divided 
into cut stone and/or brick (masonry fireplaces) and cast iron or steel. Masonry fireplaces are 
usually built on site integrated into the building structure, while iron or steel is prefabricated 
(Figure 4.2). 



 a) b) c) 

 

Figure 4.2. Various types of fireplaces: a) closed iron; b) open masonry; c) partly closed 
masonry  

4.1.1 Solid fuel fireplaces  

Open fireplaces: this type of fireplaces is very simple designed - basic combustion chamber, 
which is directly connected with chimney. They have large openings to the fire bed. Some of 
them have dampers above the combustion area to limit the room air intake and resulting heat 
looses when fireplace is not being used. The heat energy is transferred to dwelling mainly by 
radiation. Open fires are usually of masonry type, but not only. 

Open fireplaces are characterized by high, non- adjustable excess of the combustion air, what 
influences their efficiency and emissions. In open masonry fireplaces 80-90% heat released 
during combustion is lost through the chimney (Artjushenko, 1985). In cases where combustion 
is poor, where the outside air is cold, or where the fire is allowed to smoulder (thus drawing 
outside air into a residence without producing appreciable radiant heat energy), a net heat loss 
may occur in a residence using a fireplace. Some of them are equipped with back water jacket, 
(Crowther, 1997). These can give thermal outputs of up to 12 kWth and can thus provide central 
heating from low cost living-room appliance. Due to poor organization of combustion process 
the emissions resulting from incomplete combustion (CO, NMVOC, PM and PAH) are 
considerable, especially if related to useful heating energy. 

Partly closed fireplaces are usual equipped with louvers and glass doors to reduce the intake of 
combustion air. Distribution of the combustion air is not specially arranged or regulated and for 
that reason combustion conditions are not improved significantly compared with open 
fireplaces. Some masonry fireplaces are designed or retrofitted in that way in order to improve 
their overall efficiency.  

Closed fireplaces are equipped with front close-fitting doors and could have distribution of 
combustion air to primary and secondary, as well as discharge of exhaust gases system. In 
closed fireplaces combustion temperature increases up to 400oC or more, and the retention time 
of the gases in combustion zone is longer compared with open fireplaces. Their efficiency 
usually exceeds 50% and can rise up to 80% and the heat is transferred also by convection. They 
are prefabricated and installed as stand-alone units or as a fireplace inserts installed in existing 
masonry fireplaces (Figure 4.3). Because of the design and the combustion principle closed 
fireplaces resemble stoves and have similar emissions like stoves. i.e. lower than in open 
fireplaces. 



 

Figure 4.3. Example of fireplace insert 

Fuels used in solid fuel fireplaces are mainly: log, lump wood, biomass briquettes, and charcoal, 
coal and coal briquettes 

Traditional solid fuels fireplaces have high emissions, as well as low efficiency and for that 
reason upgrade to a closed fireplaces by installing inserts or their conversion to gas could reduce 
its emissions.  

4.1.2 Gas fuels fireplaces 

The gas fireplaces are also of simple design; materials and equipment are alike for solid fuels 
fireplace, yet equipped with gas burner. Because of the simple valves employed for adjustment 
of fuel/air ratio and non-premixing burners NOx emissions are lower in comparison to boilers 
using the same fuel. 

4.2 Stoves 

The stoves are simple appliances in which hand supplied fuels are combusted, releasing useful 
heat, which is transmitted to the surroundings by radiation and convection. Depending on the 
main mode of heat transfer they are generally classified as radiating stoves or convection stoves 
(circulating, heat storing – heat accumulating). They are very widely diversified due to fuels 
type, application, design and construction materials, and also combustion process organisation. 
Due to the fuel properties they can be divided onto to following subgroups: 

• solid fuels 
• liquid fuels 
• gas fuels 

The stoves utilizing solid fuels are usually used for heating of the rooms, but also for cooking, 
and hot sanitary water preparation (bath stove/furnace), while liquid and gas stoves are used for 
heating only. 

4.2.1 Solid fuel stoves 

Solid fuel stoves are classified on the basis of combustion principle, which primarily depends on 
the airflow path through the charge of fuel in a combustion chamber. Two main types exist 
(Figure 4.): 



•  up-draught (downburning combustion, under fire, overfeed combustion) 

• down draught (upburning combustion) 

with two main modifications:  

• cross-draught,  

• “S”-draught stove.  

Generally majority of older stoves are of up-draught type, which is of simpler design, but has 
higher emissions.  

PA - primary air supply, SA - secondary air supply, CWG - combustion waste gas, PC - primary combustion, SC - secondary combustion.
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Figure 4.4. Classification of stoves depending of an airflow path through the fuel. 

Downburning stoves are higher emissive appliances in comparison to upburning ones because 
devolatilisation products of fuels are less completely combusted in low temperatures present in 
the reaction zone (between 400oC to 600oC). On the contrary, in upburning techniques of solid 
fuels combustion the combustible gases are going through burning fuel bed (with temperature 
above 600oC) thus they are more completely oxidized. Side-cross draught and S-flow draught 
decrease pollutant emissions because of longer residence time in the reaction zone. 

 The stoves can be made as prefabricated iron or steel appliances or masonry stoves, which are 
usually assembled on site with bricks, stone or ceramic materials. The firebox hearth and firebox 
walls are typically lined with chamotte or other types of fireproof materials and it is usually 
equipped with a removable grate. Simple stoves do not have a grate and ash box. Modified 
designs of stoves consist of a system of primary and secondary air distribution, controlled by 
simple manual valves or bi-metal, and ash box placed under grate. Regarding the main mode of 
heat transfer, solid fuel stoves can be divided into two main subgroups which are: radiating 
stoves, and heat storing - heat accumulating stoves. 

Radiating stove; usually prefabricated iron or steel appliances; some of them are applied as 
cooking stoves, Figure 4.5 a. Radiating stoves can be divided into coal and wood stoves. Due to 
that, for combustion of coal the technique of downburning combustion is usually used, where 



combustion of wood is carried on by means of all possible techniques. Considering the 
combustion process organization designs can be differentiated as follows:  

 
 a)           b)    c) 

  

Figure 4.5. The selected different types of stove: a) radiating stove (www.fireplaceseast.com); 
the accumulating stoves: b) Finnish stove using up-draught combustion; c) stove using 

downdraught combustion (van Loo S., 2002) 

 conventional stoves with poorly organised combustion process resulting in their 
lower efficiency from 40% to 50% and significant emission of pollutants mainly 
originating from incomplete combustion of fuels. Their autonomy is low, lasting 
from 3 to 8 hours. Those, which are equipped with hot plate zones, are used also as 
cooking stoves. Some of them could be used also for hot sanitary water preparation. 

 classic energy efficient stoves; due to the utilization of secondary air in the 
combustion chamber their efficiency is between 55% to 75% and emission of 
pollutants are lower, their autonomy ranges from 6 to 12 hours. 

Radiating ordinary stoves are characterised by high emissions. Development of their design 
resulted in new constructions such as pellet stoves and stoves with advanced combustion process 
organization having higher efficiency and lower emissions. 

 Advanced combustion stoves: These stoves are characterized by multiple air inlets 
and pre-heating of secondary combustion air by heat exchange with hot flue gases. 
This design results in increased efficiency (near 70% at full charge) and the reduced 
CO, TSP, NMVOC and TSP emission, in comparison to conventional stoves. 

 Pellet stoves: These stoves are completely different from classical stoves due to the 
type of fuel used and their design. They exemplify development of combustion 
technique in non-industrial activities. They can be fed only with pelletized fuels such 
as wood pellet, which are distributed to the combustion chamber by fuel feeder from 
small fuel storage (Figure 4.6.). Pellets stoves are equipped with a fan and electronic 
control system for supply of the combustion air. For this reason they are 
characterized by high efficiency (above 80% up to 90%) and low emissions of TSP, 
CO, NMVOC and PAH. 



 

Figure 4.6. Pellet stove operation principle (van Loo S., 2002) 

Heat storing, heat accumulating stoves; depending on a country and regional tradition, masonry 
stoves are made of bricks, stones or combinations of both together with fireproof materials, such 
as ceramic (chamotte, faience). Sometimes they are made as prefabricated devices. Because of 
large thermal capacity of masonry materials they keep a room warm for many hours (8-12) or 
days (about 1-2) after the fire burnt out, that’s why they are called heat accumulating or heat-
storing stoves. Their combustion chamber can be equipped with a horizontal stripes or inclined, 
perpendicular baffles made of steel or fireproof material, which improve combustion quality and 
efficiency. Because of combustion chamber design the residence time in the combustion zone is 
longer which leads to decrease of pollutants emission. Heat accumulating stoves are 
characterized with relatively low emissions of pollutants compared with the classical radiating 
stoves. Efficiency of masonry heating stoves ranges between 60% and 80%. Due to its function 
they can be diversified into:  

 room heating stoves; some more advanced of them employ counter flow system for 
heat transfer (“tiled stove” with ”Finish heat storing stove” as an example) and/or 
downdraught combustion principle, (Figure 4.5a, and b). 

 heat accumulating cooking stoves can be divided into two categories: simple 
residential cooking and boiler cooking stoves. First ones are equipped with a 
combustion chamber with hot plate zones for food preparation and room heating; 
second ones are simultaneously used as kitchen stove, room heating and sanitary hot 
water preparation (e.g. “Russian stoves”).  

Catalytic combustor stove; Stoves, in particular for wood combustion, can be equipped with a 
catalytic converter in order to reduce emissions caused by incomplete combustion. The catalytic 
converter (a cellular or honeycomb, ceramic substrate monolith covered with a very thin layer of 
platinum, rhodium, or combination of these) is usually placed inside the flue gas channel beyond 
the main combustion chamber. When the flue gas passes through catalytic converter, some 
pollutants are oxidized. The catalyst efficiency of emission reduction depends on catalyst 
material, its construction – active surface area, the conditions of flue gases flow inside converter 
(temperature, flow pattern, residence time, homogeneity, type of pollutants). For the wood 
stoves with forced draught, equipped with catalytic converter (Hustad, et al., 1995) the 
efficiency of emission reduction: 70-93%, for CO, 29-77%, for CH4, more than 80 % for other 
aliphatic hydrocarbons, 43-80% for PAH. Reduction of CO emission from stoves equipped with 
catalytic converter is significant in comparison to an advanced downdraught staged-air wood 
stove under similar operating conditions, (Skreiberg, 1994). Due to more complete oxidation of 
the fuels also energy efficiency increases. However, the catalyst needs frequent cleaning. 
Lifetime of catalyst in properly maintenances wood stove is usually about 10,000 hours. 



Catalytic combustors are not common for coal stoves. Figure 4.7. gives an example of a catalytic 
stove design.  

 

Figure 4.7. The catalytic stove design (van Loo S., 2002) 

Different kinds of solid fuels are used, such as coal and its products (usual anthracite, hard coal, 
brown coal, patent fuels, and brown coal briquettes) and biomass - lump wood and biomass 
pellets and briquettes. Coals of different grain sizes are used; usually 20-40mm, and above 
40mm, or mixtures of both sizes. Because of specific national circumstances peat or brown coal 
are also somewhere used. The emission of pollutants strongly depends on grain size distribution 
of fuels and the methods of their upgrading. Thus if the patent fuels and the coal or biomass 
briquettes/pellets are used the emission of pollutants (in particular CO, TSP and VOC, PAH) 
decreases, (Kubica et al. 2001, and 2003).  

4.2.2 Liquid/gas stoves 

The liquid/gas stoves have simple design with materials alike those used for solid fuels stoves. 
Gas stoves are equipped with simple valves for fuel/air ratio adjustment and non-pre-mixing 
burners. For that reason emissions NOx from these are lower in comparison to boiler. Simple 
liquid fuel stoves use evaporation system for preparation of fuel/air mixture. 

Regarding construction material and design the liquid and gas stoves are generally closed and 
less diversified than for solid fuels. They are made of steel and prefabricated. 

4.3 Small boilers (single household/domestic heating) capacity ≤ 50 kWth  
Small boilers of this capacity are used in flats in single houses. All types of the fuels are used. 
They are mainly intended for generation of the heat for the central heating system and sanitary 
hot water supply.  

4.3.1 Solid fuels small boilers 

Small boilers for central heating for individual households are more widespread in temperate 
regions and usually have a nominal capacity between 12kW to 50kW. They use different types 
of solid fossil fuels and biomass usually depending on their regional availability. They could be 
divided into two broad categories regarding the organisation of combustion process (Figure 4.8):  



• overfed boiler 
 overfeed burning, over-fire 
 under-fire, down-burning 

• underfed boiler, underfed burning, upper-fire, upper-burning 

4.3.1.1 Conventional, coal/biomass boilers 

Overfed boiler, over-fire burning: Over-fire boilers (Figure 4.8 a) are commonly used in 
residential heating due to their simple operation and low investment cost. An incomplete 
combustion process takes place due to the non-optimal combustion air supply, which is usually 
generated by natural draught. The fuel is fed onto the top of the burning fuel bed. The hot 
combustion gases heat the new fuel charge, which rapidly devolatize. In over-fire boilers, fuel 
combustion takes place in the whole fuel batch at the same time. Overfeed burning in fixed bed 
is characterized by the relative low temperature (between 400oC to 800oC) of the volatile matter 
in the oxidizing zone, by a local lack of oxygen as a result of poor mixing (Kubica, 2003). These 
conditions cause incomplete combustion of fuels thereby creating high levels of pollutants such 
as TSP, CO, NMVOC and PAH. In some countries where poor quality of raw coal is widely 
used, the emissions are for that reason even higher. The efficiency of the over-fire boiler is 
similar to the efficiency of conventional stoves, and is usually between 50% and 65%, 
depending on construction design and the capacity load. However the pollutants emission could 
be higher due to “cold wall effect”. The emission of pollutants, as a result of incomplete 
combustion of fuel, may be very high if the over fire boilers are operated at low load. This is 
often at the end or at the beginning the heating seasons such as spring or autumn. 

  a)                                              c)                                             b) 

 

Figure 4.8. Classification of boilers depending on primary airflow path (Kubica, 2003/1) 

Overfed boilers, under-fire boilers coal/biomass: Under-fire boilers (Figure 4.8 b) have manual 
fuel feeding systems, and stationary or sloping grates. They have a two-part combustion 
chamber. The first part is used for storage of fuel and for partial devolatilization and combustion 
of the fuel layer. In the second part of the combustion chamber combustible gases are oxidized. 
In under-fire boilers, devolatilization/gasification and partial combustion process take place only 



at the bottom of the fuel storage chamber; final combustion is takes place in the second part of 
chamber. In old design boiler natural draught is used. Combustion in under-fire boilers is more 
stable than in over-fire boilers, due to gravity feeding of fuel into the fire bed. This results in 
higher energy efficiency (60-70%) and lower emissions in comparison to overfeed combustion.  

Overfed boilers and underfed boilers use all types of solid fuels except pellets, wood chips and 
fine grains coal. For both techniques, if an upgraded coal fuel such as briquettes replaces raw 
coal the emission in particular of the products of incomplete combustion are reduced by about 
30% and even by 90% (except of CO) for smokeless fuel and coke (Karcz et al., 1996; Kubica et 
al., 1994; Kubica, 1997/3). 

4.3.1.2 Advanced combustion boilers 

Advanced overfed boilers, under-fire coal boilers: In general the design and the combustion 
technique, which is used, are similar to the conventional underfeed boiler. The main difference 
is that a flue gases flow is controlled by a by a fan. Distribution and control system for the 
primary and secondary air increase of the efficiency up to above 80% (usual between 70% and 
80%), Figure 4.8b, and 4.9a. Some of these type boilers are using pre-heated combustion air, 
which is usually cool out door air. The emissions of pollutants due to incomplete combustion 
processes are decreased in comparison with conventional boilers. 

 a)                                                                         b) 

        

Figure 4.9. Diagram of a) a overfeed, under-fire boiler (partly controlled combustion 
process) (www.hef.com.pl); b) a combustion retort of underfeed, upper-fire boiler (Kubica, 

2/2003)  

Downdraught wood boilers: This type of boiler is state of the art in the lump wood combustion. 
They have two chambers, first where fuel is fed for partial devolatilization and combustion of 
the fuel layer, and secondary chamber, burning where release of combustible gases occurs. 
Downdraught wood boilers use a combustion air fan or flue gas fan. The secondary combustion 
air is partly introduced in the grate and partly in the secondary chamber. Advantages of this 
boiler are that the flue gases are forced to flow down through holes in a ceramic grate and thus 
these are burned at high temperature within the secondary combustion chamber and ceramic 
tunnel. Some of these type boilers are employed with the lambda control probes to measure flue 
gas oxygen concentration and precise combustion air control as well as staged-air combustion. 
Because of the optimised combustion, emissions due to incomplete combustion are low. 

Underfed boilers; upper-fire burning; stoker coal burners: For coal and wood, techniques 
referred sometimes as clean coal/biomass combustion are used, i.e. stoker boilers (Figure 4.8 c). 
The underfeed stoker denotes that raw fuel is fed from below the plane of fuel ignition. Before 
the fuel reaches the plane of ignition the moisture is evaporated and of some volatile matter is 



evolved. These gases then pass through the burning fuel bed where the temperature is about 
1100oC. The organic matter formed within devolatilization process is almost completely 
combusted. The fuel with low ash contents and the grain size of between 4 mm up to 25 mm is 
fed into to a retort by a screw conveyor (Figure 4.9 b). Primary air is supplied through the retort 
grate. Stoker boiler is characterized by higher efficiency, usually above 80% (some of them have 
had more than 85%). The advantage of stoker boiler is that it could operate with high efficiency 
within load ranges from 30% to nominal capacity. This technology of combustion results in 
decrease of emissions due to incomplete combustion, however NOx increases due to the 
combustion temperature increase. 

Wood pellet boiler: They have fully automatic system for feeding of fuels and for supply of 
combustion air, which is distributed into primary and secondary. The boilers are equipped with a 
smaller pellet storage, which is fuelled manually or by an automatic system from larger chamber 
storage. The basic principle of the boiler operation is similar as in the pellet stove, (see Figure 
4.6). The pellets are introduced by screw into the burner. The burners can have different design 
such as underfeed burners, horizontally fed burners and overfed burners. They are characterised 
by a high efficiency (usual above 80%) and their emissions are comparable to those of liquid 
fuel boilers. 

4.3.2 Liquid/gas small boilers 

The gas/liquid boilers of capacity below 50 kWth are usual employed in residential areas. They 
usually are two-function appliances that are suitable for heating of water and for production of 
thermal energy, which is directly transferred to the heating systems of dwellings or houses. 
Water-tube low temperature boilers (temperature of water below 100oC) (see 3.3.5.2) with open 
combustion chamber are usual applied in small combustion installations, which operate in 
residential sector. These devices can be made of cast iron or steel. With the respect to emission, 
a principal distinction can be made between burners with and without a pre-mixing of fuel and 
combustion air: pre-mixing burners are characterized by homogenous short flames and a high 
conversion rate of fuel bounded nitrogen; non-pre-mixing burners are characterized by 
inhomogeneous flames with under-stoichiometric reaction zones and a lower conversion rate of 
fuel bounded nitrogen. This last type is characteristic for old small combustion installations - 
below 50kWt. For this reason emissions NOx from these are lower in comparison to new designs 
using burners with air pre-mixing system thus increasing NOx emission. The boilers of capacity 
below 50 kWth, can be divided into two main groups, i.e. standard boilers and condensation 
boilers. 

Standard boilers; with open combustion chamber, having a maximum energy efficiency above 
90%, because of the fact that flue gases are discharged at temperatures above 200oC and the 
inlet/return water temperature is usual above 60oC. Due to very simple design of combustion 
process automation system they are characterized by higher emissions of CO and VOC in 
comparison to medium size boilers and industrial installations. 

Condensation boilers; with closed combustion chamber; can operate with efficiency of close to 
100%. Recovery part of the latent heat from flue gases contributes to increased energy 
efficiency. It is achieved by condensation of the water vapour from of flue gases, which have the 
temperature of below 60oC at the chimney inlet in the optimal operation. The inlet or return 
water temperature is to be below 50oC for obtaining high efficiency. In this case a two-
functional option of boiler operation (combination of water heating and surroundings heating) is 
preferred. Condensation requires use of the corrosion proof stainless steel heat exchanger). The 
condensate, which contains sulphuric and nitric acids, can be piped of to sewage (ph about 3,5-
4,5). Low emissions of NOx below 10g/GJ and CO below 5g/GJ (www.mikrofill.com) are the 



advantages of condensation boilers. The efficiency can be furthermore increased due to 
modification of design enabling preheating of combustion air with flue gases. Condensation 
boilers are mainly used gaseous fuels. 

4.4 Boilers with indicative capacity between 50 kWth and 50 MWth 

Boilers of such a capacity are used in multiresidential houses, block of flats and are the most 
common small sources to be found in commercial and institutional sector as well as in 
agriculture. 

4.4.1 Solid fuels boilers 

Fixed bed combustion technology is mainly used for combustion of solid fuels in small 
combustion installations. This is a well-established technology, and a great variety of fixed bed 
layer and moving layer boilers (travelling grate combustion, stokers) are currently in use. 
Installations are differentiated into two main subgroups: 

• manually fuelled 
• automatically fuelled 

In addition to fixed bed combustion also fluidised bed combustion is starting to be used in this 
capacity range, mostly for biomass combustion. 

4.4.1.1 Manual fed boilers 

Due to economical and technical reasons manual feeding boilers usually have the nominal 
capacity up to 1MWth. Due to the significantly different properties of the various fuels they 
could be divided into coal/wood boilers and biomass/straw boilers. 

Coal/wood boilers 

Various designs of manually fed boilers in this capacity range, apply two combustion techniques 
under fire and upper fire, similar as in the boilers of lower capacity range (see 4.3.1). 

Overfeed boilers, under-fire boilers: They use coal fuels of different grain size (usually between 
5mm and 40 mm) or lump wood. Their thermal efficiency ranges from 60% to 80%, and 
depends on air distribution into primary/secondary system and secondary sub-chamber design. 
Usually wood boilers have a bigger secondary chamber, but sometimes the same boiler is used 
for coal and wood, or mixture of both. The emissions of pollutants i.e. CO, TSP, NMVOC and 
PAH resulting from incomplete combustion are generally high. 

Overfeed boilers, upper-fire boilers: They use fine coal, or mixture of fine coal with biomass 
chips, which are periodically moved into combustion chamber. The ignition of fuel charge is 
started from the top of its. Their efficiency ranges from 75% to 80%. The emissions of 
pollutants of TSP, CO, NMVOC, PAH are lower in comparison to overfeed boiler due to 
different combustion process organization, which is similar to stoker combustion in principle. 

Both the under-fire and upper-fire boilers in this capacity range have better organisation of the 
combustion air compared with single households ones. 

Generally boilers with manual feed are less and less used also because their operation requires 
permanent presence of operator to feed the fuel. 



Biomass/straw boilers  

Overfeed boilers, biomass/straw fixed grate boilers: These are developed and applied for straw 
and cereal bale combustion (see Figure 4.10.). The straw bales are fed to the combustion 
chamber by hand. Because of very fast combustion of this kind biomass those installation 
contain a hot water accumulation system. For this reason they are used only in small-scale 
applications up to a nominal boiler capacity of 1,5 MWth. They are very popular in the 
agricultural regions due to relative inexpensiveness and simple maintenance. As the air and fuel 
distribution during combustion cannot be controlled very well, the emissions of pollutants 
released during incomplete combustion of organic matter are high. 

 

Figure 4.10. Fixed grate boiler for combustion of cereal straw (www.metalerg.pl)  

4.4.1.2 Automatic feed boilers 

The automatic feed boilers usually have capacity above 1MWth, but nowadays also lower 
capacity boilers are equipped with automatic feeding. In addition those installations have in 
general a better control of the combustion process compared with manually feed ones. They 
usually require fuels of standardized and stable quality. These installations could have also 
dedusting equipment. 

4.4.1.3 Moving bed combustion 

They are commonly classified according to the way in which fuel is fed to the grate, as spreader 
stokers, overfeed stokers, and underfeed stokers, (Smoot L.D., 1993). These categories represent 
in general, combustion techniques corresponding to: 

• Co-current flow (the flame is guided in the same direction as the fuel), 
• Crosscurrent flow (the flame and the flue gas removal is in the middle of the furnace 

chamber), 
• Counter current flow (the flame is guided in the opposite direction to the fuel stream). 



 

Figure 4.11. Classification of grate combustion technologies: co-current, crosscurrent and 
counter-current (Nussbaumer, T. et al., 1995) 

The coal of smaller granulation or fine wood (e.g. chips or sawdust) is charged on a mechanical 
moving grate. The combustion temperatures are mainly between 1000°C and 1300°C. The grate-
fired installations are used also for co-combustion of coal with biomass. General applications are 
aimed at production of heat and/or hot water, and/or low-pressure steam for commercial and 
institutional users, in particular for district heating. 

For both coal and wood, there are different kinds of grate technologies available: coking stokers, 
moving grates, chain and travelling grate stokers, rotating grates, and vibrating grates (Figure 
4.12.). Present combustion techniques are appropriate for biomass fuels with varying particle 
sizes, high ash and moisture content. These technologies are useful for mixtures of wood, but are 
not appropriate for co-combustion of wood and straw, due to their different properties, low ash 
melting point and low moisture content. Due to a high volatile matter contents in biomass the 
grate boilers usually have separate combustion chambers, primary and secondary, to separate 
zones of pyrolysis (gasification) and oxidation (combustion). The supply of secondary air must 
be appropriate to guarantee optimum mixture of air with flue gasses enabling to achieve higher 
combustion efficiency and low emission of pollutants, Figure 13. 

 

Figure 4.12. Moving bed combustion techniques; a) travelling grate spreader stoker (Steam: 
1972); b) travelling grate overfeed stoker); c) multiple retort underfeed stoker (Wills R.A., et al. 
1989)  



The emission of pollutants from moving bed boilers depends on fuel quality, stability of their 
properties and design of combustion air distribution system. Due to highly controlled 
combustion process of solid fuels in moving bed techniques and usually fully automatic process 
control systems the emissions of pollutants, resulting from incomplete combustion, is 
significantly lower in comparison to manual feed boilers. 

4.4.1.4 Advanced techniques: 

Underfeed coal/wood boilers; upper-fire burning, stoker boilers, underfeed rotating grate; for 
both solid fuels, coal and wood, similar techniques are developed referred as clean coal/biomass 
combustion technologies. The process principle is the combustion in underfeeding stoker 
(Figure 4.9 b). The fuel with low ash contents (wood chips, sawdust, pellets; particle sizes up to 
50 mm, or coal up to 30 mm) is fed into the combustion chamber with use of a screw conveyor 
and is transported to a retort. Primary air is supplied through the retort grate. For combustion of 
biomass only new Finish technology can be applied i.e. underfeed rotating grate, which is an 
underfeed stoker similar the coal, but boilers with two combustion chambers are used (Figure 
4.13). Underfeed stokers represent an inexpensive and operationally reliable technology for 
small- and medium-scale installations up to nominal boiler capacity of 6 MWth (van Loo, 2002, 
and Kubica, 2003)  

 

Figure 4.13. Underfeed rotating grate (van Loo S., 2002) 

 

Figure 4.14.  Diagram of a cigar burner (van Loo S., 2002) 

Cigar straw boiler is developed and applied for combustion of straw and cereal bales (see 
Figure 4.14). The fuel bales are transported to the combustion chamber by a hydraulic piston 



through an inlet tunnel. Water-cooled moving grate is placed inside the burner chamber. A bale 
of fuel begins to undergo pyrolysis/gasification at the chamber entrance; the unburned solid 
particles and charcoal are burned down on the moving grate. The emissions of CO and VOC and 
TSP as well as PAHs are lower in comparison to fixed bed straw boiler  

In-direct combustor, gasifier of wood biomass; employs a separate gasification system for the 
chipped wood fuels, and a successive combustion of the product fuel gases in a gas boiler, (see 
Figure 4.15). An advantage of this technology is the possibility to use wet wood fuels with non-
stable quality. This technique has low level of pollutant emissions, which result from incomplete 
combustion of fuels. 

 

 

Figure 4.15.  Diagram of an in-direct combustor of wood, a wood gasifier, (www.zamer.pl) 

In-direct combustor, gasifier of wood biomass; uses the gasification of the chipped wood fuels, 
and the successive combustion of the product fuel gases in the gas boiler, (Figure 4.16). 
Different solution is the co-firing of these low-caloric values gas products in coal-fired boiler 
furnace. In the case of medium-size capacity installations the fix bed gasification reactors are 
employed, which can be used of the co-current or counter-current gasification techniques. An 
advantage of this technology is possibility to use of the wet wood fuels with non-stable quality. 
This technique has low level of pollutants emission, which result from incomplete combustion 
of fuels. 

Pre-ovens combustion system: The wood chip combustion installations are used in some 
countries, especially in the countryside, heating larger houses and farms. This system contains 
automatic chips fuel feeding by a screw and pre-ovens (well-insulated chamber) and could be 
connected to an existing boiler. Pre-ovens system applies full automatic combustion process. 
Wood chips are fed into the pre-oven/chamber, where only a small amount of fuel is gasified 
and burned at a time; final combustion of combustible gases is realized in the gas type boiler. 
These systems are useful for combustion of quite moist wood chips. Because of the full 
automatic combustion process the emission are low. 



 

Figure 4.16. Diagram of wood chip pre-oven principle (van Loo, 2002) 

4.4.1.5 Fluidised bed combustion 

The fluidised bed combustion (FBC) can be divided into bubbling fluidised bed (BFB) and 
circulating fluidised bed combustion (CFB), depending on the fluidisation velocity. The solid 
fuels are injected with combustion air through the bottom of the boiler into a turbulent bed. Low 
combustion temperatures of about 750 – 950oC, air staging, and limestone addition, achieve the 
typical relatively low emissions of combustion process. FBC is in particular adapted to poor 
quality of coal, rich in ash. The FBC is most appropriate installation for co-combustion of coal 
with biomass and/or with waste fuels, or combustion of biomass. Only few medium size 
installations are equipped with FBC technique. 

4.4.2  Liquid/gas fuels 

For both, gas and oil boilers the fuel and air are introduced as a mixture in the combustion 
chamber. The main distinction between gas/oil and coal pulverized combustion is the design of 
the individual burners of the boiler. With the respect to emissions, a principal distinction can be 
made between burners with and without pre-mixing of fuel and combustion air: pre-mixing 
burners are characterized by a homogenous short flames and a high conversion rate of fuel 
bounded nitrogen; non-pre-mixing burners are characterized by inhomogeneous flames with 
under-stoichiometric reaction zones and a lower conversion rate of fuel bounded nitrogen.  

Boilers fired with gaseous and liquid fuels are produced in wide range of different designs and 
are classified according especially considering: 

• burner configuration,  
• material they are made of, 
• the type of medium transferring heat (hot water, steam) and their power, 
• the water temperature in water boiler that is: low temperature ≤ 100oC; medium-

temperature >100oC to ≤ 115oC; high-temperature > 115oC), 
• the heat transfer method (watertube, firetube), 
• the arrangement of the heat transfers surfaces (horizontal or vertical, straight or bent over 

tube). 

The burner is the most important part of the boiler. Boilers fed with gas are, in principle, 
equipped with two types of burners: injection burner (atmospheric) or purge burners (fan type). 
Boilers using liquid fuels are only equipped with fan burners. 



Boilers with injection burners are suitable for combustion of low pressure gas (up to 4,9 kPa), 
they characterize themselves with simplicity of design and are produced as series of low and 
medium power types up to a nominal boiler capacity of 2 MWth. 

In the purge boilers, both the fuel and the air are supplied into combustion chamber under 
pressure. The pressure of air is generated by means of built-in fan mounted inside the burner. 
Purge burner boilers are designed as single fuel systems (only for gas or light oil) and as double 
fuel systems i.e. for gas and light oil, so called universal burners. Because of the type of power 
control the burners can be assembled as one-stage (without possibility of control; on/off 
operation), two-stage (control within the range of partial loading) and modulated (continuous 
power modulation). 

Cast iron boilers are manufactured as the module design made of grey cast corrosion-proof iron 
and are mainly of water-tube design. Low power boilers are usually assembled in the place of 
production and distributed as the final product. Cast iron boilers produce low-pressure steam or 
hot water. They are mainly used in residential and commercial/institutional sectors up to a 
nominal boiler capacity of 1,5 MWth. 

Steel boilers are manufactured, up to a nominal capacity of 50 MWth, from steel plates and pipes 
by means of welding technique. Their characteristic feature is multiplicity of design considering 
orientation of heat transfer surface. The most common are: 

• water-tube boilers, 
• fire-tube boilers, 
• flame-fire-tube boilers, 
• recuperative, condensation boilers. 

Water-tube boilers; these devices are equipped with external, cubicoidal, steel water jacket. 
Water-tubes (water flows inside, exhaust gasses outside) are welded in the opposite walls of 
cubicoid. Water tubes can be arranged in different manner; as two opposite rows with offset 
(cross arrangement). In most cases these are boilers with injection burners. Burner is placed in 
the bottom part of boiler and the exhaust gasses flow vertically. 

Fire-tube boilers; in these boilers combustion gasses flow inside fire tubes which are surrounded 
by the water. They are designed as cylinder or cubicoids. Vertical arrangement of fire-tubes is 
usually observed in the boilers with injection burners, where horizontal is used in the boilers 
with fan burners. Key advantage of these boilers is an easy access to heated surfaces from 
exhaust gases side (during maintenance operations) and servicing facility under repairs, for this 
reason they are commonly used in heating activities. 

Flame-fire-tube boilers made of steel; these devices are produced as horizontal cylinders. The 
cylinder made of rolled steel plate ends at both sides with bottoms. The front bottom in its lower 
part (under the cylinder axis) is equipped with flame-tube, which plays the role of combustion 
chamber. Fan burner is installed in the front part of the flame-tube. 

Condensation boilers partly utilize the latent heat of the water vapour in the flue gases due to its 
condensation in the heat exchanger. For that reason their efficiency is higher than for other 
boiler systems. Their efficiency is above 100 related to the lower calorific value of fuel. They 
could efficiently operate at lower inlet water temperatures. Besides high efficiency their 
advantage is also lower NOx emissions. 



4.5 Combined Heat and Power (CHP) 
There are four principal types of CHP installations: steam turbine (ST), gas turbine (GT), 
combined cycle (CC) and reciprocating engines (RE). They can use different kind of fuel such 
as natural gas, fuel oil, coal, refinery gases, renewable energy sources and other fuels (coke oven 
gas and gas oil, etc). Requirements to increase the efficiency of the energy transformation und 
use of renewable energy sources have lead to the development of the smaller CHP units using in 
particular biomass and other by-products as fuels. They use backpressure steam turbine (ST) 
with subsequent heat utilization. Electricity generation efficiency is slightly reduced, however 
the overall efficiency is improved compared with separate generation of power and heat. Small-
scale CHP (<1MWe) already plays a significant role in such economy and communal sectors as 
tourism (hotels, leisure centres), school and universities buildings and hospitals. The 
development of small-scale CHP will take place with new low-emission micro-turbines, fuel cell 
technology and the Stirling engines. 
 

5. Measures for reduction emissions 
Reduction of pollutants emissions with exhaust gases can be obtained by either avoiding 
formation of such substances (primary measures within technology activities) or by removal of 
pollutants from exhaust gases (secondary measures – abatement techniques). Because of specific 
characteristics of small combustion installations - small and medium capacity of activities, 
within the communal sector two general methods can be used: 

Primary measures: In relation to small combustion installations, primary measures of emission 
reduction include technological activities for reducing original emissions from incomplete 
combustion, such as TSP, PM, CO, NMVOC, PAH, PCDD/F as well as heavy metals and SO2, 
and NOx. These actions, preventing or reducing emissions comprise of several possibilities 
(Kubica, 2002/3 and Kubica 2004/1): 

• pre-cleaning, pre-treatment of raw coals and improvement of their quality to reduce the 
fine sub-fraction (by sifting and washing)  that achieves the reduction of ash content and 
sulphur content as well as chlorine and mercury; preparation and qualification of solid 
fuels, in particular of coal (reference to S, Cl, ash contents, and fine sub-fraction 
contents); 

• modification of the fuels granulation by means of compactification processes - 
briquetting, pelletizing, selection of grain size in relation to heating appliances 
requirements (stove, boilers) and supervision of its distribution. Briquettes or pellets in 
particular from biomass usual contain less ash and moisture (mainly about 10%). 
Briquettes can be made from fine coal, fine coke and binder or pine wood.  Pellets can be 
made from sawdust, waste wood, , recycled pallets or specially grown crops like willow 
coppice or straw as well as with mixture of coal and biomass; 

• replacing of coal by upgraded solid derived fuel, biomass, oil, gas. For example, thermal 
upgrading of raw coal by using carbonization process will reduce the fuel’s volatile 
content (typically from around 35% to around 9%) to produce “smokeless” fuels as 
briquettes or as coke (the volatile contents is ranged about 2%). Replacing of raw coal by 
upgrade solid fuels ((coke, briquettes) lead to decreasing of pollutants emissions, in 
particular ICPs (VOCs, CO, POPs, TSP),  about of 90%, (Kubica, 1994; Karcz, 1996); 

• replacing of high sulphur content oil by high quality of liquid fuels, 
• partial replacement of coal with biomass (implementation of co-combustion 

technologies) enabling reduction of SO2, and NOx as well as CO, TSP, VOCs,  PAHs 
due to synergism effect observed (Kubica K., 1997),  

• application of combustion modifier; catalytic and S-sorbent additives (limestone, 
dolomite; Kubica K., 2001/1), and DESONOX–p® catalyst causes reduction of NOx and 



SO2 and organic pollutants – VOCs, PAHs, especially the most toxic 4-6–rings PAHs in 
it b(a)p (Kubica, 2003/4) 

• homogenization and stabilization of the moisture contents in the fuel, especially in the 
case of solid biofuels  

• selection of the combustion appliances type: replacement of low effective heating 
appliances with newly designed appliances, and supervision of their distribution by 
obligatory certification system (Kubica, 2003/1)  

• improved construction of the combustion appliances; implementation of advanced 
technologies in fire places, stoves and boilers construction (implementation of BAT for 
combustion techniques and good combustion practice), 

• applications of catalytic converters, in particular for biomass combustion appliances, 
• combustion process control optimization, mainly in small combustion installations 

capacity above 1MWt. 
 
Increasing of appliances efficiency (for all fuels) leads to decreasing emissions of CO2 due to 
improved energy efficiency and thus reduction of fuel demand. 
 

Secondary emission reduction measures: For small combustion installations secondary measures 
can be applied to remove emissions, in particular PM. In this way emissions of pollutants linked 
with the PM, such as heavy metals, PAHs and PCDD/F can also be significantly reduced due to 
their removal together with particulate matter. These measures/controls are characterized by 
various dedusting efficiencies, Fig.17, (Perry at al., 1997 and Bryczkowski at al., 2002/1 and 
2002/2) and may be used mainly in medium size sources in small combustion installations 
(capacity at least 1 MWth), due to technical reasons. For particulate matter the following options 
can be considered:  

• settling chambers; gravity separation where the low collection efficiency (about 35% of 
fine dust, which contains 90% PM below 75 µm) is the main disadvantage, 

• cyclone separators; disadvantage - low collection efficiency - their efficiency for fine 
particles is 78-85% - when compared to other filtration options, such as electrostatic 
precipitators or fabric filters, also tar substances may condense inside the apparatus,  

• for higher effectiveness (94-99%) units with multiple cyclones (cyclone batteries) are 
applied, and multi-cyclones for increased gas flow rates, 

• electrostatic precipitators (their efficiency is between 99,5% to 99,9%) or fabric filters 
(with efficiency about 99,9%) are typically not used in medium combustion plants due to 
their high costs. Fabric filters, which are relatively cheaper, also have the added 
constraint of operating temperatures below 200ºC and high-pressure drop. 

PCDD/F emissions levels can be reduced by an efficient particle separation at temperatures well 
below the temperature range of de novo synthesis. Secondary measures with reference to 
PCDD/F, NOx and SO2 cannot be applied for small combustion installations from the technical 
and economical point of view. Because of significant share of TSP, PM and the substances 
bounded with it, technical methods for their reduction are currently under intense development 
especially for small sources of capacity below 1MWt. 

Wood combustion appliances, stoves in particular, can be equipped with a catalytic converter in 
order to reduce emissions caused by incomplete combustion. The catalytic converter (a cellular 
or honeycomb, heat ceramic monolith covered with a very small amount of platinum, rhodium, 
or combination of these) is usually placed inside the flue gas channel beyond the main 
combustion chamber. When the flue gas passes through catalytic combustor, some pollutants are 
oxidized. The catalyst efficiency of emission reduction depends on the catalyst material, its 
construction – active surface, the conditions of flue gases flow inside converter (temperature, 
flow pattern, residence time, homogeneity, type of pollutants). For wood stoves with forced 



draught, equipped with catalytic converter (Hustad, et al., 1995) the efficiency of emission 
reduction of pollutants is as follows: CO 70-93%,, CH4 29-77%, other hydrocarbons more than 
80%, PAH 43-80% and tar 56-60%. Reduction of CO emissions from stoves equipped with 
catalytic converter is significant in comparison to an advanced downdraught staged-air wood 
stove under similar operating conditions, (Skreiberg, 1994). However, the catalysts needs 
frequent inspection and cleaning. The lifetime of a catalyst in a wood stove with proper 
maintenance is usually about 10,000 hours.  
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Figure 17. Efficiency of various dedusting techniques and technologies 

Secondary measures with reference to NOx and SO2 cannot be applied for small combustion 
installations from a technical and economical point of view. Because of the significant share of 
PM and the linked substances, technical methods for their reduction are currently under intense 
development especially for small sources of capacity below 1MWth. 

 

Policy and non-technical measures to reduce emissions from SCI may be implemented at 
national level, for instance, by the following ways (Kubica, 2004/3): 

• set up national-based targets for emission reductions 
• set up “product standards” for residential and commercial installations capacity below 

300 kW at the manufacturing stage; for instance for boilers, stoves, manufactured 



fireplaces. These standards should reach a high energy and “ecological” efficiency level. 
Establishing an obligatory certification system will be necessary. 

• set up “product standards” for fuels that are used in residential and commercial sector at 
the manufacturing and/or market stage (voluntary agreements) 

• set up a requirement for supervision (regular inspection) of boiler capacity above 15 kW 
(solid and liquid fuels)  

• set up a requirement for chimney installations control due to heat energy production 
appliance and chimney co-operation with reference to the emission of at least standard 
gaseous emission (CO, NOx, dust and VOC); chimney sweeper supervision over 
residential and communal system heating 

• set up “LEVs” for the installations capacity above 2 MWth or 5 MWth 
• introduction economic instruments to reduce emissions; for instance a fuel taxes, 

subsidies, emission trading – for medium size installations, promotion-subsidies for SMI 
– solid and biomass fuels and combustion appliances for residential heating 

• attitude behavioural change; for instance trough information campaign, education 
programs on each level of population, eco-labels, leaflets etc. 

 
However, it should be noted that the new Directive 2005/32/EC on the eco-design of Energy-
using Products (EuP), is a good step forward. The Directive does not introduce directly binding 
requirements for specific products, but does define conditions and criteria for setting, through 
subsequent implementing measures, requirements regarding environmentally relevant product 
characteristics and allows them to be improved quickly and efficiently. 
 
 
 
 
CONCLUSIONS  
 
Small combustion installations are not small emitters which is why is necessary to establish 
new policy, new control and monitoring systems on regional, national and European levels. 
But it is necessary to introduce economy systems for applying primary and secondary 
measures to reduce emissions from these sources. 

 
The emission inventories from small combustion installation are still evaluated with large 
uncertainty. These uncertainties of emission data result from the uncertainties related to both the 
emission factors and the statistical information on the activities covered by small combustion 
installations. Activity data for fuels, mainly for coal fuels and biomass, for the sources covered 
here typically have higher uncertainties than those for other stationary combustion sources. The 
current international (and possibly a number of national) statistics do not represent this sector 
well but an improving collection and reporting data in this sector should be considered on 
national level. The uncertainty of emission factors from small combustion installation sources is 
a function of the combustion technique, calibration and sampling frequency of direct 
measurements, and how representative the tested installation is for the whole population of 
sources (often referred as a typical source).  
 
The uncertainty of emission factors from small combustion installation sources is a function of 
the combustion technique, calibration and sampling frequency of direct measurements, and how 
representative the tested installation is for the whole population of sources (often referred as a 
typical source). In addition some measurement standards and sampling systems used for small 
combustion installations were developed for large-scale installations. For that reason the typical 
range of the uncertainty of individual measurement for small combustion installations is greater 
than in larger installations. Emissions caused by combustion of solid fuels in particular, depend 



on the combustion technique used, the type of installation and its maintenance, capacity and age. 
In addition also operation conditions such as load, the period of combustion cycle - start-up, 
steady state and shut down conditions, as well as quality of fuels and the stability of its 
properties play an important role 

For this reason it is necessary to establish research programs that will be providing the data 
available to improve emission factors as well as to develop measurement methodology (mainly 
PM, PAH, PCDD/F and VOC, and heavy metals) and to develop knowledge about toxic 
emission from SCIs. 
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