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Abstract

Razmjoo, Narges (2018). Characterization of conversion zones in a reciprocating
grate furnace firing wet woody biomass, Linnaeus University Dissertations No
322/2018, ISBN: 978-91-88761-62-0 (print) 978-91-88761-63-7 (pdf).
Written in English.
Grate-firing systems are a common and popular combustion technology for burning
biomass. However, combustion of biomass in these furnaces may emit a large
amount of pollutants in the form of CO, CH4, PAH, NOx, and particles. These
furnaces need to be further developed to increase their efficiency and improve the
overall system performance while ensuring environmental compatibility. To
improve the combustion of biomass in grate furnaces, it is vital to understand the
processes occurring inside both the fuel bed and the gas phase above the bed
(freeboard).
The aim of this study was to characterize the conversion zones in two reciprocatinggrate furnaces, with 4 and 12 MW maximum thermal outputs, firing wet woody
biomass, mainly by measuring the temperature and gas concentration distributions.
Measurements in the freeboard were conducted in both of the furnaces. However,
measurements in the fuel bed were carried out only in the 4-MW furnace, in which
the influence of two parameters, i.e., the fuel moisture and the primary airflow rate,
on the bed conversion was investigated. Furthermore, a simplified model of the
drying of wet biomass on a grate was developed and used to estimate the drying rate
and to simulate the extent of the drying zone along the grate. The model was then
validated against measurements of the fuel moisture and flue gas water vapor
concentration made by NIR and FTIR, respectively.
Measurements of temperature and gas concentration (i.e., CO, CO2, O2, CH4, and
NO) profiles in the fuel bed were carried out through ports located in the wall of
the furnace, by means of a stainless steel probe incorporating a K-type
thermocouple. The temperature distribution along the height of the fuel bed was
measured through a view-glass port, using a bent probe. High temperatures within
a layer of about 0.1 m from the grate surface indicated the existence of a combustion
layer at the bottom of the fuel bed (co-current combustion pattern). The drying rate
of the moist fuel was calculated by the model to be about 0.0211–0.0235 kg
water/m2s, under a certain condition. Therefore, the drying layer of the moist fuel
was estimated to occupy almost two-thirds of the total grate length.
Measurements of temperature and gas concentration profiles in the freeboard of the
two furnaces were carried out by means of a water-cooled stainless-steel suction
pyrometer. The pyrometer was introduced into the furnaces through the measuring
ports, located along the pathways of the hot gas flow, and positioned at several
locations between the wall and the furnace width center. For both of the furnaces,
the temperature varied mainly in the 600–1000°C range in the primary combustion
chamber, and reached about 1100–1200°C in the secondary chamber. A significant

rise in NO concentration was observed in the transition sections between the
primary and secondary combustion chambers of the furnaces. There was a positive
correlation between NO and O2 at the ports in the secondary combustion chambers,
which implied that in this high temperature region, the O2 concentration was the
limiting factor for oxidation of N-volatiles to NO.
Keywords: Biomass combustion, Grate firing, Fuel bed, Moisture, Gas phase,
Conversion zone, Experimental, Temperature distribution, Gas analysis
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1. Introduction
1.1 Background
Grate-firing systems are a common and popular combustion technology for
burning biomass, especially at small scales, due to their simplicity, flexibility,
and low investment cost. However, the combustion of biomass in these
furnaces may emit a large amount of pollutants in the form of CO, CH4, PAH,
NOx, and particles. These furnaces need to be further developed to increase
their efficiency and improve the overall system performance while ensuring
environmental compatibility.
The process of biomass combustion in grate furnaces can be divided into
two main stages: the heterogeneous in-bed and the over-bed (freeboard) gasphase combustion reactions. To control the combustion process of biomass in
grate furnaces at an early stage, it is vital to understand the processes
occurring inside the fuel bed on the grate and the effects of different fuel and
furnace parameters on them. The moisture content of the fuel, which is
generally high in biomass, and the primary airflow rate are the important
parameters whose effects on the combustion process of the fuel bed should be
thoroughly investigated.
Measuring the temperature and gas concentration distributions within the
furnace (in both the fuel bed and the freeboard) is crucial in seeking insight
into the combustion process and operating characteristics of full-scale grate
furnaces. Several comprehensive modeling studies of different full-scale grate
furnaces have been conducted, while there is a notable lack of experimental
data from such furnaces in the literature. This lack of detailed experimental
data on the grate-firing of biomass is the driving force of the present work,
which extensively characterizes the conversion zones by measuring the
temperature and gas concentrations throughout the furnace. The results of such
measurements can be used for validating the combustion models of grate
furnaces.
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1.2 Objectives
The main objectives of this thesis are:
(a) characterization of the combustion process and distribution of conversion
zones within the fuel bed of wet woody biomass in a 4-MW reciprocatinggrate furnace, by measuring the temperature and gas species distributions
inside the bed;
(b) experimental investigation of the influence of two parameters, i.e., the fuel
moisture and the primary airflow rate, on the fuel-bed conversion in the 4-MW
reciprocating-grate furnace; and
(c) characterization of the conversion zones in the freeboard of two
reciprocating-grate furnaces (4 and 12 MW) by measuring the temperature and
gas concentration distributions along the pathway of the hot gas flow (from
the bed top to the furnace exit).
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2. Literature review
2.1 Biomass combustion
Concern about greenhouse gas emissions has led to growing interest in using
biomass as a fuel for heat and power production. Biomass combustion is a
well-known technology for energy production, and biomass fuel primarily
consists of wood and agricultural residues [1]. In countries with a large
forestry industry, biomass is available in large quantities as waste material
from the wood industry and as forest residues [2].
Biomass fuels generally have high moisture contents, greatly influencing
the combustion process. Fresh woody biomass mostly has a moisture content
of about 50–65 wt% [3]. Water is contained in biomass in two main forms:
free water and bound water. Free water is stored within the pores of the solid
biomass fuel due to the capillary forces, whereas bound water is held in the
plant cell walls by physical adsorption [1, 4, 5].
In many cases, the biomass fuels used in commercial plants differ in their
origins and moisture contents. These varying fractions are mixed at the plant
in an attempt to provide a homogenous fuel with a constant moisture content;
even so, the moisture content of the fuel fed to the furnace might fluctuate
dramatically. To better control the combustion process, various methods are
being developed for measuring the fuel moisture content online, both direct
and indirect methods having been suggested. Near-infrared (NIR)
spectroscopy has been used to directly measure the moisture content of
different types of woody fuels [6-9]. Fuel moisture can also be determined
indirectly using a mass balance based on the elemental composition of the fuel
and on the oxygen and water vapor concentrations in the flue gas [10-12].
Biomass combustion involves several complex physical and chemical
processes that depend on both the fuel properties and the combustion system
conditions. The combustion process is an outcome of strong interaction
between the mass, heat-transport phenomena, and chemical reactions [13].
The combustion system can be either batch or continuous, with the former
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mainly used in small-scale applications (e.g., wood stoves) and the latter
always used in medium- or large-scale applications [14].
The combustion process of biomass comprises four main stages: drying,
devolatilization (or pyrolysis), gasification, and combustion (shown in Figure
2.1). Drying is the first process occurring during the heating of biomass. First,
the free water leaves the moist fuel as its evaporation energy is less than that
of the bound water. The rate of water evaporation from the biomass surface to
the surrounding gas in the combustion chamber is affected mainly by the local
temperature, water vapor concentrations in the gas, and rate of heat transfer
between the solid fuel and surrounding gas [15]. Increasing the moisture
content of biomass lowers the local temperature and increases the residence
time in the combustion system [14].

Figure 2.1. Different stages of biomass combustion versus temperature and time
(adapted from [1]).

After the biomass fuel becomes dry, its temperature starts to rise and the
fuel begins to decompose. This process is called devolatilization (or pyrolysis,
if oxygen is absent from the surrounding atmosphere), which is a complicated
process comprising several reactions. In this process, mixtures of organic and
inorganic gases and liquids are released from the fuel particle to the
surrounding gas. These compounds can be divided into three main groups [15,
16]:
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light gases, comprising mainly CO, CO2, CH4, H2, and H2O;
tar, i.e., the released organics in the form of liquid or condensable gas
assumed to be primarily aromatic; and
char, the solid fraction remaining after devolatilization is complete.

The composition of the released volatile compounds depends mainly on the
fuel type, temperature of the surrounding gas, and heating rate of the fuel. Fast
heating rates yield more gases and produce less char, since the biomass is
exposed to rapid fragmentation [17]. A model has been presented by Thunman
et al. [18] to predict the composition of the volatile gases produced during
biomass devolatilization.
Volatiles are necessary for fuel ignition, since they ignite and form a flame
around the fuel particle, which increases the temperature and consequently the
devolatilization rate [1, 15]. Volatiles represent a signification fraction of
biomass fuels (80–90% under standard conditions). For wood, the
hemicellulose is pyrolyzed at 225–325°C, the cellulose at 325–375°C, and the
lignin at 300–500°C, so the volatiles are almost completely released below
500°C [1].
The char remaining after the pyrolysis stage undergoes heterogeneous
combustion and gasification reactions with the gas species present in the bed.
If oxygen is present, char combustion will occur whose primary products are
CO and CO2 [19]. These reactions are exothermic and provide the heat
required to sustain the combustion process of solid fuel.
In the absence of oxygen and at elevated temperatures (>700°C), char
gasification instead occurs. The term gasification refers to the heterogeneous
reactions between char and gases other than oxygen, mainly CO2 and H2O.
Among the enormous number of gasification reactions, the main important
ones are [15, 20]:




reaction between carbonaceous solid and water:
C + H2O = CO + H2
reaction between carbonaceous solid and carbon dioxide:
C + CO2 = 2CO
reaction between carbonaceous solid and hydrogen:
C + 2H2 = CH4

It should be mentioned that the durations of the char combustion or
gasification stages are much longer than those of the drying and
devolatilization stages (Figure 2.1) [1]. For large fuel particles, in which a
thermal gradient exists, it is possible for all stages of the combustion process
to occur simultaneously in a single particle. The final burnout of the
combustible gases and tars produced during the pyrolysis and gasification
stages occurs in the gas phase. Upon completion of the various stages of
combustion, only the non-combustible fraction, or ash, remains.
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2.2 Combustion technologies
Two main technologies are used for biomass combustion: fluidized-bed and
fixed-bed (i.e., grate) combustion. In industrial-scale units (>20 MW),
fluidized-bed combustion is the most common technique, while fixed-bed
combustion is the most common technique in small to medium-sized units and
can be operated on 100% raw biomass [14]. The basic principles of these two
combustion technologies are described below and their main features are
compared and summarized in Table 1.1.
Table 2.1. Comparison of fixed-bed and fluidized-bed combustion technologies
(adapted from [20]).

Fixed bed

Fluidized bed
BFB

CFB

Fuel particle size [mm]

<50

<80

<40

Plant size [MWth]

<20

>20

>30

1350–1650

1050–1200

1050–1200

0.1–1.2

1.2–3.6

3.6–10

Excess oxygen [%]

6–8

3–4

1–2

Moisture content [wt%]

<65

<65

<65

Operating costs

Low

High

High

Furnace temperature [K]
Air inlet velocity [m/s]

Key issue

Nonhomogeneous
combustion

Sensitive to agglomeration and
fouling within the bed

Fluidized-bed combustion technology has been used since the 1960s for
waste combustion. In a fluidized bed, the fuel is mixed with an inert bed
material (e.g., silica sand) on a perforated plate through which the primary air
is supplied. The process can be classified as bubbling fluidized-bed (BFB) or
circulating fluidized-bed (CFB) combustion according to the fluidization
velocity of the primary air. BFB furnaces are operated with air velocities high
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enough to cause fluidization of the fuel bed, but low enough to prevent solid
particles from escaping the bed. CFB furnaces have a higher air velocity than
do BFBs, which causes elutriation of smaller particles from the fuel bed.
These particles will be recirculated back to the fuel bed via a hot cyclone. The
efficient mixing and intensive heat transfer in fluidized-bed systems make
them appropriate options for mixtures of different fuel types (e.g., with high
moisture contents) with low excess air demand. However, there are limitations
in terms of the fuel particle size and fuel impurities that can be accommodated
by performing certain fuel pre-treatments. Due to the complex process
operations, the investment costs are reasonably high, which makes fluidized
beds inappropriate options for small-scale applications [14].
Fixed-bed combustion is the most common technology for biomass fuels.
The bed comprises a volume of particles packed in an irregular manner. The
combustion air is supplied from beneath and travels upwards through the bed
together with the combustion gas products, while transferring mass and heat
with the solid fuel (shown in Figure 2.2). One disadvantage of fixed-bed
combustion systems is that the combustion properties in the bed can be highly
inhomogeneous due to the intrinsic nature of the fuel and its inadequate
mixing on the grate, which increases the emissions of these systems [14].

Figure 2.2. The coupling of the gas and solid phases in a fixed bed (taken from [21]).
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A grate-firing system in which the fuel is burned in a fixed bed on a grate
was the first combustion system used for solid fuels. Grate furnaces can
handle a wide range of fuels of different moisture contents and particle sizes
[22, 23]. Modern grate furnaces essentially comprise four main systems: the
fuel feeding, grate assembly, over-fire air (OFA), and ash-discharge systems
[22]. The grate can have an inclined structure to facilitate transfer of the fuel
along the grate. The grates are mainly classified as travelling, reciprocating,
and vibrating grates [22].
In a traveling-type grate system (Figure 2.3a), the grate bars form an
endless band that transports the fuel through the combustion chamber, from
the fuel inlet to the ash pit. The speed of the grate should be properly adjusted
to achieve complete char burnout on the grate. The combustion conditions of
homogenous fuels, such as wood pellets, on a travelling grate are relatively
even, which is an advantage of such grate systems. This is because the fuel
bed on a travelling grate does not move with respect to the grate. However,
uneven distribution of the bed on the travelling grate in the case of nonhomogenous fuels, due to the lack of mixing, is a disadvantage of this type of
grate system [20, 21].
The reciprocating-grate type furnace (Figure 2.3b) comprises fixed and
movable parts. In a reciprocating-grate system, the fuel is transported along
the grate by periodic forward and backward (i.e., reciprocating) movements of
the grate bars, thereby mixing the unburned and burned fuel. Reciprocatinggrate furnaces are appropriate options for various types of fuels, such as
woodchips, bark, sawdust, and waste. For such non-homogenous fuels, a
reciprocating-grate system is preferred to a travelling type, due to the better
mixing conditions of the bed on the grate.

Figure 2.3. (a) Travelling and (b) reciprocating moving grates (taken from [20]).

12

Vibrating-grate type furnaces have an inclined stationary grate that
vibrates. The fuel is primarily transported by gravity and the purpose of the
vibration is to even out the fuel bed and help transfer the fuel and ash along
the grate. Vibrating grates might have the longest lifetime and highest
availability of all different grate types [22]. Vibrating grates are often water
cooled, which avoids ash sintering and slagging and is useful for certain fuels,
such as straw. High fly ash and CO emissions, mainly caused by the
vibrations, are the disadvantages of a vibrating-grate system [21].
Overall, in grate furnaces, the fuel is fed onto a fixed or moving grate by
the fuel-feeding system, and the primary air is supplied to the fuel bed from
beneath the grate, through holes in the grate bars or slots between them.
Distribution of the primary air along the grate can be staged to supply
optimum fuel–air ratios to different sections of the fuel bed. The fuel-feeding
rate, primary airflow rate, and grate speed (if applicable) should be properly
controlled to ensure complete combustion of the fuel on the grate. Fuel
transport, and thus residence time, can be controlled by adjusting the
movement of the grate.
The combustion gases leaving the fuel bed become oxidized by the
secondary air in the freeboard, above the bed. Proper mixing between the
combustion gases released from the bed and the secondary air is crucial in
order to have complete burnout of the combustibles, a lower air excess ratio,
and therefore a higher thermal efficiency of the boiler. Overall, the process of
biomass combustion in a grate furnace can be divided into two steps. In the
first step, the fuel bed on the grate is gasified by the primary air supplied from
beneath. During this step, the fuel is transported along the grate until all the
fuel is converted by the end of the grate, where the bottom ash is removed
[24]. In the second step, burnout of the released gases occurs in the freeboard,
after which the gases release their heat to the heat exchangers [25].
There exist three different geometries of grate-firing systems based on the
relative moving direction of the fuel along the grate with respect to the flow
direction of the gas released from the fuel bed, denoted counter-current, cocurrent, and cross-flow geometries (Figure 2.4). Counter-current systems are
mainly used for the combustion of fuels with high moisture contents and low
heating values. The hot gas passing above fresh fuel fed onto the grate
contributes to the faster drying of the moist fuel. Co-current geometries
increase the residence time of fuel on the grate and are usually used for the
combustion of straw-based fuels and preheated air supply systems. Cross-flow
systems combine counter-current and co-current geometries [19].
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Figure 2.4. Three different geometries of grate boilers (adapted from [14]).

Several comprehensive combustion modeling studies of different full-scale
grate furnaces have been carried out [26-33]. Furthermore, experimental
investigations of gas species concentrations and temperatures in the region
above the grate of some industrial-scale furnaces have been conducted by Li et
al. [34], Yin et al. [35, 36], and Thunman et al. [37]. However, very few
experimental studies have been carried out in the fuel bed of a full-scale grate
furnace, so more investigations of the fuel-bed combustion on the grate is
required.

2.3 Combustion process of the fuel bed
A deep understanding of fuel-bed combustion is vital for optimizing the
operating parameters of the furnace to minimize pollutant emissions. For
example, by optimizing the combustion process in a fuel bed of solid waste,
NOx emissions can be greatly reduced [38]. Emissions from biomass
combustion are related not only to the fuel properties but also to the
combustion operating parameters of the furnace. It is therefore necessary to
investigate the parameters affecting the combustion process of fixed beds. The
main parameters are: the primary airflow rate, composition and moisture
content of the fuel, and fuel-particle size, shape, and density.
Biomass combustion in fixed beds, including the effect of various
parameters (especially the primary airflow rate) on the burning process, has
been well studied [39-52]. Of the abovementioned parameters, fuel moisture
content plays a particularly significant role in fixed-bed combustion. Yang et
al. [50, 53, 54] conducted mathematical simulations as well as experiments on
the effect of the moisture level on the combustion characteristics of wood
chips and municipal solid wastes (MSW) in a fixed bed. Liang et al. [55]
measured the ignition-front velocity, bed weight, and temperature and gas
distributions within fixed beds of MSW, given fuel of different moisture
contents. In a study of the fixed-bed combustion of MSW conducted by Sun et
al. [56], the moisture content of the fuel was varied and the effects on the
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burning process were investigated and numerically simulated. The effect of
the water content on the combustion characteristics of balsa wood was
experimentally investigated by Saito et al. [57]. However, the effect of the fuel
moisture content on the bed combustion in a full-scale furnace has yet to be
studied.
The combustion pattern inside the fuel bed of a grate furnace is of
practical interest as it is directly related to the release of volatiles, including
NO precursors such as NH3 and HCN. The combustion pattern also affects the
stability and efficiency of fuel-bed combustion [22]. Two completely different
combustion patterns (i.e., modes) are considered for grate combustion, as
illustrated schematically in Figure 2.5.

Figure 2.5. Schematic of the two combustion modes: (a) if the bed is ignited from the
surface of the bed (mode 1); (b) if the bed is ignited from the surface of the grate (mode 2).
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It is widely assumed, based on the classical theory of Rogers [58], that
ignition is initiated on the surface of the bed by the heat of radiation from the
over-bed flame and hot walls. Afterwards, the ignition front propagates
downward, against the airflow direction (mode 1), at a velocity that depends
on the operating conditions of the furnace and the fuel parameters. When the
ignition front reaches the grate surface, a secondary front propagates upward,
which burns out the layer of remaining char. Many studies of grate firing have
worked with this mode [20, 27, 54, 59-68]. However, this traditional
combustion pattern may not always be observed. With high-moisture-content
fuels, it is difficult for the reaction front to propagate from the bed top
downward to the bottom, and a different combustion mode is observed (mode
2) [69, 70]. In this mode, ignition takes place near the grate surface and
propagates upwards, in the same direction as the air flow, as in updraft
gasifiers. The heat generated by char combustion near the grate surface is
transferred upwards mainly by the hot gas through convection, which dries
and devolatilizes the fuel layer above. The combustion front velocity in this
mode 2 combustion pattern is greater than in mode 1, because the hot gas
products from the char-oxidation zone heat the upper part of the fuel bed [21].
The existence of this combustion pattern (mode 2) in the fuel bed has been
confirmed by the experimental work of Thunman [70, 71] and Bauer et al.
[72], and by the numerical predictions of Kær [31].
Some experiments have also been conducted in the fixed beds of batchtype reactors, which have a combustion zone at the bottom of the bed. Kessel
et al. [73] qualitatively investigated the effect of air preheating on solid
combustion on a grate by carrying out experiments in a pot furnace. They
demonstrated that Rogers’ theory cannot explain the combustion process in
the fuel bed when the primary air is preheated. Blijderveen et al. [74, 75] and
Markovic et al. [76] also investigated the influence of air preheating on the
combustion characteristics of municipal waste and demonstrated the
establishment of a spontaneous ignition front near the grate in a pot furnace.
Detailed experimental and numerical investigations of fuel-bed combustion
(mode 2) were carried out by Mahmoudi et al. [77]. Furthermore, the results of
experiments conducted inside the fuel bed of updraft gasifiers are of practical
interest for improving our understanding of the combustion of moist fuel beds
(mode 2) in grate furnaces [78-80].
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2.4 Emissions
Grate-firing systems generally have lower thermal efficiency than do
fluidized-bed systems due to incomplete combustion, leading to increased
emissions of some pollutants, such as CO, hydrocarbons (CxHy), tar,
polyaromatic hydrocarbons (PAHs), and unburned char particles [20]. This is
mainly due to the relatively poor mixing in both the fuel bed and the
freeboard, which leads to incomplete combustion in grate-firing systems.
Advanced air supply and grate systems are the crucial parameters of a grate
furnace in order to reduce the pollutant emissions due to unburned
combustibles. This is because correct settings of these parameters can
significantly enhance mixing in both the fuel bed and the freeboard, reducing
the excess air, which in turn provides a sufficient residence time of
combustibles in the combustion chamber [22].
Other pollutants from biomass combustion in grate furnaces include NOx,
SOx, HCl, and heavy metals, with NOx emissions being among the main
environmental impact factors of biomass combustion [81]. NOx emissions
have damaging effects on the environment by causing acid rain, ozone
destruction, and photochemical smog [82].
During the combustion of biomass, nitrogen oxides are formed mainly as
NO species plus small amounts of NO2, which together are designated NOx.
There are three main sources of NOx emissions in combustion systems, based
on their formation mechanisms, i.e., thermal, prompt, and fuel NOx, the
simplified mechanisms of which are shown in Figure 2.6.

Figure 2.6. Different simplified mechanisms of NO formation (taken from [82]).
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Thermal and prompt NOx are both formed from atmospheric nitrogen, N2,
while fuel NOx is formed from the oxidation of fuel-bound nitrogen, fuel-N.
The formation of thermal NO is most important at temperatures above 1800 K,
since the first step of its formation mechanism, i.e., O + N2 = NO + N, has a
high activation energy. Therefore, the yields of thermal NOx can be neglected
in grate-firing systems due to the relatively low temperatures attained in the
combustion chamber.
The other source of NO from atmospheric nitrogen is prompt NO, whose
formation is initiated by attack by CH radicals on the triple bond of N2. The
reactive nitrogen compounds produced (e.g., NCN) can be oxidized to NO or
recycled to N2, depending on the reaction conditions [83].
In biomass grate-firing systems, fuel NOx is considered the major source of
NOx. During the devolatilization stage, fuel nitrogen is distributed between the
volatiles (mainly as NH3 and HCN gas species) and the solid char, in what are
called volatile-N and char-N, respectively. The distribution of fuel-N between
volatiles and char depends on the fuel properties and the conversion conditions
(e.g., heating rate and temperature). At low temperatures, nitrogen is favorably
retained in the char, while at high temperatures it is mainly released as
volatiles and leaves the fuel bed [84] (as shown in Figure 2.7). NH3 and HCN
gas species (or so-called NOx precursors) released during the conversion of
biomass on the grate are partly oxidized in the gas phase above the solid fuel
bed to form NOx, depending on the conditions in the freeboard.

Figure 2.7. Nitrogen concentration in char versus pyrolysis temperature
for selected fuels and experimental methods (taken from [83]).
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To reduce the emissions of NOx from grate furnaces, staged combustion
technology is implemented in which the combustion air is divided between the
primary and secondary zones. The primary combustion zone is kept under
sub-stoichiometric conditions, which reduces the release of NOx precursors
(i.e., NH3 and HCN) [20].
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3. Experimental
3.1 The utility boilers
In this work, the combustion characteristics of woody biomass in two boilers
have been investigated.

3.1.1 A 4-MW reciprocating-grate boiler in Rörvik
The main part of this work, including measurements in the fuel bed and
outside the fuel bed (freeboard), has been carried out in a 4 MW reciprocatinggrate furnace (Figure 3.1) with heat exchangers installed in a separate boiler
downstream from the furnace.

Figure 3.1. Schematic of the 4-MW reciprocating-grate furnace (Rörvik).
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This boiler operates at a sawmill in Rörvik (southern Sweden) and is
designed for biomass fuels with high moisture contents. In this boiler, woody
residues (a mixture of woodchips, bark, and sawdust) are fired to supply the
heat required for the wood dryers, as well as the local district heating. The
furnace is divided into lower and upper combustion chambers that are
denominated primary and secondary combustion chambers, respectively. The
fuel is forced into the combustion chamber by the fuel feeding system, which
is an automatic hydraulic ram. The furnace has a sloping reciprocating grate
comprising 11 movable and equally aligned rows of grate bars, made of heatresistant steel alloys. The grate carries the fuel bed forward, by means of
alternating forward and backward movements, from the inlet in the front wall
to the discharge end in the opposite wall, while tumbling the fuel. Every
second row of the grate bars moves periodically with a resting time of about
25–70 s in each move-rest cycle, depending on the load. The bottom ash falls
into a water pit at the end of the grate.
The furnace is operated in such a way so that the height of the fuel bed
formed at the upper part of the grate is about 1 m which is relatively thick
compared to the bed height of many other operating grate furnaces. This thick
bed of fuel guarantees an even distribution of the primary air across the grate.
The approximate distribution of the fuel bed, shown in Figure 3.1, is inspected
through ports in the wall of the furnace.
There are three wind boxes located below the grate from which the primary
air is supplied into the bed, through slots between the grate bars. This furnace
is equipped with secondary and tertiary air supply systems which oxidize the
combustible gases, released from the fuel conversion on the grate, and
entrained fuel particles in the freeboard. Recirculated flue gas is also supplied
through a set of nozzles close to the secondary air ports. The primary,
secondary, and tertiary air flows are all supplied at ambient temperature.
There is a separate boiler installed after the furnace (not shown in Figure
3.1) where the heat of the flue gas is transferred to heat exchangers. In
addition to the furnace and the boiler, there is a multi-cyclone and an
electrostatic precipitator to remove particles before the exhaust gas is emitted
from the stack. At the exit of the furnace, the flue gas has a temperature of
about 1100°C and gets around 150°C when leaving the stack.
Several ports are designed in the furnace wall in order to access the
combustion chamber for carrying out measurements. Locations of these
measuring ports and labels assigned to them are depicted in Figure 3.1. There
is also an inspection port which is referred to as the ‘view-glass’ port here
(shown in Figure 3.1 and 3.4). The measurements carried out in the fuel bed
were made though ports H1–H4 and the view-glass port, whereas the ports B–
G were used for the gas measurements in the freeboard.
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3.1.2 A 12-MW reciprocating-grate boiler in Boxholm
Similar test facility, to the one in Rörvik, with a maximum output capacity of
12 MW, located in Boxholm (Sweden), has been used for hot gas
measurements in the freeboard (no in-bed measurements were carried out in
this furnace). This boiler is equipped with over-fire air, secondary air, and
flue-gas recirculation systems, whose locations are depicted in Figure 3.2.
Flue gas is recirculated through the wind boxes below the grate, in addition to
the lower and upper recirculation.

Figure 3.2. Schematic of the 12-MW reciprocating-grate furnace (Boxholm).

The feeding system forces the fuel into the combustion chamber
approximately every 2 min, and the feeding time is about 20–30 s. Every
second row of the grate bars moves for a few seconds and then rest for about
14 s. The measuring ports in the furnace wall, along the moving path of the
released gases, are labeled A–G.
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3.2 Fuels fired in the furnaces
The original fuels fired in the two furnaces, during the measurement
campaigns, were similar and were mixtures of wood chips, bark, and sawdust.
The fuel was the residual of the sawmill plant and had a relatively high
moisture content (about 53 wt%). The results of proximate and ultimate
analyses (based on ASTM standard methods) of the dry fractions of the fuels,
fired in the 4-MW and 12-MW furnaces, are shown in Table 3.1.
Table 3.1. Proximate and ultimate analyses of the fuels fired in the 4-MW and 12-MW
furnaces (wt%).

Proximate analysis (dry basis)
Fixed carbon (wt%)
Volatile (wt%)
Ash (wt%)

4-MW furnace
(Rörvik)

12-MW furnace
(Boxholm)

19.7
79.7
0.8

19.2
79.4
1.1

Ultimate analysis (% of dry substance)
C
52.4
H
5.9
O
40.6
N
0.19
S
0.022

52.7
5.7
40.3
0.14
0.016

3.3 Analysis instruments
Two non-dispersive infrared (NDIR) and a Fourier transform infrared (FTIR)
gas analyzers were used in this work to quantify various gas species
concentrations in the extracted gas samples. The principles that molecular
vibrations occur in the infrared region of the electromagnetic spectrum, and
functional groups in the chemical compounds have characteristic absorption
frequencies are the basis of these techniques.

3.3.1 Non-dispersive infrared (NDIR) gas analyzer
Type ZRJ (Fuji Electric, Tokyo, Japan) and type NGA 2000 (Rosemount
Analytical, Anaheim, CA) were used to determine the O2, CO, CO2, CH4, and
NO concentrations in the sampled gases. The ZRJ analyzer is capable of
continuous measurements of three components CO (0–100 vol%), CO2 (0–100
vol%), and CH4 (0–100 vol%). The NGA analyzer is capable of measuring NO
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(0–1000 ppm), CO (0–5000 ppm), CO2 (0–100 vol%), and O2 (0–21 vol%).
The sampling gas flow rate for both of the analyzers was approximately 1
L/min and the data-collection frequency was 1 Hz.

3.3.2 Fourier transform infrared (FTIR) gas analyzer
The FTIR used in this work to measure the concentrations of CO, CO2, O2,
NO, and CH4, was type DX-4000 (Gasmet Technologies, Helsinki, Finland)
and its schematic is shown in Figure 3.3. The O2 concentration was quantified
by an integrated zirconium oxide cell.
The Gasmet FTIR analysis system consists of a FTIR gas analyzer and a
portable sampling system (PSS), comprising a portable sampling unit,
temperature-controlled sample lines, and temperature-controlled sample
probe. The Gasmet portable sampling unit is completely heated and includes a
pump, filter element, gas inlets, and a valve for the zero gas. The sampled gas
passes through the heated filters and the heated lines before reaching the
FTIR, and the sampling lines and the sample cell are heated to 180°C to
prevent water vapor condensation. The sampling gas flow rate is about 4
L/min. Nitrogen was used as the zero gas to make a zero calibration for the
Gasmet, with a flowrate of about 2–3 L/min.

Figure 3.3. Schematic of the Gasmet FTIR (taken from [85]).
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3.4 Experimental procedure
3.4.1 Temperature measurements along the height of the fuel
bed through the view-glass port
The temperature distribution along the height of the fuel bed was measured
through the view-glass port using a bent stainless steel probe (diameter, 8 mm)
incorporating a K type thermocouple. These temperature measurements were
carried out while the boiler was operating under condition (1) (Table 3.2). The
bent probe was inserted in the fuel bed through the view-glass port, and was
pushed through the bed towards selected positions on the grate surface. These
positions, labelled P1–P7 in Figure 3.4, were selected to cover the section of
the bed that was accessible to be mapped by the bent probe through the viewglass port.

Figure 3.4. Schematic of positions P1–P7 on the grate surface: positions on the grate are
rough approximations (One of the side walls of the furnace is removed to provide a better
view of the positions); the length of each row of bars is 0.4 m.
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Once the probe was located at a specific position on the grate surface (P 1–
P7), the temperature was recorded when it had stabilized. The probe was then
pulled upwards (about 0.1 m) and the temperature was again recorded. This
procedure was repeated until the probe reached the top of the fuel bed. The
actual position of the bent probe was estimated to be within 0.15 m of the
positions specified in Figure 3.4.

3.4.2 Temperature and gas concentration measurements inside
the fuel bed through the ports H1–H4
Ports H1– H4, were used to access the fuel bed in order to measure the
concentrations of gases (CO, CO2, CH4, and NO) and the corresponding
temperatures. The locations of these measuring ports, labeled H1–H4, are
depicted in Figure 3.1 and 3.4. A stainless-steel probe (diameter, 8 mm)
incorporating a K-type thermocouple was inserted horizontally into the fuel
bed through the measuring ports (H1– H4) and placed at several chosen
locations between the side wall and the center of the grate width (distance
from the side wall, 0.8 m). The gas samples extracted from the fuel bed were
dried and filtered using a gas conditioner to prevent condensation of tars and
water vapor inside the gas analyzers. The dry gas samples were then sent to
the two infrared (IR) spectrometers for quantification of the CO, CO2, CH4,
and NO concentrations. The total residence time of the sampled gas inside the
probe, tubing, and the gas conditioning unit was about 35– 45 seconds. The
presented results are corrected for this delay, i.e., the gas concentrations and
the respective temperatures correspond, with respect to the time. The
measurement time at each position was about 2–5 min. During the
measurements, the probe tip was displaced by the movements of the fuel bed
(about 0.15 m) and therefore after the measurement at each location, the probe
was pulled out from the port. It was then reinserted at the next horizontal
location. To maintain a sufficient gas flow rate, clogging fuel particles were
repeatedly cleared from the probe by blowing pressurized air through it when
it was outside the furnace. Furthermore, before each sampling, the probe was
inserted in the freeboard of the furnace through port F2, located above the fuel
bed, where the temperature was about 900°C, to remove any tar deposits.
Deposits were regularly removed mechanically from the thermocouple.

3.4.3 Temperature and gas concentration measurements of the
hot gas in the freeboard
Two water-cooled stainless-steel suction pyrometers, 1.5 and 4.5 m long, were
used to measure the gas temperature profiles and concentrations of various gas
compounds in the freeboards of the two furnaces. For the measurements in the
freeboard of the 4-MW furnace, the 1.5 m long pyrometer was only used,
whereas both 1.5 and 4.5 m long pyrometers were used in the 12-MW furnace.
As shown in Figure 3.5, the pyrometer has three concentric cylindrical tubes,
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with cooling water passing between the outer tubes and hot gases suctioned
through the center tube. Each probe consists of two thermal regions: one is the
ceramic radiation shield, intended for accurate gas temperature measurements
by preventing the influence of external heat radiation, and the other comprises
the water-cooled tubes used for quenching the extracted gas to prevent any
significant chemical reaction inside the probes.

Figure 3.5. Schematic of the suction pyrometer.

The pyrometer was introduced into the furnace through the measuring
ports A–G and positioned at several locations between the wall and the
furnace width center (the centers of the 4-MW and 12-MW furnace widths are
0.8 and 1.7 m far from the furnace wall, respectively). The gas samples were
then analyzed by the IR and FTIR spectrometers. The measurement time at
each location was about 3–5 minutes. The gas temperatures were measured
using a type-K thermocouple installed in the shielded section of the suction
pyrometer. The accuracy achievable with this method is in the range of a few
°C, provided that a proper gas velocity is maintained. However, the plugging
of the probe with ash deposits can considerably reduce the flow and increase
the error caused by the heat radiation exchange. To deal with this issue, the
ceramic shields were replaced from time to time and the probe was examined
using a vacuum gauge, to continuously monitor the pressure drop through the
suction pyrometer.
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3.4.4 Experimental conditions
The average values of the operating parameters of the two boilers and their
emissions in the exhaust gas during the measurement campaigns, for the paper
I–III (the 4-MW boiler in Rörvik) and IV (the 12-MW boiler in Boxholm), are
presented in Table 3.2 and 3.3, respectively. These values are obtained from
the internal control and monitoring system of the furnace. All the fuel
moisture content values presented in the tables are based on the mass of water
per mass of the wet fuel.
In paper I, the fuel-bed measurements through ports H1– H4 were carried
out under three different operating conditions (denoted 1, 2, and 3). The fuel
feeding rate (load) and the grate movement frequencies were the parameters
which were varied to create the three different test conditions. Operating
conditions (1) and (2), represent the same resting time of the grate (about 35 s)
but different loads; 3.9 and 2.4 MW, respectively, whereas operating
conditions (2) and (3) represent nearly the same load but different resting
times of the grate; 35 and 70 s, respectively.
In paper II, measurements were carried out under three different operating
conditions (denoted a, b, and c). The fuel fired in the furnace during the threeday campaign was a mixture of similar proportions of wood chips, bark, and
sawdust and its moisture content was varied in the 35–70% range. Fuel
moisture (NIR) and water vapor (FTIR) measurements were made
continuously. Gas composition measurements in the fuel bed were made
during periods when the fuel moisture content was stable at 45 or 65%.
Measurements at 45% moisture were made under two furnace operating
conditions, i.e., (a) and (b), on the first and second day, respectively; on the
third day of the campaign, measurements were made at 65% moisture under
condition (c). The average thermal outputs of the boiler under conditions (a),
(b), and (c) were about 2.7, 3.8, and 2.9 MW, respectively. The airflow rates
under conditions (b) and (c) were comparable.
In paper III, the hot gas measurements in the freeboard of the 4-MW
furnace were carried out, while the furnace was operating under an almost
stable condition. Measurements through each port, at different locations, were
carried out continuously for 15–20 minutes (about 1–2 minutes for each
location).
In paper IV, the hot gas measurements in the freeboard of the 12-MW
furnace were carried out under a relatively unstable condition. Measurements
through each port, at different locations, were carried out continuously.
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Table 3.2. Average operational data of the 4-MW boiler and emissions during the
measurement campaign (Paper I–III).
Parameters

Paper I

Paper II

Condition
(1)
(2)

Paper III

(3)

Condition
(a)

(b)

(c)

Fuel moisture (wt%)

53

53

53

45

45

65

53

Load (MW)

3.9

2.4

2.3

2.7

3.8

2.9

3.2

Total

2498

1724

1215

1215

1752

2175

2274

Box 1

958

715

477

516

742

932

906

Box 2

917

646

457

441

636

788

830

Box 3

623

363

281

258

374

455

538

3.6

4

6.7

4.4

5.1

4.9

4

CO (ppm)
(normalized to 5% O2)

8

67

141

4

19

91

8

NO (ppm)
(normalized to 5% O2)

109

82

92

110

71

111

91

Primary airflow rate (m3/h)

Exhaust gas (dry basis)
O2 (vol %)
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Table 3.3. Average operational data of the 12-MW boiler and emissions during the
measurement campaign (Paper IV).
Parameters

Paper IV

Fuel moisture (wt%)

50.5

Load (MW)

7.6
3

Total secondary airflow rate (m /h)

4617

Total airflow rate (m3/h)

11312

Exhaust gas (dry basis)

30

O2 (vol %)

2

CO (ppm, normalized to 5% O2)

10

NO (ppm, normalized to 5% O2)
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4. A simplified drying model
To estimate the drying rate, the drying layer in a hypothetical fuel segment
with a co-current combustion pattern (shown in the right panel of Figure 5.1)
is modeled. In this model, it is assumed that most of the temperature reduction
of the hot gas exiting the high-temperature combustion/gasification zone is
due to the heat of evaporation required to dry the moist fuel. Taking into
account only the heat transfer by the hot gas to the drying layer, the drying
rate can be obtained from the heat exchange rate between the hot gas and the
solid moist fuel. The energy rate balance equation for the drying layer can
therefore be written as:
(𝑞𝑞𝑖𝑖𝑖𝑖 ,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑞𝑞𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 )/ℎ𝑓𝑓𝑓𝑓 = 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒𝑒

(𝟏𝟏)

It is assumed that the liquid water and steam are at the same temperature
and that no energy is required to heat the fuel and its water content; hfg
represents the latent heat of vaporization of water (2260 kJ/kg water) and Revp
denotes the average rate of water evaporation from the surface of the moist
solid fuel (kg water/m2 s). The temperature of the inlet gas to the drying layer
is assumed to be 𝑇𝑇𝑖𝑖𝑖𝑖 (°C) and the outlet gas to be 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 (°C), at atmospheric
pressure. The sensible heat flux, 𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (kW/m2), through the solid–gas
interface (inlet or outlet) can be written as:
𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏 =

𝑇𝑇(𝑖𝑖𝑖𝑖, 𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜)
𝑣𝑣𝑔𝑔𝑔𝑔𝑔𝑔
∑ 𝑦𝑦𝑖𝑖 . ∫
𝑐𝑐𝑝𝑝 ,𝑖𝑖 𝑑𝑑𝑑𝑑
24.5
𝑇𝑇𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (25 °𝐶𝐶)
𝑖𝑖

(𝟐𝟐)

where νgas is the superficial velocity of the gas (m/s) (inlet or outlet)
through the drying layer. The molar volume of an ideal gas is about 24.5
m3/kmol at ambient temperature (25°C) and atmospheric pressure. Based on
the value of the primary airflow rate from primary air box 1, presented in
Table 3.2, νgas can be calculated by the mass balance using N2 as a tracer, as
follows:
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𝑣𝑣𝑔𝑔𝑔𝑔𝑔𝑔 =

(𝑦𝑦𝑁𝑁2 ,𝑎𝑎𝑎𝑎𝑎𝑎 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 )⁄𝐴𝐴
𝑦𝑦𝑁𝑁2 ,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

(𝟑𝟑)

where 𝑦𝑦𝑁𝑁2,𝑎𝑎𝑎𝑎𝑎𝑎 and 𝑦𝑦𝑁𝑁2 ,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 represent the mole fractions of N2 in the
primary air (0.79) and the extracted sample gas, respectively, 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 denotes the
flow rate (m3/s) of the primary air, and A is the cross-sectional area of primary
air box 1. For each component i in the extracted sample gas, 𝑦𝑦𝑖𝑖 is the mole
fraction, approximated by the volumetric gas concentration, and 𝑐𝑐𝑝𝑝 ,𝑖𝑖 (kJ/kmol
K) is the specific heat capacity at constant pressure, which is expressed as a
polynomial function of temperature:
𝑐𝑐𝑝𝑝 ,𝑖𝑖 = 𝑎𝑎 + 𝑏𝑏𝑏𝑏 + 𝑐𝑐𝑇𝑇 2 + 𝑑𝑑𝑇𝑇 3

(𝟒𝟒)

Coefficients a–d are adapted from Poling [86] and can be obtained from
Table 4.1.
Table 4.1. Coefficients of specific heat capacity for different gas compounds (kJ/kmol K).
Compound

a

b × 102

c × 105

d × 107

Range, K

CO

32.52

–3.25

9.83

–1.08

50–1000

CO2

27.10

1.13

12.50

–1.97

50–1000

CH4

37.98

–7.46

30.20

–2.83

50–1000

C6H6

29.52

–5.14

119.00

–16.50

50–1000

H2O

36.54

–3.48

11.70

–1.30

50–1000

H2

23.97

3.06

–6.42

–0.57

50–1000

N2

29.42

–0.22

0.06

0.13

50–1000
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The residence time of the fuel on the grate, 𝜏𝜏, required for complete drying
(s) can be estimated as follows
𝜏𝜏 =

𝑥𝑥 𝜌𝜌 ℎ
𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒

(𝟓𝟓)

Where 𝑥𝑥 is the moisture content of the fuel (wt%), ρ is its initial bulk
density (as the fuel enters the furnace) (kg/m3), and h is the initial height (m)
of the bed on the grate. The rough extent of the drying layer along the grate
can therefore be estimated by associating the residence time of the fuel for
complete drying, 𝜏𝜏, with a specific distance traveled on the grate, 𝑙𝑙 (m):

𝑙𝑙 = 𝜐𝜐 𝜏𝜏

(𝟔𝟔)

The average horizontal velocity of the fuel along the grate, υ, is assumed to
be constant and can be calculated as:
𝜐𝜐 =

𝑚𝑚̇𝑓𝑓
𝜌𝜌 ℎ 𝑤𝑤

(𝟕𝟕)

Where 𝑚𝑚̇𝑓𝑓 is the fuel-feeding rate (kg/s) (Table 3.2) and w (m) is the width
of the furnace.
The inlet and outlet gases consist of the products of pyrolysis, gasification,
and combustion processes, comprising mainly N2, H2O, CO, CO2, and CH4
whose typical dry concentrations can be determined from the measurement
results, presented in section 5.1 (Figure 5.7). The dry compositions are
considered similar in both the inlet and outlet gases throughout the drying
layer. The H2O concentration in the inlet gas is assumed and iterations are
performed until the rate of evaporating water Revp calculated at the assumed
inlet H2O concentration equals the difference between the outlet and inlet
water vapor fluxes.
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5. Results and discussion
5.1 Characterization of the fuel-bed combustion in
the 4-MW reciprocating-grate furnace
5.1.1 Temperature profiles along the height of the fuel bed
The temperature profiles at several bed heights, measured through the viewglass port, are presented in the left panel of Figure 5.1. The temperature
measured close to the grate (0–0.1 m from the grate surface) is mainly in the
600–1200°C range. The highest bed temperatures are recorded at a distance of
about 0.1 m from the grate. At a distance of about 0.2 m from the grate, the
temperature varies in the 200–600°C range (except for P1). In a thick layer
between 0.3 m to 0.9 m from the grate, the temperature is about 80°C and at
the top of the bed reaches around 600°C, as the fuel bed is heated up by the
over-bed radiation from the secondary combustion zone.
These temperature profiles provide an overview of the combustion pattern
inside the fuel bed. The high temperatures within a layer of about 0.1 m from
the grate surface at most of the positions, provide clear evidence that intense
combustion takes place close to the grate surface. The incoming oxygen is
consumed by the high temperature combustion zone and since the temperature
is high, heterogeneous gasification reactions start (above the combustion
zone). The temperature of less than 600°C at a distance of 0.2 m indicates that
the combustion/gasification reactions have already terminated below this
point. In the layer above the combustion/gasification zone, heat-up, pyrolysis,
and drying of the fuel take place and terminate approximately below 0.3 m
from the grate. The further sharp decrease of the temperature to about 80°C at
a distance of about 0.3 m from the grate is mainly due to the heat of
evaporation required to dry the highly moist fuel (53 wt%). The constant
temperature of about 80°C over a thick layer of the fuel bed is associated with
the dew point temperature of the moist released gas from the conversion
zones. That is, the hot gases from the combustion zone near the grate move
upward through the drying zone, gradually cooling due to the required heat of
evaporation, and simultaneously becoming more humid until the dew point is
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reached. The gas temperature remains unchanged throughout the thick layer of
moist fuel above the drying zone until the gases approach the hot top layer of
the bed.
The rough distribution of different conversion zones (i.e.,
combustion/gasification, pyrolysis (and heat-up), and drying) along the height
of a hypothetical segment of fuel bed is depicted in the right panel of Figure
5.1, based on the temperature distributions along the bed height. However,
there are no strict boundaries between different processes zones and they can
overlap.

Figure 5.1. Schematic of the temperature profiles along the bed height at positions P 1–P7
(in the left panel), and distribution of different conversion zones in a hypothetical segment
of the fuel bed (in the right): the fuel-bed height is 1 m.

Figure 5.2 shows an image of the grate from beneath the second row of the
grate bars. The glowing red colors of the grate are in line with temperature
measurements, showing that the char combustion is taking place on the grate.
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Figure 5.2. Image of the second row of grate bars seen from beneath, captured by the
camera installed at the glass window in the rear of the furnace.

5.1.2 Distribution of different conversion zones along the grate
As the char combustion is controlled by the availability of oxygen, an even
combustion layer is assumed to exist along the grate, with similar primary air
flow rates. Drying the fuel requires a certain amount of heat released from the
char combustion. Therefore, drying of the highly moist fuel is expected to be
completed on the grate far from the fuel inlet. The extent of the drying zone
along the grate is estimated, based on the simplified model of the drying layer
in the hypothetical fuel segment. Applying equations 1–3 and the input
parameter values of Table 5.1 gives the average drying rate, Revp, of the fuel
under condition (a). The calculated drying rate is in the range 0.0211–0.0235
kg water/m2s corresponding to a drying time of about 93–104 min for a fuel
with 45% moisture under condition (a). From equation 7, the average velocity,
υ, of this fuel is calculated to be about 0.54 mm/s, corresponding to a total
residence time of about 150 min on the grate (equation 6), given a grate length
of 4.5 m. This means that the drying layer occupies about 63–70% of the total
grate length. Figure 5.3 is a sketch of the fuel bed of 53% moisture, showing
the extent of the drying zone along the grate as estimated by the model. The
results are presented as different 1D segments of fuel being transported along
the grate at a constant speed.
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Table 5.1. Input parameters of the drying model.
Input parameter

Value

Description

Grate width (W)

1.7 m

Given by the plant operator

Cross-sectional area of box 1 (A)

1.7 m2

Given by the plant operator

Primary airflow rate of box 1 (𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 )

0.14 m3/s

Table 3.2, Condition (a)

Fuel-feeding rate (𝑚𝑚̇𝑓𝑓 )

0.25 kg/s

Table 3.2, Condition (a)

Wet bulk density of fuel (ρ)

320 kg/m3

Measured in the lab

Initial height of bed on the grate (h)

about 0.9 m

Visual inspections

Temperature of inlet gas (𝑇𝑇𝑖𝑖𝑖𝑖 )

400°C

Assumed

about 80°C

Measured

Temperature of outlet gas (𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 )

Inlet/outlet dry gas composition (𝑦𝑦𝑖𝑖 )
[𝑦𝑦CO , 𝑦𝑦 CO2 , 𝑦𝑦 CH4 ]
𝑦𝑦 N2

Measured under condition (a)
[0.17, 0.13, 0.03]
0.7

Average values (Figure 5.7)
Calculated

Figure 5.3. Sketch of the fuel bed showing the extent of the drying layer along the grate,
estimated by the model; the char conversion, pyrolysis (and heat-up), drying, and inert fuel
zones are represented in red, yellow, green, and blue, respectively.
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5.1.3 Transient release of water vapor from the fuel bed
Figure 5.4 shows the moisture content of the fuel and the flue gas water vapor
concentration versus time, measured online using NIR and FTIR
spectrometers, respectively. The response of the flue gas water vapor to the
decrease in fuel moisture at 11:00 a.m. was detected (by FTIR) at around 1:00
p.m. (i.e., with a 120-min delay), while the increase in the fuel moisture at
1:15 p.m. was reflected in the flue gas at about 2:50 p.m. (i.e., with a 95-min
delay).

Figure 5.4. Moisture content of the fuel and the flue gas water vapor concentration versus
time, measured online using NIR and FTIR spectrometers; the corresponding primary
airflow rate and the thermal output of the boiler are shown in the upper panel.

38

These significant delays in the response of the flue gas to the fuel moisture
change can be explained by the distribution of different conversion zones in
the fuel bed. The response to a change in fuel moisture could be expected to
be delayed by an amount of time equaling the complete drying time for the
less moist fuel in the bed. This is valid both for a change from less moist to
wetter fuel or for the reverse. The drying rates of the consecutive moist fuel
segments are expected to be approximately equal, even though the segments
contain fuel of different moisture contents. This is because the amounts of heat
supplied to the drying fronts by the char combustion zone are approximately
equal, being controlled by the primary airflow rate. Therefore, even if the
moisture content of the fuel being fed is changed, similar amounts of water
vapor are still released from two consecutive fuel segments with different
moisture contents. Hence, the drying front of the segment containing less
moist fuel reaches the bed surface earlier than does that of the wetter one. At
that point in time, the water vapor concentration in the flue gas will start to
change in response to the fuel moisture change. The segment containing the
less moist fuel has then become completely dried and releases no more water
vapor through the drying zone.

Figure 5.5 a) The moisture content of the fuel during different time intervals and the
corresponding modeled water vapor concentration in the flue gas, versus time (time zero is
assigned to 10:40 a.m.). b) The graph of the flue gas water vapor concentration from the
left panel (a) is superimposed on the corresponding one derived from the FTIR
measurements.

Figure 5.5(a) shows the moisture content of the fuel during different time
intervals; the corresponding average concentration of water vapor in the flue
gas is calculated, based on the elemental composition and moisture content of
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the fuel together with the oxygen concentration in the flue gas, and is also
shown. The approximate drying times, 𝜏𝜏, of the fuel beds with 46 and 39%
moisture contents (i.e., the less moist fuels in the two changing intervals) are
about 117 and 92 min, respectively, according to the drying model. These
calculated drying times are considered the delay times of the flue gas response
to the decrease and increase in the fuel moisture content, respectively, and are
shown in Figure 5.5. In Figure 5.5(b), the graph of the estimated flue gas
water vapor concentration, i.e., Figure 5.5(a), is superimposed on the
corresponding graph derived from FTIR measurements. As can be seen, the
modeled drying of the fuel bed is coherent with the changing trend of the flue
gas water vapor concentration in response to the fuel moisture change.

5.1.4 Effect of primary air flow
Distributions of temperature and the corresponding gas concentrations in the
horizontal cross-section of the fuel bed through ports H1–H4 (at eight locations
through each port) at the three operating conditions (1), (2), and (3) are
presented in Figure 5.6. All concentration values of the gases CO, CO2, CH4,
and NO presented here are volumetric and on a dry basis.
As shown in Figure 5.6, the temperature measured at the probe tip is
mostly around 80°C. This is in line with the results from the view-glass port
measurements, which showed that the temperature is generally about 80°C at a
distance of 0.3 m from the grate and higher (where ports H1–H4 are located).
However, a local disruption of the fuel bed may occur where the combustion
zone is extended upwards. That is why high temperatures (up to about 800°C)
can also be observed at some locations (Figure 5.6). Most of the locations with
high temperatures at ports H1–H3 are positioned close to the side wall (0.1–0.4
m from the side wall). In some cases, it was observed that a mid-section of the
probe (about 2–10 cm of the probe length) was heated locally by the hot fuel
bed. This might cause changes in the composition of the gas passing through
the probe from these sampling locations and thus these data on gas
compositions are indicated by filled markers in Figure 5.6.
The oxygen concentration profiles at ports H1–H4 depict close to zero
concentrations at most locations, as expected. Non-zero oxygen concentrations
can also be observed with remarkably high values (about 10–18 vol%) at a
few locations, particularly for condition (1), and with low values of less than 5
vol% at some other locations. The oxygen level is zero at most of the locations
because the oxygen supplied with the primary air is consumed in the
combustion layer. High oxygen concentrations at some locations may be due
to a lack of good sealing between some of the grate bars due to cracks, caused
mainly by mechanical wear and high temperature degradation. Air leaking
through the grate intensifies the combustion process locally. That is why most
of the locations with high temperatures at ports H1–H3, are positioned close to
the side wall (0.1–0.4 m from the side wall).
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Figure 5.6. Profiles of temperature and gas species concentrations measured at ports H 1–
H4 at different locations under conditions (1), (2), and (3).
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The average values of CO concentration at conditions (1), (2), and (3) are
about 23 vol%, 16 vol%, and 16 vol%, respectively (excluding filled data
markers). The corresponding values for CO2 concentration are about 9 vol%,
12 vol%, and 14 vol%. The concentration of CH4, as the main gaseous CHcompound, varies between 1 and 3.2 vol%. NO concentration ranges from 10
to 150 ppm at conditions (1) and (2), excluding filled data markers, whereas it
is around 200 ppm at condition (3).
It is generally believed that a higher flow rate of primary air improves the
char combustion close to the grate. This increases the rate of heat transfer
along the bed height (in the vertical direction) and therefore, the gasification
reactions accelerate; some portions of CO2 produced from char combustion are
consumed by the gasification zone, producing more CO. This might be the
reason that in this study CO2 concentration decreases with increasing air flow
rate, while CO concentration increases relatively, in the order of condition (3),
(2), and (1). High CO, low CO2, and high temperature values recorded close to
the side wall, where the air flow is high due to leakage from the grate, are in
agreement with the above-mentioned effect of primary air flow on bed
combustion.
Figure 5.6 shows an increasing trend for NO concentration in the fuel bed
in the order of condition (1), (2), and (3), successively. It is difficult to
interpret this behaviour without having information about the concentrations
of NOx precursors (mainly NH3 and HCN). However, it is possible to
speculate on the basis of previous studies: at low bed temperatures, nitrogen is
favorably retained in the char, later forming NO in the combustion zone near
the grate (leading to more NO production in the fuel bed), while at high
temperatures, NO is mainly released as volatiles and leaves the fuel bed.

5.1.5 Effect of fuel moisture content
Figure 5.7 shows the temperatures and concentrations of the gas compounds
CO, CO2, CH4, and NO in the fuel bed at moisture contents of about 45%
under conditions (a) and (b) and of about 65% under condition (c). The left
and right panels show the values measured near the side wall (y = 0.2 m) and
the centre of the furnace width (y = 0.8 m), respectively. The values recorded
in each position, throughout the measurement time (about 2–4 min), are
presented in bars to show their deviation from the average value.
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Figure 5.7. The temperatures and concentrations of the gas compounds within the fuel beds
for fuels with moisture contents of about 45% under conditions (a) and (b) and of about
65% under condition (c); The values recorded at each position, are presented in bars. The
left and right panels show the values measured near the side wall (y = 0.2 m) and the
centre of the furnace width (y = 0.8 m), respectively.
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For the fuels with approximate moisture contents of 45% (under condition
(a)) and 65%, the temperatures measured through the ports mainly varied
between 80 and 86°C, occasionally reaching about 500°C near the side wall at
ports H1 and H2. The average composition of the gas sampled from the bed of
lower-moisture-content fuel (45%) was about 17.5% CO, 12.7% CO2,
3.1% CH4, and 60 ppm NO under condition (a) and 22% CO, 11.5% CO2,
4.4% CH4, and 58 ppm NO under condition (b). The corresponding
composition of the gas sampled from the bed of higher-moisture-content fuel
(65%) was about 14% CO, 13.5% CO2, 2.2% CH4, and 74 ppm NO under
condition (c).
The increase in the fuel moisture content from 45 to 65% was thus
accompanied by decreasing CO and CH4 concentrations and increasing CO2
and NO concentrations. The difference between the gas compositions at the
two moisture contents might have also been caused by the different attained
temperatures of the conversion zones in the bed, as the difference between the
gas compositions at the different primary air flows. That is, the decrease in the
moisture content of the fuel from 65 to 45% might have resulted in the
elevation of the fuel-bed temperature and consequently the pyrolysis and
gasification rates. The higher temperature achieved in the fuel bed promoted
the reduction of CO2 in the gasification zone through the Boudouard reaction
(i.e., C + CO2 = 2CO). On the other hand, higher releases of CO, CO2, and
CH4 (the main gas products of the pyrolysis process) are expected in the
pyrolysis zone. Therefore, the overall outcome was increased CO and CH4 and
slightly decreased CO2 concentrations in the bed of lower-moisture-content
fuel (45%).

5.2 Experimental characterization of hot gas in the
freeboard of the 4-MW reciprocating-grate furnace
5.2.1 Temperature and gas concentration distributions along the
centerline of the whole furnace
Figure 5.8 shows the schematic of the furnace including the measuring ports
G–B in the wall of the furnace, in both primary and secondary chambers,
through which the freeboard was accessed. The rough sketch of the fuel bed
and the estimated distribution of different conversion zones are depicted in the
figure, as well. The temperature distribution along the centerline of the furnace
(in the freeboard) from ports G to B, measured by means of a water-cooled
stainless steel suction pyrometer, is shown in the left panel of Figure 5.9. In
the right panel of the figure, the corresponding concentration profiles of O2,
CO, and NO are shown. The concentrations of NO and CO are normalized to
dry gas with 13 vol% of CO2 + CO + CH4 (main carbon-containing
components). The motivation for normalizing the data to the main carbon
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containing components is to facilitate the comparison of gas concentrations,
such as NO, from different positions.

Figure 5.8. Schematic of the furnace including the measuring ports through which the hot
gas in the freeboard (G–B) was accessed; the fuel bed and the estimated distribution of
different conversion zones are depicted.

Figure 5.9. Temperature (left panel) and gas concentration (right panel) distributions
along the centerline of the furnace; the concentration values of NO and CO are normalized
to dry gas with 13 vol% CO + CO2 +CH4.
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The temperatures measured in the centerline of the furnace through ports G
and F3 are similar, with an approximate value of 950°C. This relatively high
temperature is probably due to the injection of the secondary air, which
enhances the mixing and oxidation of the combustibles. The O2 concentration
at port G is higher (about 5 vol%) than port F3 (about 3 vol%), possibly
because port G is closer to the ash burnout region, where the primary air is not
fully consumed and leaves the fuel bed. For both of the ports, CO and NO
concentrations are around 4 vol% and 50 ppm, respectively.
As there is a short distance between the locations of the ports F2 and F1 and
the bed surface, the gases measured through these two ports can, to some
extent, be representative of the released gases from the fuel bed beneath. The
gas temperatures measured through these two ports are relatively low and
about 700°C, and O2 concentration at ports F2 and F1 are about 6 and 12 vol%,
respectively. The high O2 concentration and low temperature measured
through these two ports (especially port F1) are in line with the assumed
distribution of the conversion zones in the fuel bed; that the char combustion
zone has not yet been well-stablished below these ports. Lack of good mixture
between oxygen and released volatiles in this region leads to a lower
conversion of the fuel nitrogen into NO, having a value of about 20 ppm.
As can be seen in Figure 5.9, the temperature measured through ports E
and D2 is about 1000°C, and the value of measured NO is about 60 ppm. In
this section the gases which leave the fuel bed beneath, mix with the hotter gas
coming from further down the grate. The higher local temperature measured
through these ports compared to the values measured through ports F1 and F2
is the result of the heat released by oxidation of CO, hydrocarbons, hydrogen,
and soot. The significant rise in NO concentration from ports F1/F2 to port E,
indicates that NO is formed in the transition section between the primary and
secondary combustion chambers, mainly by oxidation of N-volatiles.
Downstream from port D2, the hot gas goes through the tertiary air
passage, where CO and organic species burn out as a result of the well-mixed
and oxidizing atmosphere. Therefore, CO concentration drops to a value of 0.6
vol% at port C, located in the downstream region from the tertiary air passage.
At port B2, temperature and O2 values have leveled out to about 1100°C and 7
vol%, respectively, as a result of further mixing downstream from port C. CO
concentration at port B2 is about 2200 ppm and NO concentration is about 80
ppm.
CO oxidation continues in the vertical shaft of the boiler, downstream from
port B2, and reaches about 10 ppm in the stack gas. Overall, the progress of
combustion inside the furnace along the secondary chamber is implied by the
growing temperature and the reducing CO concentration along the path from E
to B.
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5.2.2 Correlation between NO/O2 and NO/temperature
Figure 5.10 depicts the correlations between NO and O2 as well as NO and
temperature at ports G, F2, and D2, which are chosen to represent the gases
from three different sections of the furnace. For each port, the 1 Hz data from
positions 0.3–0.9 m from the side wall are displayed as time series, where
each curve represents about 1–2 minutes. These correlation plots facilitate the
interpretation of the measured values, and also indicate the fluctuations of the
time series.

Figure 5.10. Correlations between NO and O2 (left panel) as well as NO and temperature
(right panel) at ports G, F2, and D2; the concentration values of NO are normalized to dry
gas with 13 vol % CO + CO2 +CH4.

47

At port G, no distinct correlation can be observed between either NO and
O2, or NO and temperature. This is because most of the volatiles have already
been released from the fuel bed, and NO is mainly being formed from char
nitrogen in the fuel bed. At port F2, an overall positive correlation can be
observed between NO concentration and temperature. At F2 the temperature is
rather low, and the correlation exposes the kinetics of the conversion of Nvolatiles, which indicates that temperature is the limiting factor for NO
formation in this section. The negative correlation between NO and O2
concentrations merely displays the effect of temperature, that is, the
temperature is reduced when more air is introduced to the flue gases. At port
D2, there is a positive correlation between NO and O2, which implies that in
the high temperature transition section between the primary and secondary
combustion chamber, the O2 concentration is the limiting factor for oxidation
of N-volatiles. The overall negative correlation between NO and temperature
at port D2 is probably due to the cooling effect when more air is introduced,
but the higher temperature will not inherently cause the reduction in NO.

5.3 Experimental characterization of hot gas in the
freeboard of the 12-MW reciprocating-grate
furnace
5.3.1 Temperature and gas concentration profiles
The average (3–5 minute mean value) temperature and concentration profiles
of CO, O2, and NO throughout the 12-MW furnace are shown in Figure 5.11,
at different distances from the side wall. CO and NO concentrations have been
normalized to 13% of the main carbon-containing components (i.e., CO2 + CO
+ CH4) measured in the sampled gas. Several correlations can be found in
Figure 5.12 (ports G1, E1, and B). For convenience in interpreting the data and
for readability, three regions in the freeboard can be defined based on the
boiler geometry:
The “O2-rich region,” which starts above the lower part of the grate (below
port G3) and extends to about port G1, is dominated by gas from the primaryair wind boxes. Here the primary air passes through the ash burnout zone of
the fuel bed, and only a fraction of the oxygen is expected to be consumed by
the oxidation of the residual char.
The “Mixing region” (including ports D, E1, E2, and F) is where the fuelrich gases from the drying, devolatilization, and char combustion zones of the
fuel bed mix with the gases from the O2-rich region.
The “Burnout region” (ports C, B, and A) is where gases reach a
sufficiently high combustion temperature and residence time, while
undergoing internal mixing through turbulence, to ensure almost complete
burnout of the combustibles.
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Figure 5.11. Profiles of temperature, and concentrations of CO, O2, and NO at various
measuring ports in the furnace. The concentrations of NO and CO are normalized to dry
gas with 13 vol% of CO + CO2 + CH4.

According to the temperature profiles at G2 and G3 (Figure 5.11), the
temperature range was approximately 400–700°C. The oxygen concentration
at G2 and G3 was always above a minimum of approximately 13%, and the CO
concentration was always below 3000 ppm. The comparatively low
temperatures could be attributed to the excessively lean conditions at these
ports. Unexpectedly, at G2 and G3, the NO concentration was fairly high. This
might be because flue gas was recirculated through the wind boxes below the
grate and through the flue-gas recirculation ports located immediately below
G1 and G2, and the NO concentration measured at these ports could have been
influenced by the recirculating flue gas. Moving from port G2 to G1, Figure
5.11, reveals a sharp upsurge in the gas temperature, peaking at 870°C (y =
900 mm). At port G1, the average CO concentration was 8000–20000 ppm (in
almost the same range as the CO concentration at the mixing-region ports) and
NO was 65–73 ppm. As can be seen in Figure 5.12, there was a negative
correlation between CO and O2 concentrations, a positive correlation between
NO and O2, while there was no obvious correlation between the CO and
temperature, or O2 and temperature.
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Figure 5.12. The correlations found at ports G1, E1, and B. The concentrations of NO
and CO are normalized to dry gas with 13 vol% CO + CO2 +CH4.
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In the Mixing region (i.e., ports D–F), oxidation of the combustibles
resulted in comparatively high temperatures of 800–1150°C (Figure 5.11). The
relatively low temperatures measured at E2 and F can be attributed to the
proximity of these ports to the fuel bed, i.e., cool gases released from the
drying and devolatilization zones reduced the local temperature. In the mixing
region, CO concentrations peaked at approximately 6 vol%, O2 concentrations
were approximately 1–4 vol%, and NO concentrations were 45–120 ppm, at
the various probe positions. The relatively high concentrations of both CO and
O2 in this region were due to the short residence time and progressive mixing
of the gases from the fuel bed with the gases from the O2-rich region and the
secondary air ports. On account of the high-velocity gas flow in this region,
further CO oxidation cannot be achieved in the mixing region. As can be seen
in Figure 5.12 at port E1, there was a negative correlation between CO and O2
concentrations, a positive correlation between NO and O2 and between NO
and temperature, while there was no clear correlation between the CO and
temperature, or O2 and temperature.
According to Figure 5.11, a sudden increase in gas temperature was
observed when the gases left the primary chamber and arrived at port C, where
the temperature was approximately 1100–1200°C. The CO concentration
rapidly decreased when the gas traverses the area near the lower secondary air
ports and entered the secondary chamber where upper secondary air was also
added from the top. Compared with the CO concentrations in the primary
chamber, the comparatively low CO concentration at port C, peaking at
approximately 1 vol%, supported the significant effect of the secondary air
injection at the threshold of the secondary chamber. In fact, the introduction of
the lower secondary air ensured proper mixing conditions, facilitating the
combustion. The local mean concentration of NO at port C was 87–122 ppm.
Combustibles moved past the upper secondary air ports to reach port B and
then port A. The distance between ports C and B gave the combustibles
enough time to mix with the added upper secondary air, which resulted in
intensified CO oxidation, forming the high-temperature zones at ports B and
A. The temperature at these two ports, as shown in Figure 5.11, leveled out at
approximately 1200°C. CO and NO concentrations at ports B and A were
below 0.5 vol% and 112 ppm, respectively. The O2 concentration increased at
port A; therefore, under the lean combustion conditions at this port further CO
oxidation was achieved resulting in CO concentrations below approximately
100 ppm. The CO concentration kept decreasing on the way from port A to the
furnace exit, dropping to a negligible level of approximately 10 ppm on
average in the dry flue gas leaving the stack.
Shown in Figure 5.12 at port B, there was an inverse correlation between
CO and O2 and temperature and O2, and a positive correlation between NO
and O2. The same correlations as already described for port B were found at
ports C and A.
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6. Conclusions
The conversion zones were characterized in two reciprocating-grate furnaces,
with 4 and 12 MW maximum thermal outputs, firing wet woody biomass,
mainly by measuring the temperature and gas concentration distributions. The
measurements in the freeboard were conducted in both of the furnaces.
However, characterization of the fuel-bed combustion was carried out only in
the 4-MW furnace, in which the influence of two parameters, i.e., the fuel
moisture and the primary airflow rate, on the fuel-bed conversion was
investigated.
Measurements in the fuel bed of the 4-MW furnace were carried out by
means of a stainless steel probe incorporating a K-type thermocouple. High
temperatures within a layer of about 0.1 m from the grate surface indicated the
existence of a combustion layer at the bottom of the fuel bed (co-current
combustion pattern), evenly distributed along the grate surface. A constant
temperature of about 80°C was observed over a thick layer of the fuel bed,
which was associated with the dew point temperature of the moist combustion
gas. The drying rate of the moist fuel was calculated by the model to be about
0.0211–0.0235 kg water/m2s, under a certain condition. Therefore, the drying
layer of the moist fuel was estimated to occupy almost two-thirds of the total
grate length. The increase in the primary airflow rate was accompanied by
increasing CO concentration and decreasing CO2 and NO concentrations in
the fuel bed. Similar trend in the gas concentrations of CO, CO2, and NO in
the fuel bed, was observed when decreasing the fuel moisture content (from 65
to 45%). This trend might have been caused by the higher attained temperature
of the conversion zones in the fuel bed, when increasing the primary airflow
rate or decreasing the fuel moisture content.
Measurements of the temperature and gas concentration profiles in the
freeboards of the two furnaces were carried out by means of a water-cooled
stainless-steel suction pyrometer. For both of the furnaces, the temperature
varied mainly in the 600–1000°C range in the primary combustion chambers,
and reached about 1100–1200°C in the secondary chamber. The higher
temperature at the secondary chamber, compared to the primary chamber, was
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the result of the heat released by oxidation of the combustibles in a well-mixed
atmosphere. A significant rise in NO concentration was observed in the
transition sections between the primary and secondary combustion chambers
of the furnaces. This indicated that considerable amount of NO was formed in
the transition section, mainly by the oxidation of N-volatiles. There was a
positive correlation between NO and O2 at the ports in the secondary
combustion chambers, which implied that in this high temperature region, the
O2 concentration was the limiting factor for oxidation of N-volatiles.
Therefore, it is vital to improve the mixing condition in the secondary
combustion chamber to decrease the availability of oxygen while ensuring the
complete burnout of the combustibles.
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Future work
It is suggested that several issues be studied in further research, as outlined
below:
1) It would be of great interest to improve the current extractive probe
sampling method to be able to access more sections of the fuel bed (both
inside it and on its surface), especially farther down the grate where there are
no measuring ports. This could provide more information about the gas
concentration profiles along the fuel bed and about the conversion zones
distribution.
2) Experimental investigation of wood combustion in the grate boilers in this
study was limited to measurements of temperature and concentrations of CO,
CO2, CH4, O2, and NO gas components. It would be beneficial to develop the
measurement system to quantify other gas compounds, especially the NOx
precursors NH3 and HCN. This could improve our understanding of the
formation of pollutants (e.g., NOx) in both the fuel bed and the gas phase.
Furthermore, being able to measure the moisture content of the combustion
gas could allow us to better predict the distribution of the conversion zones
inside the fuel bed.
3) Fuel particles from the bed could be sampled from the measuring ports. The
results of proximate and ultimate analyses of the sampled fuel particles could
provide valuable information about the processes occurring inside the bed.
4) A laboratory-scale test rig with a combustion zone at the bottom could be
designed to investigate the effects of the operating parameters under more
controlled conditions. Measurement results from such a system could be
compared with those from the full-scale system, which could reveal the main
features and limitations of the experimental data on small-scale fixed-bed
combustion.
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5) The thorough modeling of wood combustion in such grate furnaces,
including both fuel-bed and gas-phase combustion, could be carried out by
experts and validated based on the comprehensive experimental results of the
fuel-bed and freeboard measurements presented here.
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Summary of papers
I. Measurements of temperature and gas composition within the burning
bed of wet woody residues in a 4MW moving grate boiler
The temperature and gas species concentrations within a thick burning bed of
wet woody biomass were measured in a 4-MW reciprocating-grate boiler.
Measurements were made under three different operating conditions through
ports located in the wall of the furnace using a stainless steel probe
incorporating a thermocouple. Temperatures of about 1000°C were measured
near the grate, indicating intense combustion at the bottom of the fuel bed. The
temperature distribution along the bed height indicated that different stages of
the combustion process take place in horizontally adjacent layers along the
grate. Higher flow rates of the primary air resulted in relatively higher CO and
relatively lower CO2 and NO concentrations in the fuel bed.
II. Study of the transient release of water vapor from a fuel bed of wet
biomass in a reciprocating-grate furnace
This study investigated how sudden changes in fuel moisture affected the
combustion characteristics of the fuel bed in a 4-MW reciprocating-grate
furnace. The moisture content of the fuel fed to the furnace was monitored
online using NIR spectroscopy, and the water vapor concentration in the flue
gas was measured continuously. To obtain experimental data on fuel-bed
conditions, the temperature and gas composition in the bed were measured
using a probe. A simplified drying model was developed using the measured
gas composition values as inputs. The model was then used to estimate the
drying rate and to simulate the extent of the drying zone along the grate.
Measurements indicated that a change in the moisture content of the fuel fed
to the furnace was detected as a change in water vapor concentration in the
flue gas with a delay of about two hours. The model predicted that a portion of
wet fuel would need about two hours to become dry, in line with the measured
time delay of the water vapor concentration change in the flue gas.
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III. Characterization of hot gas in a 4MW reciprocating-grate boiler
The main objective of this study was to investigate the composition and
temperature of the hot gas in the freeboard of a 4-MW reciprocating-grate
furnace. An extensive series of measurements was carried out, and the
samples, which were drawn through different ports by means of a watercooled stainless steel suction pyrometer, were analyzed for temperature and
for O2, CO, and NO concentrations. The results indicated that the average NO,
CO, and O2 concentrations in the gas phase during fuel combustion were 40
ppm, 3.5 vol%, and 6.5 vol%, respectively, in the primary chamber and 80
ppm, 1.1 vol%, and 6 vol%, respectively, in the secondary chamber. Detailed
gas species and temperature distributions were discussed, which could provide
good opportunities for the control of emissions.
IV. An experimental study of combustion and emissions of two types of
woody biomass in a 12-MW reciprocating-grate boiler
In this study, gas temperatures and concentrations were measured in a 12-MW
reciprocating-grate furnace. Temperature measurement was combined with
gas quenching and sample gas extraction using two water-cooled stainlesssteel suction pyrometers. The concentration profiles of O2, NO, and CO were
experimentally determined throughout the furnace, and the profile gas
temperature was measured in several positions inside the furnace for the two
types of woody biomass studied. For both fuels, the gas temperature varied
between approximately 450°C (average primary chamber temperature) and
1200°C (average secondary chamber temperature). The concentration profiles
of CO and O2 suggested no conclusive difference between the two types of
biomass. However, the local mean concentrations of NO and NOx emission
factors (measured in the stack) were higher for “Greenery fuel” due to its
higher nitrogen content than that of “Standard fuel.”
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