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$EVWUDFW
The firing of fuel wood has been identified as one of the main causes of pollutant emissions from small-scale
(<100 kW) combustion of wood fuels. The emissions are a result of insufficient combustion efficiency. This
thesis presents a new measurement method to analyse the thermochemical conversion of biofuels in general,
as well as to explain the main reason of the inefficient combustion of fuel wood in particular.

In general, small-scale combustion of biofuels are carried out by means of packed-bed combustion (PBC)
technology. A comprehensive literature review revealed that textbooks, theories, and methods in the field of
thermochemical conversion of solid fuels in the context of PBC are scarce. This author needed a theoretical
platform for systematic research on PBC of biofuels. Consequently, a new system theory – the three-step
model – was developed, describing the objectives of, the efficiencies of, and the process flows between, the
least common functions (subsystems) of a PBC system. The three steps are referred to as the conversion
system, the combustion system, and the heat exchanger system (boiler system). A number of quantities and
concepts, such as solid-fuel convertibles, conversion gas, conversion efficiency, and combustion efficiency,
are deduced in the context of the three-step model. Based on the three-step model a measurement method
was hypothetically modelled aiming at the central physical quantities of the conversion system, that is, the
mass flow and stoichiometry of conversion gas, as well as the air factor of the conversion system. An
uncertainty propagation analysis of the constitutive mathematical models of the method was carried out. It
indicated that it should be possible to determine the mass flow and stoichiometry of conversion gas within
the ranges of relative uncertainties of ±5% and ±7%, respectively. An experimental PBC system was
constructed, according to the criteria defined by the hypothetical method. Finally, the method was verified
with respect to total mass flow of conversion gas in good agreement with the verification method. The
relative error of mass flow of conversion gas was in the range of ±5% of the actual value predicted by the
verification method.

One experimental series was conducted applying the new measurement method. The studied conversion
concept corresponded to overfired, updraft, horizontal fixed grate, and vertical cylindrical batch reactor. The
measurements revealed new information on the similarities and the differences in the conversion behaviour
of wood chips, wood pellets, and fuel wood. The course of a batch conversion has proven to be highly
dynamic and stochastic. The dynamic range of the air factor of the conversion system during a run was 10:1.
The empirical stoichiometry of conversion gas during a run was CH3.1O:CH0O0. Finally, this experimental
series revealed one of the main reasons why fuel wood is more difficult to burn than for example wood
pellets. The relatively dry fuel wood (12-31 g/m2,s) displayed a significantly lower time-integrated mean of
mass flux of conversion gas than both the wood pellets (37-62 g/m2,s) and the wood chips (50-90 g/m2,s).
The higher the mass flux of conversion gas produced in the conversion system, the higher the combustion
temperature for a given combustion system, which in turn is positively coupled to the combustion efficiency.

In future work the method will be improved so that measurements of combustion efficiency can be carried
out. Other types of conversion concepts will be studied by the method.

.H\ZRUGV� Packed-bed combustion, thermochemical conversion of biomass, solid-fuel combustion, fuel-
bed combustion, grate combustion, biomass combustion, gasification, pyrolysis, drying.
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3K\VLFDO�4XDQWLWLHV

6\PERO�RI�TXDQWLW\ 0HDQLQJ 6,�XQLWV
9 volume m3

ε porousity, relative
uncertainty

m3 of void/m3

total
ρ density kg/m3

υ volume fraction m3 of i/m3 tot
ω mass fraction kg of i/kg tot
η efficiency -
λ air excess number -
χ molar fraction mol of i/mol tot
A area m2

C concentration mol/m3

K enthalpy, heat of reaction J/kg or J/m3

m mass kg
M mole weight g/mol
n amount of substance mol
T amount of heat J
3 absolute pressure Pa, N/m2

U radial distance m
W time s
7 temperature K, °C
u velocity m/s

6XEVFULSW

6\PERO 0HDQLQJ
a(s)(r) air (stoichiometric)(real)
amb ambient
Ar argon
b bed
C carbon
cg conversion gas
ch charged
com(s) combustion (system)
c(s) conversion, combustion (system)
d dry basis
eor end of run
fg(r) flue gas (real)
fu fuel fraction
HHV higher heating value, calorific heating value
H hydrogen
i the ith specie
if ignition front
ig interstitial gas
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LHV lower heating value, effective heating value
og off-gas
O, O2 oxygen
p particle
pa(r) primary air (real)
sa(r) secondary air (real)
sf(d) solid fuel (dry)
(c)sfc (converted) solid fuel convertibles
tot total
w wet basis
x stoichiometric coefficient for C
y stoichiometric coefficient for H
z stoichiometric coefficient for O
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6\PERO 0HDQLQJ

⋅ per unit of time
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(=273 K)
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Mole Q   [mol] &Q   [mol/s] & ′′Q  [mol/sm2]

0DWKHPDWLFDO�V\PEROV

6\PERO 0HDQLQJ
X stochastic input variable
Y stochastic output variable

$EEUHYLDWLRQV

$EEUHYLDWLRQV 0HDQLQJ
b bed
db dry basis
def definition
dscr descriptive
fw fuel wood
p particle
THC total hydrocarbons
wc wood chips
wp wood pellets



Background and Scope

1

��� %DFNJURXQG�DQG�6FRSH

����� 5HVHDUFK�ILHOG

�������6ROLG�IXHO�FRPEXVWLRQ
The applied knowledge in the field of solid-fuel combustion is ancient. Even in these
modern times, solid-fuel firing technologies are widespread and play an important
role in the world economy, generating heat and electricity, as well as reducing refuse
materials [1]. In principle, the solid-fuel combustion technologies can be divided into
three categories: (1) packed-bed combustion technologies (PBC), (2) suspension
burner technologies (SB), and (3) fluidized-bed combustion technologies (FBC). The
capacity and type of fuel determines which firing technology is most economic. This
PhD work is a contribution to the science of PBC technologies applied to biofuels, see
Figure 1.

Solid-Fuel Combustion Technologies Solid fuels

PBC

FBC

SB

Solid Fossil Fuels (Coals)

- Lignite

- Anthracite

- Bituminous

Biofuels (Biomass fuels)

- Forest fuels (Wood fuels)

- Agricultural fuels

Peat

Solid Wastes

bagasse

straw

coffe grounds

vineyard prunings

birch fuel

pine fuel

spruce fuel

salix

- Municipal solid waste (MSW)

- Medical and Infectious Wastes

- Solid Hazardous Wastes

Solid fuel

Ash

Primary air

Flue gas

Cooling
water

Primary air

Solid fuel

Fluidized
bed

Secondary
air

Primary air/
Solid fuel to
burner

Flue gas

Ash
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�������3DFNHG�EHG�FRPEXVWLRQ
The PBC technologies ranges from the 10 kWt wood stoves in the household up to
grate-fired boilers in the industry with a capacity of hundreds of MWt. The PBCs are
relatively simple in operation, compared with FBC, has high availability, and can be
fired with a wide range of solid fuels [2]. The PBCs can be divided into at least three
different classes; grate technology, rotary kiln technology and screw conveyor
technology, see Figure 2. Consequently, the PBC technologies are classified based on
the type of mechanical technology (conversion technology) which supplies, supports
and transports the packed bed into or through the conversion system. The grate
technology is the most predominant conversion technology. The screw conveyor
technology is mostly frequent among the small scale applications (< 100 kW),
whereas grate technology is operating in the whole range. The rotary kiln technology
is mostly applied in the incineration (waste combustion) industry. Many times it is
possible to find solid-fuel technologies, which are combinations of the three basic
technologies, for example screw-grate technology, and rotary kiln-grate technology.

Even though the application of PBC technologies has a long tradition, there are still
many unanswered questions in this extremely interdisciplinary and complex field.
Historically, the development and construction of PBCs have been carried out within
the domain of mechanical engineering. Because of the increased awareness about the
environmental pollutants from solid-fuel combustion technologies, the research work
focuses on the actual chemistry of the conversion and the combustion of the solid fuel
itself. Consequently, chemical engineering considerations are now at least as
important as the mechanical function in both the design of new plants and the
optimisation of old ones. The pollutant flue gas emissions contain unburnt
hydrocarbons in the form of VOC (volatile organic compounds) and soot, which are
harmful for human health. Furthermore, the predicted negative consequences of the
greenhouse effect from firing of fossil fuels, such as oil and coal, are primary driving
forces for the increase of burning biofuels, such as wood fuels, by means of for
example PBC technologies. PBCs fired with wood fuels requires other design
considerations than for example coal-fired plants [3].
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����� 5HVHDUFK�MXVWLILFDWLRQ

�������,QWURGXFWLRQ
This work is clearly one in a row of projects originating from the Swedish Parliaments
Energy Bill in 1981, which stated “… energy systems are to be developed, which are
primarily based on lasting, preferably renewable and domestic energy sources with
the smallest possible environmental impact.” This bill was a consequence of the oil
crisis in the mid 70´s, which was a shock for the Swedish society and showed how
dependent Sweden was on imported oil. [4]

From this moment and on, firing of wood fuels by means of PBC technologies both
on a small and a large scale in Sweden has attracted increasing attention. The use of
wood fuels in Sweden has increased dramatically since 1975, see Figure 3.
Furthermore, the international environmental debate, the large biomass resources in
Sweden, and the phase-out of nuclear power in Sweden have also supported the
promotion and development of domestic renewable energy systems. However, the
pollutant emissions associated with small-scale PBC technologies are still a problem
that needs to be solved [5,6].

The annual heat production from small-scale combustion of biofuels, applying wood-
fired boilers or wood stoves, was around 11 TWht in the year 1998 in private Swedish
households [7]. The wood-fired boilers and wood stoves are typical examples of PBC
technology.

Based on two reviews: (1) literature review of experimental work (Appendix A) and
(2) literature review and classification of thermochemical conversion of biofuels
(Appendix B), it was revealed that textbooks, general theories, and methods to analyse
the interdisciplinary and complex PBC process, especially with respect to the
thermochemical conversion of the packed bed are scarce. To be able to carry out

)LJXUH����7KH�FRQVXPSWLRQ�RI�ZRRG�GHULYHG�IXHOV�LQ�6ZHGHQ�VLQFH�������>�@
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systematic research work in this field the first step was to develop a system theory.
The system theory should define the general objectives, the efficiencies, and the main
process flows of a PBC system. This resulted in a system theory referred to as the
WKUHH�VWHS�PRGHO, which is the platform of this PhD thesis.

�������2EMHFWLYHV
This PhD project has been financed and created in the context of the programme
“Small-scale Combustion of Biofuels” coordinated by the Swedish Administration of
Energy (STEM). The general objectives of this programme are:

1. To promote the development of better facilities for combustion of biofuels with
respect to environmental performance, efficiency, and cost efficiency, in the
ranges up to 50 kW as well as up to 10 MW.

2. To promote the contacts between universities and manufacturing industry in the
field.

3. To educate the public on the advantages and disadvantages using biofuels in
households.

4. To add to the knowledge base so that the utilization of biofuels in small- and
medium-scale facilities can increase in a future Swedish energy system.

The objectives of this project are consistent with the objectives (1) and (4) above. The
general objective of this project has been to verify a new measurement method to
analyse the thermochemical conversion of biofuels in the context of PBC, which is
based on the three-step model mentioned above. The sought quantities of the method
are the mass flow and stoichiometry of conversion gas, as well as air factors of
conversion and combustion system. One of the specific aims of this project is to find a
physical explanation why it is more difficult to obtain acceptable emissions from
combustion of fuel wood than from for example wood pellets for the same conditions
in a given PBC system. This project includes the following stages:

1. Literature review

2. Mathematical formulation of a new system theory – the three-step model –
applicable to PBC.

3. Mathematical model and uncertainty propagation analysis of a hypothetical
measurement method in the context of the three-step model.

4. Construction of an experimental system and the verification of the measurement
method.

5. An experimental series showing the differences between fuel wood, wood pellets,
and wood chips with respect to conversion behaviour as function of volume flux
of primary air.

�������0RWLYHV
Firstly, it is this author’s hope that the three-step model should be regarded as a fast
and simple theory in the analysis of PBC systems. It can also be the natural starting
point for more advanced theoretical approaches, such as partial differential theories.
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Secondly, the method and its results, that is, the sought quantities, can be applied in
the following:

• to study the dynamics of the conversion and combustion process of small-scale
PBC of biofuels

• to develop and verify bed models (computational fluid-solid dynamic models
(CFSD-codes))

• to generate boundary values (input data) for CFD (computational fluid dynamics)
modelling of solid-fuel combustion systems

• to design improved small-scale, as well as large-scale, PBC systems with respect
to environmental performance, that is, higher combustion efficiencies.

• to generate general knowledge about different wood fuels, as well as other solid
fuels, conversion and combustion behaviour.
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��� 5HVHDUFK�:RUN�6XPPDU\

����� ,QWURGXFWLRQ

This chapter summarizes the main body of the research work presented in this thesis,
based on papers I-IV. For a deeper physical and mathematical analysis, the reader is
referred to the original papers.

First the three-step model is presented, which is the backbone of the thesis. Secondly,
the review and classification attached as Appendix B is summarized. Finally, Paper I-
IV are outlined.

�������7KH�WKUHH�VWHS�PRGHO
Below is a brief description of the three-step model, outlining the most important
concepts, without any mathematical analysis.

According to the three-step model (Figure 4), PBC system can ideally be defined as a
complex process consisting of three consecutive subsystems (unit operations,
functions): WKH� FRQYHUVLRQ� V\VWHP (furthest upstream), WKH� FRPEXVWLRQ� �FKDPEHU�
V\VWHP, and WKH� KHDW� H[FKDQJHU� V\VWHP �ERLOHU� V\VWHP�. The conversion system
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consists of the fuel bed, the primary air supply system, and the conversion technology,
for example the grate technology. The major function of the conversion system is to
thermochemically convert (that is, drying, pyrolysis, char gasification, and char
combustion) the packed bed by means of primary air into a combustible conversion
gas. The solid-fuel is divided into convertible material (solid-fuel convertibles,
commonly referred to as volatiles, char, and moisture) and minerals, see Figure 5. It is

the solid-fuel convertibles which are converted to the so-called FRQYHUVLRQ� JDV, see
Figure 6 below. It is in the combustion system, downstream from the conversion
system, that the combustion of the conversion gases is completed by means of
secondary air, high temperature, good mixing, and sufficient residence time. Finally,
the boiler system extracts the heat from the hot flue gases evolved in the combustion
system.

Several investigators in the literature have identified these subsystems
[8,9,10,11,12,13], but according to the author’s knowledge no system theory
(conceptual model, physical model) has ever been proposed, mathematically defining
the mass flows and efficiencies of each subsystem. However, the guidelines for the
design of grate-fired boilers according to the Swedish engineering handbook [14]
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apply a pragmatic engineering approach which identifies three concepts, which are
referred to as JUDWH� FDSDFLW\, FRPEXVWLRQ� FKDPEHU� FDSDFLW\, and KHDW� WUDQVIHU
FDSDFLW\. These three concepts actually reflect the most important design variables of
each subsystem represented in the three-step model; that is, the grate capacity reflects
the output, or the needed grate size, of the conversion system, the combustion
chamber capacity indicates the required combustion system volume, and the heat
transfer capacity is a measure of the required dimensions of the boiler system.

Finally, the novel part of the three-step model is the identification of a separate unit
operation (subsystem) in a PBC system, that is, the thermochemical conversion of the
fuel bed, which by logical consequence requires the introduction of a third subsystem
referred to as the conversion system. Commonly, PBC systems are modelled with two
steps, that is, a two-step model [3,15], see Figure 7. In the two-step model the
thermochemical conversion of solid fuels and the gas-phase combustion are lumped
together. Several new concepts are deduced in the scope of the three-step model in
general and the conversion system in particular, for example the conversion gas,
conversion concept, conversion zone, conversion efficiency, which are all explained
later in this summary.

)LJXUH����7KH�WZR�VWHS�PRGHO�RI�D�3%&�V\VWHP��>�@
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����� &ODVVLILFDWLRQ�DQG�UHYLHZ�RI�WKHUPRFKHPLFDO
FRQYHUVLRQ�RI�VROLG�IXHOV�LQ�WKH�FRQWH[W�RI�3%&�RI
ELRIXHOV��$SSHQGL[�%�

�������,QWURGXFWLRQ
Appendix B consists of a systematic classification and review of conceptual models
(physical models) in the context of PBC technology and the three-step model. The
overall aim is to present a systematic overview of the complex and the
interdisciplinary physical models in the field of PBC. A second objective is to point
out the practicability of developing an all-round bed model or CFSD (computational
fluid-solid dynamics) code that can simulate thermochemical conversion process of an
arbitrary conversion system. The idea of a CFSD code is analogue to the user-friendly
CFD (computational fluid dynamics) codes on the market, which are very all-round
and successful in simulating different kinds of fluid mechanic processes. A third
objective of this appendix is to present interesting research topics in the field of
packed-bed combustion in general and thermochemical conversion of biofuels in
particular.

�������2YHUYLHZ�RI�WKHRUHWLFDO�FRQYHUVLRQ�V\VWHPV
First of all, the physical structure of the packed bed in the conversion system is
defined. The fuel bed structure can be divided into three phases, namely the interstitial
gas phase, the intraparticle solid phase, and the intraparticle gas phase. By means of
this terminology it is easier to address certain mass and heat transport phenomena
taking place on macro and micro scale inside the packed bed during the
thermochemical conversion, see Figure 8.

)LJXUH����7KH�PLFUR�DQG�PDFUR�VWUXFWXUH�RI�DQ�LGHDOLVHG�H[DPSOH�RI�RYHUILUHG�EDWFK
EHG�XQGHUJRLQJ�WKHUPRFKHPLFDO�FRQYHUVLRQ
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By means of the three-step model a classification of PBC systems in general and the
conversion system in particular, was carried out. It was found that the conversion
system of an arbitrary PBC technology can theoretically be classified into different
conversion concepts divided into EHG�PRGH, EHG�FRQILJXUDWLRQ, EHG�FRPSRVLWLRQ, and
EHG�PRYHPHQW. The combination of these different conversion concepts, considering
only updraft systems, resulted in 18 theoretical arrangements of the conversion
system. Most of them are found among commercial PBC systems and a few of them
are more or less hypothetical. Figure 9 below gives an overview of different PBC
technologies with different complexity with respect to bed mode and bed
composition. Figure 9 also shows the difference between a single particle and a
packed bed system.

One of the underlying reasons for this classification is that, from experience, it is well
known that the choice of conversion concept will influence the thermochemical
conversion behaviour and in turn the overall combustion performance of a PBC
system, with respect to environmental pollution and thermal efficiency. The second
major reason is to point out the enormous phenomenological difference between
different choices of conversion systems and the practicability of developing an all-
round bed model capable of mathematically simulating any PBC system. In other
words, it is a giant step from modelling a burning single particle to modelling a
burning heterogeneous mixed packed bed.
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)LJXUH����7KH�LQFUHDVHG�FRPSOH[LW\�JRLQJ�IURP�VLQJOH�SDUWLFOH�LQ��$��WR�D�FRQWLQXRXV�KHWHURJHQHRXV�PL[HG�FRQYHUVLRQ�V\VWHP�LQ��,�
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�������5HYLHZ�RI�WKHUPRFKHPLFDO�FRQYHUVLRQ�SURFHVVHV
This review defines the thermochemical conversion processes of solid fuels in general
and biofuels in particular; that is, what they are (drying, pyrolysis, char combustion
and char gasification) and where they take place (in the conversion zone of the packed
bed) in the context of the three-step model.

This review contains a great deal of information about the thermochemical conversion
chemistry. The reader is referred to the original paper (Appendix B) for details. Here
follows some of the most important findings on the heat and mass transport
phenomena in a packed bed during thermochemical conversion.

��������� 7KHUPRFKHPLFDO�FRQYHUVLRQ�SURFHVVHV�RQ�PDFUR�DQG�PLFUR�VFDOH

The thermochemical conversion processes, that is, drying, pyrolysis, char combustion
and char gasification, take place inside the conversion zone. Figure 10 shows the
conversion zone and the bed process structure of a cocurrent conversion system.

The conversion process occurs both on macro- and micro-scale, that is, on single
particle level and on bed level. In other words, the conversion process has both a
macroscopic and microscopic propagation front. One example of the macroscopic
process structure is shown in Figure 10. The conversion front is defined by the
process front closest to the preheat zone, whereas the ignition front is synonymous
with the char combustion front.
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��������� &RQYHUVLRQ�UHJLPHV

According to the work by Gort [16], the thermochemical conversion can be divided
into three regimes, herein referred to as the GLIIXVLRQ� FRQWUROOHG� FRQYHUVLRQ� UHJLPH
(regime I), WKH� KHDW� WUDQVSRUW� FRQWUROOHG� UHJLPH� (regime II), and WKH� FRPEXVWLRQ
UHJLPH (regime III). The conversion regime is a function of air velocity (volume flux
of primary air) through the conversion zone (see Figure 10) of the packed bed.

The diffusion rate of oxygen to the oxidation of the char controls the conversion rate
in regime I. Consequently, regime I prevails in the range of low volume fluxes of
primary air and is characterised by the significant thickness of the conversion zone, a
distinct bed process structure (Figure 10), an air excess number lower than one, and
the off-gas containing high concentrations of combustible gases. The thickness of the
conversion zone is a result of the fact that the macroscopic conversion front is faster
than the overall conversion rate.

The transport of heat to the conversion zone controls the conversion rate in regime II.
Regime II exists in the mid range of the volume flux of primary air and is
characterised by a conversion zone without extension and an off-gas with relatively
high contents of combustibles. Regime II is a consequence of macroscopic conversion
front rates being equal to the overall conversion rate. Consequently, the conversion
zone has no thickness and no distinct bed process structure.

The combustion regime, which prevails in the higher air velocity range is
characterised by its thin conversion zone, an air excess number higher than one, and
an off-gas with low levels of combustibles. Regime III is very similar to regime II,
besides a higher degree of combustion due to the higher air excess number.

�������&RQFOXGLQJ�UHPDUNV
To be able to mathematically simulate and really understand the thermochemical
conversion process of a packed bed both a single particle model and a bed model must
be included in the overall bed model (CFSD code).

The combustion performance of a PBC system is very dependent on the actual
conversion regime of the conversion system. Regime I is more likely to perform
poorly, compared with the regime III, with respect to emissions, if the combustion
system of the PBC system is not optimised.

Huge resources are required to develop an all-round and predictive bed model of an
arbitrary conversion system. Based on this conclusion, this thesis presents a simplified
approach to obtain useful knowledge about PBC in general and the small scale
combustion of biofuels in particular. This method of attack is presented in paper I-IV
and is based on a steady-state approach in the context of the three-step model.
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����� 3DSHU�,���0DVV�IORZ�DQDO\VLV�RI�3%&�V\VWHPV�LQ�WKH
FRQWH[W�RI�WKH�WKUHH�VWHS�PRGHO

�������,QWURGXFWLRQ
Paper I presents a mathematical analysis of the three-step model with a focus on the
mass flow of a PBC system, see Figure 11. The mathematical approach is based on a
steady-state mass balance, which is also referred to as the simple three-step model.

This paper deduces and mathematically defines some new concepts (see Figure 11),
such as the conversion system, the conversion gas, the off-gas, the mass flow of
conversion gas, the stoichiometry of conversion gas, the conversion efficiency (

FV
λ ),

the air excess numbers for conversion (
FV

λ ) and combustion system (
FV

η ), and the

combustion efficiency (
FRPV

η ).

�������.H\�TXDQWLWLHV�RI�D�3%&�V\VWHP
The mass flow and stoichiometry of conversion gas in a PBC system is analogue to
the mass flow and stoichiometry of gas fuel into a gas fuel combustion system, see
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Figure 12. In other words, the conversion gas of a PBC system is equivalent to the gas
fuel of a gas-fired system. Consequently, the mass flow and stoichiometry of the
conversion gas are key quantities in the calculation of the correct excess air number
(see Paper I), the latent heat flow of combustion, and the conversion efficiency, and
the combustion efficiency of a PBC system.

What the three-step model really points out is that it is theoretically correct to carry
out basic combustion calculations for a PBC system based on the mass flow and
stoichiometry of the conversion gas from the conversion system and not based on the
mass flow of solid fuel entering the conversion system. The two-step model approach
applied on a PBC system, which is equivalent to assuming that the conversion
efficiency is 100 %, is a functional engineering approach, because the conversion
efficiency is in many cases very close to unity. However, there are cases where the
two-step model approach results in a physical conflict, for example the mass flows in
PBC system of batch type cannot be theoretically analysed with a two-step model.

Finally, the mass flux of conversion gas is primarily controlled by the volume flux of
primary air and conversion concept, whereas for a gas-fired system the mass flux of
gas fuel into the combustion chamber is limited by the gas fuel fan capacity and the
burner design.

�������.H\�HIILFLHQFLHV�RI�D�3%&�V\VWHP

��������� &RQYHUVLRQ�HIILFLHQF\

The conversion efficiency (Eq 1) is defined as the degree of the solid-fuel
convertibles in the solid fuel (Figure 11) which are thermochemically converted in the
conversion system into a conversion gas, which finally enters the combustion system.
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Complete conversion corresponds to a conversion efficiency with a magnitude of one,
which corresponds to that all the solid-fuel convertibles in the solid-fuel are
transformed into conversion gas.

VIFVI

FJ

FV P

P

,&

&
≡η (T��

Equation (2) states that, to obtain the magnitude of the overall steady-state conversion
efficiency, the mass flows of conversion gas and solid fuel need to be measured, as
well as the mineral contents of the solid fuel.
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��������� &RPEXVWLRQ�HIILFLHQF\

The combustion efficiency (Eq 3) is defined as the degree of carbon atoms in the
conversion gas that are oxidized to carbon dioxide in the combustion system (Figure
11). Complete combustion corresponds to a combustion efficiency with a magnitude
of one and that all carbon atoms in the conversion gas reacting to carbon dioxide,
which form the flue gas.
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The mathematical definition of the steady-state combustion efficiency in Eq (3) is
reformulated into practical and measurable quantities.
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Equation (4) states that, to quantify the combustion efficiency, the volume fractions of
carbon monoxide and the total hydrocarbon (methane equivalents), the mass flow and
the stoichiometry of conversion gas, and the volume flows of primary and secondary
air need to be measured. The concept of combustion efficiency is a function of
emissions, air dilution, and type of fuel. This concept can be applied to any type of
continuous combustion system and any type of fuel.

Because the combustion efficiency for commercial combustion systems is very close
to 100%, the complementary concept is defined, that is, the FRPEXVWLRQ�LQHIILFLHQF\,

610)1(1 FRPVFRPV

ηη −=− � (T��

with the opposite meaning of combustion efficiency, that is, the higher the value the
worse the combustion. 1−

FRP

η =0 is equal to complete combustion. The concept of

combustion inefficiency is more practical because it is more sensitive to changes in
the range of interest, that is, in the ppm-range.

The lack of experimental data in the literature makes it impossible to obtain real
quantification of the conversion efficiency and the combustion efficiency. In this
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paper, these quantities are assessed by means of some hypothetical data, indicating the
expected magnitudes of these quantities. The magnitude of the combustion efficiency
for a normal PBC system lies in the range of 99.5-99.9 %, which can be expected. The
magnitude of the conversion efficiency in the hypothetical calculation is in the range
of 98-99.5 %. However, the assessment of the conversion efficiency was based on
very limited and preliminary information.

�������&RQFOXGLQJ�UHPDUNV
Two new efficiencies are deduced in the context of the three-step model; that is,
conversion efficiency and combustion efficiency, which can be very useful in the
optimization of existing PBC system and in the design of new advanced
environmental-friendly PBC systems. However, to be able to quantify these new
parameters, the mass flow and stoichiometry of the conversion gas need to be
measured.

The three-step model states that a PBC system which performs ideally with respect to
the mass flow should operate in a mode of complete combustion and complete
conversion, that is, conversion efficiency and combustion efficiency equal to one. In
practice, a PBC system in general and a small-scale PBC system in particular, operate
in different ranges of incomplete conversion and combustion; that is, the ash flow
contains fuel and the flue gas contains unburnt compounds, such as VOC, tar and CO.



Research Work Summary

19

����� 3DSHU�,,���0DWKHPDWLFDO�PRGHO�RI�WKH�K\SRWKHWLFDO
PHDVXUHPHQW�PHWKRG

�������,QWURGXFWLRQ
Paper II presents a hypothetical method to indirectly measure the key quantities of a
PBC, that is, the mass flow and the stoichiometry of the conversion gas, as well as the
air excess numbers of the conversion and combustion system, defined in paper I. It
also includes a measurement uncertainty analysis.

�������3K\VLFDO�PRGHO
The physical model serves as the platform for the mathematical model used to
indirectly measure the mass flow and stoichiometry of the conversion gas, as well as
the air excess numbers of the conversion and combustion system, respectively.

��������� 6\VWHP�GHILQLWLRQ

The system consists of the conversion and combustion system, according to the three-
step model. A system boundary is put around the combustion system. In other words,
a mass-balance is carried out over the combustion system.
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��������� 6RXJKW�TXDQWLWLHV

The sought quantities of the method are: (1) mass flow of conversion gas, (2)
stoichiometry of the conversion gas, (3) air factor of the conversion system, and (3)
air factor of the combustion system. Mass flow and stoichiometry of the conversion
gas are illustrated in Figure 13 above.

��������� 0DLQ�DVVXPSWLRQV

1. Steady state (Continuous process)

2. The mass flow of combustible off-gas is the sum of mass flow of primary air and
conversion gas; that is, all the mass flow of primary air and conversion gas goes to
the combustion system.

3. The flue gas is treated as an ideal gas

4. Complete combustion, that is, in practice low concentrations (<1000 ppm) of CO
in the flue gas.

5. Low concentrations (< 200 ppm) of NOx and THC (total hydrocarbons) in the flue
gas.

6. No leakages of air into, or conversion/combustion products out of, the conversion
system and the combustion chamber.

7. The air into the conversion and combustion system is assumed to be composed of
O2, N2, H2O, Ar. The CO2 content is negligible. The volume fraction ratios in dry
and humid air between oxygen and nitrogen as well as oxygen and argon are
assumed to be constant, whereas the moisture content is measured.

8. The relative uncertainties of the potential measuring devices are assumed to be
correct; that is, the sensors considered to measure the measurands included in the
mathematical models are assumed to work according to the accuracy specified by
the manufacturer of the instrument. Systematic errors associated with the sensors
are neglected.

�������0DWKHPDWLFDO�PRGHO
For the sake of brevity the reader is referred to Paper II for the details regarding the
constitutive mathematical models of the method applied to measure the mass flow and
stoichiometry of conversion gas as well as air factors for conversion and combustion
system. Below is a condensed formulation of the mathematical models applied. Here a
distinction is made between measurands and sought physical quantities of the method.

( )1232111 ,,,, ΧΧΧΧ⇐Υ KI

( )1232122 ,,,, ΧΧΧΧ⇐Υ KI

( )1232133 ,,,, ΧΧΧΧ⇐Υ KI

{
),,,,( 1232144 444 3444 21

K

PHDVXUDQGVTXDQWLWLHVVRXJKW

I ΧΧΧΧ⇐Υ

In short, the method consist of four functions (mathematical models) including twelve
measurands (input quantities) resulting in four output quantities, that is, the four
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sought physical quantities [17]. The measurands are stochastic variables and denoted
with capital letters.

�������8QFHUWDLQW\�SURSDJDWLRQ�DQDO\VLV
Due to the fact that the measurands are stochastic variables an uncertainty propagation
analysis was carried out. An uncertainty analysis can answer two questions: (1) the
expected accuracy (uncertainty) of the method, that is, the expected uncertainty with
respect to the sought quantity (2) the most uncertain (sensitive) measurands.

�������&RQFOXGLQJ�UHPDUNV
Based on the three-step model, a hypothetical mathematical model has been
formulated to measure the mass flow and stoichiometry of conversion gas as well as
the air factors of conversion and combustion system.

The result of the uncertainty analysis was promising. The expected relative
uncertainty with respect to the sought quantities is in the range of ± 7%, with a 95%
confidence interval. The most uncertain measurand is the water vapor, that is, the
water vapor measurements are believed to contribute the biggest error.
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����� 3DSHU�,,,���7KH�H[SHULPHQWDO�V\VWHP�DQG�WKH
YHULILFDWLRQ�RI�WKH�PHDVXUHPHQW�PHWKRG

�������,QWURGXFWLRQ
Paper III presents the experimental system and the verification of the hypothetical
measurement method described in Paper II.

�������([SHULPHQWDO�V\VWHP
The experimental system consists of a PBC system and a measurement system. The
PBC system consists of a conversion system and a combustion system, according to
the three-step model, and primary and secondary air lines. A boiler system is not
required to realise the measurement method. The measurement system consists of
twelve measuring devices (sensors) and a data acquisition system.

)LJXUH�����7KH�H[SHULPHQWDO�SDFNHG�EHG�V\VWHP�
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��������� 7KH�3%&�V\VWHP

The conversion system is of batch type, over-fired, updraft air, and has a maximum
capacity of 300 kWt. The methodology, described in Paper II, is based on the
assumption of a steady-state conversion process, which is not the case for a batch
reactor. Consequently, main assumption one above needs to be reconsidered and
modified: dHVSLWH� WKH� IDFW� WKDW� D� EDWFK� FRQYHUVLRQ� V\VWHP� LV� VWXGLHG�� ZKLFK� LPSOLHV
XQVWHDG\� FRQGLWLRQV�� WKH� SURFHVV� LV� DVVXPHG� WR� EH� TXDVL�VWHDG\�� WKDW� LV�� WKH� UDWH� RI
FKDQJH� LQ� WKH� SURFHVV� YDULDEOHV� LQ� WKH� UDQJH� RI� LQWHUHVW� LV� DVVXPHG� WR� EH� VORZ
FRPSDUHG�ZLWK�WKH�UHVSRQVH�UDWH�RI�WKH�PHDVXUHPHQW�V\VWHP�

For detailed information on the dimensions of the different units of the experimental
system, the reader is referred to Paper III.

�������9HULILFDWLRQ

��������� ,QWURGXFWLRQ

The verification of the measurement method is carried out in two steps: the first step
is to make sure, as well as possible, that the individual measuring devices work
according to their specification and the second is to verify the complete method. Paper
III describes all the verification methods used to test the accuracy of the measuring
devices.

For the sake of brevity, the reader is referred to Paper III for details of verification
results for individual measuring devices. Below is the verification result of the
method.

��������� 9HULILFDWLRQ�UHVXOW�RI�WKH�PHDVXUHPHQW�PHWKRG

The only method we had at hand to verify the complete method, explained in Paper
III, was to compare the initial weighed charge of solid-fuel convertibles with the time-

Flue gas
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Conversion system
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Combustible off-gas

SD
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RJ
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]\[
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2+&

P&

)LJXUH����7KH�SK\VLFDO�PRGHO�RI�WKH�H[SHULPHQWDO�3%&�V\VWHP�
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integration of the measured mass flow of conversion gas, according to Eq (6). The

mass balance was verified if these two terms were in acceptable agreement.

VIFFKFVIF PP _= Eq 6

The method was tested with two wood fuels, namely wood pellets and fuel wood. The
mass flow of conversion gas was measured at three levels of standard volume flows of
primary air (50,100, and 150 m3n/h). Double tests were carried out at each volume
flow of air. The mass-balance result is presented in Table 1 and Table 2 above.

�������&RQFOXGLQJ�UHPDUNV
An experimental PBC system has been constructed according to the guidelines of the
new measurement method modelled in Paper III. The PBC system comprises a
conversion system, a combustion chamber, a flue gas duct, and a measurements
system. The conversion system, which is the object of the measurement method, has
the following conversion concept: updraft, overfired, batch, and fixed horizontal
grate.

The measurement method has also been verified in this paper. The verification result
is in good agreement with the predicted uncertainty (recall Paper II) of the method,
that is, the average relative uncertainty of the mass flow of conversion gas was
determined to ± 5.5% and the verification result displayed average relative errors in
the range of ± 5 %.

7DEOH����7KH�PDVV�EDODQFH�RI�VROLG�IXHO�FRQYHUWLEOHV�IURP�FRQYHUVLRQ�RI�ZRRG�SHOOHWV

Primary air flow
[m3n/h] [kg] [kg] [kg] [kg] [%] [%]

9.80 0 9.77 10.15 3.9
7.26 0 7.23 7.51 3.9
9.75 0 9.72 9.70 -0.2
6.16 0 6.14 5.85 -4.7
12.25 0 12.21 11.85 -3.0
6.33 0 6.31 6.13 -2.9

3.1
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2.9

50

100

150

WRWFK
P _ VIFFKP _UHVLGXH

P FVIFP
VIFFK _ε VIFFK _ε

7DEOH����7KH�PDVV�EDODQFH�RI�VROLG�IXHO�FRQYHUWLEOHV�IURP�FRQYHUVLRQ�RI�IXHO�ZRRG�

Primary air flow
[m3n/h] [kg] [kg] [kg] [kg] [%] [%]

4.77 0.60 4.16 3.96 -4.9
5.53 0.84 4.68 4.84 3.5
5.70 0.20 5.48 5.23 -4.6
5.51 0.61 4.89 5.22 6.9
5.80 0.85 4.94 4.50 -8.8
7.17 0.44 6.71 6.63 -1.2
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����� 3DSHU�,9���([SHULPHQWDO�UHVXOWV

�������,QWURGXFWLRQ
Paper IV presents the first experimental series with the new measurement method.
Results are given for all the four sought quantities defined in Paper II. The conversion
concept of the conversion system is the same as in Paper III, see Figure 16.

Three standard wood fuels have been studied: (a) wood chips, (b) wood pellets, and
(c) fuel wood. Figure 17 displays the three types of wood fuels. The fuel wood is from
softwood, namely pine and spruce. Table 3 shows the wood fuel data. The moisture,
ash and elementary analysis is carried out by an accredited laboratory in Sweden
according to Swedish test standards (SS).

Conversion concept

Updraft
primary air

Off-gas

SDP&

RJP&

Conversion
gas

]\[

FJ

2+&
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Packed fuel bed

Conversion
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)LJXUH���� 7KH�SULQFLSOHV�RI�WKH�FRQYHUVLRQ�FRQFHSW�XVHG�LQ
WKLV�VWXG\�

:RRG�SHOOHWV :RRG�FKLSV )XHO�ZRRG
)LJXUH�����7KH�WKUHH�ZRRG�IXHOV�VWXGLHG�LQ�WKLV�H[SHULPHQWDO�VHULHV�
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The above mentioned sought quantities were measured as a function of six levels of
standard volume flux of primary air in the range of 0.06-0.46 m3n/m2,s for all the
wood fuels. Altogether, eighteen (3×6) single tests were carried out.

�������0HDVXUHPHQWV
For the sake of brevity only a few graphs on mass flux of conversion gas will be
presented in this summary. The reader is referred to Paper IV for more detailed
measurements of stoichiometry and air factors.

Figure 18 displays mass flux curves plotted against time. This particular selection of
curves shows the difference in conversion gas rates with respect to wood fuel. Wood
chips are significantly easier to convert than 6 mm wood pellets, which in turn have
higher mass flux of conversion gas than fuel wood for a given volume flux of primary
air through the conversion system.

7DEOH���:RRG�IXHO�GDWD

0HWKRG :RRG
SHOOHWV

:RRG
FKLSV

)XHO�ZRRG

Length [mm] - 5-30 4-50 150-300

Equivalent diameter [mm] - 6 1-10 50-100

Initial mass of batch [kg] - 7.060 6.105 5.360-
5.370

Moisture content wet
basis:

[kg-%]

SS 18 71 70 9.2 13.2 8.0

Ash content wet basis:

[kg-%]

SS 18 71 71 0.36 0.26 0.64

Carbon content dry basis:

[kg-%]

LECO
CHN1000

51.0 50.6 51.2

Hydrogen content dry
basis:

[kg-%]

LECO
CHN1000

6.0 5.7 5.7

Oxygen content dry basis:

[kg-%]

Calculated
by

difference

42.6 43.4 42.4

Nitrogen content dry
basis:

[kg-%]

LECO
CHN1000

<0.1 <0.1 <0.1

Sulphur content dry basis: SS 18 71 77 0.02 0.02 0.02
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Figure 19 shows the stoichiometric coefficient y versus time. The y-coefficient is the
molar ratio between the amount of hydrogen in the conversion gas and the amount of
carbon in the conversion gas. In this particular selection of y-graphs the dynamic
ranges for the different wood fuels during a batch are: fuel wood 3:0, wood pellets
2.6:0, and wood chips 2.4:0. These dynamic ranges are quite representative of the
whole range of volume fluxes tested.

Figure 20 displays the stoichiometric coefficient z versus time. The z-coefficient is
the molar ratio between the amount of oxygen in the conversion gas and the amount
of carbon in the conversion gas. In this particular selection of z-graphs the dynamic
ranges for the different wood fuels during a batch are: fuel wood 1.3:0, wood pellets
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1.2:0, and wood chips 1:0. These dynamic ranges are quite representative of the whole
range of volume fluxes of primary air tested.

The air factor curves of the conversion system look very much like the inverted mass
flux curves, see Figure 21. As a matter of fact, they are negatively coupled, that is, if
one goes up the other one goes down. This particular selection of graphs is
representative for the whole test. Consequently, the air factors for the wood chips and
the wood pellets were close to or below one, whereas the fuel wood in most of the
cases were above one during the whole batch run.
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Figure 22 displays the time-integrated mean of mass flux as function of standard
volume flux of primary air for all the three wood fuels, respectively. As indicated by
Figure 22, the time-integrated mean of mass flux of conversion gas exhibits a
hyperbolic relationship with the volume flux of primary air. In the low range of
volume fluxes the conversion gas rate increases up to a maximum. After the
maximum point is passed, the mass flux of conversion gas decreases due to
convective cooling of the conversion reaction.

It can also be stated from Figure 22 that the wood chips have the highest range of
conversion gas rates (50-90 g/m2,s), whereas the fuel wood has the significantly
lowest range of mass flux of conversion gas (12-31 g/m2,s).

�������&RQFOXGLQJ�UHPDUNV
All the single tests were verified with respect to mass-balance, according to the
verification method explained in Paper III. The mass-balance results were in good
agreement for all the runs.

The measurements revealed that the batch conversion of wood fuels is extremely
dynamic. For example, the air factor varied in the range of 10:1 and the conversion
gas stoichiometry varied in the range of CH3.1O:CH0O0. The dynamics point to the
fact that the small-scale batch combustion of wood fuels is difficult to control and to
optimise. The dynamics of the stoichiometry points to the fact that the molecular
composition of the conversion changes during the course of a run. It starts with a
conversion gas containing high concentrations of organic volatiles and moisture
(CH3.1O) and ends with oxidation of char (CH0O0).

As been demonstrated by the graphs above, the fuel wood is significantly more
difficult to thermochemically convert than wood pellets and wood chips, at a given
volume flux of primary air and for the conversion concept studied. The relatively low
conversion gas rates should be one of the most crucial factors in the explanation of

0.0 0.1 0.2 0.3 0.4 0.5
5

10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90

 Wood pellets
 Wood chips
 Fuel wood

T
im

e-
in

te
gr

at
ed

 m
ea

n 
of

 

m
as

s 
flu

x 
of

 c
on

ve
rs

io
n 

ga
s 

[g
/m

2 ,s
]

Standard volume flux of primary air [m3n/m2,s]

)LJXUH����7KH�WLPH�LQWHJUDWHG�PHDQ�RI�PDVV�IOX[�RI�FRQYHUVLRQ�JDV�YV
VWDQGDUG�YROXPH�IOX[�RI�SULPDU\�DLU�IRU�DOO�WKUHH�ZRRG�IXHOV�



Research Work Summary

30

emission problems from fuel wood combustion; that is, the lower the mass flow of
conversion gas, for a given volume flux of primary air, the lower the combustion
temperature in the combustion chamber will be, which in turn reduces the combustion
efficiency.
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��� (YDOXDWLRQ

����� 'LVFXVVLRQ

The discussion section is divided into topics below.

�������7KH�WKUHH�VWHS�PRGHO

The three-step model was developed as a consequence of the extreme complexity of a
PBC system. This author had a wish to describe the PBC-process as simple as
possible and to define the main objectives of a PBC system. The main objectives of a
PBC system are indicated by the efficiencies of each unit operation, that is, the
conversion efficiency, the combustion efficiency, and the boiler efficiency. The
advantage of the three-step model, as with any steady-state system theory, is that it
presents a clear overview of the major objectives and relationships between main
process flows of a PBC system. The disadvantage of a system theory is the low
resolution, that is, the physical quantity of interest cannot be differentiated with
respect to time and space. A partial differential theory of each subsystem is required
to obtain higher resolution. However, a steady-state approach is often good enough.

�������0HDVXUHPHQW�PHWKRG

The measurement method can be further improved.

1. The current method measures water vapour indirectly based on oxygen
measurements in wet and dry flue gas. There are two disadvantages with this
solution: (a) the measurement uncertainty is relatively high: it is very sensitive to
system errors, for example bad calibration; (b) if hydrocarbons are present in the
flue gas they will interfere with the water vapour analysis.

2. Presently, the method cannot tolerate high hydrocarbon concentrations in the flue
gas for two reasons: firstly, the mass balance considerations; secondly, the water
vapour measurements are violated. Consequently, a hydrocarbon sensor would be
needed.

3. The flue gas duct could be reduced in diameter, that is, from 0.5 m to 0.2 m, and
the extraction point could be moved further upstream.

4. At present, the method cannot distinguish between the water vapour coming from
the fuel moisture and water vapour originating from the oxidation of the
conversion gas fuel.

It would also be of interest to carry out an analysis of what happens to the response
time of the conversion gas from the moment it is converted until it reaches, and at the
same time is monitored by, the flue gas analysis system. This response delay is a



Evaluation

32

potential source of error if the measurement method is applied on a conversion system
of batch type.

It would be optimal to be able to measure the mass flow of flue gas independently.

The method cannot be improved with respect to the steady state assumption, that is,
the input air flows have to be constant during a test. However, the product flow of
conversion gas can be transient and the method will still work if the measurement
system’s response rate is high enough.

�������([SHULPHQWV

One experimental series has been carried out, besides the verification work. It is
obvious that the course of the batch conversion is highly stochastic, which primarily
depends on the heterogeneity of the wood fuel itself. Other influential quantities for
the course of the conversion are the ignition procedure, the conversion system
temperature, and the initial mass of batch. Due to the random behaviour of the
conversion process, several tests for the same condition should have been performed.

Unfortunately, temperatures inside the combustion system were not measured. This
would hopefully have proven that the combustion temperature is lower for fuel wood
than for wood pellets and wood chips for a given condition. This result would indicate
the effect of specific wood fuel surface area on the combustion temperature, and in
turn the combustion efficiency.

����� &RQFOXVLRQV

Below are the conclusions of this dissertation. First the main conclusions are
presented and these are followed by more specific results from the different stages of
the thesis:

• A new system theory – WKH� WKUHH�VWHS� PRGHO - of packed-bed combustion is
formulated. Some new quantities and efficiencies are deduced in the context of the
three-step model, such as the conversion gas, the solid-fuel convertibles, the
conversion efficiency and the combustion efficiency. Mathematical models to
determine the efficiencies are formulated.

• A new method to analyse the thermochemical conversion of biomass, in the
context of packed-bed combustion, is modelled and verified. The sought quantities
of the method are the mass flow and stoichiometry of conversion gas, as well as
the air factors of the conversion system and the combustion system.

• The batch conversion of wood fuels with the following conversion concept: over-
fired, updraft, fixed horizontal grate, and batch reactor, has proven to be highly
dynamic and stochastic with respect to mass flow and stoichiometry of conversion
gas as well as the air factors of the conversion and combustion system.

• The main reason why fuel wood is more difficult to combust than wood pellets or
wood chips is that fuel wood displays significantly lower conversion gas rates
than wood pellets and wood chips for a given conversion system and range of
volume flux of primary air. The conversion rate is positively coupled to the
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combustion temperature, which in turn is an indicator of the combustion
efficiency.

�������5HYLHZV�DQG�FODVVLILFDWLRQ

Two reviews have been presented in this thesis: (1) a review of experimental work
and (Appendix A); (2) a review and classification (Appendix B) of the conceptual
models used to describe the thermochemical conversion of solid fuels.

��������� ([SHULPHQWDO�ZRUN

The main conclusions from this review are:

• Very few methods exist to analyse the thermochemical conversion of biomass in
the context of PBC.

• Very little experimental work has been carried out in the field of thermochemical
conversion of biofuels in the context of PBC. This author has found nine papers of
relevance in the literature.

• Very few authors specify the theory of the measurement method applied.
Verification methods and uncertainty analysis are scarce. Consequently, the
reproduction of the measurements is difficult.

��������� 5HYLHZ�DQG�FODVVLILFDWLRQ

Appendix B includes a review and a classification of conversion concepts. It also
investigates the potentials to develop an all-round bed model or CFSD code
simulating the conversion system. This review also contains a great deal of
information on the heat and mass transport phenomena taking place inside a packed
bed in the context of PBC of biomass. The phenomena include conversion regimes,
pyrolysis chemistry, char combustion chemistry, and wood fuel chemistry. The main
conclusions from this review are:

• The thermochemical conversion process of a packed bed is too complex to
mathematically model and verify within the scope of a PhD project. It requires
huge resources to challenge and realise this vision.

• The conversion system of a PBC system can be designed according to many
conversion concepts. A classification of updraft conversion systems was carried
out. It resulted in 18 different conversion concepts, which points to the complexity
involved in trying to obtain an all-round CFSD code.

• The analysis of the PBC system had to be analysed with a more fundamental
approach, which could guarantee a result that could be achieved and applied.

• The thermochemical conversion of solid fuels is a complex process consisting of
drying, pyrolysis, char combustion, and char gasification.

• Three conversion regimes exist in the conversion system. They are functions of
volume flux of primary air and primary air temperature.

• It is the conversion process upstreams of the combustion system which controls
the combustion rates, and in turn the combustion efficiency. In other words, the
combustion performance depend very much on the interplay between conversion
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system and combustion system. In conclusion, the conversion system needs to be
analysed to be able to optimise the combustion performance of a PBC system.

�������7KUHH�VWHS�PRGHO

The three-step model, which is a new system theory, identifies the least common
functions (unit operations) of a packed-bed combustion system. The three steps are
referred to as the conversion system, the combustion system, and the boiler system.
Previously, PBC has been modelled in two steps [3,15]. The novel approach with the
three-step model is the splitting of the combustion chamber (furnace) into a
combustion system and a conversion system. The simple three-step model is a steady-
state approach together with some other simplifications applied to the general three-
step model. The simple three-step model implies a simplified approach to the
mathematical analysis of the extremely differentiated and complex PBC process.

Some new concepts have been deduced in the context of the three-step model, for
example, the conversion system, the conversion gas, the conversion efficiency, and
the combustion efficiency. Two new physical quantities have been associated with the
conversion gas. The physical quantities are referred to as the mass flow and the
stoichiometry of the conversion gas. The conversion efficiency is a measure of how
well the conversion system performs, that is, the degree of solid-fuel convertibles that
are converted from the conversion system to the combustion system. The combustion
efficiency is defined as the degree of carbon atoms being oxidised to carbon dioxide
in the combustion system. In other words, the combustion efficiency is a measure of
the combustion system performance.

�������0HDVXUHPHQW�PHWKRG

A new mesurement method, based on the three-step model, has been verified. It is
based on a mass-balance approach similar to the work carried out by Rogers (see
Appendix A) [18]. Besides information about the mass flow and the stoichiometry of
the conversion gas, this method also determines the air factors of the conversion
system and the combustion system, which Rogers’ method did not.

The hardware of the method is a newly constructed experimental PBC system. It is
designed according to the three-step model. The object (variable) of the measurement
method is the conversion system, which can be varied; that is, different conversion
systems in small-scale range (<300 kW) can be studied by this method. The method
works well on both continuous and batch conversion systems. However, the primary
and secondary air flow need to be constant during the test.

The method is associated with uncertainties of ±5% and ±7% with respect to mass
flow and stoichiometry of conversion gas, respectively.

�������([SHULPHQWDO�UHVXOWV

The overfired batch conversion process, as well as the combustion process, of wood
fuels is shown to be extremely dynamic. The dynamic ranges for the air factor of the
conversion system is 10:1 and for the stoichiometric coefficients is CH3.1O:CH0O0

during a batch for a constant volume flux of primary air. The dynamics of the
stoichiometry indicates the dynamics of the molecular composition of the conversion
gas during the course of a run. From the stoichiometry it is possible to conclude that
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during the initial and intermediate stage of the run moisture and volatile organic
compounds are converted, whereas during the final stage the char (carbon residue) is
converted.

Despite the fact that the fuel wood was exceptionally dry, only 8 % on wet basis, the
fuel wood studied displayed significantly low time-integrated mean of mass flux of
conversion gas (12-31 g/m2,s) relative to the wood pellets (37-62 g/m2,s) and the
wood chips (50-90 g/m2,s). The low conversion gas rates from fuel wood are the best
explanation for the difficulty in obtaining high combustion efficiencies for fuel wood
combustion. In other words, to obtain a high combustion efficiency, a high
combustion temperature is needed, which in turn requires a relatively high mass flux
of conversion gas for a given combustion system.

The combustion enthalpy of the conversion gas is not possible to determine unless the
molecular composition of the conversion gas is known. Consequently, the latent heat
flow of the conversion gas cannot be determined.

����� )XWXUH�ZRUN

The future work is divided into topics below

�������0HDVXUHPHQW�PHWKRG

The measurement method will be equipped and improved in the future:

In the short-term

• thermocouples, to measure the combustion temperature

• a hydrocarbon sensor, to measure the hydrocarbons in the flue gas

In the long-term

• a water-vapour sensor, to measure the water vapour in the flue gas directly.

• a method to measure the water vapour, in the flue gas, coming from the moisture
of the solid fuel

�������([SHULPHQWDO�ZRUN

A great number of experimental series can be carried out with the new method. Below
are some examples:

In the short-term

• to study the effect of the specific wood fuel surface area on the conversion
quantities, that is, the mass flow and the stoichiometry of the conversion gas, and
the combustion temperature.

• to study the conversion efficiency and combustion efficiency for some different
commercial small-scale PBC systems of continuous type.

• to study the conversion quantities as function of wood fuel type and moisture
content
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In the long-term

• to study the conversion quantities of other types of biofuels, such as agricultural
biofuels and energy forests

• to study the conversion quantities of other solid fuels, such as municipal solid
waste, peat, and coal

• to study the conversion quantities for different types of conversion concepts
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$33(1',;�$���/LWHUDWXUH�5HYLHZ�RI
([SHULPHQWDO�:RUN

$����,QWURGXFWLRQ

This appendix presents a review of experimental work in the field of packed-bed
combustion of biomass. It deals with the measurement methods used to analyse the
thermochemical conversion of the biomass. This implies that thermochemical
conversion studies of coal is outside the scope of this literature study. Wood stove
research is not considered in this review either. Of special interest in this survey is the
choice of sought physical quantities (target quantities) and measurands of interest in
each study and how they are modelled and verified, and if uncertainty analysis is
carried out.

Below is the definition of the mathematical relationship between the concepts of the
sought quantity (output quantity) and the measurands (input quantituies).

{ ),,,,( 321 444 3444 21
K

PHDVXUDQGV

Q

TXDQWLW\VRXJKW

;;;;I< ⇐ (T��

The theory behind every measurement method can be generalised by Eq (1) [1]. Some
quantity (or quantities, measurands) is measured, which has a specific relationship to
the sought quantity. The measurand can be regarded to be a stochastic variable
associated with an uncertainty, which implies that the sought quantity is also a
random variable. The mathematical relationship depends on the physical model, that
is, the model of the physical phenomenon of interest, for example temperature,
pressure, and volume flow. The physical model always includes limitations, which
implies that the measurement method has restrictions; that is, it will only function in a
certain measuring range and according to the assumption of the model.

$����5HYLHZ

Below, the experimental work in the field of packed-bed combustion of biomass is
presented in chronological order. The authors‘ original terminology is used as much
as possible. Each work is reviewed with respect to REMHFWLYH, DSSDUDWXV, IXHO,
PHDVXUHPHQW�PHWKRGV, WKHRU\, SURFHGXUH, and UHVXOWV�DQG�FRQFOXVLRQV.

The subsection, WKHRU\, concentrates on the theory of the method(s) of relevance for
this work, that is, the methods aiming at the ignition front rate, the conversion gas rate
(by many authors referred to as burning rate or combustion rate), the conversion gas
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stoichiometry, and excess air number (air factor). In other words, the theory behind
temperature measurements, pressure measurements, and gas analysis are not
considered, if they are not included in a method of relevance.

The subsection, UHVXOWV�DQG�FRQFOXVLRQV, focuses on the results and conclusions with
respect to sought quantities, that is, the ignition front rate, conversion rate, and
conversion stoichiometry. Each work is rounded off with comments by this author,
with respect to the content of the physical model and the mathematical model making
up the theory of the measurement method, as well as the application of verification
methods.

$������ 5RJHUV�-�(�/�������

2EMHFWLYHV

Rogers’ experimental work [2] deals with the combustion of a fuel bed in a batch
reactor (pot furnace). Rogers’ primary objective was to study the effect of the primary
air rates (underfire air) on the burning and ignition rates of wood fuel.

3%&�V\VWHP

The conversion concept of Rogers’ PBC system was: overfired, updraft, fixed
horizontal grate, and cylindrical batch reactor (see Figure 1).

The pot furnace was constructed so that the radiant heat flux, which would prevail at
the top of the fuel bed in a traveling grate stoker or incinerator, could be simulated
under batch conditions. The burning rates could be determined by measuring the
weight loss of the fuel bed as a function of time. The pot was constructed in two
sections (Figure 1)- the overbed section (combustion system) and the fuel bed section
(conversion system). Secondary air (overfire air) was supplied at a number of

A - Bed section B - Overfire section
)LJXUH����5RJHUV¶�SRW�IXUQDFH�LV�GLYLGHG�LQWR��$��WKH�EHG�VHFWLRQ�DQG�%�RYHUILUH

VHFWLRQ��>�@
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different positions in the overbed (overfire) section, while the primary air was fed
through a fixed grate which supported the fuel bed in the fuel bed section.

)XHO

The experiment conducted in this study used a synthetic fuel consisting of a mixture
of wood blocks and tin cans.

:RRG�EORFNV

wood species: spruce

ultimate analysis db: 42.7% O2, 6.1% H, 52.2% C.

size range: 1 1/2 in x 1 1/2 in x 1 1/4 in to 2 1/2 in x 1 1/4 in x 1 1/2 in

7LQ�FDQV

size: 3 1/8 in x 2 3/4 in.

2YHUDOO�SURSHUWLHV�RI�V\QWKHWLF�IXHO�

composition: 25% H20, 15% inerts and 60% bone-dry wood.

0HDVXUHPHQW�PHWKRGV

0HDVXUDQGV

Primary air: (a) temperature (Tpa), (b) absolute pressure (Ppa), and (c) relative
humidity (RH)

Bed: (a) temperatures (Tb), (b) composition (υig): H2, O2, CO2, CO and CH4, and (c)
weight (mb)

Flue gas: (a) temperatures (Tfg) (b) composition (υfg,i): H2, O2, He/N2, CO2, CO, H2O
and CH4.

0HDVXULQJ�GHYLFHV

Temperatures were taken at twelwe different vertical positions roughly evenly
distributed throughout the bed; ten thermocouples were located in the centre of the
bed and the others were positioned at the edge of the fuel bed.

Gas samples were taken from two positions in the apparatus; two water-cooled probes
were employed in the fuel bed and one water-cooled probe in the stack.

non-dispersive IR (NDIR): interstitial gas, on-line; CO2 and CO.

paramagnetic analyser/Beckman amperometric oxygen analyser: interstitial gas on-
line; O2.

gas chromatograph: interstitial gas batch-sampling; H2, O2, He/N2, CO2, CO and CH4.

water vapour trap: batchwise, H2O

chromel-alumel thermocouples: interstitial gas-surface temperatures and flue gas
temperatures.

6RXJKW�TXDQWLWLHV

• ignition front rate (kg/m2,s)
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• combustion rate (kg/m2,s)

7KHRU\

Below are the theories behind the measurement methods of ignition front rate and
combustion rate.

,JQLWLRQ�UDWH

The physical and mathematical model of the determination of ignition rate are not
explicitly formulated. However, it is understood from the displayed graphs that the ten
thermocouples inserted in the fuel bed are used to detect the speed of the ignition
front. The thermocouples are placed with a known distance between them.
Furthermore, Rogers states: “The ignition rates were computed as the product of the
rate of travel of the ignition front and the initial bed density”. No verification method
was used.

%XUQLQJ�UDWH

Rogers used two methods to determine the burning rate. They will be referred to here
as (1) ZHLJKLQJ�PHWKRG (2) PDVV�EDODQFH�PHWKRG. Rogers used the latter method to
verify the former method.

The weighing method was based on a weighing cell. A physical and mathematical
model of the weighing (load) cell was presented. It is outside the scope of this review.
However, by means of the load cell he measured the weight of the packed-bed as a
function of time. The burning rates were obtained for the different runs by taking the
slopes of the weight loss curve during the time periods that the burning rates were
constant.

The mass-balance method is very similar to the one developed by this author. Rogers
presented a physical model and a mathematical model of the method. Here is a short
summary.

)LJXUH����5RJHUV¶�V\VWHP�GHILQLWLRQ�RI�WKH�PDVV�EDODQFH�PHWKRG�>�@
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Rogers defines the system according to Figure 2. He sets up elementary molar
balances with respect to carbon, hydrogen, oxygen, nitrogen, and helium. The
nomenclature adopted in this thesis is used to present Rogers’ mathematical models.

Carbon balance
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Oxygen balance
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The sought quantities are not explicitly formulated in these molar balances. However,
these equations are the starting points for developing the functional relationship
between sought quantities and measurands, according to Eq (1) above.

Nitrogen balance

( )
22 ,, 1DDOVDSD1IJIJ QQQQ χχ &&&& ++= (T��

Helium balance

+HIJIJ+H QQ ,χ=& (T��

The air leakage rate was obtained from Eqs (5) and (6)
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The molar fraction ratio between helium and nitrogen in the flue gas was determined
from gas chromatographic measurements. The molar flow of the tracer gas of helium
was measured. Because Rogers applied batch methods to measure water vapour in
flue gas and the helium-nitrogen ratio, the overall method become a semi-continuous
method. The water vapour of the flue gas was measured batchwise by freezing it out
in an U-tube placed in an acetone-dry ice mixture.

5HVXOWV�DQG�FRQFOXVLRQV

Rogers’ experimental series consisted of only 18 single tests, of which only two runs
were considered to be complete. Rogers could confirm the parabolic relationship
between ignition rate and volume flux of primary air (underfire air) first observed by
Nicholls [3]. Only the last two runs (17 and 18) showed good agreement between the
weighing method and the mass-balance method. The weight fraction ratios of the
conversion gas of (C/H) and (O/H) predicted the theoretical fuel composition well.
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&RPPHQWV�RQ�WKH�ZRUN

To this author’s knowledge, Rogers is the only one who has developed a measurement
method based on a mass-balance approach, similar to the method developed by this
author. However, it is hard to conclude anything regarding the validity of Rogers’
method, since he only applied it two times.

Rogers’ thesis [2] includes an enormous scope with many objectives. It consists of
more than 600 pages with all the details. Long lists of measuring data, with a font size
that is hardly readable, are provided in the main part of the thesis. Consequently, the
details sometimes conceal the overall objectives and the main result. However, it is an
impressive piece of work.

The main assumptions of the method are not explicitly declared. For example, Rogers
does not discuss the problems with respect to the conflict between the transient
behaviour of a batch process and the implicit steady-state assumption of the mass
balance. However, the mathematical model behind the mass-balance method is quite
clear. The work does not include any uncertainty propagation analysis of the mass-
balance method.

Rogers presented a comprehensive theory of the weighing method including an
uncertainty analysis.

$������ /DPE�HW�DO�������

2EMHFWLYH

The objective of Lamb et al’s experimental work [4] was to obtain measurement data
on burning rates (conversion rates) of a simulated crosscurrent moving bed. The
experimental data would be applied to the combustion process in an inclined grate
furnace.

3%&�V\VWHP

Lamb et al studied the conversion concept of a crosscurrent moving bed. The PBC
system consisted of a trolley filled with a fuel bed of bagasse. The trolley rolled
horizontally over a vertical air duct to simulate the moving bed (Figure 3). The speed
of the trolley was controlled to keep the flame in a stationary position over the duct.
An electrically heated platen, 30x15 cm2, was placed horizontally 12 cm above the
base of the bed, simulating radiation from furnace walls.
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)XHO

Bagasse was stored in dry conditions to avoid rotting. The main sample was divided
into subsamples of 885 g stored in sealed plastic bags. Subsamples were re-moistened
before burning test. The particle size distribution was determined by vibrating a 50 g
sample out of the subsample through a series of sieves. The particle dimension were
measured to estimate the average surface area-to-volume ratio, σ, for each sieve. The
average (σ) for a 50 g sample was determined from the proportion by weight in each
sieve.

0HDVXUHPHQW�PHWKRGV

0HDVXUDQGV

Bed: (a) temperature (Tb), (b) height (hb), (c) loading density (g/cm2), and (d) packing
ratio

Primary air: (a) relative pressure (∆Ppa) over orifice (b) absolute pressure (Ppa), and (c)
temperature (Tpa)

Trolley: (a) speed (v)

0HDVXULQJ�GHYLFHV

Temperature instrument: thermocouples (type-S), Pt/Pt 13% Rh.

Absolute pressure instrument: transducer, Statham ±1.0 kPa, via a probe at the centre
of the duct outlet.

Relative pressure device: inclined manometer, across an orifice plate upstream of the
fan.

)LJXUH����([SHULPHQWDO�WHVW�ULJ���$��7UROOH\���%��$LU�GXFW���&��5DGLDWLRQ
SODWHQ���'��([KDXVW�KRRG���(��3RVLWLRQ�SRWHQWLRPHWHU���)�
8QGHUJUDWH�SUHVVXUH�SUREH���*��)XHO�EHG�WHPSHUDWXUH
SUREH�>�@
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Trolley position: potentiometer, multi-turn, rotated by a wire connected to the rear of
the trolley.

6RXJKW�TXDQWLW\

• burning rate (g/min)

7KHRU\

The theory behind the method to measure the burning rate was not explicitly
presented by Lamb et al. Obviously, the mathematical model must be based on the
bed properties, such as packing ratio, loading density, bed height, as well as the
trolley speed. No discussion is presented about the limitations and assumptions of the
method.

3URFHGXUH

A part of the subsample was spread by hand from the plastic bag into the No. 50 mesh
basket, 29.5 cm wide by 10 cm high by 90.8 cm long. The basket was weighed and
placed on the trolley. The fuel bed was lit by first dosing the leading edge of the bed
with 40 cm  of the methylated alcohol. The trolley was allowed to remain stationary
for thirty seconds and the flame front usually took three minutes to reach steady state.
The speed of the trolley was then controlled to keep the flame in a stationary position
over the duct. A constant burning rate was usually maintained for 60 cm of travel.

5HVXOWV�DQG�FRQFOXVLRQV�

The effect of variable DLU�GXFW�VL]HV of 8, 15 and 31 cm along the bed by constant 24
cm across the bed on the burning rate were investigated. The mass flow rate of
primary air was kept constant. There was no significant difference between burning
rates for the 8 and 15 cm ducts while that for 31 cm was 36% lower. No significant
difference in burning rate was obtained between SODWHQ� WHPSHUDWXUHV of 200°C and
725°C. Nor did the SODWHQ�SRVLWLRQ (Figure 4) did not either affect burning rate even
though the platen was directly above the bed. Lamb et al concluded that the radiation
from the overbed flames and furnace walls seemed to have a minor effect on the
burning rate. They also concluded that their observation is consistent with the
hypothesis that ignition front propagation is controlled by radiation and conduction
from the embers and convection from the forced draught flow. Lamb et al observed
that there seemed to be an optimum burning rate with respect to EHG�WKLFNQHVV. Bed
thickness of 2.5, 5.1, 7.6, and 15.2 were used with constant SDFNLQJ� UDWLR. The
burning rate decreased as the packing ratio increased. The burning rate generally
increased with increasing SDUWLFOH� VL]H and it decreased linearly with increasing
PRLVWXUH�FRQWHQW.
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&RPPHQWV�RQ�WKH�ZRUN

A seemingly simple measurement method to quantify the burning rate (conversion gas
rate) of a simulated crosscurrent moving bed was obtained by Lamb et al. However,
the mathematical relationship between burning rate and measurands was not explicitly
declared. No verification method is used and no uncertainty analysis is carried out.
The method is badly defined. Consequently, the results would be difficult to
reproduce.

$������ 7XWWOH�������

2EMHFWLYHV

Tuttle carried out an experimental and statistical analysis concentrating on the
thermochemical processes occurring in the burning fuel bed in a spreader-stoker,
corresponding to a countercurrent moving bed (overfed system) [5]. His objective was
to obtain greater knowledge about the mechanisms controlling the fuel bed
conversion. He tested the effect of fuel bed depth and fuel feed rate on the particulate
emissions and on the quality of off-gas produced in the fuel bed.

3%&�V\VWHP

Tuttle with co-workers constructed a wood combustion facility including a spreader
stoker unit (Figure 5). A mechanical spreader distributed wood residues evenly across
the grate. The overfire region was surrounded by a water-wall construction.

)LJXUH����'HWDLOV�RI�WKH�EXUQLQJ�]RQH���$��6LGH�RI�WUROOH\���%��0HVK
EDVNHW���&��%HQFK���'��5HVLGXH���(��)RUFHG�GUDXJKW���)��)ODPH
IURQW���*��)ODPHV���+��6PRNH���,��8QEXUQW�IXHO���-��5DGLDWLRQ
SODWHQ��>�@
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The spreader stoker operated as a continuous system, with ash removal doors. The
conversion concept corresponds to: updraft-downfeed (countercurrent), moving bed.
Secondary air (overfire air) entered at 42 inches above the grate. The overfire air ports
were directed slightly downward (12°).

)XHO

The fuel could be supplied at four rates. The fuel was wood residue consisting of a
mixture of bark and wood. Below are some fuel data:

• particle size 3/4-3/8 inches.

• bulk density: 17.1 as received, 11.1 lb/ft3 db (dry basis)

• heating value: 8 878 BTU/lb db

• moisture content: 35% as received, 54% db

• volatile matter: 72.6% db

• char: 26.2% db

• ash: 1.2% db

• feed rates: 30, 40, 50, 60 (lb dry fuel/hr ft2 of grate)

0HDVXUHPHQW�PHWKRGV

0HVXUDQGV

1. flue gas : (a) composition: O2, CO2 and CO; (b) temperature: before and after air
preheater

2. particulate emissions: collected in the stack gas

)LJXUH����7XWWOH�V�VSUHDGHU�VWRNHU��$�VLGHYLHZ�WR�WKH�OHIW�VKRZV�WKH�ZDWHU�ZDOOV��WKH
LQVXODWLQJ�EULFNZRUN�DQG�WKH�PHFKDQLFDO�IXHO�VSUHDGHU��$�RYHUYLHZ�WR�WKH�ULJKW
VKRZV�WKH�SLQKROHG�JUDWH��WKH�JDV�VDPSOH�SUREH�DQG�D�FURVV�VHFWLRQ�RI�WKH�ZDWHU
ZDOOV�DQG�WKH�EULFNZRUN��>�@
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3. off-gas: (a) composition: O2, CO2 and CO at fuel bed surface; (b) temperature: at
20 and 63 inches above the grate

0HDVXULQJ�GHYLFHV

1. oxygen analyser: Scott paramagnetic, model 150.

2. carbon monoxide and carbon dioxide: non-dispersive IR (NDIR), Horiba, Mexa-
400.

3. temperatures: non-radiation-shielded thermocouples

4. Gas sample probe: two feet long and 0.305 inches inner diameter in stainless steel,
with a 0.75 inches outer diameter cooling jacket of stainless steel (Figure 6).

7KHRU\

No sought quantities of relevance for this thesis were studied in this work.

5HVXOWV�DQG�FRQFOXVLRQV

Tuttle presented no results on burning rates or ignition rates. Below are some other
conclusions.

The experimental and statistical analysis on the effects on the carryover were
interpreted as follows:

1. Increasing the fuel feed rate results in increase in the carryover rate.

2. Increasing the thickness of the fuel bed on the grate from two inches to four
inches has the effect of reducing the carryover rate.

3. The effect of fuel bed depth increases as the fuel feed rate is increased.

)LJXUH����*DV�VDPSOLQJ�V\VWHP�XVHG�E\�7XWWOH��>�@
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4. The significant effect of increased combustion rate is an indication that the
volume flow rate of the underfire air through the fuel bed has the greatest effect
on the particulate emissions.

The experimental and statistical analysis on the effects on the Relative Carbon
Saturation (RCS) are interpreted as follows:

1. Increasing fuel feed rate decreases the RCS of the off-gas produced in the fuel
bed.

2. Increasing the depth of the fuel bed from two to four inches results in increased
RCS of the off-gas produced in the fuel bed.

3. The effect of increased fuel bed depth increases as fuel feed rate increases.

&RPPHQWV�RQ�WKH�ZRUN

Tuttle´s measurement results have no relevance to this author’s work.

$������ 6WXELQJWRQ�HW�DO�������

2EMHFWLYHV

The objectives of the work by Stubington et al’s [6] were to measure and compare the
ignition and combustion rates as function of volume flux of primary air for different
forms of dry bagasse. The result obtained should, according to Stubington et al, be
applicable to any kind of large-scale underfeed as well as overfeed combustion
system, such as the travelling-grate stoker and the spreader stoker, respectively.

3%&�V\VWHP

They used a vertical cylindrical pot furnace of batch type, like Rogers. Two
conversion concepts were simulated: (a) overfired, updraft, fixed horizontal grate, and
batch reactor and (b) underfired, updraft, fixed horizontal grate, and batch reactor.
The diameter was 178 mm and primary air was supplied under the grate (Figure 7). A
mirror was placed above the overbed section to be able to observe the combustion
behaviour.

)LJXUH����$�VFKHPDWLF�LOOXVWUDWLRQ�RYHU�6WXELQJWRQ�HW�DOV�SRW
IXUQDFH�DQG�DQDO\VLQJ�V\VWHP��>�@
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)XHO

(i) 'ULHG� EDJDVVH� ILEUHV were used to test the combustion of ORRVHO\ and GHQVHO\
packed fuel beds. The loose bed was obtained by dropping the dried bagasse fibres
from 100 mm above the grate. The loose bed were intended to simulate a spreader
stoker bed, according to the authors. The dense packed bed was obtained by
compaction. The dense bed should simulate combustion of baled bagasse. (ii) 6PDOO
F\OLQGULFDO� SHOOHWV, approximately 8 mm in diameter and 15 mm long. (iii) /DUJH
F\OLQGULFDO�SHOOHWV, approximately 90 mm in dia. and up to 200 mm long. More data
regarding the fuel is given in Table 1 below.

0HDVXUHPHQW�PHWKRGV

0HDVXUDQGV

bed: (a) temperatures inside bed at 25, 51, 76 and 102 mm above grate, (b) pressure
drop over grate and fuel bed, and (c) bed height.

primary air: (a) air flow rate.

0HDVXULQJ�GHYLFHV

temperatures: four Pt/Pt-13% Rh thermocouples encased in a protective sheath.

pressure: inclined water filled manometer.

bed height: a graduated dip-stick on top of the bed.

flow rate: rotameter

7DEOH����)XHO�SURSHUWLHV

%HG�)XHO�SURSHUWLHV ORRVH
ILEUHV

GHQVH
ILEUHV

VPDOO
SHOOHWV

ODUJH
SHOOHWV

GHQVLW\ (kg/m3):

bulk density 46.4 77.4 366 350

particle density n.d. n.d. 960 953

SUR[LPDWH�DQDO\VLV� (wt%):

moisture 9.4 10.4 6.4

ash 2.5 3.6 n.d.

volatile 77.7 74.4 n.d.

fixed carbon (wt%) 10.4 11.6 n.d.

8OWLPDWH�DQDO\VLV

carbon 44.6 47.1 43.8

hydrogen 3.1 3.2 3.1

oxygen 52.3 49.7 53.1

n.d.-not determined



APPENDIX A - Literature Review of Experimental Work

15

6RXJKW�TXDQWLWLHV

• Ignition rates (kg/m2,s)

• Combustion rates (kg/m2,s)

7KHRU\

No explicit mathematical model of the method was presented. However, a short
descriptive model was outlined: For each run, the average ignition and combustion
rate (expressed as weight of fuel ignited or burnt per unit bed area and unit time) were
calculated by determining the time taken for the ignition front to pass down through
the bed and the completion of burn-out, respectively. No discussion is presented about
limitations and assumptions of the method.

3URFHGXUH

For each run, the pot was loaded with a bed 125-130 mm deep, with an ignition
source (char coal soaked in kerosine) on top of the bed. A low air flow was used
during ignition. The ignition front propagating down towards the grate was monitored
by thermocouples connected to chart recorders (Figure 7).

5HVXOWV�DQG�FRQFOXVLRQV

Stubington et al observed the parabolic relationship between the volume flux of
primary air and ignition rate as well as combustion rate. They concluded that the
maximum combustion rate during a batch run decreases, and the corresponding air
rate decreases, as the bulk density of bagasse increases. The highest combustion rates
was obtained for loose fibres, which had the lowest bulk density of the tested fuels.
With increasing bulk density the ignition front rate decreases as a result of the slower
heat transport from the ignition front to the unburnt fuel.

&RPPHQWV�RQ�WKH�ZRUN

Stubington et al [6] presented a short descriptive model of how the ignition front rate
and the combustion rate are determined. No mathematical models to calculate the
ignition rate and the combustion rate are shown. However. As far as this author can
understand, the calculation results are time average values, that is, no time instant
values are obtained by the method used by Stubington. No uncertainty analysis was
presented and no verification method was used. The methods used are unclearly
defined. Consequently, the results would be difficult to reproduce. Nevertheless, the
study includes interesting result.

$������ .RLVWLQHQ�HW�DO�������

2EMHFWLYHV

The objectives of Koistinen et al’s [7] research was to study the differences and
similarities in the effects of the moisture content, fuel bed type and the particle size of
different biofuels on the combustion rate, released grate effect and the combustion
behaviour in general.
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3%&�V\VWHP

The experiments were carried out in the commonly used cylindrical vertical pot
furnace (Figure 8). The conversion concept was: overfired, updraft, fixed horizontal
grate, and batch reactor. The furnace dimensions were 250 mm i.d. and 300 mm in
height. The furnace was constructed in two sections, here called FRQYHUVLRQ� V\VWHP
and FRPEXVWLRQ�FKDPEHU. This was one simple solution to be able to weigh the mass
loss of the packed bed.

The conversion reactor was placed on a balance, which made it possible to monitor
the mass loss rate of the fuel bed. The inner cylinder wall of the fuel bed section was a
quartz glas tube, which was insulated with a 100 mm thick rockwool layer on the
outside. The outer cylinder wall was a sheet-iron. A view port was used on the front
of the pot for observation of the thermochemical processes taking place inside the fuel
bed.

Thermocouples were placed inside the fuel bed, to be able to follow the temperature
history, which contained a great deal of information about the thermochemical
processes occurring in the bed. The sample ports were positioned at 45, 145 and 245
mm above the grate. These ports could also be used for gas sample probes. The
primary air could be preheated up to 200°C and the air flow rate could be varied
between 150-1500 l/min.

)XHO

Both underfire and overfire combustion were simulated in the pot. In the overfired
situation four different fuels were tested: two kinds of birch wood chips, peat pellets
and peat lumps. In the underfire case the peat lumps and birch wood chips were fired.
For more information regarding the fuel, see Table 2.

)LJXUH����7KH�SRW�IXUQDFH�XVHG�E\�.RLVWLQHQ�HW�DO��>�@
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0HDVXUHPHQW�PHWKRGV

0HDVXUDQGV

Bed measurements : interstitial gas: (a) temperatures T2, T3 and T4 (Figure 8); (b)
composition, not carried out in this study, and (c) bed weight versus time

primary air: (a) temperature T1 (Figure 8), (b) air flow rate

0HDVXULQJ�GHYLFHV

(a) Temperature instruments:  thermocouples

(b) Air flow rates: rotameter

(c) Weighing instrument: electronic balance, Sartorius

6RXJKW�TXDQWLWLHV

• Combustion rate (W/m2,s)

• Ignition rate (m/s)

• air factor

7KHRU\

A theory of the method to obtain the combustion rate and ignition rate was not
described. Only results were presented. Limitations and assumptions of the method
were not discussed.

3URFHGXUH

The fuel bed (300 mm deep) was ignited either on the top (overfired), simulating
cocurrent moving bed combustion, or in the bottom (underfired), simulating
countercurrent moving bed combustion. The igniting source was sawdust soaked in

7DEOH���)XHO�SURSHUWLHV

)XHO &DORULILF�YDOXH 0RLVWXUH�FRQWHQW $VK
FRQWHQW

&RFXUUHQW [MJ/kg] [wt-%] [wt-%]

wood chip 1 20.4 11 0.43

wood chip 2 20.4 38 0.43

peat lumps 22.1 20 2.56

peat pellets n.g. n.g. n.g.

&RXQWHUFXUUHQW

peat lump 1 22.1 36 2.5

peat lump 2 22.1 42 2.5

wood chip 1 20.4 38 0.43

wood chip 2 20.4 58 0.43

n.g.- not given
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flammable liquid for the overfired case. In the underfired situation incandescent char
was prepared in the bottom of the pot furnace and used as an ignition source for the
fuel put on top of it.

5HVXOWV�DQG�FRQFOXVLRQV

2YHUILUHG

The ignition rate was slower in the beginning than in the end of each run of the
overfired mode. The use of preheated air and wet fuels caused an accelerated rate of
ignition, because the ignition front met hotter and hotter fuel as it propagated
downwards. The ignition front propagation velocities varied between 0.05 to 0.7 m/s.
The ignition front propagation velocity for peat lumps and pellets was only 30-50% of
that for wood chips. The combustion of wood chips with a moisture content of 38%
was difficult to sustain. Stable combustion was attained in a narrow air-flow range
0.05-0.13 m/s. When the flow velocity was higher than 0.15 m/s the combustion was
quenched.

8QGHUILUHG

The underfired combustion mode corresponded to the operation of an updraft gasifier.
The tests carried out on wet wood chips and peat lumps (35-60%) showed that the
combustion rates are many times higher than the same conditions for the overfired
mode. Koistinen et al were able to gasify wood chips with a moisture content of 58%
d.b. However, the off-gas was so humid that it was not ignitable until the end of each
run when the drying had ceased. Koistinen et al concluded that the combustion rate
increased linearly with an increased primary air flow rate.

The excess air number was the range of 0.2-0.3 in the underfired situation.

*HQHUDO

Koistinen et al observed the parabolic relationship between air flow and combustion
rate as well as ignition rate. The combustion rate is a complex function of several
factors: (a) IXHO� SURSHUWLHV - moisture content and particle size; (b) IXHO� EHG
FRQILJXUDWLRQ, that is countercurrent or cocurrent combustion; (c)� JUDWH� VL]H and (d)
the IXHO�EHG�GHSWK.

Heat fluxes (grate loadings) on 1500 kW/m2 can be obtained by cocurrent
combustion, but for wet biofuels the heat fluxes are only 500 kW/m2. Wood chips
with a moisture content of 40% are very hard to burn in a cocurrent configuration. On
the other hand, if a countercurrent configuration is used between fuel feed and
primary air flow it is possible to burn very wet fuels upto 55-60%. Heat fluxes on 1
500 kW/m2 can be attained for wood chips with a moisture content of 40%, if the air
flow velocity is 0.1 m/s.

&RPPHQWV�RQ�WKH�ZRUN

Koistinen et al [7] present a number of graphs on the grate fluxes (W/m2,s). However,
no theory of the method to calculate the grate effect was described. It must be based
on the measured mass loss rate. Furthermore, no plots on the combustion rate
(kg/m2,s) are shown. Magnitudes of the air factor is presented, but no theory of how it
is determined. No uncertainty analysis is carried out and no verification method is
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used. The method is not well defined. Consequently, the results are difficult to
reproduce.

$������ $KR�������

2EMHFWLYHV

The objectives of Aho’s study [8] were to investigate the effects of peat type, particle
density, diameter and moisture content, and oxygen concentration on the flue gas
emissions of nitrogen oxides and sulphur dioxide from a homogenous countercurrent
batch bed combustion using a pot furnace. His aim was to simulate the interaction of
chemistry between the fuel bed system and the combustion chamber of a overfired
batch bed. However, he also presented some results on the combustion heat rate.

3%&�V\VWHP

The apparatus used by Aho is the same as that Koistinen et al utilised for their
experiments explained above. Therefore, the reader is referred to the explanation of
Koistinen et al’s apparatus above for a detailed description.

)XHO

Three peat samples (2 m3 each) were taken at two peat production areas in Finland,
namely Kailasuo and Piipsanneva. They were homogenised and prepared as pieces of
different density and diameter with laboratory-scale machines. Peat properties are
shown in Table 3. Aho classified the peat into three groups with respect to degree of
decomposition of chemical structure. The peat types were denoted by 6 for low
decomposition degree, & for medium and /6 for high degree of decomposition.

Two sizes of low density pellets were prepared from the homogenised raw peats by a
peat pellet machine. After drying to moisture contents of 20-30 % the diameter of the
larger pellets were 28-30 mm and the diameter of the smaller pellets became 12 -13
mm. The ratio of length to diameter was about 2. In addition, one high density pellet
and one low density pellet were also produced.

0HDVXUHPHQW�PHWKRGV

0HDVXUDQGV

,Q�EHG�PHDVXUHPHQWV: interstitial gas: (a) temperature and (b) bed weight versus time

flue�gas: (a) temperature, (b) composition (NO, NO2, SO2, CO, CO2 and O2)

7DEOH����3HDW�SURSHUWLHV

6DPSOH 6DPSOLQJ
GHSWK
�FP�

3HDW
W\SH

+ +HDWLQJ
YDOXH

�0-�NJ�

&

���

+

���

1

���

6

���

9RODWLOHV

���

$VK

���

In ashless sample
Kailasuo 5-15 S 2-3 22.9 56.9 5.53 0.92 0.11 72.3 2.5

Kailasuo 70-100 LS 8 23.3 59.0 5.18 1.29 0.25 66.5 5.2

Piipsanneva 50-100 C 5 23.4 57.4 5.32 1.71 0.16 69.4 5.8

*H- degree of humidification, von Post´s method
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0HDVXULQJ�GHYLFHV

(a) Temperatures: suction pyrometers with 6 mm o.d. made of Alsint. The
thermocouples were Pt/Pt 10% Rh.

(b) Flue gas sampling: continuous sampling through sample port (see code 12 Figure
8).

(c) Weight: electric balance

(d) Gas analysers:

NOx-analyser: Thermoelectron Model 10, chemiluminescent

SO2-analyser: Heraeus Binos,UV-Vis

CO- and CO2-analysers: Leybold-Heraeus Binos 1, ND-IR

O2-analyser: Hartman-Brown Magnos 3, paramagnetic.

6RXJKW�TXDQWLWLHV

• The combustion heat rate (latent heat flux of conversion gas) (W/m2)

7KHRU\

A short descriptive model showed how the combustion heat rate was calculated. No
discussion is presented about limitations and assumptions of the method.

3URFHGXUH

The fuel bed was ignited on the top surface, thereby satisfying the conditions for a
countercurrent batch bed combustion. After the ignition the process controlled itself
and the temperature rose to a value around 1200 °C, which is a temperature level
prevailing in true grate combustors.

The primary air flow rate and moisture content of the fuel was given before each
combustion run. Flue gas samples were taken continuously and the bed temperature
was monitored on-line. The bed weight and mass loss rate were also continuously
measured.

5HVXOWV�DQG�FRQFOXVLRQV

The maximum combustion heat flux (grate loadings) was 1510 kW/m2 and the
maximum interstitial gas temperature obtained was 1300°C during the overfired batch
mode.

The amount of unburned gases were very high in the off-gas with combustion
intensities over 1000 kW/m2. Consequently, the amount of secondary air needed to be
high and was 2/3 of the total amount of air used.

&RPPHQWV�RQ�WKH�ZRUN

Aho [8] presented a short descriptive model of the relationship between combustion
heat rate and mass loss rate of bed. He applies the same method as Koistinen et al [7].
It is clear that the method used presents time average values of combustion heat rate.
No verification method is applied and no uncertainty analysis is carried out. The
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theory behind the method used is unclear. In other words, the method is difficult to
reproduce.

$������ 2UODQGHUV�������

2EMHFWLYHV

The objective of one of the papers, which was a part of Orlanders thesis [9], was to
study the effects of the bed stoichiometric ratio (65E) (air factor of conversion system)
and fuel nitrogen content on the formation of various gaseous species (O2, CO, CO2,
H2 and NO) in the interstitial gas, off-gas and flue gas.

3%&�V\VWHP

Orlanders also used the most
commonly applied conversion
concept: overfired, updraft,
fixed horizontal grate, and
batch reactor. The vertical
cylindrical pot furnace is
shown in Figure 9. The
experiments were designed to
simulate the crosscurrent
moving bed of a large scale
grate-fired boiler. The pot
furnace consisted of five
double-walled cylindrical
sections (B-F in Figure 9) of
0.3 m height and 0.3 m i.d.
Sections B-D had refractory
lining with 0.245 m i.d. Section
A is the wind box. The grate or
air distributor had 340 holes of
3.7 mm i.d. placed between
section A and B. Each section
(B-F) had two sampling ports
located opposite to each other.
In addition, section B had two
sets of smaller sampling ports,
located in the same manner, for in-bed measurements. Each set consisted of nine
holes, with 30 mm vertical spacing.

Primary air (underfire air) supplied through the grate and secondary air (overfire air)
was supplied between section C and D through eight radial tubes with small nozzles.
The secondary air jets were introduced normal to the vertical flow of over-bed
combustion gases.

)LJXUH����7KH�SRW�IXUQDFH�XVHG�E\�2UODQGHUV�HW�DO
>�@
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)XHO

Three different fuels were studied: two mixtures of pelletised bark and wood, and one
fuel made of pelletised straw. More data regarding the fuel used by Orlanders et al is
showed in Table 4 below.

0HDVXUHPHQW�PHWKRG

0HDVXUDQGV

interstitial gas/off-gas: (a) composition; NO, CO, CO2, O2 and H2. (b) temperatures

flue gas: (a) composition; NO, CO, CO2, O2 and H2 ; (b) temperatures

0HDVXULQJ�GHYLFHV

Gas analysers, on-line systems:

O2 analyser: paramagnetic

CO and CO2 analyser: non-dispersive infra red spectroscopy (NDIR)

NO analyser: chemiluminiscence

H2 analyser: quadropole mass spectrometry (Q-MS)

Temperature instruments: chromel-alumel thermocouples; located in-bed at 6, 9 and
12 cm, and over-bed 53.5 and 95.5 cm above the grate (see T1-T5 in Figure 9).

7DEOH����)XHO�DQDO\VLV�DQG�FKDUDFWHULVDWLRQ

)XHO�SURSHUWLHV ����EDUN
SHOOHWV����
ZRRG�FKLSV

����EDUN
SHOOHWV����
ZRRG�FKLSV

����ZKHDW
SHOOHWV����
EDUOH\�VWUDZ

SHOOHWV

3UR[LPDWH�DQDO\VLV (wt-%)

moisture 9.37 9.52 10.85

ash 2.45 2.17 4.18

volatiles 76.89 76.87 81.11

fixed carbon 11.29 11.44 3.87

XOWLPDWH�DQDO\VLV (wt-%, daf):

carbon 53.88 53.44 50.74

hydrogen 5.45 5.39 5.36

oxygen* 40.33 40.73 42.90

nitrogen 0.26 0.25 0.58

sulphur 0.08 0.19 0.15

FDORULILF�YDOXH (MJ/kg): 17.25 17.34 15.66

SHOOHW�VL]H (mm):

diameter 10 13 13

length 2-40 2-45 2-40

average length 15 17 11

EXON�GHQVLW\ (kg/m3): 610 638 567

*oxygen calculated by difference
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Gas sampling probes, two types:

(1) A water-cooled stainless steel probe, of 4 mm i.d. and 12 mm o.d., for all gaseous
components but hydrogen. (2) A quartz glas probe, of 4 mm i.d. and 6 mm o.d., for
hydrogen sampling on the Q-MS.

The stainless steel probe and the quartz glas probe were placed initially within the fuel
bed, at 9 and 12 cm respectively above the grate.

6RXJKW�TXDQWLWLHV

• Air factor

7KHRU\

A descriptive definition of the air factor was presented. No mathematical models were
given formulating the relationship between air factor and measurands and no
discussion was presented about limitations and assumptions of the method.

3URFHGXUH

A batch of 5.0-5.5 kg fuel was placed on the grate, resulting in a fuel bed height of
approximately 0.18 m. A gas burner was used to ignite the fuel bed at the surface.

The bed stoichiometric ratio (65E) was varied between 0.60 to 1.65.

The gas probe and thermocouples were placed at a distance below the fuel bed surface
and one centimetre from the centre of the cylindrical furnace.

As the combustion proceeded, the bed surface regressed downwards and reached the
first thermocouple (T1), and after some time the second one (T2) , and then the third
one (T3). Since the time elapsed for the combustion front to regress between the
thermocouples was measured (derived from temperature curves), and the distances
between the thermocouples were fixed, the regression rate could be calculated. From
the ratio between the air flow and regression rate the bed stoichiometric ratio could be
obtained.

For each run, the gas analysers and thermocouples were continuously measuring.

5HVXOWV�DQG�FRQFOXVLRQV

At bed conditions 65E<1.00 carbon monoxide was formed due to lack of oxygen. At
excess air conditions, 65E >1.00, measurements on the off-gas just above the fuel bed
showed small amounts of CO. The distance from the bed surface to the gas probe,
after the passage of the combustion front was to short for the reaction to go to
completion. Measurements on the flue gases, carried out 0.96 m above the grate,
showed no CO.

&RPPHQWV�RQ�WKH�ZRUN

Time average values of air factor of the conversion system were calculated. However,
the mathematical model of the method is unclear. No verification methods were given
and no uncertainty analysis was discussed. The method used is difficult to reproduce.
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$������ *RUW�������

2EMHFWLYHV

The primary objective of Gort´s experimental work [10] was to study the effect of
volume flow of primary air on ignition front rate and combustion rate. Another aim
was to study the dependency of ignition front rate and combustion rates on moisture
content, volatile content, and particle size.

3%&�V\VWHP

Gort applied a typical pot reactor with vertical cylindrical shape. The conversion
concept of Gort’s conversion reactor was updraft, over-fired, fixed horizontal grate,
and batch reactor. The reactor casing had a inner diameter of 0.3 m and a height of 0.8
m. The design of Gort’s pot furnace is very similar to Koistinen et al’s.

For safety reasons, two burners were installed in the combustion chamber to obtain
complete combustion. The conversion system was separated from the combustion
chamber to enable weighing of the mass loss of the bed.

)LJXUH�����7KH�SRW�IXUQDFH�XVHG�E\�*RUW��>��@
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)XHO

Gort used several types of solid fuels in his experiments. Only the wood fuel will be
considered in this review. Two sizes of wood fuels were used, namely 10 mm and 30
mm wood blocks, containing 10 or 30 % of moisture, respectively.

0HDVXUHPHQW�PHWKRGV

0HDVXUDQGV

Primary air: temperature (T)

Bed measurements: (a) interstitial gas temperature (T), (b) interstitial gas composition
(O2, CO2, CO, SO2, CxHy, and NOx), and (c) weight (m).

Off-gas: (a) temperature (T) and (b) composition (O2, CO2, CO, SO2, CxHy, and NOx)

0HDVXULQJ�GHYLFHV

Temperature: Pt/Rh-thermocouples (Type-S) at 50, 100, 200, 250, 300, 350, 400, 450,
500, and 600 mm above the grate (Figure 10).

Gas analysers: O2-paramagnetic, CO2-Non-dispersive infra-red (NDIR), CO-NDIR,
SO2-NDIR, CxHy-Flame Ionization Detector (FID), and NOx-Chemiluminescence.

Weight: weighing cell (no additional information)

6RXJKW�TXDQWLWLHV

• ignition front rate (kg/m2,s)

• combustion rate (kg/m2,s)

7KHRU\

No explicit mathematical models between the interested sought quantities and
measurands are formulated in Gort’s work. However, short descriptive models

7DEOH����)XHO�DQDO\VLV

3URSHUW\ :RRG�IXHO

G&VI ,,ω 50.3

G+VI ,,ω 5.8

G2VI ,,ω 43.4

G1VI ,,ω 0.1

G6VI ,,ω 0.2

G0H;VI ,,ω 0.3

G2+&VI
]\[
,,ω 82.6

/+9F
K ,
ˆ∆  [MJ/kg] 18.0
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defining the sought quantities are presented. No discussion is presented about
limitations and assumptions of the method.

5HVXOWV�DQG�FRQFOXVLRQV

Gort identified three reactions regimes, which he refers to as partial gasification
regime (regime I), complete gasification regime (regime II), and combustion regime
(regime III). The criterion for Regime I is that the ignition front rate is faster than the
combustion rate. Consequently, the reaction zone in the packed bed becomes thicker
during the course of a batch in regime I. In regime II the ignition front rate and the
combustion rate are equal. The reaction zone is very thin. Regime III is characterised
by complete combustion, that is, the off-gas leaving the reaction zone contains
primarily carbon dioxide and water vapor.

Gort presented measurements on ignition front rates and combustion rates as
functions of primary air velocity, primary air temperature, and primary air oxygen
concentration. He concluded a parabolic relationship between ignition front rate and
primary air velocity. He also found that the ignition front rate increases if the primary
air temperature increases. Moreover, he observed that there is a positive coupling
between ignition front rate/combustion rate and oxygen concentration of the primary
air. A very interesting result is that, if the normal air is oxygen enriched up to 25 %,
the combustion rate is increased three times for a given air velocity.

&RPPHQWV�RQ�WKH�ZRUN

Gort [10] presented a very brief descriptive physical model, but no mathematical
definitions and models, of sought quantities. Consequently, no uncertainty
propagation analysis is presented. A verification method used to validate the
measurement result with respect to sought quantities is not applied. The plots or figure
captions of ignition rate and combustion rate do not indicate that they represent time-
integrated means of the sought quantities and not time-instant values.

This author lacks a discussion around the problems of weighing the mass loss of the
bed. Commonly, the measuring range is in the order of 0-15 g/s for this size of pot
furnace. The information in Gort’s thesis regarding the initial mass of batch is scarce.
However, from graphs it can be seen that a common initial mass of batch was 10 kg
(10000 g). The required resolution should then be in the order of 1:10000. According
to Figure 10, the weighing cell most certainly measures the weight of the pot reactor
which add up to another 20 kg at least. Consequently, the resolution requirement is
1:30000.

$������ $[HOO�������

2EMHFWLYHV

The objective of Axell´s [11] experimental study is twofold: (1) to develop methods
to study the combustion process of a packed-bed of biomass; (2) to study the effect of
mass flow of air on the combustion process in different conditions with respect to fuel
particle size, density, and shape. The results are planned to be applied to computer
simulations of packed-bed combustion of wood fuels as well as design data for
construction of PBC systems.
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3%&�V\VWHP

Axell has studied two types of conversion concepts: (1) over-fired, updraft, fixed
horizontal grate, and batch reactor (see Figure 11A) and (2) downdraft, underfired,
fixed horizontal grate, and batch reactor (see Figure 11B).

The over-fired updraft conversion system has a vertical cylindrical (Figure 11A)
design with an inner diameter of 0.2 m and a height of 0.45 m. The under-fired
downdraft batch reactor has a rectangular cross section with the dimensions 0.52×0.48
m2 and a height of 0.7 m.

A. Overfired updraft batch reactor B. Underfired downdraft batch reactor

)LJXUH�����7KH�WZR�FRQYHUVLRQ�FRQFHSWV�VWXGLHG�E\�$[HOO��>��@
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)XHO

Axell studied two different wood fuels, namely wood pellets and fuel wood. The fuel
properties are displayed in Table 6 below.

0HDVXUHPHQW�PHWKRGV

0HDVXUDQGV

Primary air: (a) temperature (Tpa), (b) absolute pressure (Ppa), and (c) volume flow
(

SD
9& )

Bed measurements: (a) interstitial gas temperature (Tig), (b) weight (mb), and (c)
height (hb)

Off-gas: (a) off-gas temperature (Tog) and (b) off-gas composition (υog : O2, CO2, CO,
SO2, CxHy, and NOx)

0HDVXULQJ�GHYLFHV

Temperature: thermocouples (Type-K: 1 mm) at ten vertical positions in the bed
(Figure 10).

7DEOH����:RRG�IXHO�SURSHUWLHV

3URSHUWLHV 3HOOHWV )XHO� ZRRG
�PP

)XHO� ZRRG
��PP

)XHO� ZRRG
��PP

G2+&IX
]\[
,,ω 0.812 0.807

G0H;IX ,,ω 0.0039 0.002

G&KDUIX ,,ω 0.185 -

Z2+IX ,, 2
ω 0.083 0.091

G&IX ,,ω 0.505 0.514

G+IX ,,ω 0.062 0.067

G2IX ,,ω 0.431 0.417

G1IX ,,ω 0.0015 0.00047

G6IX ,,ω 0.0001 0.0001

Z/+9F
K ,,
ˆ∆ 18.5 17.3

G/+9F
K ,,
ˆ∆ 20.2 19.3

D (mm) 8 8 12 34

L (mm) 12 20 30 100

Aes (mm2) 412 603 1356 12497

Sρ  (kg/m3) 1259 579 585 581

E
ε  (m3 void/m3 0.46 0.47 0.48 0.52

Eρ  (kg/m3) 680 307 304 279

S$̂  (m2 p/kg p) 0.53 1.04 0.68 0.23

E$  (m2 p/m3 b) 357 318 208 66
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Gas analysers: O2-paramagnetic, CO2-Non-dispersive infra-red (NDIR), CO-NDIR,
THC-Flame Ionization Detector (FID), and NOx-Chemiluminescence.

Weight: weighing cell (no additional information)

6RXJKW�TXDQWLWLHV

• ignition front rate (kg/m2,s)

• combustion rate (kg/m2,s)

7KHRU\

,JQLWLRQ�UDWH

Axell´s have two definitions of ignition rate depending on conversion concept:

overfired:

The ignition front rate is defined as the multiplication of bed density and speed of
ignition front

W
K

P ELI ∆
∆⇐′′ ρ& (T��

The speed of ignition front is evaluated between the thermocouples at the position 300
and 150 mm above the grate. The distance between the thermocouples is

15.030.0 −=∆K

The time of travel is measured between the thermocouples the same thermocouples.
The time is recorded as the temperature has reached 500 °C.

150300 WWW −=∆ .

It implies that the ignition rate obtained by Eq (8) is a time average value.

underfired:

The ignition front rate for the underfired case is defined as the initial weight of the
bed divided by time of travel through the whole bed and the cross section of the bed.

E

E

LI W$

P
P

∆
⇐′′& (T��

The time of travel is determined as the time difference between the start of the run and
when the ignition front has reached the top of the bed. This evaluation of ignition
front rate results in a overall time average value.

&RPEXVWLRQ�UDWH

The combustion rate (conversion rate) is defined as the mass loss rate divided by the
cross-sectional area of the bed.

E

FJ W$
P

P
∆
∆⇐′′& (T���

The mass loss rate is determined as the slope of the bed weight curve. It is obtained as
a time average value.
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5HVXOWV�DQG�FRQFOXVLRQV

Axell has conducted experimental work on two types of conversion concepts,
mentioned above. Axell’s measurements confirms Gort’s work; that is, the mass flow
of primary air displays a parabolic relationship with respect to time-integrated mean
of ignition front rate and combustion rate, as well as maximum temperature of
ignition front. Axell was also able to measure the break points with respect to mass
flow of air separating the different reaction regimes (recall Gort (1995) above). Axell
presents one graph on the measurements of combustion rate (conversion rate) versus
mass flux of primary air with respect to the conversion of 8 mm wood pellets.

&RPPHQWV�RQ�WKH�ZRUN

Axell´s work [11] includes both a descriptive physical model and mathematical
definitions of the sought quantities. An analysis with respect to measurement
uncertainty of sought quantities exist. However, calibration procedures of measuring
devices are not discussed. A verification of the measurement result with respect to
sought quantities is not carried out. The fact that the plots of ignition rate and
combustion rate represent time-integrated means of the sought quantities and not a
time-instant value is not clear enough. The method can be reproduced.

The comment on “problems” of weighing with respect to Gort’s work holds for this
work as well.

$����&RQFOXVLRQV

Nine studies regarding the thermochemical conversion of packed-beds of biomass
have been reviewed. The review is summarized in Table 7 below. The focus of the
survey has been on the theories of the methods applied to measure ignition front rate,
conversion rate (combustion rate, burning rate), conversion gas stoichiometry, and air
factors.

This author has classified the theory of the method with respect to physical model and
mathematical model. The physical model can be broken down into system definition,
descriptive definition of the sought quantity, measurands, and main assumptions. The
mathematical model can be divided into mathematical definition of the sought
quantities, and mathematical relationship between sought quantity and measurands.

According to this author’s opinion, only Rogers and Axell have presented their
applied measurement methods in a reproducable manner to the reader. However,
Rogers’ mass-balance method is not analysed with respect to uncertainty and it is only
verified in two single tests.
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7DEOH����$�VXPPDU\�RI��UHOHYDQW�PHDVXUHPHQW�PHWKRGV

$XWKRU &RQYHUVLRQ�FRQFHSW 6RXJKW
TXDQWLW\

0HDVXUDQGV 7KHRU\�RI�PHWKRG 9HULILFDWLRQ
PHWKRG

8QFHUWDLQW\
DQDO\VLV

LIP ′′& Tig, ∆t, ∆hb dscr def No No

(a) 
FJ

P ′′& mb, t dscr def Yes Yes

(b) 
FJ

P ′′& υfg,CO2, υfg,H2O, υfg,O2,
υfg,CO2, He/N2, RH,
Tpa, ∆Ppa, Ppa

system def

math model

Yes No

Rogers (1973) overfired, updraft,
fix.horiz. grate, batch

C/H and O/H υfg,CO2, υfg,H2O, υfg,O2,
υfg,CO2, He/N2, RH,
Tpa, ∆Ppa, Ppa

system def

math model

Yes No

Lamb et al (1977) crosscurrent

moving
FJ

P ′′& packing ratio, bed
density, hb

uif

no information No No

Tuttle (1978) countercurrent

moving

no relevance - - - -

P ′′& Tig, t, ∆hb dscr def No NoStubington et al
(1984)

overfired

updraft

fix.horiz. grate

batch

FJ
P ′′& mb, ∆teor dscr def No No
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cont Table 7:

$XWKRU &RQYHUVLRQ�FRQFHSW 6RXJKW
TXDQWLW\

0HDVXUDQGV 7KHRU\�RI�PHWKRG 9HULILFDWLRQ
PHWKRG

8QFHUWDLQW\
DQDO\VLV

P ′′& Tig, ∆t, ∆hb no information No No

FJP ′′& mb, t dscr def No No

Koistinen et al
(1986)

(a) overfired, updraft,
fix.horiz. grate, batch

(b) underfired, updraft,
fix.horiz. grate, batch

/+9FT ,& mb, t dscr def No No

Aho (1987) overfired

updraft

fix.horiz. grate

batch

/+9FT ,& mb, t dscr def No No

Orlanders (1990) overfired

updraft

fix.horiz. grate

batch

)(65
FV

λ Tig, t, ∆hb, 
o&
SD

9 dscr def No No
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cont Table 7

$XWKRU &RQYHUVLRQ�FRQFHSW 6RXJKW
TXDQWLW\

0HDVXUDQGV 7KHRU\�RI�PHWKRG 9HULILFDWLRQ
PHWKRG

8QFHUWDLQW\
DQDO\VLV

P ′′& Tig, t, ∆hb dscr def No NoGort (1995) overfired

updraft

fix.horiz. grate

batch

FJP ′′& mb, t dscr def No No

P ′′& Tig, t, ∆hb math model No Yes(a) overfired

updraft

fix.horiz. grate

batch

FJP ′′& mb, t math model No Yes

P ′′& mb, ∆t math model No Yes

Axell (2000)

(b) underfired

downdraft

fix.horiz. grate

batch

FJP ′′& m, ∆t math model No Yes
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$33(1',;�%���$�5HYLHZ�DQG
&ODVVLILFDWLRQ�RI�7KHUPRFKHPLFDO
&RQYHUVLRQ�RI�6ROLG�)XHOV�LQ�WKH

&RQWH[W�RI�3DFNHG�%HG�&RPEXVWLRQ�DQG
%LRIXHOV

%����6XPPDU\
This survey presents a systematic classification and review of conceptual models
applied in the theory of thermochemical conversion of solid fuels in the context of
packed bed combustion systems (PBCSs) and the three-step model. One of the long
term objectives of this survey is to contribute to the development of an all-round bed
model, herein also referred to as computational fluid-solid dynamic code (CFSD). The
bed model should be able to simulate the fluid-solid dynamics of a packed bed during
the thermochemical conversion process. The idea of the CFSD code corresponds to
the user-friendly and successful CFD (computational fluid dynamics) codes on the
market, which are able to simulate all kinds of fluid dynamic engineering problems,
for example the gas-phase combustion process. The basis for any successful
engineering computational program is the clarity of the conceptual model on which
the mathematical model is based. The first part of this review and classificiation
presents the three-step model, which makes it possible to define the thermochemical
conversion of solid-fuels as a unique scientific domain. Furthermore, the three-step
model is the basis for the classification of different types of PBCSs. The second part
is a review of the conceptual models applied to describe the heat and mass transport
phenomena as well as the chemistry of the thermochemical conversion processes
taking place inside the fuel-bed system, both on the single particle (micro) scale and
bed (macro) scale. Mathematical models are outside the scope of this review.

.H\ZRUGV: biomass combustion, solid-fuel combustion, packed bed combustion, grate
combustion,�thermochemical conversion of solid fuel.
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%����%DFNJURXQG�DQG�VFRSH

%������ 6ROLG�IXHO�FRPEXVWLRQ�WHFKQRORJLHV

The applied knowledge in the field of solid-fuel combustion is ancient. Still in these
modern days, solid-fuel firing technologies are widespread and play an important role
in the world economy to generate heat and electricity, as well as to reduce refuse
materials. In principle, solid-fuel combustion technologies can be divided into three
categories, (1) packed-bed combustion technologies (PBC), (2) suspension burner
technologies (SB), and (3) fluidized-bed combustion technologies (FBC). The
capacity and type of fuel determines which firing technology is most economic. This
survey is dedicated to PBC technologies in general and the thermochemical
conversion of biofuels in PBC systems in particular, see Figure 12.

Solid-Fuel Combustion Technologies Solid fuels

PBC

FBC

SB

Solid Fossil Fuels (Coals)

- Lignite

- Anthracite

- Bituminous

Biofuels (Biomass fuels)

- Forest fuels (Wood fuels)

- Agricultural fuels

Peat

Solid Wastes

bagasse

straw

coffe grounds

vineyard prunings

birch fuel

pine fuel

spruce fuel

salix

- Municipal solid waste (MSW)

- Medical and Infectious Wastes

- Solid Hazardous Wastes

Solid fuel

Ash

Primary air

Flue gas

Cooling
water

Primary air

Solid fuel

Fluidized
bed

Secondary
air

Primary air/
Solid fuel to
burner

Flue gas

Ash

)LJXUH�����$�FODVVLILFDWLRQ�RI�VROLG�IXHO�FRPEXVWLRQ�WHFKQRORJLHV�DQG�VROLG�IXHOV�
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%������ 3DFNHG�EHG�FRPEXVWLRQ

The PBC technologies ranges from the 10 kWt wood stoves in the household up to
grate-fired boilers in the industry with a capacity of hundreds of MWt. The PBC
systems are relatively simple in operation, compared with FBC technologies, have
high availability, and can be fired with a wide range of solid fuels. The PBC
technologies can be divided into at least three different classes; grate technology,
rotary kiln technology and screw conveyor technology, see Figure 13.

Even though the application of PBC technologies has a long tradition, there are still
many unanswered questions in this extremely interdisciplinary and complex field.
Historically, the development and construction of PBCs have been carried out within
the domain of mechanical engineering. Because of the increased awareness about the
environmental pollutants from solid-fuel combustion technologies, the research
focuses on the actual chemistry of the conversion and the combustion of the solid-fuel
itself. Consequently, chemical engineering considerations are now at least as
important as the mechanical function in both the design of new plants as well as in the
optimisation of old ones. The flue gas emissions can contain unburnt hydrocarbons in
the form of VOC (volatile organic compounds), soot, and other harmful emissions for
the human health [1,2]. Furthermore, the predicted negative consequences of the
greenhouse effect from firing of fossil fuels, such as oil and coal, are primary driving
forces for the increase of burning biofuels, such as wood fuels, by means of for
example PBC technolgies. PBC systems fired with wood fuels requires other design
considerations than for example coal-fired plants.

%������ 0RGHOOLQJ�RI�3%&

In general, the operation of a PBC system requires three main unit operations
(functions, subsystems) disregarding the fuel preparation system and flue gas cleaning
system. First, furthest upstream in a PBC system, the solid fuel needs to be
thermochemically converted (that is, drying, pyrolysis, char gasification and char
combustion) into a combustible gas by means of heat and primary air. Second,
downstream of this process the combustible gases must be combusted by means of
secondary air, resulting in high temperature flue gases. Third, the heat from the hot
flue gases is eventually extracted in the heat exchanger system or the boiler. This
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)LJXUH�����$�FODVVLILFDWLRQ�RI�H[LVWLQJ�SDFNHG�EHG�FRPEXVWLRQ�WHFKQRORJLHV
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condensed description of the three main unit operations of PBC systems are the basis
for the system theory - the WKUHH�VWHS�PRGHO – proposed by these authors [3]. The three
steps described briefly above are referred to as, the FRQYHUVLRQ�V\VWHP, the FRPEXVWLRQ
V\VWHP and the KHDW�H[FKDQJHU��ERLOHU��V\VWHP, respectively, see Figure 14 below.

The state-of-the-art in many engineering sciences today is to develop computer
programs (codes) based on partial differential equations. In general, these computer
programs are highly flexible and comprehensive, and therefore able to describe a
great number of complex engineering problems, within the particular scientific field
of interest, with good result. For example, the science of fluid dynamics is accessible
with user-friendly commercial computer codes. These codes are referred to as CFD
(computational fluid dynamics) codes. CFD programs are applied in a wide range of
applications, such as meterology, aircraft design, car design, internal engine design,
and combustion systems.

The combustion system and the boiler system of a PBC system, according to the
three-step model, can be modelled by means of CFD codes [4,5]. However, an all-
round EHG�PRGHO� [6,7] to simulate the thermochemical conversion of the solid fuel
inside the conversion system does not yet exist. Bed models of the conversion system
will herein also be referred to as CFSD code (FRPSXWDWLRQDO� IOXLG�VROLG� G\QDPLFV�,
analogue to the CFD code. From the three-step model point of view, it is clear that
without a CFSD code simulating the thermochemical conversion of the packed bed in
the conversion system, simulation of the whole PBC system can never be completely
successful.

One of the reasons why a comprehensive CFSD code does not exist, is that the
mathematical description of the thermochemical conversion of a packed fuel bed is
extremely complex. In other words, the mathematical models we have today are far
from able to describe the highly differentiated phenomenology of the conversion
system. Today there exist comprehensive models describing the thermochemical
conversion of single fuel particles, but from that step to the description of the
thermochemical conversion of a packed bed is a great leap. Another reason for the
slow progress of computer codes in this area is the limited computational capacity,
that is, excessive computational time for these complicated models is required.

The success of any mathematical model, and in turn the computer code, depends
completely on the clarity of the conceptual model (physical model). The authors have
concluded from a comprehensive literature review on the subject of solid-fuel
combustion, that there is a slight conceptual confusion in parts of this scientific
domain. The first example of this is the lack of distinction between the
thermochemical conversion of solid fuels and the actual gas-phase combustion
process, which led these authors to the formulation of the three-step model. The
thermochemical conversion of solid fuels is a two-phase phenomenon (fluid-solid
phenomenon), whereas the gas-phase combustion is a one-phase phenomenon (fluid
phenomenon).

This appendix consists of two parts, (a) a conceptual classification and review of the
conversion system and (b) a review of conceptual models applied to the heat and mass
transport of the thermochemical conversion of biomass. Both these parts are analysed
in the context of PBC and the three-step model. Mathematical modelling is outside the
scope of this survey.
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%����&ODVVLILFDWLRQ�RI�FRQYHUVLRQ�V\VWHPV

%������ ,QWURGXFWLRQ

This section presents a classification of conversion concepts (read section 0),
described in the literature on PBC, for example, fuel-bed mode (batch or continuous)
and fuel-bed configuration (cocurrent, countercurrent, crosscurrent). Some new
conversion concepts, namely fuel-bed movement (fixed, moving and mixed) and fuel-
bed composition (homogeneous, heterogeneous), are introduced by these authors,
which makes this an extended classification compared with earlier classifications in
literature [8,9,10,11]. The classification is made in the context of the three-step
model. The three-step model, see Figure 14 below, is a system theory, which places
the theory of thermochemical conversion of solid fuels into the context of PBC.

Before the classification of conversion concepts, a presentation is made, of the three-
step model in general, and the conversion system in particular.

%������ 7KH�WKUHH�VWHS�PRGHO

According to the three-step model (Figure 14), a PBC system can ideally be defined
as a complex process comprised of three consecutive subsystems (unit operations,
functions): WKH� FRQYHUVLRQ� V\VWHP (furthest upstream), WKH� FRPEXVWLRQ� �FKDPEHU�
V\VWHP, and WKH� KHDW�H[FKDQJHU� V\VWHP �ERLOHU� V\VWHP�. The conversion system
consists of the fuel bed, the primary air supply system, and the conversion technology,
for example the grate technology. The major function of the conversion system is to
thermochemically convert (that is, drying, pyrolysis, char gasification, and char
combustion) the solid-fuel bed into a combustible conversion gas. The solid fuel is
divided into convertible material (solid-fuel convertibles, commonly referred to as
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volatiles, char, and moisture) and minerals (Figure 17 below). The solid-fuel
convertibles are thermochemically converted into FRQYHUVLRQ�JDV (Figure 16 below).
It is in the combustion system, downstream of the conversion system, where most of
the combustion of the conversion gases is completed by means of secondary air, high
temperature, good mixing, and sufficient residence time. Finally, the boiler system
extracts all the heat from the hot flue gases evolved in the combustion system.

Several investigators in the literature have identified these subsystems
[8,12,13,14,15,16], but according to the authors’ knowledge no system theory
(conceptual model, physical model) has ever been proposed showing the
mathematical relationship between these basic functions, which is done by Friberg
and Blasiak [3]. However, the guidelines for the design of grate-fired boilers
according to the Swedish engineering handbook [17] apply a pragmatic engineering
approach which identifies three concepts, which are referred to as JUDWH� FDSDFLW\,
FRPEXVWLRQ� FKDPEHU� FDSDFLW\, and KHDW� WUDQVIHU� FDSDFLW\. These three concepts
actually reflect the most important design variables of each subsystem represented in
the three-step model; that is, the grate capacity reflects the output, or the needed grate
size, of the conversion system, the combustion chamber capacity indicates the
required combustion system volume, and the heat transfer capacity is a measure of the
required dimensions of the boiler system.

The novel part of the three-step model is the introduction of the conversion system.
Several new concepts are deduced in the scope of the conversion system, for example
the conversion gas, conversion concept, conversion zone, conversion efficiency,
which are all further explained in this appendix.

Very often in the literature, the physical model used to describe a PBC system is a
two-step model [18,19]; that is, the conversion system and the combustion system are
regarded as one unit referred to as the combustion system (combustion chamber,
furnace), see Figure 14. The two-step model is based on the assumption that the
conversion system is ideal; that is, the FRQYHUVLRQ�HIILFLHQF\�[3] is 100%, which is not
the case in real solid-fuel fired systems. However, the two-step model is a functional
engineering approach.

)LJXUH�����7KH�WZR�VWHS�PRGHO��>��@
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%������ &RQYHUVLRQ�V\VWHP

The subsystem (function) located furthest upstream in a PBC system, according to the
three-step model, is the conversion system, see Figure 16. This is where the
thermochemical conversion takes place. The conversion system can be divided into
the IXHO�EHG�V\VWHP (the packed bed), SULPDU\�DLU� VXSSO\� V\VWHP and the FRQYHUVLRQ
WHFKQRORJ\, and can be designed according to several conversion concepts, see
subsection 0. The main product of the conversion system is the conversion gas, which
contains the heat of combustion. The by-product is the ash.

)XHO�EHG�V\VWHP

The fuel bed (packed bed) is a two-phase system, also referred to as a SRURXV�PHGLXP
[20]. Thermochemical conversion processes, such as drying, pyrolysis, char
combustion and char gasification, take place simultaneously in the conversion zone of
the fuel bed (Figure 16). They are extremely complex, and are reviewed more in detail
in section B.4. Review of thermochemical conversion processes.
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In the three-step model, the solid fuel itself, before being thermochemically
decomposed, is assumed to consist of two parts, namely solid-fuel convertibles
CxHyOz⋅(H2O)u and minerals (MeX), see Figure 17. The thermochemical conversion
processes transform the solid-fuel into a conversion gas, with empirical stoichiometry
CxHyOz (lumped formula, water included), which together with primary air form a
reactive gas mixture, here called LQWHUVWLWLDO� JDV The conversion gases consist of a
complex mixture of different organic (tar and VOCs) and inorganic compounds (H2,
CO, CO2, H2O), whose composition is not well defined. Consequently, the molecular
composition of the interstitial gases are not well defined either. The primary reason
for this is that the interstitial gases are in a thermochemical non-equilibrium state; that
is, they undergo combustion reactions if the excess air number of the conversion
system is greater than one and pyrolysis and polymerisation reactions if the excess air
number of the conversion system is less than one. The interstitial gas leaving the
conversion system is defined as the RII�JDV, see Figure 16 [21]. The conversion gas
and the off-gas are mathematically defined in section B.4.3. The characteristic
thermochemical conversion processes and the conversion gas.

Commonly, the solid fuel is divided into char, volatiles, moisture, and inerts [22,23].
In the three- step model, the char, volatiles and moisture are lumped together and
referred to as VROLG±IXHO� FRQYHUWLEOHV, see Figure 17. Inerts or minerals are still a
separate category.

An ideal conversion system has 100 percent conversion efficiency; that is, 100% of
the solid-fuel convertibles go to the combustion system (Figure 14), and no fuel is lost
in the ash flow. However, ideal conversion systems do not exist in reality. The
concept of conversion efficiency is mathematically defined by the authors [3].

7KH�IXHO�EHG�VWUXFWXUH�RQ�PLFUR��DQG�PDFUR�VFDOH

Due to the very differentiated and complex phenomenology inside a
thermochemically degrading fuel bed, it is very important to have a clear and
differentiated terminology for the physical structure of the fuel bed, herein referred to
as IXHO�EHG� VWUXFWXUH, so that the many specific thermochemical conversion
phenomena can be more precisely adressed inside the packed bed.

When authors, in the literature, try to explain the localisation of different
thermochemical phenomena occurring inside the fuel bed, they usually refer to the
VROLG�SKDVH and the JDV�SKDVH�only [12,24].

It is emphasized by several authors that an all-round mathematical model describing
the thermochemical conversion process in the conversion zone needs to take both the
micro- and the macro-perspective into account [25,26]. The micro-scale perspective in
this context will refer to the single particle scale, whereas the macro-scale
corresponds to an overall fuel-bed perspective.
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Figure 19 below shows that a fuel-bed system actually has three important structures.
Starting from a macro perspective, the fuel-bed can be divided into an LQWHUVWLWLDO�JDV
SKDVH and a VROLG� SKDVH (particle phase). The particle phase can in turn be broken
down into an LQWUDSDUWLFOH� JDV� SKDVH and an LQWUDSDUWLFOH� VROLG� SKDVH [15,20,27].
These intraparticle phases can be seen in the partial char volume in Figure 19 [28].

In conclusion, the fuel-bed system comprises three structures, which are interstitial
gas phase, intraparticle gas phase and intraparticle solid phase, see Figure 18. In a
comprehensive partial differential theory of the conversion system these three
structures need to be considered. The fuel-bed structure is independent of FRQYHUVLRQ
FRQFHSW (see definition below) applied; that is, the three structures shown in Figure 18
will be the same for all categories of packed fuel-bed systems.
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)LJXUH�����7KH�PLFUR��DQG�PDFUR�VFDOH�RI�DQ�LGHDOLVHG�H[DPSOH�RI�DQ�RYHU�ILUHG�EDWFK�EHG�XQGHUJRLQJ�WKHUPRFKHPLFDO�FRQYHUVLRQ�
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&RQYHUVLRQ�WHFKQRORJLHV

The conversion technology is a mechanical system, which is actually outside the
scope of this . However, this section will give a short background to different
conversion technologies because it is the conversion technology which supports
or/and transports the solid fuel through the conversion system. Consequently, the
choice of conversion technology will in practice control the IXHO�EHG�PRYHPHQW (see
subsection 0), which is crucial for the behaviour of the thermochemical conversion
process of the fuel bed.

In general, solid-fuel conveying devices in the context of packed-bed combustion are
commonly referred to as VWRNHUV. The term stoker denotes a person who attends to the
burning of solid-fuel in a furnace or a boiler [29]. However, herein we will refer to
FRQYHUVLRQ� WHFKQRORJ\. GUDWH� WHFKQRORJ\, URWDU\� NLOQ� WHFKQRORJ\, and VFUHZ
WHFKQRORJ\ are examples of different conversion technologies currently in use. The
conversion technology can have at least four important functions: (1) to enable the
distribution of the primary air (undergrate air) to the fuel-bed system, (2) to support
the fuel-bed system, (3) to mechanically transport the fuel-bed system through the
conversion system, and (4) to exert an agitating (mixing) motion to the fuel-bed
system [19,30].

*UDWH�WHFKQRORJ\

A grate system can be more or less complicated in its construction. The grate can be
LQFOLQHG or KRUL]RQWDO, and IL[HG, PRYLQJ�RU�PL[LQJ. As we can see in Figure 20A, the
fixed grate furnace employs a very simple grate which in principle is a perforated
steel plate also called an air�distributor, whereas the travelling grate furnace employs a
more sophisticated grate system, consisting of a ”chain grate”, which requires a
motor. [30]

The distinction between a moving and a mixing grate technology is that the moving
grate only transports the solid fuel through the conversion system (see Figure 20B),
whereas a mixing grate both transports and agitates the fuel bed, see Figure 21 [30].

)LJXUH�����7ZR�H[DPSOHV�RI�JUDWH�V\VWHPV��$��IL[HG�KRUL]RQWDO�JUDWH��%��PRYLQJ
KRUL]RQWDO�JUDWH�
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There exist are a great number of different types of mixing grate technologies on the
market.

5RWDU\�NLOQ�WHFKQRORJ\

The rotary kiln technology is quite common in the incineration business. The
conversion technology in this case is in the form of a rotating tube, see Figure 22.

The solid phase will be rotated or mixed in the rotary kiln. The air and the solid phase
could be said to have a crosscurrent configuration.

6FUHZ�FRQYH\RU�WHFKQRORJ\

A third way to transport the solid fuel through the conversion system is to apply screw
technology [19]. Figure 23 shows an example of a conversion applying screw
conveyor technology [31]. The screw technology is an especially common conversion

)LJXUH�����7ZR�W\SHV�RI�PL[LQJ�JUDWH�V\VWHPV��$��UHFLSURFDWLQJ�JUDWH�V\VWHP���%�
URFNLQJ�JUDWH�V\VWHP�>��@

)LJXUH�����$�FRQYHUVLRQ�V\VWHP�DSSO\LQJ�URWDU\�NLOQ�WHFKQRORJ\�>��@
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technology among small scale combustors. It is very common in PBC that the screw
conveyor is combined with grate technology.

&RQYHUVLRQ�FRQFHSWV

The fuel-bed system can be thermochemically converted with respect to IXHO�EHG
PRGH, IXHO�EHG� FRQILJXUDWLRQ, IXHO�EHG� FRPSRVLWLRQ, IXHO�EHG� PRYHPHQW, etc. The
combination of these are here referred to as the FRQYHUVLRQ� FRQFHSW� [3]. A general
mathematical model of the conversion system should be able to handle all different
kinds of conversion concepts.

)XHO�EHG�PRGH

First of all, the conversion system can be operated in EDWFK or FRQWLQXRXV mode [32].
In general, a batch operation is analogous with an unsteady process, whereas a
continuous mode is synonymous with a steady state process. A batch bed can
therefore be referred to as an unsteady bed in the literature.[9,33]

A batch fuel bed can either be ignited on the top, which is called RYHUILUHG�(see Figure
28A below), or in the bottom which is referred to as XQGHUILUHG� (see Figure 28B
below) [34].

)LJXUH�����$�IXUQDFH�ZLWK�D�FRQYHUVLRQ�V\VWHP�DSSO\LQJ�VFUHZ�FRQYH\RU
WHFKQRORJ\��>��@
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$LU�DQG�IXHO�GLUHFWLRQ

Both the primary air flow and the fuel feed can have at least three possible directions
through the fuel-bed system. The primary air directions are here referred to as XSGUDIW
(upwards), GRZQGUDIW (downwards) and FURVVGUDIW (sidewards) [19,35], whereas the
fuel feed is referred to as RYHUIHHG, XQGHUIHHG and FURVVIHHG� [9,10]. Figure 24
illustrates different continuous conversion systems with varying direction of both
primary air flow and fuel feed.

The proceeding analysis and classification of conversion systems (fuel-bed systems)
in the next section will be confined to updraft fuel-bed systems. The possible number
of combinations, were all three air directions (up-, down- and crossdraft) considered,
were too many to be included in the scope of this survey. Updraft fuel beds are chosen
because they are the most common among PBC systems.

7KH�IXHO�EHG�PRYHPHQW

Commonly, the fuel-bed system of PBC systems is referred to as a IL[HG�EHG�[11,19].
However, this classification refers to the interparticle distance (bed expansion) in the
fluid-solid (bed) system as a function of air velocity, according to the classification by
Kunii and Levenspiel [36]. Figure 25 shows the classification of updraft fluid-solid
systems with respect to bed expansion as function of air velocity.

This survey focuses on the so-called fixed beds, according to the Kuuni and
Levenspiel classification, but these authors will refer to packed beds. Fluidized beds
are outside the scope of this review. Furthermore, there exist no fixed beds in a
physical sense if by fixed we mean the relative movement of both the interstitial gas

)LJXUH�����'LIIHUHQW�W\SHV�RI�FRQYHUVLRQ�V\VWHPV��)RU�H[DPSOH��&��KDYH�D�GRZQGUDIW
RYHUIHHG�FRQILJXUDWLRQ��(���KDV�D�FURVVGUDIW�RYHUIHHG�FRQILJXUDWLRQ��'��KDV�XSGUDIW�
FURVVIHHG�FRQILJXUDWLRQ�>��@
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and the solid phase, respectively, (see Figure 18) with respect to a fixed coordinate
system. For updraft packed beds, the interstitial gas is always flowing and is never
fixed, whereas the solid phase is fixed in only one case and flowing in the rest.

This subsection will discuss the flowing regimes for the solid phase of a packed bed,
which herein are defined as IL[HG, PRYLQJ, and PL[HG. Instead of using these flowing
regimes to refer to the solid phase, which is more correct, we will use them to refer to
the bed; that is fixed bed, moving bed, and mixed bed. The flowing regimes of the
interstitial gas are outside the scope of this review.

)LJXUH�����7KH�FODVVLILFDWLRQ�RI�IOXLG�VROLG�V\VWHPV�ZLWK�UHVSHFW�WR�EHG�H[SDQVLRQ
DV�IXQFWLRQ�RI�DLU�YHORFLW\�>��@

)LJXUH�����'LIIHUHQW�IORZ�SDWWHUQV�IRU�EDWFK�DQG�FRQWLQXRXV�IXHO�EHGV��7KH�PRWLRQ�RI
WKH�IXHO�EHG�LV�GHILQHG�UHODWLYH�WR�D�IL[HG�FRRUGLQDWH�V\VWHP�
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As with the flow regimes in fluid dynamic theory, that is, the stagnation, laminar flow
and turbulent flow, it is obvious that a solid phase can exhibit the corresponding flow
pattern regimes, which herein are referred to as IL[HG, PRYLQJ and PL[HG, respectively.
The terms fixed, moving and mixed are defined as the relative motion of the particle
phase with respect to a fixed coordinate system (see Figure 26). Examples of
commercial PBC systems with different fuel-bed movement are found in section
B.3.4. A comparison between theoretical and practical conversion systems.

Fixed bed:

The only fixed bed that exists is the fixed (over-fired) batch bed shown in Figure 26A.
The particle phase in such a fuel-bed system does not move with respect to a fixed
coordinate system. In contrast, the fuel-bed particles in the moving (under-fired) batch
bed in Figure 26B do move in this respect.

Moving beds:

Moving beds are herein defined by their linear flow patterns� (laminar, streamline
flow) of the solid phase through the conversion system. Figure 26B illustrates one
moving batch bed.

Figure 26F illustrates two types of continuous moving beds [10]. The one to the left is
a downfeed moving bed and the one to the right is a crossfeed moving bed. The
continuous moving beds may be realised with the support of a fixed, moving or
mixing grate.

Mixed beds:

Mixed beds are defined by their non-linear flow patterns (mixed, agitated, turbulent)
of the solid phase (see Figure 26C and F) through the conversion system. These type
of fuel beds have never been classified in the literature, as far as the authors know.
However, it is well known that the fuel bed can be mixed [37] (Figure 38).

The mixed batch bed in Figure 26C is hypothetical, whereas the continuous mixed
beds in Figure 26F can be found in practice. The mixed beds have an even higher
level of phenomenological complexity compared to the fixed or the moving beds.

Concluding remarks:

The solid phase of a batch bed can either be fixed, moving or mixed, whereas
continuous fuel beds can either be moving or mixed. A successful and comprehensive
mathematical model needs to consider these three modes of fuel-bed movement.
There is a close analogy between the fluid-solid dynamics, where we have proposed
fixed, moving, and mixed, and the fluid dynamics where the corresponding
terminology is stagnancy, laminar flow and turbulent flow, respectively.
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)XHO�EHG�FRQILJXUDWLRQ

The fuel-bed system may also be characterised with respect to what is here called
IXHO�EHG� FRQILJXUDWLRQ. Fuel-bed configuration may be defined as the relative
movement between air flow (interstitial gas phase) and solid phase flow [19,38].
Three basic configurations arise as a consequence of the possible 90°-combinations
and are commonly referred to as FRFXUUHQW, FRXQWHUFXUUHQW and FURVVFXUUHQW., see
Figure 27.

Cocurrent means that the air flow and the solid phase have the same direction, see
Figure 27A. Countercurrent correspond to opposite flows, see Figure 27C. In a
crosscurrent system the solid phase feed and the air flow cross each other, see Figure
27B.

Theoretically, only fuel beds which have a significant net flow of solid phase through
a partial volume of the conversion system (reactor) can be classified according to the
three basic configurations. In other words, all continuous fuel beds have a net flow
and can be categorised, whereas certain batch beds cannot in principle be defined.

Updraft batch beds

Only one of the three different updraft batch beds illustrated below can be defined on
the basis of the fuel-bed configuration concept, because only the solid phase of the
underfired batch bed (Figure 28B) has a net flow relative to a fixed coordinate system.

)LJXUH�����7KH�WKUHH�EDVLF�XSGUDIW�FRQILJXUDWLRQV�EHWZHHQ�DLU�IXHO�IORZ��$�
FRXQWHUFXUUHQW��%��FURVVFXUUHQW�DQG�&�FRXQWHUFXUUHQW�
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Updraft continuous moving and mixed beds

Moving and mixed bed systems in general are categorised on the basis of the
configuration concept. The net flow of air and solid phase are non-zero for these
systems.

Figure 29 shows the three different categories of updraft moving beds, namely
cocurrent moving bed (Figure 29A), countercurrent moving bed (Figure 29B) and
crosscurrent moving bed (Figure 29C). This is analogous for updraft mixed beds.
[12,38]

)XHO�EHG�FRPSRVLWLRQ

The fuel-bed composition has a significant effect on the thermochemical conversion
behaviour. The composition is in reality a very complex variable and can be divided
into IXHO�FKHPLVWU\ and IXHO�SK\VLFV of the individual fuel particles making up the bed.
These authors will make a drastic simplification and define only two degrees of fuel-
bed composition, namely a�KRPRJHQHRXV or a KHWHURJHQHRXV�fuel bed. In this review
the terms homogeneous and heterogeneous are used in a relative and practical way.
However, they could be described as two extreme cases as well: [9]

)LJXUH�����7KH�GLIIHUHQW�XSGUDIW�EDWFK�EHGV��2QO\�WKH�PRYLQJ�EDWFK�EHG��%��FDQ�EH
GHILQHG�DFFRUGLQJ�WR�WKH�IXHO�EHG�FRQILJXUDWLRQ�FRQFHSW�

)LJXUH�����7KH�WKUHH�EDVLF�IXHO�EHG�FRQILJXUDWLRQV�IRU�XSGUDIW�PRYLQJ�EHGV�
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• Homogeneous bed (ideal bed) - mono-size particles (monodispersed) of identical
chemical composition and physical properties.

• Heterogeneous bed (real bed) - large size variation (polydispersed) and varying
chemical composition and physical properties.

In practice, we have a number of solid fuels, for example biofuels (forest or
agricultural derived biofuels), coal, municipal solid waste (MSW) and many others
[23]. A fuel bed is composed of varying sizes of solid-fuel particles, also called
SRO\GLVSHUVHG�VROLG��IXHOV [15]. The fuel chemistry is different depending on whether
it is coal, biofuel or MSW. The fuel bed can be dry or consist of moisture. The fuel
physics are for example, particle size distribution, particle shape, particle density and
bed permeability.

The physical properties of solid fuels can be modified to a certain extent. It is the size,
shape and density which are easy to change. Solid biofuels which are modified are
here referred to as UHILQHG�VROLG�ELRIXHOV, see Figure 30.

Figure 30 shows a selection of different solid biofuels. The upper row in Figure 30
illustrates the raw biofuels as taken from the forest or fields, and the lower row shows
different categories of refined solid biofuels.

6XPPDU\

Here follows a summary of the classification and the complexity of different updraft
conversion systems (fuel-bed systems). The complexity is illustrated in Figure 31
below and the classification is shown in the form of a tree diagram in Figure 32
below.

6ROLG�%LRIXHOV�LQ�*HQHUDO

5HILQHG�6ROLG�%LRIXHO�6KDSHV
Hogged fuel Wood chips Peat Peat Straw

Screened chips Grains Pellets Briquettes Powder

)LJXUH�����'LIIHUHQW�QDWXUDO�VROLG�ELRIXHOV�LQ�WKH�XSSHU�URZ�DQG�UHILQHG�VROLG�ELRIXHOV
LQ�WKH�ERWWRP�URZ�
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)LJXUH�����7KH�LQFUHDVHG�FRPSOH[LW\�JRLQJ�IURP�VLQJOH�SDUWLFOH�LQ��$��WR�D�FRQWLQXRXV�KHWHURJHQHRXV�PL[HG�FRQYHUVLRQ�V\VWHP�LQ��,�
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&ODVVLILFDWLRQ

The classification was made for updraft fuel beds only. However, it could have been
made for downdraft and crossdraft as well.

The classification is based on the different conversion concepts cited in the literature,
such as fuel-bed mode (batch and continuous), fuel-bed configuration (cocurrent,
countercurrent, and crosscurrent), and some new concepts presented by the author,
such as fuel-bed movement (fixed, moving, and mixed) and fuel-bed composition
(homogeneous and heterogeneuos). The classification resulted in 18 types of updraft
conversion systems, according to Figure 32. Some of them are more or less
hypothetical, while others are found in practice, see section B 3.4 below.

&RPSOH[LW\

From the research point of view, the conversion system can be composed of one or
several particles (aggregate of particles), which correspond to the terms single particle
and fuel bed, respectively [25,9]. Consequently, the conversion technology can
support a single particle or a fuel bed (see Figure 31 below). A fixed single particle is
illustrated in Figure 31A, which is the simplest possible conversion system of solid
fuels. Single particle systems are never used in commercial technology. In spite of
this fact, many researchers carry out experiments on single particle systems in the
science of solid fuel combustion, because it is the least complex phenomenon in the
field of thermochemical solid fuel conversion. Consequently, it is also relatively
cheap and easy to interprete the measurements and verify mathematical models. Even
though it looks very simple, still it is a great scientific challenge to better understand
and model the transport phenomena inside the single fuel particle [22,39]. These
processes have to be better understood, especially with respect to the reaction kinetics
of the pyrolysis process and the mass transfer inside the particle as a function of, fuel,
particle size and heat transfer to the particle.

There is a wide range of phenomenological complexity between the single particle
(Figure 31A) and the mixed heterogeneous bed (Figure 31I). Figure 31B and Figure
31C illustrate a single particle in linear motion and turbulent motion, respectively.
They are more of hypothetical interest in this context.

The more complex the phenomenology for the conversion system becomes the more
advanced and differentiated, the conceptual model, and in turn, the mathematical
model must be to correctly describe the actual physical problem.

%������ $�FRPSDULVRQ�EHWZHHQ�WKHRUHWLFDO�DQG�SUDFWLFDO�FRQYHUVLRQ
V\VWHPV

Below is a comparison between conversion systems derived from the classification
(column 1 in Table 8 below) above and conversion systems found among commercial
PBC systems (column 4 in Table 8 below). Table 8 also includes a comparison
between different theoretical conversion systems, according to Figure 32. This latter
comparison is based on the similarities between the different conversion concepts.
Several of these analogue conversion systems should be regarded as more speculative
than hypothetical.

The conversion system of conventional biomass combustion systems is similar to
conversion systems for conventional coal combustion systems, but the actual
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combustion chamber designs are different. In particular, the comparatively high
content of volatile matter in biomass requires large combustion chamber volumes for
biomass. For the same reason, biomass combustion systems in general require a
higher proportion of secondary air to primary air than coal-fired combustors. [19]
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)LJXUH�����$�WUHH�GLDJUDP�RYHU�WKH�FODVVLILFDWLRQ�RI�XSGUDIW�IXHO�EHG�V\VWHPV�
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%DWFK�FRQYHUVLRQ�V\VWHP�IRU�KRPRJHQHRXV�IXHO

Batch combustion of refined wood fuels, so-called wood pellets in a wood stove or
pot furnace is a practical example of a homogeneous batch conversion system.

The homogeneous batch conversion system is frequently applied in fundamental
research on the thermochemical processes associated with the fuel-bed combustion
[16,31,33,38,40,41,42]. Figure 33 shows an experimental batch reactor for
temperature and gas sample measurements inside and over the fuel bed [40].

%DWFK�FRQYHUVLRQ�V\VWHP�IRU�KHWHURJHQHRXV�IXHO

The heterogeneous batch conversion system illustrated in Figure 31G is
phenomenologically even more complex than the homogeneous batch conversion
system. Heterogeneous batch conversion is found in small-scale applications, for
example wood stoves. Research activity is also very high in this area [43,44]. The big
problems are gaseous pollutants in the emissions and the low efficiency of the stoves.

Measuring holes
for thermocouples
or gas probes

Fixed horizontal grate

Lining

Electrical igniter in
the ceiling

Fuel bed system
of pellets

Off-gas outlet

Primary air inlet

Wind box

Air velocity filter

Bed of ceramic beads

)LJXUH�����$Q�H[SHULPHQWDO�FRQYHUVLRQ�V\VWHP�DSSO\LQJ�WKH�FRQYHUVLRQ
FRQFHSW�RI�KRPRJHQHRXV�RYHU�ILUHG�EDWFK��>��@

)LJXUH�����$�GRZQGUDIW�XQGHUILUHG�ZRRG�IXHO�EDWFK�EHG��>��@



APPENDIX B - A Review and Classification of Thermochemical Conversion of Solid-Fuels in the
Context of Packed-Bed Combustion and Biofuels

59

Figure 34 is an exception, illustrating a downdraft system. Updraft wood stoves also
exist. There is a great diversity among wood stove systems and the classification of
updraft fuel-bed systems is too restrictive to categorise all of them.

0RYLQJ�EHG�FRQYHUVLRQ�V\VWHPV

Moving bed systems exist where movement is exerted to the fuel-bed system, by
means of conversion technology or gravity, which is of greatest relevance in
commercial applications. The innovation of moving grates was a natural consequence
of the search for improvements and larger scale production with continuous bed
combustion processes [45].

&RFXUUHQW

Cocurrent moving-beds exist in different commercial PBC systems. The most typical
example is the so-called underfeed stoker (see Figure 35), which applies screw
technology to convey the solid fuel into the conversion system.

&RXQWHUFXUUHQW

A countercurrent moving-bed system exists in an overfeed grate system. A so-called
'LHWULFK�FHOO is shown in Figure 36, which applies an overfeed system and updraft air
resulting in a countercurrent moving bed. The Dietrich cell is also classified as a SLOH
EXUQHU [46]. In general, pile burners have two major disadvantages that have phased
them out from the market: (1) ash removal is a problem, because the pile tends to
retain a large portion of the ash, which adds to the particulate emission problem, and
(2) it is difficult to evenly distribute primary air throughout the pile.

)LJXUH�����$�VFUHZ�FRQYH\RU�WHFKQRORJ\��XQGHUIHHG�VWRNHU��ZLWK�D�FRFXUUHQW
PRYLQJ�EHG��>��@
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&URVVFXUUHQW

A good example of a well established moving grate technology is the horizontal chain
grate. A horizontal chain grate system (see Figure 37) is synonymous with a
crosscurrent moving-bed conversion. The fuel bed can either be homogeneous or
heterogeneous (recall Figure 31E and Figure 31H).

)LJXUH�����$Q�RYHUIHHG�FRPEXVWLRQ�XQLW��D
VR�FDOOHG�'LHWULFK�FHOO��>��@

)LJXUH�����$�KRUL]RQWDO�FKDLQ�JUDWH�WUDQVSRUWLQJ�D�IXHO�EHG��>��@
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0L[HG�EHG�V\VWHPV

The “turbulent” macro-scale flow pattern characteristic of mixed bed systems will
here be exemplified. The mixed beds are most frequent in large-scale commercial
grate systems.

&URVVFXUUHQW

The� inclined mixing grate technology (see Figure 38), is a grate combustion system
exhibiting the characteristics of the crosscurrent mixed bed systems [37]. The fuel-bed
system can be either homogeneous or heterogeneous (see Figure 31F and Figure 31I).

+HWHURJHQHRXV�PL[HG�EHGV

The conversion system of the highest phenomenological complexity belongs to the
category of heterogeneous mixed conversion systems, see Figure 31I. The complexity
is due to the fact that heterogeneous fuel is continuously changing spatial properties in
the fuel-bed system [47,48]. One practical example of the combustion of
heterogeneous mixed fuel beds is the grate combustion� of� municipal solid waste
(MSW) by means of a mechanical inclined grate (see Figure 39).

)LJXUH�����$Q�LQFOLQHG�PL[LQJ�JUDWH�V\VWHP�ZLWK�D�PL[HG�FURVVFXUUHQW�IXHO
EHG��>��@
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:LQG�ER[���3ULPDU\�DLU

6ROLG�IXHO�IHHG

6HFRQGDU\�DLU
ILUVW�VWDJH

6HFRQGDU\�DLU
VHFRQG�VWDJH

$VK�IORZ

)LJXUH�����$Q�LQFOLQHG�JUDWH�ILULQJ�KHWHURJHQHRXV�ZDVWH�IXHO�
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7DEOH����$QDORJRXV�FRQYHUVLRQ�V\VWHPV���D�FRPSDULVRQ�EHWZHHQ�WKHRU\�DQG�SUDFWLFH

&RQYHUVLRQ�V\VWHP��XSGUDIW��LQ�WKHRU\ +\SRWKHWLFDOO\�DQDORJXH�FRQYHUVLRQ
V\VWHP�LQ�WKHRU\��XSGUDIW�

&RQYHUVLRQ�WHFKQRORJ\��XSGUDIW� $QDORJXH�3%&6�LQ�SUDFWLFH��XSGUDIW�

%DWFK�FRQYHUVLRQ�V\VWHPV

homog fixed batch bed cocurr homog moving bed

crosscurr homog moving bed

fixed grate system overfired pellets in a stove or a pot
furnace, see Figure 33.

homog moving batch bed countcurr homog moving bed ditto underfired pellets in stove or pot
furnace

homog mixed batch bed cocurr homog mixed bedsa

countcurr homog mixed bedsa

ditto with a stirrer hypothetical

heterog fixed batch bed cocurr heterog moving bedsa fixed grate system overfired wod logs in a stove

heterog moving batch bed countcurr heterog moving bedsa ditto no updraft system exist, only
downdraft

downdraft underfired wood logs in
a stove, see Figure 34.

heterog mixed batch bed cocurr heterog mixed bedsa

countcurr heterog mixed bedsa

ditto with stirrer hypothetical

&RQWLQXRXV�PRYLQJ�FRQYHUVLRQ�V\VWHPV

cocurr homog moving bed homog fixed batch bed screw technology pellet burners, underfeed stokers
(pellets), see Figure 35.
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&RQW���Table 8�
&RQYHUVLRQ�V\VWHP��XSGUDIW��LQ�WKHRU\ +\SRWKHWLFDOO\�DQDORJXH�FRQYHUVLRQ

V\VWHP�LQ�WKHRU\��XSGUDIW�
$QDORJXH�JUDWH�V\VWHP�LQ�WKHRU\�DQG
LQ�SUDFWLFH��XSGUDIW�

$QDORJXH�FRPEXVWLRQ�V\VWHPV�LQ�SUDFWLFH
�XSGUDIW�

countcurr homog moving bed homog moving batch bed ditto overfeed grate (wood chips,
pellets), see Figure 36.

crosscurr homog moving bed homog fixed batch bed moving grate system chain grate (wood chips, pellets),
see Figure 37.

cocurr heterog moving bed heterog fixed batch bed moving grate system, fixed
grate system

underfeed stoker (wood waste), see
Figure 35.

countcurr heterog moving bed heterog moving batch bed ditto overfeed grate (wood waste)

crosscurr heterog moving bed - moving grate system chain grate (wood waste), see
Figure 37.

&RQWLQXRXV�PL[HG�FRQYHUVLRQ�V\VWHPV

cocurr homog mixed bed homog mixed batch bedsa inclined moving grate systemcc hypothetical

countcurr homog mixed bed homog mixed batch bedsa ditto hypothetical

crosscurr homog mixed bed - ditto inclined moving grate (pellets)

cocurr heterog mixed bed heterog mixed batch bedsa ditto hypothetical

countcurr heterog mixed bed heterog mixed batch bedsa ditto hypothetical

crosscurr heterog mixed bed - ditto inclined mixing grate (waste), see
Figure 39.

sa – speculative analogy
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%����5HYLHZ�RI�WKHUPRFKHPLFDO�FRQYHUVLRQ�SURFHVVHV

Below is a review of some of the most important conceptual models applied to
describe the heat and mass transport phenomena and chemistry with respect to the
thermochemical conversion of solid fuels in general and biofuels in particular, in the
context of the three-step model.

%������ ,QWURGXFWLRQ
The thermochemical conversion of biofuels takes place in the conversion system and
belongs to the science of two-phase phenomena (fluid-solid dynamics), that is, heat
and mass transport processes take place inside and between a solid phase and a gas
phase. This phenomenology is well illustrated by Balakrishnen and Pei [49], see
Figure 40.

+HDW�WUDQVSRUW

The heat transport on the micro-scale in packed beds may be a combination of the
following contributions, see Figure 40. [15]

1. intraparticle conduction

2. intraparticle convection

3. particle-particle conduction

4. particle-particle radiation

5. particle-interstitial gas convection

)LJXUH�����7KH�KHDW�DQG�PDVV�WUDQVSRUW�PHFKDQLVPV�LQ�D�IXHO
EHG�>��@
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6. particle-interstitial gas radiation

7. conduction through the interstitial gas

8. radiation through the interstitial gas

9. interstitial gas mixing

10. particle-wall conduction

11. particle-wall radiation

12. particle-wall convection

13. interstitial gas-wall radiation

0DVV�WUDQVSRUW

The mass transfer phenomenology is analogous with the heat transfer process, with
two exceptions:

1. there is usually no mass transfer to or through the wall

2. there is no equivalent to radiative heat transfer.

As can be seen, there are quite a few degrees of freedom for the heat and mass
transfer phenomena within a fuel bed or a packed bed. Consequently, the
phenomenology is extremely complex. [15]

%������ 7KH�DQDORJ\�EHWZHHQ�JDV�SKDVH�FRPEXVWLRQ�DQG
WKHUPRFKHPLFDO�FRQYHUVLRQ�RI�VROLG�IXHOV

To approach the analysis of, and to be able to comprehend, the complex phenomena
of thermochemical conversion of solid fuels some idealization has to be made. For a
simplified one-dimensional analysis, there is an analogy between gas-phase
combustion and thermochemichal conversion of solid fuels, which is illustrated in
Figure 41. Both the gas-phase combustion and the thermochemical conversion is
governed by a exothermic reaction which causes a propagating reaction front to move
towards the gas fuel and solid fuel, respectively. However, there are also some major
differences between the conversion zone and the combustion zone. The conversion
front is defined by the thermochemical process closest to the preheat zone, which is
not necessarily the char combustion zone, whereas for the flame front is defined by
the ignition front. In practice, many times the conversion zone is so thin that the
ignition front and the conversion front can not be separated.
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*DV�SKDVH�FRPEXVWLRQ

In gas-phase combustion science and the area of premixed flames, the premixed gas
enters the reaction zone, also referred to as IODPH�IURQW. The flame front is defined as
the volume where the ignition and the main part of the instantaneous and exothermic
combustion reactions take place. After the flame front, that is, in the post combustion
zone, the rest of the combustion reactions take place. The products from the gas-phase
combustion are the hot combustion gases, which are dominated by carbon dioxide,
water vapour and inerts, such as nitrogen. [9,50]

7KHUPRFKHPLFDO�FRQYHUVLRQ�RI�VROLG�IXHOV

Several authors refer to the conceptual model shown in Figure 41B, to illustrate
thermochemical conversion processes taking place during thermochemical conversion
of a cocurrent packed bed [33,35,38]. The combustion zone (Figure 41A) and the
conversion zone (Figure 41), are analogue in the gas-phase combustion and the
thermochemical conversion, respectively. Both zones are driven by exothermic
reaction processes. Furthermore, the conversion front (the drying front) propagates
towards the fresh solid fuel just like the flame front in the gas-phase combustion case.

However, the conversion zone is much more complex than the combustion zone, due
to its two phase phenomenology. The conversion zone is here defined as the volume
where the four thermochemical processes take place. The processes always take place
simultaneously. However, they can be spatially differentiated, depending on which
conversion regime is prevailing, see subsection B.4.5. Conversion regimes. The
characteristic properties of the conversion zone, such as conversion process structure,
conversion gas rate, conversion gas composition, off-gas rate, and off-gas

$��*DV�SKDVH�FRPEXVWLRQ
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)LJXUH�����7KH�FRQFHSWXDO�DQDORJ\�EHWZHHQ�JDV�SKDVH�FRPEXVWLRQ�DQG
WKHUPRFKHPLFDO�FRQYHUVLRQ�LQ�RQH�GLPHQVLRQ�
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composition, are a function of the conversion concept applied and the conversion
regime prevailing.

%������ 7KH�FKDUDFWHULVWLF�WKHUPRFKHPLFDO�FRQYHUVLRQ�SURFHVVHV�DQG
WKH�FRQYHUVLRQ�JDV

The four characteristic thermochemical conversion processes taking place in the
conversion zone are:
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The preheating of solid fuel and the ash cooling are not included in the
thermochemical conversion process. The basic criteria for these four thermochemical
conversion reactions are that the solid-fuel convertibles (or moisture, char, volatiles)
are converted from the solid phase into the interstitial gas phase and finally to the off-
gases (Figure 16 and Figure 19). The part of the solid-fuel convertibles that is
converted into the interstitial gas phase is defined as the conversion gas [3]. The
conversion gas is associated with two important physical properties, namely the
empirical stoichiometry [CxHyOz] and the mass flux [kg/m2s].

The three-step model, referred to as the VLPSOH� WKUHH�VWHS�PRGHO� is mathematically
analysed by Friberg and Blasiak [3]. Below is an excerpt from this work.

Based on an overall mass balance, the mathematical relationships can be defined
between the in- and outflows of the conversion system. First some of the most
important definitions and assumptions of the conceptual model for the conversion
system are presented on which the mathematical model is based.

1. Continuous operation, that is, steady state conditions.

2. The conversion system has, independent of applied conversion concept, some
common input, output, and production flows associated with it, see Figure 16.
The inputs are the mass flows of solid-fuel flow and the primary air. The
outputs are the mass flows of off-gas and ash. The production flow is defined as
the conversion gas.

3. The mass flow of off-gas is defined as the sum of mass flows of conversion gas
and primary air.

4. 100% of the moisture fraction of the solid-fuel is assumed to go with the
conversion gas.

Below is an overall mass balance of the conversion system.
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DVKRJSDVI PPPP &&&& +=+ (T���

Each term in Eq (1) can be broken down into their major constituents. The solid fuel
consists of solid fuel convertibles and minerals, according to Figure 17 below.

0H;VIVIFVIVI PPP ,, &&& += (T���

The solid fuel convertibles can be divided into a fuel fraction and a moisture fraction,
according to Figure 17 above.

2+VIFVIIXVIFVIVIFVI PPP
2,,,,, &&& += (T���

The mass flow of off-gas is equal to the sum of mass flows of conversion gas and
primary air, according to the specific assumption (3) above.

SDFJRJ PPP &&& += (T���

Eq. (5) inserted in (1) results in

DVKFJVI PPP &&& += , (T���

or,

DVKVIFJ PPP &&& −= (T���

Eq (5) deduces the two products of the thermochemical conversion, by means of
primary air; that is, the solid fuel is thermochemically converted into a main product,
the conversion gas and a by-product, the ash flow.

Because the conversion gas is a direct product from the solid-fuel convertibles,
according to the lumped reaction formula above, it is composed of a fuel part and a
moisture part; that is,

2+FJIXFJFJ PPP
2,, &&& += (T���

The mass flow of the conversion gas, its molecular composition, temperature and
stoichiometry, are a complex function of volume flux of primary air, primary air
temperature, type of solid fuel, conversion concept, etc. Several workers have tried to
mathematically model these relationships, which are commonly referred to as EHG
PRGHOV [12,33,14,51,52]. It is an extremely difficult task to obtain a predictive bed
model, which is discussed in the introduction of this ew. The review of the
thermochemical conversion processes below will outline the complex relationships
between these variables and their effect on the conversion gas in sections B 4.4-B 4.6.

However, it is possible to directly or indirectly measure the mass flux (mass flow) of
conversion gas. Several authors have measured the mass loss of the fuel bed as
function of primary air velocities and biofuel [12,33,38,53] by means of a balance.
Most of them have used the over-fired batch conversion concept. They utilise the
relationship illustrated by Eq. 16 (formulised in amounts instead of flows) above and
the assumption that no ash is entrained. As a consequence, the mass loss of the batch
bed with time equals the conversion gas. In the VLPSOH� WKUHH�VWHS� PRGHO� [3], an
assumption of steady state is made, which is not relevant for batch studies. If it is
practically possible, the method of using a balance to measure the conversion gas rate
is especially appropriate for transient processes, that is, batch processes.
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From the information about the mass flux of the conversion gas it is possible to
calculate the latent heat flux of combustion contained in the conversion gases  from
the relationship

/+9FFJFJ KPT ,
ˆ∆′′=′′ && (T���

where

FJ
T ′′& is the latent heat flux [W/m2] of the conversion gas. This is the heat

which can be evolved in the combustion system (Figure 14).

FJ
P ′′& is the mass flux [kg/m2s] of the conversion gas (Figure 16).

/+9F
K ,
ˆ∆ is the lower heating value [kJ/kg] of the conversion gas.

To these authors knowledge, it is not practically possible to measure the whole spectra
of molecular composition of the conversion gas and the off-gas. Therefore, it is only
practical to discuss the empirical formula [CxHyOz] of the conversion gas or the off-
gas.

%������ 7KH�PLFUR��DQG�PDFURVFRSLF�FRQYHUVLRQ�SURFHVV�VWUXFWXUH
Here follows a section outlining the heat and mass transport phenomena of the
thermochemical conversion on both the micro- and the macro-scale of the fuel bed.
Knowledge about the heat and mass transport phenomena on micro-scale is very
important to be able to understand and model, for example, the mass flow of
conversion gas.

0LFURVFRSLF�FRQYHUVLRQ�SURFHVV�VWUXFWXUH

The microscopic conversion process structure refers to the thermochemical
conversion in the intraparticle phase, that is, on the single particle level. It is
analogous to the macroscopic conversion process structure, as we will see.

The single particle behaviour is of major importance for the understanding of the
macro-scale phenomenology [25].

PYROLYSIS OXIDATION

CHAR

pyrolysis front

drying front

Intraparticle phase

primary
combustion

primary air

(flame front) 

post flame- flue-

heat flux

gas phase
reactions

secondary air

(a)

char combustion

(porous phase) (gas phase)

heat flux

gas phase-
reactions

carbon dioxide 
carbon monoxide

oxygen diffusion

(b)

DRY CHAR ASH

Intraparticle phase Extraparticle phase

WOOD

reactions gases

boundary
layerfront

"Secondary"
reactions

pyrolysis gas
carbon-

HUMID VIRGIN WOOD 

primary
reactions

Extraparticle phase

- Flame Phase - Glowing Phase

dioxide

DRYING
CHAR
COMBUSTIONTHERMOCHEMICAL

PROCESSES

)LJXUH�����7KH�WKHUPRFKHPLFDO�FRQYHUVLRQ�RI�D�VLQJOH�IXHO�SDUWLFOH�LQ�RQH�GLPHQVLRQ�



APPENDIX B - A Review and Classification of Thermochemical Conversion of Solid-Fuels in the
Context of Packed-Bed Combustion and Biofuels

71

Figure 42 shows an overview of the heat and mass transport phenomena in the
extraparticle and intraparticle phase during the thermochemical conversion of a single
particle in one dimension. Several excellent reviews have been presented on this
subject [22,23,39,54,55].

Figure 42 shows that inside a large fuel particle, drying and pyrolysis take place
locally in successive time periods, but considering the particle as a whole, the drying
and pyrolysis occur simultaneously [56].

The conceptual model of the conversion of a single particle is usually assumed to be
divided into two phases, namely the flame phase and the glowing phase, see Figure
42. Due to the evolution and combustion of volatiles during the flame phase, oxygen
is prevented from reaching the particle surface [57]. Consequently, char combustion
cannot start until the pyrolysis has finished.

0DFURVFRSLF�FRQYHUVLRQ�SURFHVV�VWUXFWXUH

The macroscopic conversion process structure refers to the idealised order of
thermochemical processes within the conversion zone of a packed bed, see Figure
41B. The bed process structure is a function of conversion concept [35]. A distinct
macroscopic conversion process structure in a fuel bed can only exist in the GLIIXVLRQ
FRQWUROOHG�FRQYHUVLRQ�UHJLPH (see subsection B.4.5. Conversion regimes below) also
referred to as Regime I. Regime I prevails at low volume flux of primary air. At high
volume fluxes of air the thickness of the conversion zone is very thin, due to high
conversion reaction rates. As a consequence, no distinct bed process structure can
exist. This latter conversion regime is called the KHDW� FRQGXFWLRQ� FRQWUROOHG
FRQYHUVLRQ�UHJLPH, also referred to as Regime II.

In the diffusion controlled conversion regime, a homogeneous batch (except the
mixed batch) and homogeneous moving beds exhibit distinct conversion process
structure [33,35,38,48]. However, mixed bed and extremely heterogeneous beds can
hardly give rise to any structure at all [35]. The heterogeneous composition implies a
non-isotropic heat conductivity within the bed which logically must result in a non-

)LJXUH�����7KH�FRQYHUVLRQ�SURFHVV�VWUXFWXUH�IRU�XSGUDIW�PRYLQJ�FRQYHUVLRQ�V\VWHPV�
7KH�SURFHVV�VWUXFWXUHV�DUH�LGHDOLVHG�DQG�WDNH�SODFH�LQ�FRQYHUVLRQ�UHJLPH�,�
>�@
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distinct bed process structure. The mixing movement “destroys” the macroscopic
process structure even though it is a homogeneous bed.

We can see in Figure 43A that the bed process structure (starting from the grate) for
the cocurrent configuration is drying/pyrolysis/combustion/gasification, whereas for
the countercurrent configuration it is (Figure 43B)
combustion/gasification/pyrolysis/drying [35,38,48]. The crosscurrent configuration
gives rise to a special bed process structure, which is a combination of the cocurrent
and countercurrent moving bed configuration (see Figure 43C) [11,12,38,42].

Finally, the macroscopic conversion process structure is commonly used to illustrate
the analogy between different types of conversion concepts [12,33,48], see Table 8

6XPPDU\�RI�PLFUR�DQG�PDFUR�VFDOH�SURFHVV�VWUXFWXUHV

The differences between the single particle scale (micro-scale) and fuel-bed scale
(macro scale) is obvious if we zoom inside a solid fuel bed subjected to external heat
flux. In other words, in a certain partial volume of an idealised fuel bed (see Figure
44), the only thermochemical process taking place appears to be pyrolysis on the
macro-scale(recall Figure 41B), but on the micro-scale drying is still going on in the
particle phase. Figure 44 shows the micro and macro-scale phenomena for the partial
conversion regime. This example only hints at the additional differentiation and
complexity of the phenomenology inside a packed bed compared to a single particle
only. [12,58]

)LJXUH�����7ZR�SDUWLDO�YROXPHV�DW�WZR�GLIIHUHQW�WLPHV��W
�
��DQG��W

�
��DW�WKH�VDPH�SRVLWLRQ

LQVLGH�DQ�LGHDOLVHG�DQG�VLPSOLILHG�RYHUILUHG�XSGUDIW�KRPRJHQHRXV�EDWFK�EHG�
7KH�SDUWLDO�YROXPHV�VKRZ�WKH�GLIIHUHQWLDWHG�WKHUPRFKHPLFDO�SURFHVVHV�ERWK
RQ�PLFUR�DQG�PDFUR�VFDOH�
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This differentiated phenomenology on the micro and macro-scale call for a
differentiation of all key quantities. For example, the ignition rate needs to be divided
into an microscopic ignition rate and a macroscopic ignition rate. The ignition rate
that several authors doing research on fuel beds refer to in the literature is the
macroscopic ignition rate [10,12,33].

%����� &RQYHUVLRQ�UHJLPHV
The overall conversion rate (mass flow of conversion gas), the thickness of the
conversion zone, (see Figure 41B) and thereby the existence of a bed process
structure, are strong functions of the volume flux of primary air through the packed
bed. Gort [33] studied the propagation of the FRQYHUVLRQ� IURQW (Gort referred to
reaction front or ignition front) in a biomass bed. He identified three FRQYHUVLRQ
UHJLPHV (Gort referred to reaction regimes) during fuel bed conversion which are
functions of the volume flux of primary air through the conversion zone. They are
herein referred to as (Regime I) WKH� GLIIXVLRQ� FRQWUROOHG� FRQYHUVLRQ� UHJLPH (Gort
referred to the partial gasification regime), (Regime II) WKH�KHDW�FRQGXFWLRQ�FRQWUROOHG
FRQYHUVLRQ� UHJLPH� (Gort referred to the complete gasification regime), and (III) WKH
FRPEXVWLRQ�UHJLPH.

Figure 45 displays the macroscopic ignition rate as function of volum flux of primary
air (air velocity) and the conversion regimes for an overfired batch bed firing 10 mm
wood blocks with a moisture content of 10% [33]. Line (a) shows the approximate
location of the boundary between regime I and regime II. Line �E� represents the
balanced stoichiomety between fuel and air. On the left side of line (b) exists the
regime II and on the right side exists the combustion regime. The higher volume
fluxes of air, within a certain range of air velocities in Figure 45, the higher char
combustion rate, and in turn higher macroscopic ignition rate. Beyond a certain air
velocity (Figure 45) the macroscopic ignition rate is decreased, when the volume flux
of primary air is increased [33]. This is due to convective cooling of primary air.

)LJXUH�����7KH�PDFURVFRSLF�LJQLWLRQ�IURQW�UDWH�DV�IXQFWLRQ�RI�DLU�YHORFLW\
WKURXJK�DQ�RYHUILUHG�EDWFK�EHG�DQG�WKH�WKUHH�FRQYHUVLRQ�UHJLPHV
VHSDUDWHG�E\�WKH�OLQHV��D��DQG��E��>��@
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7KH�GLIIXVLRQ�FRQWUROOHG�FRQYHUVLRQ�UHJLPH

Regime I prevails at low volume fluxes of primary air. The overall conversion rate is
controlled by the diffusion rate of oxygen to the oxidation of the solid char. Regime I
is characterized by the fact that the overall conversion rate is slower than the
macroscopic ignition rate, which implies that solid fuel convertibles are accumulated
behind the macroscopic ignition front. In other words, the conversion zone is growing
thicker. [9,33,40]

7KH�KHDW�FRQGXFWLRQ�FRQWUROOHG�FRQYHUVLRQ�UHJLPH

Regime II prevails at higher volume fluxes of primary air through the conversion zone
(see Figure 45). The conversion rate is more or less controlled by the supply of heat to
the conversion zone. Regime II is characterised by an overall conversion rate equal to
the macroscopic ignition rate. The higher the air velocities, the higher the char
combustion reaction rates, which in turn accelerates the overall conversion rate [33].
This regime is characterised by the condition that the macroscopic ignition rate is
equal to the overall conversion rate. This implies that the conversion zone decreases
to a very thin zone for the ideal case, see Figure 41B. [9,33,40]

&RQFOXGLQJ�UHPDUNV�RQ�WKH�FRQYHUVLRQ�UHJLPHV

It is the overall conversion rate versus the macroscopic ignition rate which determines
the thickness of the conversion zone. The overall conversion rate is a function of the
volume flux of primary air through the conversion zone. The diffusion controlled
conversion regime is characterised by the fact that the overall conversion rate is less
than the macroscopic ignition rate. The heat conduction controlled conversion regime
is characterised by the condition that the macroscopic ignition rate is equal to the
overall conversion rate. As a consquence, the conversion zone is very thin in the latter
regime. A final conclusion is that a bed process structure can only prevail in regime I.

%������ 7KH�WKHUPRFKHPLFDO�ELRPDVV�FRQYHUVLRQ�FKHPLVWU\

,QWURGXFWLRQ

The aim of this section is to review the conceptual models used to describe the
chemistry of the thermochemical conversion process of single particles in the scope of
conversion of packed beds and the three-step model. The chemical kinetics are
outside of the scope of this review.

In general, it is emphasized by several authors [15,25,26,35,59,60] that the rationale
for doing research on single particles is to be able to apply the result to more complex
systems, such as packed beds and fluidised beds.

In practice, it is the pyrolysis chemistry in the conversion system and the incomplete
combustion of the pyrolysis products in the combustion system (Figure 14) which
cause pollutant emission problems. In other words, the knowledge about the
thermochemical conversion chemistry of single particles can be applied to the
understanding of emission problems in PBC systems.
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2YHUYLHZ�RI�ZRRG�FKHPLVWU\

Solid wood material is built up of two major organic polymers (macro molecules): (1)
SRO\VDFFKDULGHV and (2) SRO\SKHQ\OSURSDQH� [61,62]. The polysaccharides consist of
two groups - FHOOXORVH and KHPLFHOOXORVH, and make up around 65-75 % of the wood
on dry basis. The polyphenylpropanes are more commonly termed OLJQLQV and
constitute around 18-35 % of the wood on dry basis. In Table 9 we can see that wood
fuels consist of extractives, minerals, and nitrogen as well. The chemical composition
of wood of Sweden´s most commonly wood species [63], the spruce, the pine and the
birch are different, see Table 9.

7DEOH����7KH�DYHUDJH�ZHLJKW�SHUFHQW�FRPSRVLWLRQ�RQ�GU\�EDVLV�RI�6ZHGLVK�ZRRG�

&KHPLFDO�FRPSRQHQW 3LQH
�3LQXV�VLOYHVWULV�

6SUXFH
�3LFHD�DELHV�

%LUFK
�%HWXOD�YHUUXFRVD�

Cellulose 45 41 38
Hemicellulose 20 26 37
Lignin 28 29 20
Extractives 6 3 4
Minerals (ash) 0.4 0.4 0.4
Nitrogen 0.1 0.1 0.1
Sum 99.5 99.5 99.5

&HOOXORVH

Cellulose is a linear polymer (polysaccharide) made up of glucose monomers. Figure
46 shows the molecule structure of cellulose. It has a degree of polymerisation (DP)
on average 10 000 glucose units, which corresponds to a length of 5 µm. The
chemical formula for cellulose is usually written as [(C6H10O5)n]. [64,65]

+HPLFHOOXORVH

Hemicellulose constitute 20-30% of the total wood composition on dry basis.
Hemicellulose is a polysaccharide, like cellulose.

)LJXUH�����7KH�PROHFXODU�VWUXFWXUH�RI�FHOOXORVH��>��@
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Hemicellulose belongs to a certain category of polysaccharides which are called
KHWHUR�SRO\VDFFKDULGHV whose polymers are build up of several different carbohydrate
monomers, unlike cellulose which is a KRPR�SRO\VDFFKDULGH. Besides, the
hemicellulose polymer is a EUDQFKHG polymer, cellulose is a OLQHDU polymer [62]. In
other words, hemicellulose is a group of polysaccharides with different molecular
structures and cellulose which has one specific molecular structure (Figure 46) with a
varying GHJUHH� RI� SRO\PHULVDWLRQ (DP). The sugar units (see Figure 47), which the
different polymers of hemicellulose are synthesised from, are the monomers JOXFRVH,
PDQQRVV, JDODFWRVH, [\ORVH, DUDELQRVH etc [65].

)LJXUH���� 6RPH�RI�WKH�VXJDU�PRQRPHUV�ZKLFK�PDNH�XS�WKH�KHPLFHOOXORVH�SRO\PHUV�
>��@
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/LJQLQ

Lignin is a polymer built up of phenylpropane units substituted with hydroxy and
methoxy groups, see Figure 48. Lignin is a three-dimensional molecule like a 3-D
matrix, see Figure 48 [65].

Furthermore, lignin is synthesised from the monomers S�FRXPDU\O, FRQLIHU\O and
VLQDS\O�DOFRKROV, see Figure 49 [65].

)LJXUH�����$�SDUWLDO�VWUXFWXUH�RI�VRIWZRRG�OLJQLQ��>��@

)LJXUH�����7KH�SUHFXUVRUV�RI�OLJQLQ�ELRV\QWKHVLV��S�FRXPDU\O�DOFRKRO��,���FRQLIHU\O
DOFRKRO��,,��DQG�VLQDS\O�DOFRKRO��,,,���>��@
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6XPPDU\

The chemical composition of wood fuels on dry basis can be simplified by the
average empirical formula CH1.4O0.7 [66]. The major components of wood fuels can
be classified according to Figure 50.

3\URO\VLV

Several reviews on the conceptual models used to describe the pyrolysis chemistry of
biomass fuels have been carried out in the scope of single particle studies
[22,61,67,68,69], see Figure 42A.
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Pyrolysis of biomass is defined as the chemical degradation of the biopolymers
(cellulose, lignin and hemicellulose) constituting the wood fuel which initially
requires heat. As can be seen in Figure 51, all reaction pathways making up the
pyrolysis are not endothermic, which implies that some of the pyrolysis reactions
generate heat. However, overall the pyrolysis process is endothermic.

3\URO\VLV�RI�SRO\VDFFKDULGHV

Mok and Antal [70,71] proposed a reaction tree, see Figure 51, consisting of both
concurrent and consecutive pathways to describe the pyrolysis of polysaccharides
taking place in the particle phase (Figure 42). The relative importance of each
pathway is influenced by the intraparticle solid phase temperature, the presence of
additives, pressures, etc [61].

However, in general, the global mechanism of polysaccharide pyrolysis involves three
competing reactions [61]:

Polymerization reactions (pathways 5 and 12 in Figure 51), resulting in the formation
of char, CO2, CO, and H2O, dominate the pyrolysis phenomena below 250°C.

At higher temperatures (>250°C), endothermic depolymerization reactions dominate
and generate volatile anhydrosugars and related monomeric compounds, see pathway
6.

Under extraordinary conditions, that is, high heating rates 10000 °C/s, so-called
catastrophic fragmentation occurs (pathway 13) resulting in low molecular products,
such as CO, CO2, H2O, and H2.

From an emission point of view, in the context of PBC, the emission classes VOCs,
tars and soot are often mentioned. Firstly, unburnt emissions are always a result of
poor control of the combustion system (Figure 14). Secondly, the pyrolysis process of
biomass, taking place in the conversion system (Figure 16), always generates volatile
organic compounds (VOC), condensible organic compounds (tars), and permanent
gases (CO2, H2O, NOX). This latter division of pyrolysis compounds can be coupled
to the Mok and Antals reaction tree in Figure 51. Consequently, VOCs are generated
through pathway 9, tars are produced through pathway 10, and permanent gases are
generated in pathways 5,8,9,11, and 12.

( ) ( )
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According to Figure 51 and pathway 3, the primary depolymerisation products from
polysaccharides are PRQRVXJDU� DQK\GULGH, which consists mainly of levoglucosan
(=1,6 anhydro-β-D-glukopyranose), and PRQRVDFFKDULGHV (glucose), see Figure 52
[72]. They are so-called LQWHUPHGLDWH� GHJUDGDWLRQ� SURGXFWV� in the pyrolysis of
polysaccharides, such as cellulose and hemicellulose. The monosugar anhydrides are
formed through depolymerization reactions, so-called WUDQVJO\FRV\ODWLRQ [61,69]. It
can be formulised by the overall reaction above [67].

3\URO\VLV�RI�OLJQLQ

The pyrolysis chemistry of lignin, proposed by Antal [67], is quite similar to the
pyrolysis of polysaccharides, see Figure 53. There exist a low temperature pathway
(1), a moderate temperature pathway (2), and a high temperature patway (3), which
are analogous to the pyrolysis of polysaccharides.

)LJXUH�����$�UHDFWLRQ�VFKHPH�RI�S\URO\VLV�RI�FHOOXORVH��:LWKLQ�EUDFNHWV�DUH�WKH�VR�
FDOOHG�LQWHUPHGLDWH�SURGXFWV��WKDW�LV��WKH�PRQRVXJDU�DQK\GULGHV�>��@

Lignin

CO, H2, reactive
vapors

Char, H2O, CO2,
CO

Secondary chars

1

3

2

6

Monomers

Condensibles (tar)

VOC

4

5
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The products of low temperature pyrolysis are char and low molecular components,
see pathway 1 in Figure 53. At moderate temperature levels, the formation of a variety
of lignin monomers (see Figure 49) occurs via pathway 2. And at high temperatures
(> 500°C), fragmentation reactions take place, forming CO, H2, and reactive vapours.
[67]

&ODVVLILFDWLRQ�RI�S\URO\VLV�SURGXFWV

Edwards has presented a way to classify the chemical pyrolysis products [9]. He
divided them into two product classes based on the criteria LQRUJDQLF FRPSRXQGV and
RUJDQLF�FRPSRXQGV. Figure 54 is based on Edwards conceptual model.

The inorganic class corresponds to the QRQ�FRPEXVWLEOH part (see Figure 54) of the
fuel. The inorganic compounds can be divided into gases and solids. The inorganic
solids are commonly referred to as DVK or LQHUWV. The inorganic gases can be divided
into QRQ�FRQGHQVLEOHV and FRQGHQVLEOHV. Among the non-condensible inorganic gases
we find nitrogen oxides. Water is one of the major compounds belonging to the class
of condensible inorganic gases. [9]

The organic compounds are combustible and can be divided into YRODWLOHV (gases) and
QRQ�YRODWLOHV� (solids), see Figure 54. The volatile part is, in turn, divided into
FRQGHQVLEOH and QRQ�FRQGHQVLEOH gases. The condensible volatiles are termed WDUV and
the non-condensibles volatiles are also called volatile organic compounds (VOCs).
The non-volatile organics are referred to as FKDUV. [9]

The composition of the conversion gas corresponds to the sum of the inorganic and
organic gaseous pyrolysis products illustrated in Figure 54

)LJXUH���� $�FODVVLILFDWLRQ�RI�WKH�FKHPLFDO�FODVVHV�SURGXFHG�LQ�DQ\
WKHUPRFKHPLFDO�FRQYHUVLRQ�RI�WKH�VROLG�ELRIXHOV�DQG�RWKHU�VROLG
S\URO\VLQJ�IXHOV�
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&KDU�FRPEXVWLRQ

The solid char residue which is one of the products from the pyrolysis process (Figure
42B and Figure 54) is very reactive in both oxidising and reducing conditions. The
FKDU� FRPEXVWLRQ� FKHPLVWU\ occurs during oxidising conditions and consists of so-
called KHWHURJHQHRXV�R[LGDWLRQ�UHDFWLRQV, because they occur in the interface between
two phases (gas-solid reactions) [15,35]. The char (carbon) can be either partly or
completely oxidised by oxygen. In Table 10 below are the two char combustion
reactions.

The char combustion phenomenology has been reviewed by many researchers
[11,26,73]. It is a very complex process and is usually divided into three char
combustion regimes, namely (I), (II) and (III) [23,54,74,75]. The combustion regimes
are consequences of the initial size and temperature of the char particle, see Figure 55.

At low temperatures (T<1320 °C) and small particles, combustion regime (I) prevails
[11,74,75]. Regime (I) is controlled by chemical kinetics intraparticle (reaction
control), see Figure 55. The oxygen content is constant at any radius inside the
particle since the rate of diffusion is fast compared to the rate of heterogeneous
reaction. The particle then burns with reducing density and a constant diameter, see
Figure 55.

7DEOH�����7KH�FKDU�FRPEXVWLRQ�UHDFWLRQV

2[LGDWLRQ�RI�FDUERQ ∆K��N-�PROH�

& 2 &2
V J J( ) ( ) ( )+ =1

2 2

- 110.5

& 2 &2
V J J( ) ( ) ( )+ =2 2 - 398.8

)LJXUH�����7KH�WKUHH�FKDU�FRPEXVWLRQ�UHJLPHV��>��@



APPENDIX B - A Review and Classification of Thermochemical Conversion of Solid-Fuels in the
Context of Packed-Bed Combustion and Biofuels

83

At higher temperatures (T>1320 °C) and larger particles, combustion regime (II)
prevails [75]. Regime (II) is controlled by both intraparticle diffusion and chemical
kinetics. In this case the density and diameter decrease, see Figure 55.

At high temperatures (T>1320 °C) and large particle sizes, combustion regime (III)
dominates [11,75]. Regime (III) is controlled by interstitial gas diffusion of oxygen
(bulk surface diffusion) to the char core surface. This implies that the intraparticle
oxygen content is zero and the particle is burning with reducing diameter and constant
density, see Figure 55.

In most PBC systems the single particles making up the fuel bed have a large size
[11,76]. In general, this implies that the char combustion process in such applications
could be assumed to be dominated by regime (III); that is, packed bed combustion is
controlled by interstitial gas diffusion of oxygen to the particle phase [23,26,76]. This
is referred to as regime I in section B.4.5. Conversion regimes above.

Figure 56 above describes the phenomenology of the char combustion regime (III).
The concept of the VKULQNLQJ� FRUH or VKULQNLQJ� SDUWLFOH�PRGHO is usually applied in
mathematical modelling of char combustion in regime (III).

Interstitial gas diffusion

The oxygen diffuses through the boundary layer to the particle surface and
countercurrent diffusion of char combustion products (carbon monoxide and carbon
dioxide), see Figure 56. [73,77]

Intraparticle mass transport and reaction

Step one is, oxygen diffusion in the porous system of the particle inwards to the char
combustion front and the reaction site, (2) adsorption of oxygen to the active sites on
the intraparticle char phase, (3) oxidation reaction with carbon, and (4) desorption of
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)LJXUH�����7KH�WUDQVSRUW�DQG�UHDFWLRQ�SKHQRPHQD�WDNLQJ�SODFH�GXULQJ�FKDU
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combustion products and (5) diffusion of combustion products outwards to the
particle surface. [73]

Intraparticle heat transport

The char combustion is sustained by its own heat release. The heat release and heat
transport is thereby coupled with the oxygen transport, which is usually the
controlling factor. The heat evolved from reaction is transported by heat conduction
and convection out of the particle. [73]

&KDU�JDVLILFDWLRQ

The solid char residue can also react in reducing atmospheres and this phenomenon is
then referred to as FKDU� JDVLILFDWLRQ. The char gasification reactions are also
heterogeneous reactions [35]. In Table 11 are the most common char gasification
reactions [35].

The heat and mass transport phenomena of the char gasification is not described in the
literature as much as for the char combustion [11,28,78]. There are good reasons to
believe that it is quite analogous to the char combustion phenomenology [79].
However, the heterogeneous gasification reactions are overall endothermic which
results in some differences with respect to the intraparticle heat transport [79].

&RQFOXGLQJ�UHPDUNV

Complex pyrolysis chemistry takes place in the conversion system of any
conventional solid-fuel combustion system. The pyrolytic properties of biomass are
controlled by the chemical composition of its major components, namely cellulose,
hemicellulose, and lignin. Pyrolysis of these biopolymers proceeds through a series of
complex, concurrent and consecutive reactions and provides a variety of products
which can be divided into char, volatile (non-condensible) organic compounds
(VOC), condensible organic compounds (tar), and permanent gases (water vapour,
nitrogen oxides, carbon dioxide). The pyrolysis products should finally be completely
oxidised in the combustion system (Figure 14). Emission problems arise as a
consequence of bad control over the combustion system.

Char combustion, which also takes place in the conversion system is divided into
three regimes: regime I is kinetically controlled, regime II is kinetically and
intraparticle diffusion controlled, and regime III is interstitial gas diffusion controlled.
Regime III, also referred to regime I in the section about conversion regimes above, is
favoured by large particles and high temperatures and is believed to dominate in the
char combustion zone of packed bed systems.

7DEOH�����7KH�PRVW�FRPPRQ�FKDU�JDVLILFDWLRQ�UHDFWLRQV

5HGXFWLRQ�RI�FDUERQ ∆K��N-�PROH� QDPH

& &2 &2
V J J( ) ( ) ( )+ =2 2 172.6 Boudouard reaction

& + 2 &2 +
V J J J( ) ( ) ( ) ( )+ = +2 2 131.4 water-gas reaction

& + &+
V J *( ) ( ) ( )

+ =2 4 - 74.93 methane formation
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%����� 7KH�DQDORJ\�EHWZHHQ�WKH�RYHUILUHG�EDWFK�EHG�DQG�WKH
FURVVFXUUHQW�PRYLQJ�EHG

The rationale for the often stated analogy between the overfired batch bed and the
crosscurrent moving bed is that it should be possible to draw conclusions about
crosscurrent moving conversion systems based on experimental work on over-fired
batch conversion system, which are cheaper and simpler to construct. Several
researchers have taken advantage from this analogy [12,33,42,48].

7KH�FURVVFXUUHQW�PRYLQJ�EHG

The unsteady dynamics of a fixed (over-fired) batch bed process has been proven to
generate a conversion process structure similar to that in a crosscurrent moving bed
[80], see Figure 57.

7KH�RYHUILUHG�EDWFK�EHG�LQ�WKH�SDUWLDO�FRQYHUVLRQ�UHJLPH

The following is a description of the macroscopic heat and mass transport phenomena
of the over-fired batch-bed dynamics, based on the analogy between batch-bed
combustion and travelling-grate combustion pointed out above. The authors have
taken nine different slices out of Figure 57 at different distances to represent the
dynamics of idealistic homogeneous batch-bed combustion. This graphical illustration
and process description is only relevant for the diffusion controlled conversion
regime; that is, when the macroscopic bed process structure exists.

'U\LQJ

Figure 58A-C shows that the heat source promoting the drying process changes
during the course of the batch combustion. At times t0 and t1 there is an artificial heat
source located in the over-bed section. At time t2 the flaming combustion has started.
The flames feed back heat to the bed by means of radiation. At time t3 the basic heat
flow comes from the char combustion and the ignition front, by means of conduction
and radiation. [12,24]

���VW�UHJLRQ ��UG�UHJLRQ

&KDQJH

RYHU

UHJLRQ

(YROXWLRQ�RI�FRPEXVWLEOH�JDVHV

)XHO�EHG�VXUIDFH

:HW

ELRIXHO

)LJXUH�����$Q�LGHDOLVHG�VWDWLRQDU\�EHG�SURFHVV�VWUXFWXUH�RI�D�FURVVFXUUHQW
FRQILJXUDWLRQ�RQ�D�WUDYHOOLQJ�JUDWH��>��@



APPENDIX B - A Review and Classification of Thermochemical Conversion of Solid-Fuels in the
Context of Packed-Bed Combustion and Biofuels

86

The water is transported from the intraparticle phase to the interstitial gas phase. It is
then further transported through the porous system of the bed towards the bed surface
by means of forced convection.

The evaporation rate is of course a function of heat flux arising from the varying heat
sources described above. The primary air temperature and air rate have also a
pronounced effect on the evaporation rate.

3\URO\VLV

Pyrolysis commences at bed surface temperatures in the range of 150-300°C [22,23].
Almost simultaneously, flaming combustion takes place in the combustion system
above the fuel bed (see Figure 58C). At t2 the pyrolysis is sustained by heat from
over-bed flames. The heat is transported by radiation. At times t3 to t4 the dominant
heat source has changed to the char combustion zone (ignition front) instead. The heat
from the ignition front is also transported by means of conduction and radiation.

The pyrolysis gas (VOC, tar, etc) evolved in the intraparticle phase enters the
interstitial gas phase (see Figure 42) from which it is transported by forced convection
to the bed surface and out to the over-bed section. The pyrolysis gases are burnt in the

)LJXUH���� 7KH�PDFUR�VFDOH�G\QDPLFV�RI�DQ�LGHDOLVHG�KRPRJHQHRXV�EDWFK�EHG�GXULQJ
FRQYHUVLRQ�UHJLPH�,�
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over-bed section and cause the flaming combustion. Part of the pyrolysis gas may also
burn in the interstitial gas phase.

The pyrolysis rate is also a function of the heat flux from different heat sources during
the course of the batch combustion.

&KDU�&RPEXVWLRQ

The heat and mass transport on the small scale during char combustion is similar to
the single particle behaviour. The char combustion products generated in the
intraparticle phase (see Figure 56) enter the interstitial gas flow, which transport it out
of the bed by convection.

The heat accumulation in the bed surface layer causes the ignition of the char
combustion process. The heat is supplied from the over-fire process (see Figure 58C).
When the char combustion process commenced, the macroscopic ignition front
sustains itself with heat from the exothemic oxidation reactions. Large amounts of the
heat released by the char combustion zone are also conducted and radiated away both
upwards and downwards in the bed. The downward propagation rate of the
macroscopic ignition front is controlled by several factors, such as biofuel moisture
content, primary air rate and air temperature [33]. The temperature of the macroscopic
propagating char combustion zone is around 1000-1200°C in batch-bed combustion
of solid biofuels [38,41].

&KDU�JDVLILFDWLRQ

The gaseous products from the gasification reactions enter the interstitial gas phase
and are further transported to the over-bed section by forced convection.

The char gasification process is a consequence of reducing gaseous conditions in the
bed. Reducing conditions is a result of complete consumption of oxygen in the
interstitial gas phase [12].

The gasification process can run out of reducing gaseous reactants (see Figure 56F),
which implies that the product gas leaving the gasification zone consists of only
carbon monoxide and hydrogen. This gaseous composition can neither oxidise nor
reduce the char, resulting in a char zone (see Figure 56F) above the gasification zone.

%����(YDOXDWLRQ

%������ 'LVFXVVLRQ
One of the objectives of this review is to classify and clarify the important conceptual
models describing the thermochemical conversion of solid-fuels and ambitions
required for a successful construction of a CFSD code (regarding CFSD, see the
disussion in the introduction of this ), or bed model. The transperancy to different
types of conceptual models (physical models) must be the fundament of this code.
The architecture of a CFSD must be very similar to the CFD codes on the market.

To the authors knowledge, there exists no all-round and predictive model (CFSD
code) of the conversion system. The bed models which do exist are restricted to one
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conversion concept, for example over-fired batch bed. Often, they only model the gas
phase (interstitial gas phase).

This review shows that the phenomenological complexity of thermochemical
conversion of solid fuels, in the scope of PBC technology, increases from the single
particle to the continuous heterogeneous mixed bed (Figure 31). The progress in the
development of the CFSD code will most certainly be reflected by this complexity;
that is, the first step is to develop a single particle CFSD code and then progress
toward a simulation of the heterogeneous mixed bed.

Several authors have tried to model the most complex case, that is, the heterogeneous
mixed bed [5,12,14,16]. Based on the conclusions in this survey, it is obvious that
these models cannot be successful, because there exist no conceptual models, and in
turn no mathematical models, good enough to describe this physical problem.

Another objective of this survey has been to merge the academic basic research and
the commercial applications. Section B.3.4. A comparison between theoretical and
practical conversion systems is an example of this, where the classification of
concepts is applied to real combustion systems. This is in line with Tillman [23] who
pointed out the lack of literature in the field of solid fuel combustion, which combine
the fundamental research and real combustion systems.

%������ &RQFOXVLRQV

*HQHUDO

According to the three-step model, proposed by the authors, a PBCS can be divided
into three subsystems, namely a conversion system, combustion system, and boiler
system. It is in the conversion system that the thermochemical conversion of the solid
fuel takes place. The conversion system can be designed according to several
conversion concepts. The conversion concept can be classified with respect to fuel-
bed mode (batch and continuous), fuel-bed configuration (countercurrent, cocurrent
and crosscurrent), fuel-bed composition (homogeneous and heterogeneous), and fuel-
bed movement (fixed, moving and mixed).

The long-term goal in the science of thermochemical conversion of a solid fuel is to
develop comprehensive computer codes, herein referred to as a bed model or CFSD
(computational fluid-solid dynamics). Firstly, this CFSD code must be able to
simulate basic conversion concepts, with respect to the mode, movement, composition
and configuration of the fuel bed. The conversion concept has a great effect on the
behaviour of the thermochemical conversion process variables, such as the molecular
composition and mass flow of conversion gas. Secondly, the bed model must also
consider the fuel-bed structure on both micro- and macro-scale. This classification
refers to three structures, namely interstitial gas phase, intraparticle gas phase, and
intraparticle solid phase. Commonly, a packed bed is referred to as a two-phase
system.

&ODVVLILFDWLRQ

The classification presented herein is based on the different conversion concepts cited
in the literature, divided into fuel-bed mode (batch and continuous), fuel-bed
configuration (cocurrent, countercurrent, and crosscurrent), and some new concepts
presented by the authors, such as fuel-bed movement (fixed, moving, and mixed) and
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fuel-bed composition (homogeneous and heterogeneuos). The classification resulted
in 18 types of updraft conversion systems, according to Figure 32.

Eleven of the classified conversion systems can be applied to practical solid fuel
combustion systems.

The classification was made for updraft fuel beds only. However, it could have been
made for downdraft and crossdraft as well.

The complexity of the thermochemical conversion of solid fuels is obvious when we
go from the level of the single particle up to the level of the heterogeneous mixed bed
system, see Figure 31. The more complex the conversion system becomes, the more
differentiated the conceptual model, and hence the mathematical model, needs to be.

Based on the classification of conversion systems it is possible to find analogies
between different conversion concepts. One of the most cited analogies in the
literature is that between over-fired homogeneous batch bed and the crosscurrent
moving bed. The analogies can be utilised in the experimental simulation of a specific
moving bed with the right choice of batch bed. Batch reactors are usually easier and
cheaper to construct. In Table 8 above there are some speculative analogies between
different conversion concepts.

5HYLHZ

The thermochemical conversion of solid fuels, in the context of PBC systems takes
place, in the conversion system, and more precisely in the conversion zone. The
thermochemical processes are drying, pyrolysis, char combustion, and char
gasification. The conversion process is promoted by the exothermic char combustion
reactions.

Gort showed the existence of three conversion regimes (Gort referred to reaction
regimes), namely (I) diffusion controlled conversion regime (Gort referred to partial
gasification regime), (II) heat conducted controlled conversion regime, and (III)
combustion regime. The conversion regimes are functions of the volume flux of
primary air and conversion concept. Regimes I, II and III prevail in the low, medium
and higher air velocity range, respectively. Characteristic of the regime I is that the
conversion zone has a significant thickness and the off-gas contains high
concentrations of combustibles. Regime II is characterised by a conversion zone
without extension and an off-gas with relatively high contents of combustibles. The
conversion zone is also very thin in the combustion regime and the off-gases leaving
the conversion system have an excess air number greater than one and low levels of
combustibles.

When authors illustrate the subject of thermochemical conversion of solid fuels in the
literature, the conversion zone in a packed bed is divided into different process zones
(drying zone, pyrolysis zone, char combustion zone, and char gasification zone), one
for each thermochemical conversion process. The spatial order of this process zones is
herein referred to as the bed process structure or conversion process structure. The
conversion process structure is a function of conversion concept. Even more
important, the bed process structure can only exist in the diffusion controlled
conversion regime when the conversion zone has a significant thickness.

The most important design variables of the conversion system are the mass flow and
the empirical stoichiometry of the conversion gas. The conversion gas is the primary
product of the thermochemical conversion process in the conversion system. The
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conversion gas is mixed with air in the interstitial gas phase and is referred to as off-
gas when it leaves the conversion zone (conversion system). In the boiler system of a
PBC system (Figure 14) it is not possible to extract more heat flow, disregarding flue
gas recirculation and air preheating, than the latent heat flow contained in the mass
flow of conversion gas, formulised in Eq (8) above. The mass flux, and in turn the
heat flux, and the empirical stoichiometry of the conversion gas are functions of
primary air flux, primary air temperature, and conversion concept.

One of the most important features of the heat and mass transport of the
thermochemical conversion processes is the char combustion process, which can be
divided into three oxidation regimes. The prevalent regime in PBC systems,. labeled
Regime III, is equivalent to conversion regime I and is controlled by interstitial gas
diffusion of oxygen to the surface of the particle phase.

Complex pyrolysis chemistry takes place in the conversion system of any PBC
system. The pyrolytic properties of biomass are controlled by the chemical
composition of its major components, namely cellulose, hemicellulose, and lignin.
Pyrolysis of these biopolymers proceeds through a series of complex, concurrent and
consecutive reactions and provides a variety of products which can be divided into
char, volatile (non-condensible) organic compounds (VOC), condensible organic
compounds (tar), and permanent gases (water vapour, nitrogen oxides, carbon
dioxide). The pyrolysis products should finally be completely oxidised in the
combustion system, see Figure 14. Emission problems arise as a consequence of non-
optimised interplay between the conversion system and the combustion system. If the
conversion system is operating in conversion regime I, the combustion system must
be very efficient to burn out all the combustible gases in the conversion gas. On the
other hand, if the conversion system is operating in the conversion regime III, when
air excess number is greater than one, the combustion system will not have the same
load of combustibles to burn out.
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0DVV�EDODQFH�SUHPLVHV

1. Steady-state

2. Flue gas components are treated as ideal gases

3. No leakages in or out of the combustion system

4. The mass flow of off-gas is the sum of mass flows of primary air and conversion
gas.

5. Negligible content of nitrogen and sulphur in the conversion gas

6. Negligible formation of hydrocarbons and nitrogen oxides.

7. Negligible oxygen flow of the water vapour in combustion air

Consequently, the combustion reaction in the combustion system is assumed to be
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To determine the empirical stoichiometric coefficients, the elementary weight
fractions of the conversion gas in Eqs (20) and (21) need to be transformed into
measurable quantities. The elementary weight fractions can be expressed in
measurable volume fractions of water vapour, carbon dioxide, carbon monoxide, and
oxygen of the flue gas based on the premises above. The elementary weight fractions
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can be expressed in volume fractions of water vapour, carbon dioxide, carbon
monoxide, and oxygen via a mass balance over the combustion system.
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Eqs (30)-(35) are inserted in Eq (29)
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Eqs (36) and (51) are inserted in (21)
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This result is equivalent to the intermediate equations presented in Paper II. The only
difference is the addition of carbon monoxide.
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