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Abstract: In the paper, the authors focused on the environmental problems of pollution emissions
caused by households using batch boilers fired with solid fuels. The aim of this study is to analyse
the course of changes in the actual efficiency and emission of a solid fuel updraft boiler, the most
popular type of batch boilers used in Poland in recent years. The subject of analysis is the comparison
of the values of atmospheric emissions of harmful substances depending on the type of wood burnt
in the boiler. The investigation comprises the combustion characteristics of three types of woody
biomass (in billets), i.e., pine, birch, and beech. Based on the carried out research of all billets, the
beech has the lowest values of CO (3497 mg/m3) and particulate matter (116.9 mg/m3). Despite this,
obtained results exceed the current permissible limits based on the standard PN:EN 303-5:2012. The
highest efficiency (54.13%) was obtained for birch billets, the lowest for pine (45.13%). The research
has shown that the real heating efficiency during the combustion of wood, irrespective of the type
of wood being burnt, is low. To summarise, the outdated installations contribute to air pollution
several times higher, which indicates the need to replace inefficient heat sources using solid fuels
with modern equipment that meets the most stringent standards.

Keywords: emission; combustion; dust; efficiency; wood; boiler; environment; ecology

1. Introduction

Poor air quality is one of the most important environmental issues in Poland today. A
common occurrence in this area is the phenomenon of emissions from a low stack, caused
by any pollutants generated by fuel combustion, emitted into the atmosphere at the height
of up to 40 m. Attention in this regard is mainly devoted to the municipal and household
sector, which accounts for over 80% of the effect of this phenomenon in Poland [1–3].
The national emission inventories for 2015–2016 prepared by the National Centre for
Emissions Management (KOBiZE) show that non-industrial combustion processes, i.e.,
the municipal and household sector, has the largest share in the total annual national
emission of carbon monoxide, i.e., 61.3%; total particulate matter (TPM)—44.2%; PM2.5—
48.2%; PM10—45.3%; dioxins—52.3%, and polycyclic aromatic hydrocarbons (PAHs)—
88% [4]. This is contributed by the operation of inefficient heating systems and the use
of low-quality fuels. To counteract emissions from low sources, numerous legal acts are
implemented at the national and local government levels, and existing standards and
regulations are updated on an ongoing basis. Examples of such solutions include the Anti-
Smog Resolution for Małopolska (Lesser Poland) [5] and the PN-EN 303-5:2012 standard [6].
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This translates into the implementation of increasingly advanced technological solutions in
the heating industry.

In many countries around the world, the use of biomass is an increasingly popular
solution to reduce coal combustion and increase renewable energy use in installations [7].
The increase in its importance is mainly due to concerns about global warming. As a
result, biomass is becoming an increasingly justifiable fuel to use in two sectors: large-scale
commercial power generation and small households [8]. While commercial installations
use specially processed biomass (in the form of woodchips, pellets, or briquettes), in the
case of the household sector, especially in Europe, the largest part of the energy is derived
from raw biomass, the combustion of which results in high emissions of fine particulate
matter [9–11]. International agreements and EU directives oblige member states to reduce
greenhouse gas emissions, primarily carbon dioxide. Regrettably, a huge number of boilers
still in operation and using solid fuels are characterised by high energy losses. One of the
effective ways to diagnose the reasons behind the low energy efficiency of such boilers,
as well as to develop solutions to increase the same, is to analyse the efficiency of these
devices under different conditions [12,13]. The efficiency of a heating device is nothing but
the ratio of the energy returned to the system as a result of combustion to the chemical
energy contained in the fuel supplied. This relation is measured and reported with very
high accuracy, but it depends on many factors, such as the efficiency of the device, the fuel
parameters, and the technological solutions used. This makes it very difficult to determine
unambiguous results. Methods for calculating the efficiency of heating devices have not
changed much in recent years, but as a result of increasingly stringent environmental
regulations and as a result of technological developments, more and more emphasis is
placed on balancing losses and improving the efficiency of heating devices [14,15].

1.1. Legal Acts Regulating the Air Quality in Poland

The problem of air pollution is nowadays a very frequently raised issue at almost
every level of society. It is obvious that every person wants to breathe fresh and healthy
air. The first decade of the 21st century was marked by a huge increase in energy demand.
In addition, the emphasis on compact buildings, especially in urban areas, and the high
prices of suitable quality energy resources led to a significant deterioration in air quality
in Poland at that time. As a consequence of society’s struggle to improve air quality and
reduce emissions of pollutants responsible for smog, a number of legal changes have been
made to the requirements for boilers and heating installations. As a result of these actions,
a significant improvement in this area can be noticed in recent years [16,17].

The most important legal acts currently in effect in Poland and concerning environ-
mental protection are:

• Act of 27 April 2001, Environmental Protection Law, which defines the principles of
environmental protection, as well as the conditions for the use of natural resources
taking into account the requirements of sustainable development [18];

• Directive 2008/50/EC of the European Parliament and of the Council of 21 May 2008
on ambient air quality and cleaner air for Europe [19];

• National Air Protection Programme (KPOP) until 2020 (with an outlook to 2030)
aiming to improve air quality throughout Poland, especially in areas with the highest
concentrations of pollutants and also highly urbanised areas [20].

The main factor that led to the poor air quality in Poland was the lack of legal reg-
ulations on the quality of fuels and energy efficiency of heating equipment allowed for
sale before 2017. This situation is now gradually changing under central and local legisla-
tion [21]. Previously, there were only a few standards in force concerning the certification of
solid fuel boilers. The first of these was the PN-70/H-83136 standard ‘heating boilers’ [22].
It defined the concept of a boiler, classified them according to the heated area and their
design, and sorted out issues concerning the combustion process (e.g., top-fired boiler or
automatic boiler). It was then replaced by PN-EN 303-5:2002 [23]. At present, its amended
version is in force: PN-EN 303-5:2012 [6]. It defines the requirements on the efficiency and
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emissions for carbon monoxide (CO), organic gaseous compounds (OGC), and dust for
solid fuel boilers with a heat output of up to 500 kW. However, none of the above standards
regulated the marketing of boilers that failed to meet their requirements.

The situation changed as late as 1 October 2017 when the Regulation of the Minister
of Development and Finance of 1 August 2017 [24] on the requirements for solid fuel
boilers, which specified the CO, OGC, and dust emission limits for boilers launched in
the market, came into force and prohibited the use of an emergency grate. However, the
regulation was not precise, and therefore an amendment was required. Since 3 March 2019,
the Regulation of the Minister of Entrepreneurship and Technology of 21 February 2019
amending the regulation on the requirements for solid fuel boilers [25] has been in force,
aiming to fill in the gaps and inaccuracies. Another change towards the legal regulation in
this area was the entry into force of the Act of 16 October 2019 amending the Environmental
Protection Law, which, inter alia, prohibited the marketing of batch boilers that do not
meet any standards. In addition, as of the beginning of 2020, the requirements set out
in Directive 2009/125/EC of the European Parliament, and of the Council of 21 October
2009 establishing a framework for the setting of ecodesign requirements for energy-related
products [26] took effect in Poland. The directive contains information on the limit values
of nitrogen oxide emissions and also introduces the concept of seasonal energy efficiency,
i.e., the ratio, expressed in %, of the amount of heat supplied by an appliance throughout
the heating season to the energy consumed by that appliance during the year [27].

In addition to central legal acts, numerous local regulations, such as anti-smog res-
olutions, should also be mentioned. In short, these are regulations passed by provincial
assemblies and aimed at improving air quality in a particular area [27]. The first province
where such a resolution was passed [5] was Małopolskie.

1.2. The Technology of Wood Combustion Process

For woody biomass, the combustion process has been known for a very long time. At
first glance, it may seem very simple and obvious, but from the technical point of view,
there are many different boiler designs adapted to work with specific types of fuel. The
use of substitutes, not fully adapted to the design of the boiler, significantly affects the
quality of the process of combustion and, consequently, increases emissions and reduces
the efficiency of the device.

The commonly understood combustion of wood and fossil fuels is divided into a
number of processes that are hardly noticeable at first glance. They are separated according
to the temperature of the fuel during the combustion process. Additionally, it can be
considered through the prism the feed availability, its pretreatment, fuel properties, and
combustor types, followed by operational issues, greenhouse gases, and other harmful
emissions trends, as well as ash properties and use [28]. Three characteristic stages can be
distinguished [29]:

• Drying, a process occurring at temperatures up to 100 ◦C when the energy supplied
to the fuel is used to evaporate water;

• Degassing of volatile components, their ignition, and combustion, taking place in the
temperature range from 200 to 500 ◦C;

• Actual combustion of coke or charcoal resulting from pyrolysis, occurring at tempera-
tures above 500 ◦C.

Taking into account the efficiency of boilers depending on their construction and
design, the following can be distinguished, respectively: boilers with updraft—Figure 1a,
boilers with downdraft combustion—Figure 1b, and gasification boilers—Figure 1c.
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In the first case, boilers with updraft combustion (Figure 1a) are the cheapest, simplest,
and most popular solution in Poland. In this type of boiler, the feeding chamber and
combustion chamber are connected to each other. With this technology, the fuel is burnt
in the entire volume of the bed, which makes the process fast but very difficult to control.
This design makes it possible to burn almost any type of solid fuel. Unfortunately, many
households take advantage of this fact and burn fuels of inferior quality or even waste,
which contributes enormously to the phenomenon of low stack emissions of dust and
unburnt gases formed during fuel pyrolysis. The maximum efficiency of such devices
usually does not exceed 80%, which translates into very low seasonal efficiency, often
not exceeding 50% [32], and the combustion time depends mainly on the capacity of the
loading chamber. For such boilers, air blowers are often used. The process of thermal
decomposition of the fuel into volatile organic compounds takes place immediately after
firing, which in the case of wood accounts for up to 70% of the supplied energy. In the case
of boilers of this type, significant decreases in efficiency can be observed when operating
below the rated capacity. This situation occurs commonly in real conditions. A solution
that can eliminate this cause is the use of a heat buffer, which allows the device to operate
at rated output regardless of the instantaneous demand for heat. As a result, a higher
temperature in the combustion chamber and an overall better quality of the process itself
reduces emissions of harmful substances and improves boiler efficiency [33]. In batch
boilers with combustion in the entire volume of the bed (updraft boiler), all these stages
occur simultaneously. It results in huge energy losses due to the emission of unburnt
volatile matter into the atmosphere [34].

Another technological solution is provided by boilers with downdraft combustion
(Figure 1b). This solution is more technologically advanced as compared with boilers with
upper combustion and has much higher efficiency, even up to 85%, which does not show
large decreases when operating below the rated capacity. It is also characterised by lower
rates of emissions of harmful substances. The combustion chamber in such boilers is often
made of chamotte or ceramic material in order to maintain a high temperature during the
entire combustion cycle [35].

The most expensive and the most technologically advanced solution is provided
by gasification boilers (Figure 1c). Heat generation in such devices proceeds differently
than in the case of classic wood biomass boilers. In the gasification technology, wood
is heated and reacts chemically with oxidants (oxygen, atmospheric air, water vapour,
and CO2) under oxygen-limited conditions as compared with the stoichiometric demand
required to completely burn the fuel. Heat loss in this process is small compared with
conventional combustion. The flue gas leaving the appliance contains no solid particles



Energies 2021, 14, 6783 5 of 24

because the volatile compounds turn into gas, being a mixture of methane, carbon oxides,
and hydrogen. There only remains ash. During the gasification process, four basic chemical
processes are distinguished [36]:

• Drying of the fuel;
• Pyrolysis and devolatilisation;
• Oxidation of volatiles under oxygen-limited conditions;
• Reduction in gases by contact with glowing char.

The resulting gas then enters the burner nozzle and is mixed with the oxygen in the
supplied air. As a result of this process, it is ignited.

1.3. Emissions from Solid Fuel Boilers in the Case of Biomass Combustion

Solid fuels are energy carriers commonly used for heating purposes in Poland. In 2018,
as many as 43% of all households were heated with solid fuel boilers [37]. As a result of the
combustion of solid fuels, a huge amount of harmful substances gets into the atmosphere,
and these include carbon, sulphur, and nitrogen oxides, as well as particulate matter in
all forms.

The fuels most commonly used for household heating in Poland are hard coal and
biomass in the form of dried wood billets [37]. They are comprised of three basic sub-
stances, a combustible (organic) substance, a mineral one, and water. The proportion of
each element in the fuel varies and depends on the type of fuel as well as the degree of
carbonisation. The structure of the proportion of carbon, hydrogen, and oxygen depends
on the degree of metamorphism. The higher the degree of metamorphism, the higher the
carbon content and the lower the oxygen and hydrogen content. This parameter has no
impact on compounds such as sulphur or nitrogen [38]. Therefore, it can be concluded
that biomass and hard coal differ significantly with regard to the content of the particular
elements, which affects not only their different calorific value but also the proportion of
volatile matter and ash concentration (Figure 2).
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Figure 2. Proportion of substances depending on solid fuel, reproduced from the work of [32].

In the case of wood, significant differences in the chemical composition can be ob-
served even within a single species, and this is due to such factors as the density of the
stand, the anatomical structure, the age of the tree, and the type of habitat [39]. The most
harmful substance emitted during biomass combustion is carbon monoxide (CO). Its emis-
sion levels depend mainly on the quality of the fuel (humidity and volatile content) and the
quality of the combustion process (the air-fuel ratio, combustion temperature, and boiler
technology). On the other hand, it can be concluded that the lower the CO emission, the
more efficient this process is. It is closer to complete combustion [40].
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Currently, however, most public attention is drawn by dust emission. According to
research, its ambient concentrations are most affected by emissions from low sources [16,41].
Particularly dangerous is particulate matter PM10 and PM2.5 containing heavy metals such
as cadmium, lead, and arsenic. Additionally, on its surface, there are adsorbed and
associated toxins, which include polycyclic aromatic hydrocarbons (PAHs), furans, and
dioxins [42]. The dust particles formed as a result of biomass combustion can be divided
into organic and inorganic aerosols. Organic particles are formed as a result of incomplete
oxidation of fuel. Their amount can be reduced by proper control of the combustion
process. An example effective solution is the air staging strategy, which possible decrease in
particulate matters smaller than 1 mm is achievable through adjusting a uniform secondary
air module at an appropriate distance from the bed [41]. Inorganic dust, on the other hand,
is formed from volatile ash, mainly potassium and chlorine compounds. Their amount in
the flue gas depends mainly on the share of each element in the primary composition of
the fuel [21].

The formation of these pollutants during combustion depends to the largest extent
on parameters such as the composition and type of the fuel, the geometric design and
type of the furnace, the temperature in the combustion chamber, and the amount of air
supplied to the combustion process [43]. During the combustion of solid fuels, nitrogen
oxides (NOx) are also emitted into the atmosphere. There are three mechanisms of nitrogen
oxide formation, i.e., fuel, thermal (Zeldovich’s), and fast [44–46]. Nitrogen oxides arise
mainly from communication sources, and to a much lesser extent, from the combustion of
solid fuels

As a result of solid fuel combustion, harmful sulphur dioxide (SO2) is also produced,
which is the cause of, e.g., acid precipitation. The quantity of its emission depends on the
amount of sulphur contained in the burnt fuel. In the case of wood, this amount is very
small compared with hard coal and agro-biomass.

1.4. Characteristics of Wood in the Context of Firewood

Wood as a fuel can be found in various forms. Depending on the fraction, diameter,
and degree of processing, the following are distinguished: billets, sawdust, shavings,
woodchips, bark, pellets, and briquettes. Due to the multitude of forms, it is very difficult
to adopt an unambiguous and uniform unit of measurement to compare different types of
wood fuel [47]. To facilitate the use of the terminology used to describe wood as a fuel, the
following units are used:

• 1 m3 of wood, referring to the volume of solid wood, e.g., cut from a sufficiently thick
tree trunk;

• 1 st (stere), defining the volume of wood together with the air contained in the voids
between its pieces.

It is worth noting that, e.g., 1 st of sawdust and 1 st of billets characterise completely
different volumes of the same type of wood. Another difficulty is the use of mass units.
This is affected by two factors, i.e., moisture content and porosity. With regard to 1 m3

of solid wood, the same species with a high water content can weigh many times more
compared with dry wood. Porosity, on the other hand, specifies different densities of the
tree depending on the species (Table 1).
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Table 1. Wood density depending on the species [47,48].

Species of
Wood Density Density Density Total Shrinkage

- Freshly Cut
Wood Yw

Air-Seasoned
Wood Y15

Completely Dry
Wood Ya

Raw Wood
Volume av

- g/cm3 g/cm3 g/cm3 %

Beech 0.99 0.73 0.69 17.6
Oak 1.08 0.71 0.66 12.6
Birch 0.94 0.65 0.61 14.2
Alder 0.69 0.53 0.49 12.6
Pine 0.70 0.55 0.48 12.4

Spruce 0.74 0.47 0.43 12.0
Fir 1.00 0.45 0.41 11.7

According to statistical data, approximately 19 million m3 of timber are felled in
Poland every year for commercial purposes. It has been estimated that out of 100 m3

of wood obtained as a result of logging, brushwood accounts for 15 m3, bark—10 m3,
sawdust—19 m3, and large timber—20 m3 [49]. From this, it follows that manufacturing
sawn timber products involves a very large loss of raw material. Therefore, it can be as-
sumed that waste material that can be used for energy purposes accounts for approximately
80% of the total wood mass [50].

The form of firewood most commonly used in boilers and fireplaces is billets. Due to
the higher density and lower content of resins that produce smoke when burnt, hardwood
is preferred. For combustion, the wood used should be in the air-dry condition, i.e., excess
water accumulated in the pore spaces of the vascular cambium has been removed by
drying, and the remaining moisture has reached equilibrium with atmospheric moisture.
In the case of woody biomass, it is estimated that immediately after felling, the proportion
of water in the wood mass is about 60%. The natural drying process is usually lengthy and
highly dependent on ambient conditions (Table 2).

Table 2. Average moisture content in wood logs during drying [34].

Drying Time Relative Humidity

Months %

0 60
3 40
6 35
9 30

12 25
18 18
24 15

According to a report [51,52] on the state of forests in Poland, 29.6% of the total area of
Poland is covered by forests [52]. In the case of the Małopolskie (Lesser Poland) Province,
the forest cover is 28.7%. Throughout the country, coniferous species dominate, occupying
68.2% of the total forest area, of which as much as 58% are pine trees. It is only in the south
of the country, in the Małopolskie and Podkarpackie Provinces, that deciduous trees have
a greater share. The dominant species are fir (coniferous) and beech (deciduous) (Figure 3).
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1.5. The Aim and Approach of the Paper

The aim of this study is to analyse the course of changes in the actual efficiency of a
Class 1 solid fuel updraft boiler according to PN-EN 303-5:2002 [6], which represents the
group of batch boilers that are still commonly in operation in Poland and they combust
hard coal and wood billets, where hard coal is the basic fuel, and wood billets are secondary
fuel according to the manual of tested boiler [53]. The subject of analysis is an investigation
of the misuse of coal-fired domestic boilers most commonly used in Poland to burn wood
fuels and the associated negative factors: low efficiency and high pollution. The obtained
data are used to compare the values of atmospheric emissions of harmful substances
depending on the type of wood burnt in the batch boiler, against the available standard
PN-EN 303-5:2012. The investigation comprises the combustion characteristics of three
types of woody biomass (in billets), i.e., pine, birch, and beech. The data obtained show
how outdated installations contribute to the phenomenon of emissions from low sources
and indicate the need to replace inefficient heat sources using solid fuels with modern
equipment that meets the most stringent standards.

2. Materials and Methods

This section describes the three specified solid wood fuels. The test stands together
with the measuring devices and the measurement methods. In order to clearly present the
effects of the comprehensive and advanced testing, the authors divided this section into
three subsections with a precise and detailed description.

2.1. Materials—Types of Wood Solid Fuels

In accordance with the basic information presented in the introduction to this experi-
mental study, the authors chose three types of typical wood solid fuels. These are birch,
pine, and beech billets.

Due to its high calorific value and very suitable combustibility, birch is a popular fuel
species. It has a bark content of about 12%. It is one of the fastest drying firewood species.
Another advantage of this wood species is that it is easy to split; it is also widely available.
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Beech wood is the most popular type of fireplace wood in Poland. It has a high
calorific value and very high density, and so it burns for a long time and gives much heat
(due to its density). It is characterised by a relatively low proportion of bark, up to a
maximum of 7%. Other advantages are that it splits easily and has a short drying time. Its
biggest disadvantages include its limited supply in the market.

Pine, on the other hand, is a coniferous species characterised by low density, high
resin content, which adversely affects the combustion process, and a bark content of up
to 9%. This wood burns very quickly, and burning resin produces large amounts of soot
that settles on the inner parts of the boiler and chimney. During combustion, pinewood
crackles and sparkles in a specific way. For this reason, it is not suitable for fireplaces, but
it can be burnt in boilers and furnaces with a closed combustion chamber. Pine chips are
ideal as firelighters [54].

For the purpose of this study, an analysis was made of physicochemical parameters
and composition of flue gases discharged from the boiler as a result of the combustion of
three types of firewood, i.e., beech, birch, and pine. Due to their different structures and
chemical compositions, different types of biomass show clear differences in the values of
particular physicochemical parameters (Table 3).

Table 3. Average values of selected parameters of the biomass tested for a relative humidity of
15% [48,55].

Parameter Unit Beech Birch Pine

Calorific value GJ/m3 10.49 9.38 7.73
Ash content % 0.5 0.6 1.8

Share of volatile parts % >70 >70 >75
Hydrogen content % 6.2 6.1 6.3

Carbon element content % 47.9 47.1 49.8
Nitrogen content % 0.22 0.42 0.13

Bark content % <7 <12 <9

2.2. The Test Stand with Measuring Devices

This part of the study presents the measuring devices and the test stand used to obtain
experimental results.

2.2.1. The Analysis of the Physicochemical Parameters

The tests aimed at determining the physicochemical parameters of the types of wood
under analysis were carried out in a laboratory located at the Centre for Sustainable Devel-
opment and Energy Conservation at the Faculty of Geology, Geophysics and Environmental
Protection of the AGH University of Science and Technology (WGGiOŚ AGH) in Miękinia.
In the centre, there are conducted lectures for students and workshops for people interested
in the field of use of solid biofuels and low emission causes and also testing and research
to reach real data for it [56–58]. Its equipment allows accurate determination of energy
parameters of solid fuels. The following equipment was used:

• Moisture analyser—Radwag MA50.R;
• Muffle furnace—Nabertherm L 9/11/SKW;
• Calorimeter—KL-11 Mikado.

The Radwag MA50.R moisture analyser is designed for measuring relative humidity,
dry mass content in small samples and determining the mass of loads. It allows analysis
of fuel with a mass of up to 50 g with an accuracy of 1 mg. The drying process takes
place on a drying pan located inside the analyser, which is heated by a metal heater. The
maximum temperature that can be obtained in this moisture analyser is 160 ◦C. During
the tests, the samples were dried at a temperature of approximately 120 ◦C until all the
moisture evaporated from them. This causes evaporation of the moisture contained in
the sample. The device is equipped with an LCD display that allows keeping track of the
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results. Compared with other conventional methods, e.g., distillation or extraction, the use
of a moisture analyser significantly facilitates and shortens the process of measurement.

The device used to determine the content of ash and volatile matter in fuels is the
Nabertherm L 9/11/SKW muffle furnace. Muffle furnaces are commonly used in labora-
tories that carry out the processes of torrefaction, incineration, melting, and annealing of
various materials. An important part of the design of the device is a ceramic muffle that is
heated on four sides and ensures uniform temperature distribution inside the furnace. A
special controller makes it possible to set an appropriate time of heating, thanks to which
it is possible to achieve the desired temperature increase over time that is crucial for the
proper course of the process of incineration and degassing of the samples. The maximum
operating temperature of the device is 1100 ◦C.

The KL-11 Mikado calorimeter was used to determine the gross calorific value of the
wood tested based on which the net calorific value was then calculated. The principle of
operation of the device is based on measuring the increase in the temperature of water in
which the calorimetric bomb is immersed during the complete combustion of a fuel sample
located inside it. The process takes place in an oxygen atmosphere at a pressure of 20 bars.

2.2.2. POLoNES—Mobile Laboratory

The installation of the updraft batch boiler used for the combustion process is located
inside the POLoNES mobile laboratory (Figure 4). The nominal heating capacity of the
boiler is 12 kW (when hard coal is combusted), and the nominal efficiency for it is 78% [59].
The boiler has a thermostatically on-off blower fan of primary air, and there is no secondary
air supply.
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According to the rating plate on this boiler, it was certified in accordance with the
now obsolete standard PN-EN 303:5:2002 [6], according to which it met the requirements
for Class 1 (for hard coal as a fuel). The boiler operates in an open system with supply
and return parameters of 75/55 ◦C, made of uninsulated copper pipes with a diameter of
28 mm. In addition to the standard boiler room equipment, the system includes appropriate
instrumentation to measure the various parameters of the combustion process. This consists
of a flow meter, a heat meter, and Pt100 temperature sensors. All the readings, such as
inlet and outlet temperatures, flow rate, and instantaneous heating power, are recorded
in real time with the Ekontrol software provided by the Hewalex company. The boiler’s
flue gas discharge system consists of a 3.5 m high telescopic chimney made of stainless
steel with specially made ports to measure the flue gases by means of special analysers.
The installation is equipped with an active cooling system consisting of a 20 kW glycol fan
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cooler operating. The detailed information about technical parameters, drawings, etc., are
in the work of [59].

2.2.3. Testo 350 Flue Gas Analyser

A Testo 350 flue gas analyser was used to analyse the composition of the exhaust
gas. It is a portable analyser used to measure substances such as CO, CO2, and O2. The
analyser is characterised by a wide measuring range, up to 40,000 ppm for CO. Sensors are
tested every six months and calibrated as required, according to Testo 350 Manual [60]. The
EasyHeat software supplied by the manufacturer makes it possible to integrate the analyser
with a computer in order to record the results in real time and also to save them later.

2.2.4. The FSM Particulate Matter Measurement System

In order to determine the dust and particulate emissions during combustion, an FSM
particulate matter meter was used. The basic principle of measurement is to determine
the mass of dust absorbed by the filter of the device in relation to the volume of flue gas
sucked in. This is performed by weighing the filter before and after the measurement.
The weighing is performed by means of a moisture analyser. The operation of the FSM
is possible through the OPTIMA 7 unit designed especially for this dust meter; the unit
is responsible for all the necessary calculations in connection with measuring not only
particles but also CO and oxygen. Additionally, it is also responsible for the process of
weighing filters as it is connected with the moisture analyser by means of a special cable
and for the management of the sample database, FSM diagnostics, and communication
with the software on the computer. The design of the device and the flue gas path diagram
are shown in a schematic drawing.

2.3. Methodology of the Research

In this part, the authors present the methods used to measure the relative and absolute
humidity, and to determine the content of ash and volatile components, as well as to
determine the calorific value and the efficiency of the boiler; the description also includes a
flue gas analysis and the measurement of dust emissions.

2.3.1. Moisture Content

There are many different factors that determine the possibility of using biomass as
an energy carrier. The most important of them is its moisture content. It is what largely
determines the calorific value of biomass. The higher the water contents of the fuel, the
lower the calorific value [61,62]. The moisture content of wood is defined as the ratio of the
mass of water contained in it to the mass of that wood, and it is expressed as a percentage
(Equation (1)):

MC =
mw

mp
·100% =

mp − ms

mp
·100% (1)

where: MC—moisture content, %; mw—mass of water in the sample, g; mp—original mass
of the sample, g; ms—mass of the dry sample, g.

It is the value of this parameter that is crucial when determining the calorific value
of biomass and the ash content. For determining moisture content, a moisture analyser
was used. The samples were dried at a temperature of approximately 120 ◦C until all the
moisture evaporated from them. The process was terminated automatically by the device
when no further decrease in sample mass was observed. Then, the results were read from
the balance display, and using the formulas presented above, the moisture content of the
wood samples was calculated.

2.3.2. Determination of Ash Content

Ash is the residue obtained from complete combustion and torrefaction of the sample.
It consists of mineral compounds. Its content and composition affect the heat of combustion
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of the fuel, and therefore its suitability for industrial use [63–66]. It forms as small particles
usually carried with flue gases and heavier fractions falling into the ash pan.

The determination of ash content in the test samples was based on the guidelines
contained in EN 14:775:2009 Solid biofuels, determination of ash content [67]. Knowing the
relative humidity, the ash content was calculated using the following Equation (2):

A =
mps

mp
·(1 − MC)·100% (2)

where: A—ash content, %; mp—mass of the dry sample, g; mps—mass of the sample after
burning, g; MC—moisture content.

2.3.3. Determination of Volatile Matter

Volatile matter is gases that are formed in the initial phase of combustion when fuel is
heated in the absence of air, i.e., pyrolysis. They are formed by the thermal decomposition
of organic compounds contained in the combustible mass. These are mainly hydrocarbons,
carbon oxides, and hydrogen. The proportion of volatile matter in fuel has a great influence
on the combustion process and also determines the ease of ignition of the energy carrier.
Fuels with a high volatile content ignite more readily.

The method of determining volatile matter is precisely described in PN-G-04516:1998
Solid fuels, determination of volatile content [68]. The volatile content in the tested samples
was calculated from the Equation (3):

V =
mp − mpw

mp
·(1 − MC)·100% (3)

where: V—volatile content, %; mp—original mass of the sample, g; mpw—mass of the
sample after torrefaction, g; MC—moisture content.

2.3.4. Determination of Net Calorific Value

In order to determine the gross calorific value of the types of wood analysed for the
purpose of this work, a KL-11 Mikado automatic calorimeter was used. The measurement
method is based on the complete combustion of a fuel sample inside a calorimetric bomb
filled with oxygen under pressure and placed in a water calorimeter. The test was per-
formed in accordance with the operating instructions of the device. Knowing the gross
calorific value, hydrogen content, moisture, and ash content of a given fuel sample, its net
calorific value can be calculated using the appropriate Equation (4):

Qi = Qs − 2442
(

Ww + 8.94Hda f (1 − MC − A)
) [

kJ
kg

]
(4)

where: Qi—net calorific value, kJ/kg; Qs—gross calorific value, kJ/kg; MC—moisture
content; A—ash content, -; Hdaf—proportion of hydrogen in the fuel on a dry and ash-free
basis, for the wood value, is 0.06; value: 2442—evaporation heat of water at 25 ◦C, kJ/kg;
value: 8.94—the ratio of molar mass of water and molecular hydrogen.

2.3.5. The Combustion Process and Determination of Efficiency, and Flue Gas Analysis

In order to determine the actual heating efficiency of an updraft batch boiler, the
following methodology was developed. Using a balance, 10 kg of each individual wood
type was weighed out. The boiler furnace was thoroughly cleaned of all residues and
impurities from previous combustion cycles. The temperature sensors were calibrated, and
the capacity of the circulating pump was adjusted so that the fluid flow was suitable for the
installation. For the purpose of the test, a glycol cooler was used to simulate the operation
of heat consumers. The use of the GECO controller integrated with the Ekontrol software
made it was possible to record the operating parameters of the installation in real time [69].
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For the firing process, 1 kg of wood was used, previously chopped into suitably small
billets. After the fuel was ignited, approximately 4 kg of dry wood was added in the form of
billets, and the blower fan was switched on. When the appropriate operating temperature
was reached (75/55 ◦C), the cooler was switched on to maintain as far as possible constant
parameters. Then another batch with a mass of approximately 3 kg was placed inside
the combustion chamber. At this point, the analysis of flue gases and particulate matter
was also commenced, during which care was taken not to open the boiler door in order
not to disturb the measurements. Once the measurement was completed, the remaining
fuel was placed inside the combustion chamber. At this stage, the running power of the
glycol cooler was reduced to 40%. The whole process continued until the reading of the
heat output of the unit was 0 kW, which meant that the fuel had burnt out and all the
heat generated was returned to the system. Then, the value of the heat generated during
the process was read from the heat meter and compared with the theoretical amount of
chemical energy contained in the burnt fuel as determined by the previous physicochemical
analysis in order to calculate the actual efficiency of the unit. Once the system cooled down,
the furnace and ash pan were cleaned of any combustion by-products, and the next type of
wood was burnt in the same way.

2.3.6. Emission Measurements

The measurement of the harmful substances escaping with flue gases from the boiler
during the combustion process (Figure 5) was made using Testo 350 and FSM analysers.
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In the case of the first analyser, the measurement process was in progress from the
moment of firing up to the moment of shutting down the boiler. During this time, the
level of each substance in the flue gas was recorded on an ongoing basis and stored on a
computer connected to the analyser. The emission values during the cycle were presented
in graphs while the averaged values were tabulated. In the case of particulate matter
measurement with the FSM, the cycle lasted 35 min and was carried out when the system
was operating at rated capacity with operating parameters of 75/55 ◦C. Due to the fact that
the particulate matter measurement system uses the weighing method, the filter papers
placed inside the probe were weighed before and after the measurement. The device
automatically registers the volume of the flue gas stream flowing through it, and based on
these data, it determines the dust content per 1 m3 of flue gas. Unfortunately, this device
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does not provide real-time traceability of the readings. It needs to be highlighted that
all readings have been converted to 10% reference oxygen in the flue gas as indicated in
PN-EN 303-5:2012 [6].

3. Results of Experimental Tests

In this section, the results of tests for each of the fuels are discussed individually.

3.1. Experimental Results for Birch

The first type of woody biomass analyzed was birch wood. As can be seen from the
physicochemical analysis, the average moisture content in the samples is 11.86%. The
ash content is at 0.84%. The sample is characterized by a high proportion of volatile
components, i.e., 75.19%. The net calorific value is 16.07 MJ/kg, which is relatively high for
unprocessed woody biomass (Table 4).

Table 4. The physicochemical parameters of the tested birch wood billet.

Parameter Symbol Unit Subsequent
Measurements

Average
Value

Standard
Deviation

Moisture content MC %
12.11
11.15
11.99

11.86 ±0.52

Ash content A %
0.92
0.82
0.78

0.84 ±0.07

Volatile matter
content V %

75.41
75.69
74.47

75.19 ±0.64

Net calorific value Qi MJ/kg
16.34
16.01
15.86

16.07 ±0.25

The combustion process occurred at an ambient temperature of 25 ◦C and air humidity
of approximately 65%. For the purpose of combustion, 10 kg of dry birch wood was
prepared in the form of billets. The entire combustion process took approximately 2.5 h.
The particulate matter measurement period of 35 min for the boiler operating at nominal
capacity is marked with yellow lines on the graph (Figures 6 and 7). For the ignition, 1 kg
of wood in the form of billets with a diameter of 1 to 4 cm was used. A gas burner was
used to facilitate the process. The fuel ignited after only several seconds. Once the fuel was
ignited, 4 kg of billets with a diameter of no more than 12 cm and length around 30 cm
were added, and the blower fan and circulating pump were switched on.

When the temperature of the outlet reached 70 ◦C, the cooling system was activated to
simulate the energy consumer. Then, another 3 kg portion of fuel was added, and the dust
emission measurement was started for 35 min, during which time the combustion process
was not interfered with (Figure 6; Figure 7—first yellow vertical line). After completing the
measurement, the remaining wood was added. When the supply and return temperatures
were equal, the combustion process was considered complete. The boiler operated at an
average heat output of 8.11 kW, with the period of operation at rated output lasting 25 min
when the largest mass of fuel was burnt. Then, as the fuel burnt out, the heat output
and temperature of the medium began to gradually decrease. At the end of the process,
trace amounts of char with a mass of less than 0.1 kg were left in the combustion chamber.
The heat supply to the system was 87.36 MJ. By comparing this with the chemical energy
contained in the fuel, which is 160.7 MJ, it was calculated that the thermal efficiency of the
boiler during the process was 54.13%.
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The average CO emission value relative to the 10% oxygen content in flue gases was
9495 mg/m3 during the process. The maximum recorded value of CO was 19,703 mg/m3.
Taking into account only the stage when the boiler was operating at the highest capacity
(marked with vertical yellow lines on the graph), the values are as follows: CO emissions:
5196 mg/m3, and the average oxygen content in the flue gas was 10.9%. The maximum CO
value recorded was 12,562 mg/m3. As shown in Figure 7, during the period with the highest
flue gas temperature is the lowest CO emission. Particulate matter emission (measured
in a time period marked with vertical yellow lines on the graphs) was 152 mg/m3 (O2
ref. 10%).

3.2. Experimental Results for Pine

The next type of woody biomass burnt was pine wood. A physicochemical analysis
determined the average moisture content of the samples at 10.05%. The content of ash and
volatile matter is higher than for birch wood, i.e., 1.13% and 76.87%, respectively. The net
calorific value of the wood was 16.14 MJ/kg, i.e., slightly higher than that of birch (Table 5).
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Table 5. The physicochemical parameters of the tested pine wood billet.

Parameter Symbol Unit Subsequent
Measurements

Average
Value

Standard
Deviation

Moisture content MC %
10.91
9.45
9.79

10.05 ±0.76

Ash content A %
1.24
1.13
1.02

1.13 ±0.11

Volatile matter
content V %

76.75
77.27
76.59

76.87 ±0.36

Net calorific value Qi MJ/kg
16.47
16.02
15.93

16.14 ±0.29

The process of combustion occurred at an ambient temperature of 22 ◦C and air
humidity of 75%. The wood was burnt in a quantity of 10 kg in the form of billets with
a diameter of 10 cm. The length of the billets was around 30 cm. The entire combustion
process took approximately 2 h. The yellow vertical lines indicate the duration of the
particulate matter measurement (Figures 8 and 9). The process of burning pine was carried
out in a similar way as the process of burning birch. The fuel ignited almost instantly and
burnt with a very intense flame. The boiler operated at an average output of 8.16 kW, and
the period of operation at rated capacity was approximately 21 min. When burning 5 kg
of pine wood, the outlet water temperature reached 70 ◦C very quickly, i.e., after only
approximately 16 min and the rated heat output was reached after 12 min from the moment
of adding the second dose of fuel with a mass of 3 kg. It can be concluded that pine wood
burns very quickly.

Energies 2021, 14, 6783 17 of 25 
 

 

the moment of adding the second dose of fuel with a mass of 3 kg. It can be concluded 
that pine wood burns very quickly. 

 
Figure 8. The operation parameters of the system and heat output of the boiler achieved during the combustion of pine 
wood billet. The yellow lines indicate the dust measurement period. 

A rapid drop in heat output, down to 8 kW, and supply water temperature, down to 
52 °C, can be observed during the measurement. After the dust measurement process 
was completed and the last dose of fuel was added, a sudden spike in the heat output of 
the device, by 3.5 kW, was noted, but after just a few minutes, the heat output began to 
gradually decrease. At the end of combustion, no amount of char was left on the grate. 
The heat supplied to the system was 72.85 MJ as compared with the theoretical chemical 
energy contained in the fuel of 161.4 MJ, which means that the thermal efficiency of the 
boiler was 45.13%. 

The percentage of oxygen in the flue gas varies between 7% during the combustion 
of wood immediately after feeding a dose of fuel and 19% when it is being burnt out. The 
average value during the whole process is 15.92% and 12.32% during operation at the 
rated output. The average value of CO, in relation to the oxygen in the flue gas of 10%, 
was 7684 mg/m3 for CO. The highest recorded emission of CO was equal to 16,932 mg/m3. 
In the case of boiler operation at the rated capacity (marked on the graph with yellow 
vertical lines), the emission value for CO is on average 3497 mg/m3. The highest emission 
during this period for CO: 8875 mg/m3. The average oxygen content in the flue gas during 
this period was 12.32%. 

Particulate matter emission (measured in a time period marked with vertical yellow 
lines on the graphs) was 116.9 mg/m3 (10% O2 ref.). 

Figure 8. The operation parameters of the system and heat output of the boiler achieved during the combustion of pine
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A rapid drop in heat output, down to 8 kW, and supply water temperature, down
to 52 ◦C, can be observed during the measurement. After the dust measurement process
was completed and the last dose of fuel was added, a sudden spike in the heat output of
the device, by 3.5 kW, was noted, but after just a few minutes, the heat output began to
gradually decrease. At the end of combustion, no amount of char was left on the grate. The
heat supplied to the system was 72.85 MJ as compared with the theoretical chemical energy
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contained in the fuel of 161.4 MJ, which means that the thermal efficiency of the boiler was
45.13%.
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wood was very massive and heavy compared with pine and birch. The process of 
kindling the fire took a long time, approximately 3 min. Because of the difficulty with the 
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Figure 9. The oxygen in the exhaust and CO emission relative to 10% oxygen content in flue gas, pine wood billet. The
yellow lines indicate the period of dust measurement.

The percentage of oxygen in the flue gas varies between 7% during the combustion of
wood immediately after feeding a dose of fuel and 19% when it is being burnt out. The
average value during the whole process is 15.92% and 12.32% during operation at the rated
output. The average value of CO, in relation to the oxygen in the flue gas of 10%, was
7684 mg/m3 for CO. The highest recorded emission of CO was equal to 16,932 mg/m3. In
the case of boiler operation at the rated capacity (marked on the graph with yellow vertical
lines), the emission value for CO is on average 3497 mg/m3. The highest emission during
this period for CO: 8875 mg/m3. The average oxygen content in the flue gas during this
period was 12.32%.

Particulate matter emission (measured in a time period marked with vertical yellow
lines on the graphs) was 116.9 mg/m3 (10% O2 ref.).

3.3. Experimental Results for Beech

The last fuel analysed was beech wood. Physicochemical analysis showed that the
moisture content of the samples was on average 12.5% (Table 6). The wood is characterised
by an ash content of 0.77% and a volatile fraction of 74.17%. The net calorific value of the
samples is equal to 16.14 MJ/kg.

The combustion process occurred at an ambient temperature of 25 ◦C and air humidity
of approximately 70%. The whole process took approximately 2 h. The particulate matter
measurement period is marked on the graph with yellow lines (Figures 10 and 11). For
the purpose of combustion, 10 kg of billets was prepared with the largest diameter of all
the fuels combusted, falling within the range of 15–20 cm, the length of billets was around
30 cm. Right from the start, it can be determined that the wood was very massive and
heavy compared with pine and birch. The process of kindling the fire took a long time,
approximately 3 min. Because of the difficulty with the ignition of beech wood, 0.5 kg of
fine pine billets were used as a firelighter. The fuel burnt very slowly with a small flame.
After the first dose of wood was added, a huge amount of smoke was emitted from the
chimney during the process of kindling, which indicates degassing of a large amount of
volatile components that were not burnt. Once the entire volume of fuel was ignited, the
boiler temperature rose rapidly, and the heat output also increased rapidly. Reaching the
outlet water temperature of 70 ◦C occurred 16 min after ignition while reaching the rated
heat output occurred after approximately 20 min.
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Table 6. The physicochemical parameters of tested beech wood billet.

Parameter Symbol Unit Subsequent
Measurements

Average
Value

Standard
Deviation

Moisture content MC %
13.15
12.26
12.10

12.5 ±0.57

Ash content A %
0.86
0.75
0.70

0.77 ±0.08

Volatile matter
content V %

74.21
74.39
73.91

74.17 ±0.24

Net calorific value Qi MJ/kg
16.34
16.11
15.97

16.14 ±0.19
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During the entire process of combustion, the boiler operated at an average output
of 8.93 kW, and the period of operation at the rated output was approximately 46 min.
This means the longest time of operation with an output close to the rated one among all
the types of wood burnt. At the end of the process of combustion, degassed char with a
mass of 0.64 kg and parameters similar to those of charcoal remained on the grate. The
heat supplied to the system was 72.36 MJ, as compared with the theoretical chemical
energy contained in the fuel) of 146.68 MJ, which allows the efficiency of the boiler during
combustion of beech wood to be determined at 49.33%.

The CO emissions with reference to an oxygen concentration in the flue gas of 10%
range from 1040 mg/m3 at the most intense combustion to 17,476 mg/m3 when the fuel
is extinguished (Figure 11). The average result from the whole process was 8217 mg/m3.
Particulate matter emission (measured in a time period marked with vertical yellow lines
on the graphs) was 182.2 mg/m3 (10% O2 ref.).

4. Discussion and Conclusions

As can be seen from the physicochemical analyses, all of the types of woody biomass
in the study were characterised by similar values of each physicochemical parameter
(Figure 12). The pine wood sample had the lowest moisture content at 10.05%, while the
beech wood sample had the highest at 12.5%. It can be concluded that the pine wood was
subjected to a longer drying process. All the fuels can be classified as air-dry wood. Birch
and beech wood samples showed the lowest ash content, below 1%. Each type of biomass
in the test had a volatile content above 74%. The highest value was recorded for pine at
76.87%, the lowest for beech at 74.17%. During combustion, it could be observed that fuels
with a higher volatile matter content ignited faster and burnt more intensely, which may
also be due to their lower density. The net calorific value of each fuel was approximately
16 MJ/kg.
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According to the rating plate on the boiler, its efficiency in nominal conditions should
be close to 78% when it is fired with coal. Based on the tests carried out, it was found that
the efficiency of the device is markedly lower when it is fired with woody biomass (Table 7).
This is perfectly understandable in view of the fact that the tests were not carried out under
the rated working conditions of the boiler as specified by the manufacturer. In addition,
the fuel used for the process is not the recommended type of energy carrier for this device,
but many users of such type boiler combusted coal and wood billets alternately.
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Table 7. Summary of the efficiency achieved by the boiler during combustion of wood.

Parameter Unit Birch Pine Beech

Energy supplied to the system MJ 87.36 72.85 72.36
Chemical energy in the wood supplied MJ 160.70 161.40 146.68

Efficiency % 54.13 45.13 49.33

The highest efficiency achieved by the device was 54.13% when burning birch wood.
Beech wood was burnt with an efficiency lower by almost 5%, i.e., 49.33%. The lowest
efficiency was recorded for pine—45.13%. Such a low efficiency as compared with the
rated efficiency of the boiler is due to the fuel characteristics, boiler design, and combustion
conditions. Wood is characterised by a very high volatile content. With regard to an
updraft batch boiler, due to its design and short flue gas recirculation path, wood burns
very quickly during operation with the fan on, which results in degassing in a short period
of time of a very large portion of the volatile components contained in the fuel that are
not post-combusted due to the lack of secondary air supply. A great deal of the energy
they contain is emitted with flue gas into the atmosphere through the chimney in the form
of smoke. An additional contributing factor is the low temperature in the combustion
chamber. This is particularly noticeable when fuel is being added from the top. As a result
of this process, the fire is suppressed, the temperature drops, and the volatile components
of the fresh fuel immediately start to degas, and the water contained in the fuel evaporates,
which results in a visible cloud of smoke and steam coming out of the chimney. Controlling
the combustion process in such a boiler is extremely difficult, sometimes even impossible.
There is no possibility to adjust the fan output, which results in a very high proportion
of oxygen in the flue gas when there is less fuel on the grate. The air-fuel (lambda) ratio
during the process of combustion ranged from 3 to even 9. This contributes to a large extent
to an increase in CO emissions but only with respect to 10% of the oxygen content in the
flue gases, which results from the specification of the process of calculation. Another factor
that makes it difficult to control the process is the impossibility of effectively suppressing
the combustion process when the critical operating temperatures of the system are reached.
It is obviously possible to cut off the primary air supply by switching off the fan, but this
is very inefficient and involves huge energy losses and a significant increase in emissions.
This is caused by fuel combustion with insufficient oxygen (λ < 1), the result of which is
incomplete fuel combustion that produces a large amount of CO, and the combustible
substance is not oxidised and settles in the ash pan with the ash, or is emitted into the
atmosphere together with the flue gases.

When analysing the combustion process, it was found that wood with a lower density
and a higher proportion of volatile components (birch and pine) burns much faster than
fuels with higher density. This translates into a faster increase in boiler temperature and
earlier achievement of the rated heat output. However, this is associated with significant
energy losses as the boiler, due to its design, is not able to fully absorb the heat thus
obtained. This translates into a rapid drop in the heat output of the device and lower
efficiency. In the case of beech wood, the fuel burnt slowly, with a smaller flame, but this
allowed the boiler to operate longer at the rated output and to maintain a high temperature
of the medium flowing through the system compared with the same amount of pine or
birch wood. This may also have been due to the much larger size of the wood billets
as well as a lower proportion of combustible volatiles than in the case of softwood and
light hardwood. It can therefore be concluded that this type of wood is better suited
for combustion with the longer operation of the device, while lighter wood is ideal as a
fire starter. However, looking at the results obtained, birch wood seems to be a suitable
alternative to beech wood, but it requires more frequent feeding of fuel. The emission
tests showed that in the case of combustion of woody biomass, the updraft batch boiler in
the study is characterised by high emission of harmful substances and particulate matter
(Figure 12). Birch wood had the highest average emission of CO, i.e., 9495 mg/m3 (10%
O2 ref.). Beech wood was second, with CO emissions at 8217 mg/m3 (10% O2 ref.). Pine
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wood showed the lowest CO emissions at 7684 mg/m3 (10% O2 ref.). High values of CO
emissions were recorded when fresh fuel was added. This is due to the fact that when fresh
fuel is supplied from the top, it immediately starts to draw energy from the hot embers
and degasify, which results in a drop in the temperature, which is followed by the process
of reduction. As a result, CO is produced. There is also a sharp drop in oxygen content
of the flue gas. The second stage, when carbon monoxide emissions are at their highest,
is when the fuel burns out. A significant increase in the proportion of oxygen in the flue
gas means that the primary air supplied is not used in the process of combustion. It can
therefore be concluded that there is only a small amount of glowing fuel left on the grate.
As a result of supplying an excessive amount of air, it is cooled down. In effect, the process
of reduction begins to dominate relative to the process of combustion. This is best seen in
the graphs showing CO emissions. Looking at the emission results presenting CO, a certain
regularity can be noticed, namely the increase in flue gas temperature (which marked the
higher combustion temperature) when the CO emission decreases. It was observed in every
case (Figures 7, 9 and 11). High flue gas temperature (over 160 ◦C) shows that the heat
exchange surface is not enough to effective flue gas cooling when the wood is combusted
(with bigger flame than for coal).

This is best seen when the device operates at the rated output, and the flame in the
combustion chamber is at its highest. The combustion process takes place more efficiently
then, and the temperature in the furnace is higher. In effect, carbon monoxide, which has a
high calorific value, is oxidised to CO2 more easily, which is also due to the influence of
temperature [29]. However, parallel heat exchange surface is too small to effectively coll
down the fumes. A sharp drop in the oxygen content of the flue gases can then be observed.
It follows that the application of a solution such as a heat buffer has a favourable effect on
the quality of the process of combustion and contributes to reducing emissions of carbon
monoxide. With regard to particulate matter emissions, the highest value was recorded for
beech wood, i.e., 182.2 mg/m3, followed by birch at 152 mg/m3, and the lowest for pine
at 116.9 mg/m3. In the case of beech wood, the high emission value is due to incomplete
oxidation of the fuel, resulting from the lower temperature in the combustion chamber and
the impossibility of burning off dust, which was in turn due to smaller flame than in the
other cases. This was confirmed by the fact that beech wood had the lowest ash content of
all the samples, which was revealed in the physicochemical analysis. Based on the PN:EN
303-5:2002 standard [23] relating to emission values during boiler operation at the rated
output, it can be concluded that in the case of burning each type of wood, the emission
values meet the requirements for Class 1 for either CO or particulate matter (according to
rating plate) (Table 8). However, given the low efficiency of the boiler when burning wood,
it could not be assigned to any class regardless of the emission values.

Table 8. Comparison of the obtained emission values with the Ecodesign requirements.

Type of Emission at
Operation at Rated

Output—Ref. O2 = 10%
Unit Birch Pine Beech PN-EN 303-5:2002

Requirement—Class 1
PN-EN 303-5:2012

Requirement—Class 5

CO mg/m3 7126 5196 3497 25,000 700
Particulate matter mg/m3 182.2 152.0 116.9 200 60

Based on the above research, it was found that outdated batch boilers show CO and
dust emissions that are even several times higher than in the case of devices meeting
requirements for Class 5 according to PN:EN 303-5:2012 [6] (Table 8), which definitely
contributes to the phenomenon of emissions from low stack. For short-term operations,
they are also characterised by very low efficiency. In order to determine the seasonal
efficiency of a boiler, tests should be carried out over a longer period of time, under the
rated operating conditions. Other disadvantages of this type of boiler are the difficulties
associated with their operation and maintenance.
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Finally, it should also be mentioned that co-current combustion (downdraft boilers),
i.e., where the fuel is burnt from the bottom and the primary air for the process is supplied
towards the embers, from the cooler layers of the fuel, is also possible in batch boilers. This
way is more difficult to control, but studies confirm that it has a beneficial effect on reducing
emissions and increasing the efficiency of the device itself [21]. However, this does not
change the fact that it is necessary to replace these devices with newer ones that meet the
most stringent standards and requirements, such as Class 5 and Ecodesign requirements
for boilers, which is anyway determined by the pro-environmental policy in Poland.
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Górnośląski: Katowice, Poland, 2007; pp. 1–49.
33. Nussbaumer, T.; Czasch, C.; Klippel, N.; Johansson, L.; Tullin, C. Particulate Emissions from Biomass Combustion in IEA Countries;

International Energy Agency (IEA) Bioenergy Task 32; Swiss Federal Office of Energy (SFOE): Zurich, Switzerland, 2008; Available
online: http://www.verenum.ch/Publikationen/IEAReportPM10Jan08.pdf (accessed on 20 July 2021).
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